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Preface

The purpose of this book is twofold: It provides a detailed account of basic theory
required for an understanding of the two-dimensional vibrational and electronic
spectroscopy, and it also bridges the gap between the formal development of non-
linear optical spectroscopy and the application of the theory to the explanation of
experimental results. The main emphasis is on principles rather than on practical
aspects, though the reader may find sections where practical applications of the two-
dimensional optical spectroscopy to complicated molecular systems, such as pro-
teins and light-harvesting complexes, dominate.

It is assumed that the reader has the usual undergraduate background knowledge
of quantum mechanics, electromagnetic theory, spectroscopy, statistical mechan-
ics, and physical chemistry. This book is intended to serve as a monograph for
researchers in this particular topic as well as a textbook for advanced graduate
students. I hope that it helps to fulfill the needs of time-domain spectroscopists
who wish to deepen their understanding of the basic features of nonlinear response
function theory and intermolecular interaction-induced phenomena and who intend
to apply the recently developed tools of vibrational and electronic spectroscopy in
two dimensions.

The scope of the material is restricted in various ways, but most importantly, theo-
retical descriptions of two-dimensional spectroscopy of coupled two-level systems and
anharmonic oscillators are generally valid and can be easily extended to account for the
two-dimensional spectroscopy of coupled multi-chromophore systems.
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Introduction

Two-dimensional (2D) optical spectroscopy is an optical analog of 2D nuclear mag-
netic resonance (NMR) and utilizes multiple ultrashort laser pulses in infrared or
UV-visible (vis) frequency range. It has been used to study protein structure and
dynamics, hydrogen-bonding dynamics in solutions, femtosecond solvation dynam-
ics, solute-solvent complexation, chemical reaction and exchange dynamics, exci-
tation migration process in photosynthetic light-harvesting complexes, exciton
dynamics in semiconductors, and coherence transfers in electronically coupled
multi-chromophore systems.!! Due to dramatic advancements of ultrafast laser
technologies, femtosecond laser systems operating in infrared and visible frequency
ranges have been commercially available so that we have seen a wide range of appli-
cations utilizing such ultrafast nonlinear optical spectroscopic techniques.

Most of the conventional linear spectroscopic methods, though they have been
proven to be extremely useful for studying structural and dynamical properties
of complex molecules in condensed phases, provide highly averaged information.
Therefore, novel spectroscopic techniques capable of providing much higher infor-
mation content have been sought and tested incessantly. In the research community
of NMR spectroscopy, such efforts led to developing a variety of 2D NMR tech-
niques such as NOESY (nuclear Overhauser enhancement spectroscopy) and COSY
(correlation spectroscopy) methods among many others, and they have been exten-
sively used to study structural and dynamical properties of proteins in solutions.! 2

Although the 2D optical spectroscopy that has been considered to be an opti-
cal analog of 2D NMR does not provide atomic resolution structures of complex
molecules, optical domain multidimensional spectroscopy has certain advantages
because of the dramatic gain in time resolution (~ subpicosecond scale) possible and
the ability to directly observe and quantify the couplings between quantum states
involved in molecular dynamical processes.”” An elementary and highly simplified
schematic diagram in Figure 1.1 demonstrates that time-resolved 2D vibrational
spectroscopic technique can provide detailed information on the 3D structure of a
given complex molecule, that is, proteins.?’ A pair of vibrational chromophores, for
example, amide I local modes in polypeptide backbone, are coupled to each other via
hydrogen-bonding interaction, which results in cross-peaks in the 2D amide I infra-
red (IR) spectrum. As a molecule undergoes a structural transition along a certain
reaction (folding or unfolding) coordinate, where hydrogen-bond breaking occurs,
the cross-peaks will disappear in time.?! Consequently, the transient 2D vibrational
spectroscopy will provide information on the local conformational change of the
target molecule in this case.

As theoretically and experimentally demonstrated over the last decade, the exis-
tence of cross-peaks is direct evidence on the vibrational couplings whose magnitudes
depend on relative distances and orientations between vibrational chromophores
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FIGURE 1.1 Two-dimensional spectroscopy of changes in molecular structure. The peaks
on the diagonal line of this typical 2D infrared spectrum are associated with vibrations of
the chemical groups in red and blue in the structures above (the square and the triangle rep-
resent amino acid side groups). The cross-peaks in green are produced by the coupling of
these vibrations. As the molecule unfolds, the length of the hydrogen bond increases and the
vibrational coupling decreases, so that the cross-peaks become less intense. The cross-peaks
disappear when the hydrogen bond is broken. By examining the amplitudes of cross-peaks
from a series of time-resolved spectra, the breaking of a hydrogen bond, and so the structural
evolution of a small molecule, can be probed in time.

that are comparatively localized anharmonic oscillators.® Similarly, if two optical
chromophores absorbing UV-vis lights are spatially close to each other, the elec-
tronic transition coupling between the two induces an electronic exciton formation
and produces cross-peaks in the 2D electronic spectrum.?? Therefore, experimental
observation of cross-peaks in a measured 2D electronic spectrum and their transient
behaviors in time provides invaluable information about electronic coupling strength
between two chromophores and about exciton-exciton coherence and population
transfers or even on structural changes.” 2223

Ultrafast nonlinear optical spectroscopy utilizing IR and/or visible field has been
a vital and incisive tool with a rich and long history, and an optical analog of NMR
phase coherent multiple pulse spectroscopy was alluded before, where the acousto-
optic modulation technique was used to generate an optical pulse sequence for a
photon echo experiment.® Particularly, optical photon echo spectroscopy has been
extensively used to study solvation dynamics and ultrafast inertial motions of bath
degrees of freedom coupled to electronic transitions of chromophores in condensed
phases.?* 25 An IR photon echo experiment utilizing a free electron laser was per-
formed in early 1990s.2° Since the photon echo spectroscopy involves two either
vibrational or electronic coherence evolutions during T and ¢ periods that are sepa-
rated by another delay time 7, the measured echo signal is expressed as S(#,7T,7).
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The 2D spectrum S‘((o,,T,wT) can therefore be obtained by carrying out double
Fourier transformations of S(#,7,T) with respect to T and . T is the so-called wait-
ing time during which the system density matrix element is one of the diagonal ele-
ments (populations) or off-diagonal elements (coherences).

Atypical 2D spectrum S (®,,T,m,) thus obtained exhibits a variety of peaks. There
are diagonal and off-diagonal peaks revealing different dynamics of the complex
system of interest. For a two-level system, the 2D shape of a diagonal peak provides
information on the relative contributions from the inhomogeneous and homogeneous
dephasing processes.?” 28 The extent of elongation along the diagonal and the slope
of the elongation direction are often time-dependent, and their changes were found
to be related to the transition frequency—frequency time—correlation function, which
is in turn related to the associated solvation dynamics around the chromophore.'% 28
For an anharmonic oscillator, which can be successfully modeled as a three-level
system, the diagonal peak in the real part of the 2D photon echo spectrum is divided
into two parts with positive and negative amplitudes, which reveals overtone anhar-
monicity. Here, it should be noted that the target oscillators should not be perfectly
harmonic to make the associated nonlinear response function nonvanishing. Certain
nonlinearities in nuclear and electronic motions are basic requirements. In a given
2D spectrum of anharmonic oscillator, the negative peak corresponds to the excited
state absorption contribution to the signal and the positive peak to the sum of ground
state bleaching and stimulated emission contributions. The cross-peaks can also be
either antidiagonally or diagonally elongated, which corresponds to the cases when
the two different transition frequencies are negatively or positively correlated in time.
For a coupled homo- or hetero-dimer system, a negative correlation can be induced
by modulation of the coupling constant, and a positive correlation results from mod-
ulation of the transition frequencies of the two monomers. The intensities of the
cross-peaks can change in time, and their time-dependencies originate from various
processes such as excitation transfers between two different excitonic or monomeric
states, coherence transfers, chemical exchanges and reactions, population-dependent
dephasing processes, conformation and chemical structural transitions, and so
forth.'° Thus, any 2D optical spectrum has undoubtedly high information content
and uniquely provides underlying dynamics and mechanisms of chemical or physical
processes considered.

By using femtosecond IR pulses and dispersive pump—probe spectroscopic tech-
nique, 2D IR spectroscopic measurements of proteins in solution were performed
in 19984 Also, interesting combinations of IR and visible beams together to carry
out IR-vis four-wave-mixing experiments were theoretically suggested in the late
1990s and shown to be useful in studying electric and mechanical anharmonicity-
induced couplings between two different vibrational modes in 1999 experiment-
ally.- 3 11.29.30 This is analogous to the heteronuclear NMR spectroscopy, since both
vibrational (bosonic) and electronic (fermionic) degrees of freedom and their cou-
plings were under investigation. Also, electronic photon echo signals from a dye
molecule or a photosynthetic light-harvesting protein complex were experimentally
measured by using a Fourier transform (FT) spectral interferometry employing the
Mach—Zehnder interferometer.”-° In the latter case, it was found that ultrafast excita-
tion relaxations within the manifold of one-exciton states and coherence evolution in
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electronically coupled multi-chromophore systems could be studied by examining
the time-dependent changes of the 2D photon echo spectrum and by measuring the
cross-peak amplitude changes in time 7.> A conditional probability of finding the
system on a specific quantum state \, at a later time when it was initially on a differ-
ent state \y; was found to be the key factor determining the time-dependency of the
associated cross-peak amplitude at(®, = ®,,0, =®;).” In addition, we have seen
2D IR spectroscopic studies of chemical exchange dynamics and hydrogen-bond net-
work in water.3'-¥” These works clearly demonstrated how such novel spectroscopic
methods can be of use in studying fundamental solute-solvent interaction dynamics
in real time with an unprecedented time resolution that cannot be reached by any
other spectroscopic means. Technically, a femtosecond collinear phase-coherent 2D
spectroscopy and a single-shot 2D pump—probe spectroscopy were experimentally
demonstrated, which will speed up data collection times and extend applications of
the technique to a wide variety of problems.3¥-40 In parallel with these experimen-
tal efforts, numerous theoretical and computational methods combining molecular
dynamics (MD) simulation, quantum chemistry calculation, quantum mechanical/
molecular mechanical (QM/MM) simulation, and hybrid QM/MD simulation have
been developed to accurately simulate the 2D vibrational and electronic spectra of
complicated molecular systems such as proteins, nucleic acids, and light-harvesting
complexes over the last decade.!”

Before we close this chapter, it would be interesting to provide a viewpoint on how
and why the 2D optical spectroscopy is a better tool for studying molecular structure
and dynamics, in comparison with the other linear or quasi-linear spectroscopy. Note
that the time-resolved spectroscopy capable of recording 1D spectra with respect to
time is considered to be quasi-linear spectroscopy because quantitative information
on couplings still cannot be directly provided. The discussion on this begins with
comparing the hierarchy of protein structures with that of spectroscopic properties.
Linear spectroscopy such as IR absorption and Raman scattering can provide critical
information on the distribution of vibrational modes in a given polyatomic molecule.
There are a variety of marker bands in an IR absorption spectrum of polyatomic
molecule. Analysis of IR absorption spectrum of an unknown molecule can thus
provide information on the constituent chemical groups and bonds included in the
molecule. However, if these vibrational chromophores interact or couple to produce
delocalized vibrational states, the linear absorption spectrum provides limited infor-
mation on such coupling strengths that are however keenly dependent on the 3D
structure such as inter-chromophore distances and orientations. Thus, the 2D vibra-
tional spectroscopy capable of measuring such small quantities can be an incisive
tool to shed light on the detailed structure and its structural change in time.

In Figure 1.2, there is an interesting analogy between various levels of spectro-
scopic properties and hierarchical protein structures.!- 13:20 The primary structure
of protein is nothing but a sequence of amino acids encoded in the corresponding
gene. The relevant energy associated with the primary protein structure formation
is the covalent bond energy, that is, peptide bond, of which magnitude is about 100
kJ/mol. The secondary protein structures such as o-helix, B-sheet, B-hairpin, and
so forth are mainly determined by the relatively weak hydrogen bonds with energy
of about 10 kJ/mol. The protein tertiary (domain) structure formation involves a
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FIGURE 1.2 Analogy between hierarchies of spectroscopic properties and protein structures.

variety of interactions such as electrostatic, hydrophobic, van der Waals, disulfide
bond interactions and the like. Thus, the protein structure hierarchy can be viewed
as a descending order of interaction energy. Similarly, one can develop the same
hierarchical concept for spectroscopically measurable properties. The primary spec-
troscopic properties are fundamental transition frequencies and transition dipole
strengths that are principal quantities extracted from an analysis of 1D spectrum,
and such primary spectroscopic properties are largely determined by the nature of
covalent bonds involved in a given vibrational (or electronic) chromophore, (e.g.,
C=0 stretch, C-H stretch and bend). Most of the 1D spectroscopic means are con-
sequently very useful in delineating the distribution of individual chromophore in
the target molecule, and thus they can be considered to be a one-body spectroscopy
identifying each single chromophore. On the other hand, the coupling between two
different chromophores (electronic or vibrational oscillators) within a molecule is
associated with comparatively weak inter-chromophore interactions such as hydro-
gen bond. Consequently, the secondary spectroscopic properties (e.g., vibrational
or electronic couplings, nonlinear optical strengths, anharmonic couplings) require
nonzero two-body interactions between different chromophores and thus are very
sensitive to the detailed configuration, that is, 3D structure, of the constituent chro-
mophores in the molecule. As has been shown over the last decade, the coherent
2D optical spectroscopy based on a variety of nonlinear optical spectroscopic tech-
niques is superior to the 1D method in extracting such quantitatively small second-
ary spectroscopic properties of complicated molecules like proteins and molecular
aggregates via measuring the two-body interaction terms. Thus, the 2D spectroscopy
can be considered as two-body spectroscopy. Extending this analogy further, one
can envisage the 3D (three-body) spectroscopy, which is likely to be of use in mea-
suring the tertiary spectroscopic properties such as three-body (three-chromophore)
couplings and higher-order nonlinear optical strengths, as a technique that enables
determination of higher-order hierarchical molecular structure.

In this book, we will provide detailed discussions on the underlying physics and
interpretation methods of a variety of 2D optical spectroscopic methods. Novel
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diagrammatic techniques will be presented and shown to be useful in graphically
describing the associated nonlinear optical transition pathways and involved popula-
tion (diagonal density matrix elements) or coherence (off-diagonal density matrix
elements) evolutions. The basics of quantum dynamics are explained first, and time-
dependent perturbation theories that are required in describing nonlinear optical
processes. Although a number of nonlinear spectroscopic investigations have been
performed in frequency domain, we will focus on time-domain spectroscopy only
because it is far more suitable for describing ultrafast coherent 2D optical measure-
ments as well as directly analogous to the 2D NMR spectroscopy in many ways.
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2 Quantum Dynamics

A principal goal of spectroscopic investigation is to study electronic or magnetic
properties of materials by measuring radiation—matter interaction-induced changes
of radiation states in frequency and/or time domains."** Since the electromagnetic
field amplitude oscillates and the temporal envelope of laser pulse used changes in
time,’ the radiation—matter interaction Hamiltonian is intrinsically time-dependent,
and the time evolutions of the matter states might be fully determined by the time-
dependent Schrodinger equation,

0 i~
o VO >=——HO (0> Q.1

Here, | y(¢) >is the Dirac ket state. The corresponding bra state is denoted as
<y(?)l. The time-dependent Schrodinger equation (2.1) is one of the most funda-
mental and important postulates in quantum mechanics.®-3 In this chapter, we intro-
duce the concept of linear vector (wavefunction) and matrix (density operator) spaces
to describe the quantum dynamics of matters interacting with external radiations.

2.1 TIME EVOLUTION IN HILBERT SPACE

Hilbert space is a linear vector space of functions. In quantum mechanics, a vector
in the Hilbert space is wavefunction y(?) and the complete and orthonormal basis set
used to define the quantum mechanical Hilbert space consists of eigenvectors of the
time-independent Schrédinger equation, that is,

Hlo,>=E,10,>. 2.2)
From the orthonormalization condition of unit vectors in the Hilbert space, we have
<0,19,,>=39,,. (2.3)

From the completeness condition, the identity operator is defined as
Z"bm S<o, 1=1. 2.4)

With the Dirac’s bra-ket notation, the inner product of any given pair of vectors
(wavefunctions) is defined as

WOl 0>= [ virnv e, 05

where V is the quantization volume.
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Any vector, wavefunction in this Hilbert space can therefore be expanded as

Wy >= Y ¢, )19, > 2.6)

where the expansion coefficient is the projection of the vector onto each unit vector,

¢, () =<0, ly@)>. .7)

EXERCISE 2.1
Consider a two-level system. Assume that the system at time 7, is a superposition
state of the two eigenvec}ors, that is, | Y(ty) >= %(l 0, >+109,>), and that the
Hamiltonian is given as H = A(10, >< 0,1+ 19, >< ¢, ). Calculate the ket function
[y (r) > at time .

In the case when the Hamiltonian is time-independent, the formal solution of the
time-dependent Schrodinger equation is given as

ly(t)>= exp(—%]fl(t— to)) l(ty) >=u(t,ty) lw(t,) > (2.8)
where u(t,,) represents the forward time evolution operator when 7 > 7,,:
u(t,to)Eexp(—;lI:I(t—to)). 2.9)
The backward time evolution operator is then defined as
i (t,1,) Eexp(;I:I(I - to)j. (2.10)

It is noted that the Hamiltonian operator is Hermitian. The time evolution opera-
tor u(z,t,) (u'(t,t,)) describes the forward (backward) time evolution of the ket (bra)
vector, whereas the same operator does backward (forward) time evolution of the bra
(ket) vector. The Hilbert space for a ket vector is nothing but a mirror image of that
for a bra vector. The two spaces are related to each other via Hermitian conjugate
relationship. Note that the quantum mechanical Hilbert space is a complex space
where a vector can have both real and imaginary parts. If one needs to calculate any
real observable at time ¢, one should consider the ket and bra vectors at ¢ simulta-
neously. However, since the time evolution of the ket vector is just a mirror image
of (Hermitian conjugate relationship to) that of the corresponding bra vector, it is
enough to consider one of the two time-evolved vectors in a given Hilbert space.

EXERCISE 2.2
Prove that u(t,t,)u’(t,t,) = u*(t,toh)ugt,to)il. (Hint: use exp(x)=1+ >, (nhx"
and the Baker-Haudorf lemma, eAe® = eAtBe(1121A.51) 9
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In the Schrodinger picture, where the wavefunction is time-dependent whereas an
operator A corresponding to the observable A is not, the expectation value may be
calculated as, on the basis of one of the quantum mechanical postulates,

A =<y Aly(@)>=<yty) lul (1) Ault,1,) 1 y(t,) > . 2.11)

The physical meaning of the right-hand side of Equation 2.11 is that when the ini-
tial wavefunction is known at time ¢, the ket vector | y(z,) > evolves in the forward
direction in time from ¢, to ¢ by the u(z,#,) operator, and the bra vector < y(z,) | also
does from ¢, to t by the u'(¢,t,) operator. Then, the expectation value of A over the
wavefunction at time 7 provides the value of A(?).

Defining the time-dependent operator A(f) as

N n i~ n i
Ay () =u'(t,t)Au(t,ty) = exp(gH(t— to))Aexp(—gH(z— to)), 2.12)
the expectation value of A at time ¢ can be rewritten as

A(t) = < y(1g) | A () 1y(15) > 2.13)

This route to the calculation of any expectation value has been known to be the
Heisenberg picture.

EXERCISE 2.3

Show that the time-dependent operator defined in Equation 2.12 obeys the
Heisenberg equation, ie, 2 A, ()=%4[H,Ay(0)]. Here, it is assumed that the
operator A does not depend on time explicitly.

In spectroscopy, the radiation—matter interaction Hamiltonian is time-dependent so
that the time evolution of the wavefunction needs to be described differently from
the case of time-independent Hamiltonian. The total Hamiltonian of the composite
system consisting of matter and radiation may be written as

H()=H,, +H,,+H, .. (2.14)

mat

From the time-dependent Schrodinger equation (2.1), let us assume that the formal
solution of the wavefunction of the ket vector is given as

hy (@) >=U(t,1) () >. (2.15)

To determine the time evolution operator, U(t,1,), in Equation 2.15, one can substi-
tute Equation 2.15 into 2.1 and find that

J i
S, UG == %H(r) Ult,ty). (2.16)
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Carrying out the integration of Equation 2.16 with respect to ¢, we have

U(t,t,)=1- é I dTtH((T)U(T,1,).
| f0 A @.17)

By repeatedly inserting the right-hand side of Equation 2.17 into the U(7,t,) term
in the integrand, one can formally derive the following series solution for the time
evolution operator, U(?,1,), when the Hamiltonian is explicitly time-dependent, as

ind i n et T, T, R R R
U(t,t0)=1+2(—h) Ldrn‘[o dr,,,,---J:O dvy A AR, ) AT, o)
n=1

Note that the above series expansion is not identical to the Taylor expansion of the
exponential function and that the integration time variables have the following order,
T, 27T, 2+ 2T, For the sake of notational simplicity of the forward time evolution
operator U(t,t,), the positive time-ordering exponential operator is defined as

Ult,t,) = exp, (—;J dt ﬁl(r)). 2.19)

EXERCISE 2.4
Show that the forward time evolution operator U(z,7,) defined in Equation 2.19
with 2.18 becomes u(t,#,) when the Hamiltonian is time-independent.

Then, the backward time evolution operator, which is the Hermitian conjugate of
U(t,t,),1s found to be

U'(t,1,) = exp. (;J dt ﬁ(r))

> i\ T, T, n " n
-1+ Y1) [au] an [ anAcone - A e
n=1

EXERCISE 2.5
Show that U(t,1,))U(t,t,) = U (1,t,)U(t,t,) = 1.

2.2 TIME-DEPENDENT PERTURBATION
THEORY IN HILBERT SPACE
Although the time evolution operators in Equations 2.18 and 2.20 are exact for describ-

ing the quantum dynamics of composite system consisting of materials, bath, and
radiation, the corresponding time-dependent Schrodinger equation cannot be directly
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solved to calculate any expectation values, quantum transition amplitudes and prob-
abilities, and matter’s electronic and magnetic properties. That is not only because the
series summation requires an infinite number of terms but also because the eigenvalue
equation such as H (1,) 'y >=E |y > cannot be easily solved for the Hamiltonian
describing optical chromophores interacting with both surrounding bath degrees of
freedom and external radiations. Therefore, it is inevitable to develop a proper time-
dependent perturbation theory, and the total Hamiltonian is divided into two parts as

H(t)=Hy(t)+ H' (1), 2.21)

V&A/here the zero-order Hamiltonian f]o(t) serves as the reference and the second term
H'(t) is treated as perturbation Hamiltonian. In spectroscopy, the system, bath, and
radiation Hamiltonians constitute the zero-order Hamiltonian, and the field-matter
interaction is considered to be the perturbation Hamiltonian. The perturbation theory
can thus provide quantitatively reliable information when H’(¢) is properly chosen so
that the perturbation series successfully converges.

It turns out that the interaction picture instead of the Schrédinger or Heisenberg
picture discussed above is quite useful for a development of time-dependent pertur-
bation theory. In the interaction picture, the timg evolutions of the wavefunction is
fully described by the zero-order Hamiltonian H(7), not by the total Hamiltonian
H(#).In addition, the perturbation Hamiltonian H ‘(1) also evolves in time in the
Heisenberg picture determined by H, (). Thus, the interaction picture can be viewed
as a hybrid of both Schrédinger and Heisenberg pictures. We assume that the for-
ward time evolution operator U (t,t,) can be written as a product of two operators as

U(t,1))=U,y(1,1)U, (1,1), (2.22)

where
Uy(t.ty) = eXp+(—; J: Udr ﬁo(r)j (2.23)
U, (1,1,) = exp, (_;1-[0 du%;(r)j. (2.24)

Here, the time-dependent perturbation Hamiltonian operator in the Heisenberg pic-
ture described by the zero-order Hamiltonian, H(¢), is defined as

Hi(1) = U (t,1) H' (1)) Uy (2.1,). 2.25)

In this interaction picture, the expectation value of the time-dependent operator A(t)
is given as

At)=< y(ty) | U;(t,to)U(J;(lsto)A(f)Uo(tato)U1(t’to) (o) >

=<y, (1A Oy, (1) >, (2.26)
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where
A (D= U (4,10) AU, (1,1,). 2.27)
Iy, (@) >=U, (1) | y(ty) >. (2.28)

Note that, in the interaction picture, both the wavefunction and operator evolve in
time.

EXERCISE 2.6
Show thatly(t) >=U,(t,t,)U,(t,t,) | y(t,) >indeed obeys the time-dependent
Schrédinger equation.

In order to develop a time-dependent perturbation theory, one can expand U, (¢,t,)
givenin Equation2.24 as apower series of the time-evolved perturbation Hamiltonian
Hj(7) and find that the forward time evolution operator can be expanded as

U(t,1,)= Uo(t,t0)+(—;ljj dt,U,(t,7,) H' (T,) Uy (T, 1)

2 \2 o1 T
l ~, ~,
+(—h) j d‘EZJ. dt,Uy(t,7,) H' (t,) Uy (75,7 H (7)) Uy (T, 15) + -+
19 1o

= U, 1. (2.29)
n=0
where the nth-order perturbation term, U ,(2,?,), is defined as
A\ et T, T R
U,(t,t))= (—’) j dr,,J. dt,., J dt,Uy(t,1,) H'(T,)Uy(T,,T, ) X+
h fo fp fo

X Uy (1, 1) H (1)U, (T, 1) (2.30)

Similarly, the backward time evolution operator in the interaction picture can be
written as

U (t,1) = U (1)U (110) = Y US (1) 2.31)

n=0

where
i n t Ty T2 ~ )
U:(r,ro)z(f) [fav ] an [ anvicon el x--
h 1o to 10

x U (t,.1, ) H (1,)U§(1.7,). 2.32)
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EXERCISE 2.7

To obtain Equations 2.30 and 2.32, the following operator equalities,
U, (.t U (T,ty) = Uy(t,7) and U (7,1, U (t,1,) = U} (¢,7), were used. Prove these
two equalities.

2.3 DIAGRAM REPRESENTATION OF THE TIME-DEPENDENT
PERTURBATION THEORY IN HILBERT SPACE

Formal expressions and results on the time evolution operators and expectation val-
ues in terms of perturbation series were presented and discussed above, but it has
always been found to be useful to represent each term in terms of graphical diagrams.
In this regard, the Feynman diagram representation of the perturbation theory has
been considered to be one of the simplest pictures and allows one to understand the
time evolution of the system when a certain number of perturbation actions to the
zero-order wavefunction occur in time. Here, we will introduce a modified Feynman
diagram technique for the perturbation theory. The complete time evolution operator
U(t,t,) was given as a series of perturbation terms as

U(t,ty) =Uy(t,ty)+U,(t,1)) + U,(t,1,)+ - (2.33)
It will be assumed that the diagrams corresponding to each term in Equation 2.33

are defined as

- — + a + éé el (2.34)

T T

The thick, solid arrow pointing from right to left represents the total time evolu-
tion operator U(t,1,), whereas the thin arrow represents the zero-order time evolu-
tion operator, U, (T,?,), which is determined by the zero-order Hamiltonian ﬁ(, ).
The wavy line symbol é in the Feynman diagrammatic representation of U, (¢,t,) cor-
responds to the action of the perturbation Hamiltonian at t,. Note that the first-order
term, U, (t,t,), describes the time evolution of the wavefunction from ¢, to ¢ when
there is a single perturbation by H ’(t,) at time T, (t 2T, 2 t,). Since the perturbation
action occurs at any time from f, to #, one should take into consideration all possibili-
ties so that the integration over T, in the range from ¢, to # should be performed. From
Equation 2.15, the first time-derivative of 4= is given as

0 i
5“ = —EH(I)h . (2.35)

Similarly, the backward time evolution operator given as a series of the perturbation
terms is

Ui(t,ty) =Ul(t,t)) + U] (t,t,) + Ul (t, 1))+ (2.36)

and the corresponding diagram representation is

—_- é 28 . (2.37)
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Note that the directions of the arrows are the opposite of those in the forward time
evolution operators, indicating that the time runs from left to right. The first deriva-
tive of == satisfies the following differential equation:

0 L5

Using the diagrams introduced above, the time-evolved ket and bra vectors can be
diagrammatically represented as

[y(t) >=«——Iy(t,) >+<j—lw(t0)>+<jé—lw(to) >4 (2.39)

<y l=<y(ty) | —> + < ()| j—>+ <w(t0)ljé->+---. (2.40)

Therefore, the expectation value of an operator f\(t) is, in the diagram representation,
simply given as

At) =< (1) | mump A7) o | (1) > 2.41)

Then, the series expansion of A() is
A() = 22@(:), (2.42)
n=0

where the first three perturbation expansion terms are
A0 () =< y(ty) | > A y(ty) >

AV =<yt Agl\y(to) >+<\|l(t0)|g» Ayt >

A% ()= <w(z0)|—>/3<§§|w(zo)> + <w(t0)|§+fx<§—|w(to)> + <w(t0)|—>/§<§§|w(zo)> .
(2.43)

Instead of considering the perturbation expansion of the wavefunction, one can
equally calculate the same expectation value in the Heisenberg picture as

A = <y(t) | Ay (D) 1 y(ty) > =< y(ty)] 2&?@) () > (2.44)

n=0
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where, in the diagram representation, the perturbationally expanded time-evolved
Heisenberg operators of A(f) are

Ay (1) = mmp A7) domm
AP () =—— Aty e—

AD(r) = S A e—+—— A

AP(r) = jg»A(t)e—Jrﬁ—>A(t)<—§—+——>A(r)g—i (2.45)

EXERCISE 2.8 .
Show that A, (7) defined in Equation 2.45 is identical to U (t,¢,) AU (t,t,) and that
its time evolution is determined by the Heisenberg equation (see Exercise 2.3).

2.4 TRANSITION AMPLITUDE AND
PROBABILITY IN HILBERT SPACE

Most of spectroscopic observables require calculations of the amplitude or probabil-
ity of the transition from a specific initial state Im> at £, to a final state In> at a later
time ¢, when such a transition is induced by the perturbation Hamiltonian H’(¢). By
definition, the transition amplitude in this case is calculated by

TA,, ()= <nlUt 1)l m>=<nlU,(t,t,)U, (t.t;) | m >. (2.46)

We shall assume that the initial and final states are eigenvectors (stationary states)
of the zero-order Hamiltonian, ie.,HyIlm>=E, |Im>andH),Iln>=E,In>.
Then, the first-order perturbation theory provides us the first-order transition
amplitude as

. t
TAD @) =<nlU,(t,t))lm>= (—éjj dt,<nlUy(t,v) H' (1)) Uy(T),t,) I m>.
fo
247
This can be re-expressed as, in terms of the corresponding Feynman diagram,

TA,gig(t)=<n|<—%—|m>. (2.48)

However, what is experimentally measured is not the transition amplitude but the
corresponding transition probability that is defined as the square of the transition
amplitude as

TP, (1) =1TA,, (DF . (2.49)
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We find that the second-order transition probability of being in state In> at

time ¢ is
TP<2>(z)=<n|<—§—Im><mlj—>In>.

nm (250)
This expression can be written as a double integral as
1Y ( ! R
TR = (hz jJ‘ dm, J dt, <nlUy(@t,v) H' (1) Uy(1,t,) I m >
1o fo
x <m U (T, 1) H' (1)U (1,7,) 1 n > . 2.51)

For the sake of simplicity, let us consider the case that the zero-order Hamiltonian
does not explicitly depend on time. Then, Equation 2.51 can be simplified as

2
t
TP2 (1) = % J dte®mH; (7T) (2.52)
fo
wherew,, = E, /4, ®,, =0, —-0,,and
H,, (D)=<nlH(t)Im>. (2.53)
If the initial time ¢, is —oo, the transition probability evaluated att=cois
TP2) (t =o0) = IH’ (0, (2.54)

where Hnm (®,,,) is the Fourier transform of H,, (¢) at ® = ®,,,,. Throughout this book,
the Fourier and inverse Fourier transforms are defined as

F)= | dr e (.55)

1 b 7 —iwt
f)= ELdtf(m)e . (2.56)

EXERCISE 2.9

One can derive the well-known Fermi’s Golden Rule (FGR) expression for a
rate of transition, w = 2% p(E )IH,,, 1>, where the perturbation Hamiltonian is
time-independent so that H,,, is a constant. To obtain the FGR expression given
above, it was assumed (1) that the final states are closely spaced in energy so
that they form a continuum with density of states p(E,), (2) that only the long-
time behavior is considered, (3) that H;,, and p(E,) do not strongly depend on

n, and (4) that the above second-order expression for TP (¢) is valid.

nm
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In order to obtain the result in Equation 2.54, it was assumed that the initial state at
t,is a pure state on lm>. However, if the initial state is a mixed state such as a canoni-
cal ensemble, one should take an ensemble average over the thermal distribution of
the initial states. Suppose that the probability of being in state lm> is P,,(T') at tem-
perature 7. Then, the transition probability of finding the system being in state ln> is
given by a sum over all Im> with distribution P, (T) as

TRE()= Y P(T)X TR (1)

=Z<n|<—§—|m>Pm(T)<mlj—>ln>. (2.57)

m

If one introduces an operator p(f,) in a matrix form and if the diagonal matrix ele-
ments, which are still operator, are given as p,,, (t,) =1m > P, (T) < m|, the transition
probability in Equation 2.57 can be rewritten as

TEOW)= Y <0l Sp, () —S 1>

CcnleS Tr[p(to)]j—>|n>. (2.58)

Now, the second-order time-evolved density operator p®(¢)is graphically repre-

sented as
p(1) = S Trlp(1y)]—S (2.59)

so that we have
TP (1) =p2(H)=<nlp®@)In>. (2.60)

Using the description of the time evolution of wavefunction in Hilbert space in
terms of the time evolution operators, one can calculate the transition amplitude but
not probability directly. As shown above from Equations 2.57 to 2.60, the transi-
tion probability calculation requires a few more steps of derivations and additional
ensemble averaging calculation when the system is initially in a thermal equilibrium
state at finite temperature 7. However, by directly considering the time evolution
operator in a matrix form instead of a vectorial form, one can easily perform such
multistep calculations. In addition, an ensemble averaging calculation is straight-
forward since the initial density operator contains information on the mixed state.
Furthermore, for developing a higher-order time-dependent perturbation theory, the
density operator representation has been found to be useful for bookkeeping quite a
number of nonlinear optical transition pathways contributing to the transition prob-
ability or measured signal of interest.
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2.5 TIME EVOLUTION IN LIOUVILLE SPACE

In the Hilbert space spanned by the eigenvectors of the time-independent Schrodinger
equation, wavefunction is a vector and its time evolution is determined by the time-
dependent Schrodinger equation. However, if one has to deal with a statistically
mixed state such as systems in a canonical ensemble, transition probability calcu-
lation is often easier and conceptually simpler if the dynamics of the system are
described in a Liouville (density matrix) space.> !> ! In addition, time evolutions of
quantum coherence and population can be easily described by using the density oper-
ator formalism.? In the previous section, it was already shown that the second-order
perturbation theory for calculating transition probability can be expressed in terms
of density operator.
The conventional definition of density operator is

p(O)=ly(@)><y()!. (2.61)

Using the diagrammatic representations of the forward and backward time evolution
operators U(t,t,) and U7 (t,t,), one can re-express Equation 2.61 as

p(r) = ¢mm (1) ==—p (2.62)

with p(t,) =1 y(#,) >< y(t,)|. In comparison to the Hilbert space where wavefunc-
tion is a linear vector, the corresponding vector in Liouville space is density operator.
One can prove that the density operator defined above obeys the following differen-
tial equation:

0 i~
gp(t) = ‘g[H ®,p)], (2.63)

which is the quantum Liouville equation. Equation 2.63 can be obtained by using
Equations 2.35 and 2.38 and taking the first derivative of Equation 2.62, that is,

0 0 0
gp(t) = (ath)p(to)—b + hp(to)(al—b). (2.64)

We now search for a simple diagrammatic representation of the time evolution
operator in the Liouville space. In the case of the time evolution of a wavefunction in
a Hilbert space, a single arrow 4= was enough, since the time evolution of either ket
or bra vector is all we need. On the other hand, since the density operator is a product
of ket and bra vectors, one should take into consideration of time evolutions of ket
and bra sides altogether. Therefore, we introduce another type of arrow representing
the time evolution of the density operator as

p(1) = —ap(ty). (2.65)
Introducing the Liouville operator, L, defined as

LA =[H (1), A®)), (2.66)
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the quantum Liouville equation in 2.63 can be rewritten as
3p(t) = —iL(t)p(t). (2.67)
ot h
Then, one can find that the time evolution operator in the Liouville space is given as
V(t,1,) = exp, (—;J er(r)J, (2.68)
to
which corresponds to <, that is,

V(t,t) =——. (2.69)

The Hermitian conjugate of V(¢,1,) is then
Y
Vi(t,1,) = exp. (;J er(r)) 2.70)
fo

so that we have
Vi(t,t,) =—. 271

Now, from the definition of the expectation value in Equation 2.41 and using the
completeness condition in Equation 2.3, we can rewrite the expectation value as

K(r)=2< W(ty) == m> A, (1) < | o | (ty) >

m,n

=2Amn(t)<n|4—|\u(z0) S<(ty) | == | m >

m,n

= 4,09,

= Tr[A(t)p(1)]

=< A(p(t)>. (2.72)
Here, the angle bracket < O > without bra-ket notation means taking the trace of Oin

matrix representation. Using the diagrammatic technique, the expectation value can
be simply represented as

At =< A(t) E==p(ty) >. 2.73)
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2.6 TIME-DEPENDENT PERTURBATION
THEORY IN LIOUVILLE SPACE

When the total Hamiltonian is divided into the zero-order reference Hamiltonian
and the perturbation Hamiltonian as Equation 2.21, the Liouville operator can also
be written as

L(t)=Ly(t)+ L (). 2.74)

Then, in the interaction representation, the time evolution operator in the Liouville
space is found to be

V(t,ty) =V (2,2)V, (1,1,) (2.75)
where
Vy(t,t,)) = —L.J”dL()
oll,lp) =exp, nl, TLy(T (2.76)
Vi (t,ty)) =ex —LJ‘Id’cL’(’c) 2.77)
I\*>%0 =CeXp, h " 1 . .

Here, the time-dependent operator L;(¢) in the interaction representation is defined
as

Li(1) =V (1,1) L' () V, (8,1,). (2.78)
Following the same procedure used to derive the time-ordered expansion expres-

sion forU(t,t,) with respect to H’(¢), one can expand the Liouville space time-
evolution operator V(z,7,) as

V(t,t0)=V0(t,t0)+(—;l)J- dt, V(1,7 L'(T) Vi (T,,1,)

2 N\2 @1 T

l , ’

+(_h) j deJ. dt\Vo(t,1,) L (1) Vy (T, T L (T)Vy (T1,8,) +-+
1o N

=D V1), 279)

n=0
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where the nth-order perturbation expansion term, V, (¢,t,), is defined as

AN T, T
Vn(tvto)z(_%) J drnj dT}l—l...J. dt Vo (t,7,) L'(T,) Vo (T,, T, ) X+
fo fo 1o

X Vo (T, 1)L (1)) Vy (T4, 1y)- (2.80)

Similarly, the backward time evolution operator in the interaction picture can be
written as

Vi) = Vi (1)Vi (110) = Y Vil (e.1) (2.81)

n=0

where

s\ et Ty T
%ﬂn%)s(;j Jchnj erV~J AT, Vi (1)L TV (T5,T,) X+
to to to

X V5 (T,,7, )DL (T, )V, (t,7,). 2.82)

The time evolution operators in the Liouville space are directly analogous
to those in the Hilbert space, except that the vector in the Liouville space is
the density operator instead of wavefunction. Since the time evolution operator,
which is a commutator instead of a normal linear operator, describes propagation
of both ket and bra vectors in time, the corresponding diagrams in the Liouville
space should be different from those in the Hilbert space. The first few terms in
the perturbation expansion of V(z,,) in Equation 2.79 are now graphically rep-

resented as
< 1= < +< é +C§%+%+..._ (2.83)

The Hermitian conjugate of V(¢,1,) is then

i Db
= + 2 + gé + + e (2.84)

Although the corresponding diagram in the Hilbert space (see Equation 2.34) is
identical to a single integral expression, that in the Liouville space is given as a
sum of 2" distinctively different terms for the nth-order perturbation expansion
term.
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Graphically, the upper (lower) horizontal line in < therefore describes the time
evolution of the ket (bra) state by the time evolution operator <. In the first-order
perturbation theory, V,(,7,) equals to the sum of two terms as

PR

< é =X +< 2 . (2.85)
Note that the first term on the right-hand side of Equation 2.85 describes the time
evolution of the initial ket vector with a single perturbation in between ¢, and ¢ as well
as the time evolution of the initial bra vector without any perturbation. The second
term in Equation 2.85 describes the other case. For instance, if the initial density
operator is Im><nl, one can find the analogy between the two perturbation-expanded
time evolution operators in the Liouville and Hilbert spaces,

C%Z |m><nl= é |m><n I+% |m><n|
=$—|m><n|—>—%|m><nl—§—>. (2.86)

SinceAthe Perturpation operator, L’(¢), in Liouville space is a commutator, that is,
L’ (H)A=[H'(t),A], the second term in Equation 2.85 or 2.86 acquires a negative
sign because it involyes —AH’ (r)term in the expansion form of the commutator,
[H'(t), A] i (t)A AH’ (7). Here, we now introduce the definitions of population
and coherence in Liouville space. The population corresponds to one of the diagonal
matrix elements of the total density operator, whereas the coherence corresponds to
an off-diagonal matrix element, that is,

P =<mlp(t)lm>: population of the state | m > (2.87)

P =<nlp()lm>: coherence of the states|n>and | m >. (2.88)

Throughout this book, we will refer to the diagonal and off-diagonal elements of
density matrix as the population and coherence, respectively.

Now, the second-order perturbation expansion term, V,(t,,), in Equation 2.83 is
given as a sum of four contributions as

= =+ < + < + < + .., (2.89)

Here, it is noted that the four terms in this equation involve two perturbations, and
they are time ordered ast > 7T, 27T, 2¢,.

EXERCISE 2.10
Prove that the operator <—;‘ (é) is complex conjugate of % (<§).
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For the numerical calculations of any arbitrary expectation values within the
second-order perturbation theory, the four terms contributing to V,(z,7,) | m ><n|
should be written as double integrals over T,, and T,,

élmxnl

A
:(—1) I dTQJ. dt,Uy(t, TZ)H (1)U, (75,7, )H (T Uy (T),8) I m><nlUj(t,2,)

%lmxnl

=—(—%) j drzj. dt,Uy(t,7 )H (T, )UO(tl,tO)Im><nIU0(12,t0)H (T,)U(t,7,)
&W ><nl
3

N2 @t T, R R )
=_(—;) j d’I:ZJ. dt, Uy(t, 1) H' (T,)Uy (To, 1) | m >< n | U (1,,t,)H' (1)U} (2,7,)
1o to

%mxnl

N2 @t T N A
=(—é) j dtzj. dt,U,(t,t) | m><nl U} (Tt H' (1)U (T, 7)) H'(T,)U{ (2, 7,).
1o fo

(2.90)

Note that we always have T, = T, and that the second and third terms that involve
one wavy line connected to the lower horizontal line in <§ and % have the negative
sign factor in the integral expression because they involve one perturbation operator
acting on the bra side. Now, the third-order expansion term, V4(#,%,), is given as a
sum of eight terms as

%:(%%2 Le92,.89 88 . & .8 .3
3 3 g 339 3% 33 33

291

Using the diagrammatic expansion of the Liouville space time evolution operator,
one can find that the expectation value of A(f) is

A(t) = <A@ &——=p(t,)> + <A(t)c%p(t0)> + <A(¢)¢§:§:p(zo)>
+<A([)C%%§p(to)>+"'. (292)
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Noting that the perturbation-expanded forms of the time evolution operator are
always given as a sum of terms that are complex conjugate to each other, one can
easily show that the expectation value of any arbitrary Hermitian operator, A(?), is
real, as expected.

Later in this book, we will consider the third-order perturbation expression for
the expectation value of electric dipole operator, which is responsible for generat-
ing third-order signal electric field. The third-order dipole response function that is
associated with a variety of four-wave-mixing spectroscopies probing all-electric—
dipole-allowed transitions corresponds to the third-order perturbation expansion
term of the expectation value of electric dipole operator as

PO =N<[i p(t,) >, (2.93)

where N is the number density of optical chromophores in the sample. Throughout
this book, we will assume that the number density, N, is assumed to be a unity. Later,
we will examine the result in Equation 2.93 in more detail for various nonlinear opti-
cal spectroscopic techniques.

2.7 TRANSITION PROBABILITY IN LIOUVILLE
SPACE AND PATHWAYS

In this section we will consider a few examples on how to use the diagram methods
to calculate the second-order transition probabilities.

2.7.1 SeEcOND-ORDER TRANSITION BETWEEN TwO POPULATIONS

First of all, let us consider the state-to-state transition probability from one popu-
lation to the other. Suppose that one is interested in population transfer from an
initial populationp,,,(#,) to a final population In><nl (for m # n), where Im> and
In> are ket states of the time-independent Schrodinger equation. For the sake of
simplicity, let us assume thatp,, (t,) = 9,,, indicating that the system is initially on
the mth population. Then, the second-order perturbation theory for the transition
probability gives
TP, @) =Trlln><nlV,(t,t)) lm><ml]

nn,mm

=<ln><nl Im><ml>

Im ><m|>+<|n><n|€|m >ml>.  (2.94)

=<ln><nl

A
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Two other diagrams in the perturbation expansion of V,(z,t,) that are
<In><nlélm><ml> (2.95)

and

<|n><n|%|m><m|> (296)

vanish due to the orthorgonality condition of the eigenvectors, that is,

<ml—>In>=0

<nlée—Im>=0. 2.97)

One can rewrite the two terms on the right-hand side of Equation 2.94 as time-
ordered integrals. Since é is the complex conjugate of <%, one can rewrite Equation
2.94 as

TP, (1)=2Re<ln ><nl% Im><ml>

t T2 ~ A
= %Re‘[ dtzj dt, <ln><nlU,t,7)H (T )U,(T,,t,) | m ><m U} (1,,t,)H'(T,)
1o fo

ui,t,) >

2 t T n . R
:ﬁReJ‘ dtzj dt, <nlUyt,t)H (t)Uy(T,,t) | m ><m U (T,,t,)H'(T,)
to to

Ui(t,7,) I n>. (2.98)

If the initial time ¢, is —oo, the transition probability evaluated at ¢t = o is again found
to be

TP (t=0) = % \H, (0, . (2.99)

EXERCISE 2.10
Derive Equation 2.99 from 2.98.
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2.7.2  SECOND-ORDER TRANSITION BETWEEN TwO COHERENCES

If the initial state is prepared on a coherence, p,,,(,) (for m # n) at ¢, and if the final
coherence is py (for j # k), the coherence-to-coherence transition probability is

TPR (1) =Trll j ><k1V,(t,t,) |l m><nl]

Jk.mn

:<Ij><k|C§:§:|m><nl>

:<|j><kl<—§_g—|m><n|>+<|j><k|%|m><n|>

+<|j><kl%|m><n|>+<|j><kl%|m><nl>. (2.100)

Using the orthogonality conditions between two different eigenstates, one can verify
that j = n and k = m in the first and second diagrams of Equation 2.100, respectively.
In addition, during the time period between T, and T, the system can be in coherence
or population depending on the intermediate quantum states during the second-order
transition pathways. Thus, we have

TP, (1) = <In><klélm><nl>8 +<I]><ml%lm><nl >90,,

+<|j><kl%lm><nl>+<Ij><kl%lm><nl>.
(2.101)

The physical meanings of the four contributions in Equation 2.101 can be understood by
considering each transition pathway in terms of coherence and population evolutions.
The first term involves two perturbations to the ket vector lm>, whereas the bra vec-
tor <nl remains unchanged. Using the completeness condition,that is, >, | { >< [ I=1,0ne
can rewrite the first term on the right-hand side of Equation 2.101 as

l
<ln>< klélmx nI>:Z<In>< kl&lmx nl> (2102
1

where the summation over all possible intermediate states / should be performed.
Considering the case when [ = n separately, we have

<|n><k|élm><nl>:<|n><k|§|m><nl>
S5
+Z<In><k| Im><nl>. (2.103)

I#n
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The first term on the right-hand side of Equation 2.103 involves population evolution
during the time period between T, and T,, whereas all the other terms in the sum-
mation 2, involve coherence evolutions during T, — 7, period, and they are oscil-
lating with frequencies ®,;. Therefore, if the time integrations are taken, they are
likely to be small in comparison to the first term. Thus, within this approximation,

we get
<|n><k|é|m><n|>:<|n><k|§|m><n|>. (2.104)

Similarly, ignoring the highly oscillating terms in the integrands for evaluating the
time integrals, we have

<Ij><ml%lm><nl>=<|j><m|%lm><nl>

<Ij><k|%lm><n|>=<|j><n|#|m><n|>8k”
<Ij><kl%lm><nl>=<Im><kl%lm><nl>6/m. (2.105)

Finally, using the above results, the transition probability of TP{?)

i (1) 18 given as
the sum of four distinctively different contributions as

n
Tf}i{ﬁn,,(t)=<ln><kIélmxrzl >5j,,+<lj><m|%|m><nl >0,

n
+<Ij><n|%|m><n|>8,m+<lm><kl%lm><n|>5jm.
m

(2.106)

A detailed expression for TPﬁnn (1) requires proper system—bath interaction model as
well as the perturbation Hamiltonian. Thus, we shall not provide any further discus-
sion along this line here, but one can obtain theoretical expressions for these four
terms when the system—bath interaction and perturbation Hamiltonians are specified

for a given molecular system of interest.

2.7.3  FIRsT-ORDER TRANSITION BETWEEN POPULATION AND COHERENCE

Lastly, if the initial state is prepared on a coherence, p,,,(f,) (for m # n) at ¢, and if
the final state is a population, p,,,,, the coherence-to-population transition probability
within the first-order perturbation theory is

TPY) (&) =Trllm><ml|V|(t,ty) | m><nl]. (2.107)

mm,mn
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Note that the initial ket vector Im> does not undergo any quantum transition so
that we need to consider the first-order perturbation-induced # — m transition. Thus,
Equation 2.107 can be diagrammatically represented as

TP,,(,},{,,,,,(t)=<Im><ml%|m ><nl>. (2.108)

Only when the above expectation value of the population operator|m ><m | does
not vanish, the transition from the coherence p,,,(7,) to the population on the mth
state becomes allowed and finite. One can obtain the similar expression for the
transition probability associated with transition fromp,,,(#,) top,,. In addition, it
is possible to obtain the diagram representations of the transition probabilities from
a population to a coherence. These calculations again require specific system—bath
interaction and perturbation Hamiltonians so that we will not provide any further
discussions along this line.
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3 Linear Response
Spectroscopy

The conventional definition of the linear spectroscopy is spectroscopy with
an observable that is linearly proportional to the intensity of external field.!-*
Then, the observable signal can be expressed in terms of the corresponding lin-
ear response function. However, there are cases in which this definition may not
apply. For instance, the electronically nonresonant hyper-Raman scattering signal
is proportional to squares of intensity of the incident electric field. Nevertheless,
the hyper-Raman scattering can be described in terms of linear response func-
tion of the first hyperpolarizability.’ Another example is the surface-specific
electronically nonresonant IR-vis sum frequency generation (SFG) spectroscopy.®
Although the measured signal is proportional to both IR and visible field intensi-
ties, it can be described in terms of dipole-polarizability linear response function.”
Consequently, it is necessary to generalize the definition of linear spectroscopy
in such a way that the linear spectroscopic observable is linearly proportional to
a properly chosen effective radiation—matter interaction as well as that the linear
spectroscopy is the one that can be fully characterized by properly defined linear
response function.

There are a number of linear spectroscopic techniques that are capable of
measuring distinctively different molecular properties, and they differ from one
another by the nature of radiation—matter interactions involved. In this regard,
we find it useful to introduce various radiation—matter interaction Hamiltonians,
where each constitutes a conjugate pair of matter-operator-inducing quantum
transitions and associated external field causing them. Throughout this book we
will treat external electromagnetic field as a classical function. Generally, the
radiation—matter interaction Hamiltonian can be written as a dot product of a
vectorial matter or radiation-induced matter operator and an external field vec-
tor, that is,

Hyp a0 ==V -F(r,1) (3.1)

where F(r,?) is the external field and V isits conjugate operator that induces quan-
tum transitions between any two different quantum states. In this book, the follow-
ing seven conjugate pairs are sufficient enough to describe most of the spectroscopic
measurements considered here,

31
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\% F(r,1)

m PN E(r,1)

m VN B(r,?)

Q o (1/2)VE(r,1)

(02 > Ez(r’t)
GandG © E(r,/)B(r,t) and E(r,1)B(r,?)
AandA & (12)E(r,/)VE(r,t) and (1/2)VE(r,)E(r,1)

B © E’(r,1)

SCHEME 3.1

Note that the first three conjugate pairs are linearly proportional to the electro-
magnetic field amplitude, whereas the second three pairs are second order. The last
interaction is third order with resepct to E(r.?).

The first pair describes the interaction between electric dipole p and electric field
E(r,7) and the corresponding radiation—matter interaction Hamiltonian —p-E(r,?)
should be considered to describe electric-dipole-allowed linear and nonlinear optical
processes. The second pair represents the interaction between magnetic dipole (m) and
external magnetic field B(r,#). This is an important radiation—matter interaction for
understanding various linear and nonlinear optical activity spectroscopy such as circu-
lar dichroism, optical rotatory dispersion, Raman optical activity, and so forth. This is
the topic covered in Chapters 15 and 16. The third radiation—matter interaction describes
the interaction between electric quadrupole Q and spatial gradient of electric field.
In this list of conjugate pairs in Scheme 3.1, only the first three terms are essentially
linearly dependent on the electric field because B =k X E and VE* = £/kE* where k
is the wavevector and E* are the two counter-propagating components in E(r,?).

Now, the fourth radiation—matter interaction is between matter’s polarizability
and square of electric field, and that is responsible for Raman or Rayleigh scattering
processes as well as the two-photon absorption, depending on detailed sequence of
radiation—matter interactions considered.® As will be shown later, the measure of
the light scattering amplitude depends on the magnitude of polarizability (o) matrix
element of a given molecule on the electronic ground state.> '° If the molecule under-
goes a two-photon absorption, the transition matrix element of & from the ground
state to the two-photon-accessible excited state is an important quantity describing
such a two-photon absorption probability.

The fifth pair describes the interaction energy between the so-called magnetic
dipole-Raman optical activity (ROA) tensor and external electromagntic field,
whereas the sixth does that between electric quadrupole-ROA tensor and external
electromagnetic field."-!* The fifth and sixth interactions are crucial in theoreti-
cally describing the Raman optical activity and higher-order nonlinear optical activ-
ity spectroscopy in general. The fourth to sixth radiation—matter interactions are
second-order with respect to the electric field amplitude. Finally, the seventh pair
corresponds to the interaction of first hyperpolarizability § with external electric
field E3(r,t). Depending on the electric field frequencies, it describes hyper-Raman
or hyper-Rayleigh scattering, three-photon absorption, and so forth.
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These conjugate pairs provide a guideline for theoretically describing any one or
multidimensional spectroscopy. All the spectroscopies require both preparation and
detection steps. The preparation step involves single or multiple radiation—matter
interactions. As will be discussed later, the multidimensional spectroscopy involves
two or more effective radiation—matter interactions with matter to create electronic or
vibrational coherences, and the corresponding oscillating nuclear or electronic dipoles,
then radiate signal electric field. If those dipoles oscillate in phase, the constructive
interference among the radiated fields produces a coherently generated electric field
whose amplitude is linearly proportional to the number of interacting molecules. If
the generated electric field amplitude E (or intensity [EP) is detected experimentally,
one should choose the first conjugate pair for theoretically describing the detection
step because the emissive radiation—matter interaction is between the electric dipole
operator and vaccum electric field. In this chapter, we will focus on the case when the
preparation step involves just one of the effective radiation—matter interactions given
in Scheme 3.1. Therefore, by definition, they are linear response spectroscopies.

3.1 LINEAR RESPONSE FUNCTION

Spectroscopic observable corresponds to the expectation value of particular operator
B. Now, suppose that the operator A is the conjugate operator of external field F(¢).
Then, the total Hamiltonian is the sum of zero-order Hamiltonian and perturbation
Hamiltonian, where the latter describes the interaction energy of the system with
F(@) as

H(t)=Hy()+ H'(t) = Hy(t)— AF(1). (3.2)

Then, the expectation value of Bat time 7 should be calculated to determine the
spectroscopic observable. Using the time-dependent perturbation theory, we have

B()=<Bp(1)>
AF

=<1§c%p(t0)>

_éJ‘ dt< }}Vo(l‘,’c) L(0) Vo (T,20)p(ty) >

= %J- dt< éUO(t’T)AUO(T’to)p(to)Ug(t,to) > F(1)

—%J dt< BU,(t,1,)p(t)UL (1,1 ) AU (2,7) > F(7)

S %J dt<[B®), A(Dlp(ty) > F(x). (33)
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Here, it was assumed that the external field F(¢) is a real function in time, and the
time-evolved operators A(T) and B(f) are defined as, respectively,

A(D) = U (1,1,) AU, (T,1,)

B(t) = U (t,t,)BU, (1.1,). (3.4)
Now, changing the integration variable and assuming #, = —°°, we find that
5= | aro,mFa-v (3.5)
or

B(1) = _[_ ATz (t—T)F(T) (3.6)

and the linear response function 0(T) is defined as
Opa(T) = < [B(1), A(O)]P(—‘X’) >. 37

Although the integration range in Equation 3.5 is from O to infinity, one can
replace the lower bound with —e because of the causality condition. Since the cause
must precede the effect, we will redefine the linear response function as

%AT)E%G(T) <[B), AO)]p(=o0) > 3.8

Throughout the book, the operatorA is called the cause operator, and the opera-
tor Bis the effect operator. Then, the expectation value of the effect operatorB is
given as

B(= f AT (DF(t—1). (3.9)

In the frequency domain, from the definition of the susceptibility as
B(®) = 151 (@) F(w), (3.10)

we have

Apa(®) = Jimdzq)BA(t)e"“’f = J:) dtOp,(t)e'™. (3.11)
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Using the properties of Fourier transformation, one can rewrite Equation 3.9 as
= 1 [ ~ .
B(t) = 27.'. Aoy (@)F(®)e . (3.12)
T

where F() is the Fourier transform of F(7).
Denoting the real and imaginary parts of the susceptibility as ¥, (®) and 3, (®),
respectively, we have

X 5a () = Y54 (W) + 1Y 34 (®) (3.13)
and
s (@) = Jm dt 0,5, (£) cos OF (3.14)
0
or (@) = j 10 (D)sin 0. (3.15)

From these relationships, one can obtain the Kramers—Kronig relations:

’ 1 4
XBA((D)ngPJ‘dOJ XBA(O:D) (3.16)
and
Xoa(©) = —fPPJdco’ XB"(O;), (3.17)

where PP stands for the principal part of the integral.

EXERCISE 3.1
Derive the Kramers—Kronig relations given in Equations 3.16 and 3.17.

Complete information on the linear response of molecular system against the exter-
nal perturbation by it H(=- —AF (1)) is included in either the linear response function
in time domain or the linear susceptibility in frequency domain. Experimentally,
one can measure one of the two functions either using an ultrafast laser pulse with
time-resolved measurement of free-induction-decay or using a continuous wave with
frequency scanning measurement of frequency-resolved observable. In the former
case, the temporal envelop of the external field is assumed to be close to a Dirac delta
function, that is,

F(1)= F,0(t)e ™. (3.18)
In this impulsive limit, we have

B(t) o< Fyb, (0). (3.19)
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Note that the measured expectation value B(¢)is linearly proportional to the linear
response function directly.

Next, let us consider the other limiting case when the temporal envelope function
of the external field is constant as

F(t) = 2F, sino,t = iF,(e-i® — eivo) (3.20)
which gives
F(0) = 2TiF, {8(00 — @) — 8(00 + ) }. (3.21)
Then, for such a frequency-domain measurement, we have
B(t) = iFy [ X pa (@, )&= = 5y (=02 e |. (3.22)

This result shows that the expectation value B(z) also oscillates with frequency of @,.
One can rewrite Equation 3.22 as

B(1)= 2F [ 3a (00) Sin(®t) — ¥ 34 (0 ) cos(@1)]. (3.23)

The first term on the right-hand side of Equation 3.23 is in phase with the exter-
nal field, and the coefficient is determined by the real part of the susceptibility. On
the other hand, the second term, whose magnitude is determined by the imaginary
(dissipative) part of the susceptibility, is out of phase with the external field. This
explains why the imaginary part of the susceptibility is related to the absorption of
light by matter.

3.2 SYSTEM-BATH INTERACTION AND LINE BROADENING

In this book, we shall consider a few model systems to provide detailed descriptions
of relationships between the linear and nonlinear spectroscopic observables and
molecular properties. In this section, we focus on a two-level system (2LS), which is
a good model for most of electronic chromophores or spin systems. The correspond-
ing Hamiltonian is written as

Hy5 = ho,,a'a. (3.24)

Here, the creation and annihilation operators of the 2LS excited state are denoted as
a’and a, respectively. The energy gap between the excited state e and ground state
g was denoted as

o, =E —F,. (3.25)

=4 e 8
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Two-level chromophores in solution interact with surrounding bath degrees of
freedom, and such system-bath interactions are responsible for a number of interest-
ing processes such as fluctuations of energies and coupling constants, dephasing,
decoherence, excitation transfer between two internal states, spectral diffusion, fluo-
rescence Stokes shift, dissipation, and the like.* ' The total matter Hamiltonian is
thus given as

H,,=H,s+H,+Hg, (3.26)

mat
where H  1s the bath Hamiltonian. The system—bath (chromophore-bath) interaction

Hamiltonian, denoted as H sp» 18 assumed to be diagonal with respect to the system
eigenstates as

Hy =V, (q)a'a, (3.27)

where the bath degrees of freedom are denoted as q and the potential energy differ-
ence between the excited and ground states is defined as

V(@) =V, (q) -V, (q). (3.28)
Therefore, we have
H,, = ho,, +V, (@) + Hy(@))a"a. (3.29)

Here, the ground state adiabatic Hamiltonian H .(q) is given as H [ =ho,+
V(@) + H(q) and will be treated as the reference Hamiltonian. Then, H,(q) can be

written as
H(@)= H (@) +ho,, +V, (Q). (3.30)
Treating H .(q) as the zero-order Hamiltonian I—AIO and taking the last two terms in

Equation 3.30 altogether as H ’ we find tha}, in the interaction picture, the forward
and backward time evolution operators by H,(q) are

exp(—;Het) = exp(—i®, 1) exp(—;ng)exp+[—;J dTU(r)) (3.31)
0

. Y N
exp(;Het) = exp(i(T)(,gt)exp, (;J:) dTU(‘c))exp(;Hgtj. (3.32)
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where

0, =0,+<V,(q>

U=V, (qQ—-<V,(q>
U(t)=U(q(r) = exp(%ﬁBtJU(q)exp(—%ﬁBt) (3.33)

Here, <V, (q) > is the average value taken on the ground electronic state.

EXERCISE 3.2
Show the two operator equalities in Equations 3.31 and 3.32.

Hereafter it is assumed that the initial density operator may be written as a product
of the system and bath density operators as

p(=e0) = pg(—o0)ppy(—o0). (3.34)

In the case when the energy gap between the two states is much larger than the ther-
mal energy, that is, hw,, >> kT, the system is in a thermal equilibrium state on its
ground state and the initial density operator is simply given as

e‘ﬁl'}lf(q)

p(=0)=lg>pp(q)<gl=1g> <gl. (3.35)

<e —ﬁl’}u(q)>3

where < --- >, is the trace operation and the basis set consists of bath eigenstates and
B = 1/kgT. .

Now, to obtain an approximate expression for the B <« A susceptibility, one
should take into account the effects of the system—bath interaction on the corre-
sponding linear response function ¢, (7). For the above 2LS, using the operator
identities in Equations 3.31 and 3.32, one can find that the linear response function is
given as

i - i
Gpa(1)= he(f){BgeAege_lwﬂg’ <exp, (_h.‘-o dt U(T)jpB >p
_ i
=B, A, e <exp_ %J. dtU(T) |pg >5
0

. . t
= ;le(t){BgeAege—mgt <exp, (—;j dt U(r)jpB >p —c.c.}. (3.36)
0

The next step is to rewrite ¢,,(¢)in terms of the time-correlation function of the
difference potential operator U(¢) by using the cumulant expansion technique.* The
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expectation value of exponential operator should be expanded first. Then, take the
averages of each expanded terms. Then, the expanded series is approximately written
as an exponential function, where the second order cumulant expansion term is the
exponent.

Thus, we have

<exp+(—;£)dTU(T))pB >p
i t i 2 o1 T2
=1——J dt<U)pg >p +(——) J dtzj dt, <U)U(T)pg >5 +
hdo n) Jo 0

1 t T2
Eexp{—hzj. deJ. dt,<U[T)U(T)p; >B}
0 0

=exp{-g(n}, (3.37)

where g(f) is the line-broadening function because its time-dependency determines
the spectral line shape in general and it is defined as

1 t T2
gy=—1| dt, dt, <U)U(T)ps >3
n*Jo 0
:%J- d‘CZJ. dt, <UT)UQ0)pg >5
% Jo 0

t 1,
=_[ dt, | drcay. (3.38)
0

0

Here, the time-correlation function of the difference potential U (¢) was defined as
1
C(t)sﬁ<U(t)U(0)pB >p. (3.39)

which has been known as the fluctuating transition frequency-frequency correlation
function (FFCF) since the system-bath interaction modulates the transition energy
(or frequency) in time. Consequently, the general B« Alinear response function is
simplified as

NOE ie(t){B A e ®et=g() _ o }

gereg

:——G(t)lm[B A e et~ %'<f>] (3.40)

geteg

To obtain the second equality in Equation 3.40, it is assumed that A, = A, and
B,, = B,, and they are real. However, this is not a necessary assumption in general.
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The linear response function component consists of three different parts:

;emBgeAeg exp(—i®,,) exp(~g (1))

St N

Transition strength | | Coherence oscillation | | Line shape

The transition strength term B, A,, determines the amplitude of the oscillatory
linear response function, where the oscillating pattern is described by the coherence
oscillation term exp(—i®,,t). The last term exp(—g(?)) is the line shape function, and
its decaying pattern determines the shape of the frequency-dependent susceptibility
or spectral line shape.

The corresponding susceptibility is then

ge”eg

x:;Am):ﬂ dt{B A e @O g A o@wors0l (341)
0

which is a complex function. When the external field frequency  is close to the
ensemble-averaged transition frequency ®,,, the first integral in Equation 3.41
is much larger than the second integral (note that an integral of highly oscillat-
ing function is small). This is the resonance condition, and the first and second
terms correspond to the resonant and nonresonant contributions to the frequency-
dependent susceptibility when ® = ®,,. Typical line shapes of the real and
imaginary parts of the linear susceptibility for a two-level system are shown in
Figure 3.1.

If more than one excited states are to be considered, the time-domain response
function in Equation 3.40 and the frequency-domain susceptibility in Equation 3.41

X0 =0
g E -
—T—T—T—T—T—T— — 77—
0 0
Frequency Frequency

FIGURE 3.1 Real and imaginary parts of linear susceptibility of a two-level system.
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should be written as summations over all optically allowed excited states, that is,

N="ow o ®egl=8ee (1) _ o egl=8ic

BA( ) ;le( ) BgeAeg eg!8ee(t) BegAge "8 t)

¥ g (©) = é ZJ. dt { By A, @t _ B A oi@estors., (z)}. (342)
0

EXERCISE 3.3
If the time-dependent fluctuating potential obeys Gaussian statistics, Equation
3.37 is exact. Why?

There are a few different models for the line-broadening function g(¥). It was shown
that the time-correlation function C(¢) plays an important role and contains infor-
mation on the strength of system—bath coupling as well as on the memory loss rate
of the bath degrees of freedom that are coupled to the quantum transition g <> e.
If the memory loss is extremely fast, such process is called Markovian. Using the
Kubo’s stochastic model,’> one can assume that the time-correlation function C(¢) is
an exponentially decaying function as

Ct)=C0)exp(-I't) and C(0)= % <U?%g>p. (3.43)

The Markovian limit corresponds to the case when I is very large, and in this limit
the line-broadening function is given as approximately

8= @t =7t. (3.44)

The amplitude of the oscillating linear response function, in this case, exponentially
decays in time. From Equations 3.11 and 3.40, one can find that the susceptibility is

1 1 1
w)=—B,A + . 345
XBA( ) h ge eg{(oeg_o)_l."{ (Deg+0)+l.y} ( )

This is the well-known Lorentzian line shape.
As the opposite limit, if the coupled bath degrees of freedom have long memory,
the FFCF is approximated as

C(t)=C(0). (3.46)

Then, the line-broadening function is, in this inhomogeneous line-broadening limit,

8= %C(O)t2 = %szz. (3.47)
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Throughout this book, the square root of C(0) of a 2LS, which is the root-mean-
square of fluctuating transition frequency, will be especially denoted as €. The line
shape function is then a Gaussian in time,

expl-g(1)} = exp(—;mz ) (3.48)
Then, the half-life f,,,, defined as exp(—Q2t7,/2) = 1/2,is

2In2 2In2
ty = / o = ’C(O)' (3.49)

The complex susceptibility, when the line shape function is given as Equation 3.48,
is then found to be

. TE o 2 . —
Kan ()= Jlg_szh{BseAfge(“‘””” P orfe(~i(@ — 0, )N 2Q)

B Age 0 orfe(—i(0+ B, IN2Q) (3.50)

eg“ ge

where erfc is the complementary error function. The imaginary part of ( z, (®) is sim-
ply given as the sum of two Gaussian functions at® = ®,, and ® = -, as

” \/E —(0-® —(0+® 2
XBA((’O) = \/EhQ {BgeAege ( eg)Z/ZQ2 _ BegAgee (o+ ag)ZIZQ } (351)

From the Kubo’s exponential model for C(f) given in Equation 3.43, one can obtain
the line-broadening function g(f) as

C(0)

= 2 {exp(-Tt)+Tr—-1}. (3.52)

g

It can be shown that the above Kubo model interpolates from the Markovian limit
to the inhomogeneous line-broadening limit. However, the more general approach
was developed by introducing the spectral density, which describes the frequency
distribution of the system—bath coupling strengths. In general, the time-correlation
function C(¢) is complex. Denoting the real and imaginary parts of C(¢) as C(#) and
C, (1), that is,

Ct)=Cr(t)+iC,(2), (3.53)

we have

Cal)= 5 (SUDUO)p, >+ <UOUDP, >

C(n= —#K UnUO)py >—<UOU(1)p, >). (3.54)
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These two parts are in fact related to each other via the fluctuation-dissipation theo-
rem as'®

C,(f)=—tan {Bzhgt}ck(t). (3.55)

In the classical limit, as i — 0 or T — oo, we get

ho
C@)= —%gck(t). (3.56)

EXERCISE 3.4
Prove Equation 3.55.

From Equations 3.53 and 3.54, one can find that the time-correlation function has the
property C”(#) = C(—t). Therefore, the Fourier transform of C(¢) is real. Furthermore,
the corresponding Fourier transforms Cp(®) and é, (o) of the real and imaginary
parts of C(z) are purely real and imaginary, respectively. Therefore, one can show
that Cx(®) and C, () are related to each other in frequency domain

Cr(@) = coth(Bhw/2) Im[C, ()] (3.57)
In the classical limit of # — 0, we get
Cr(®) = (2/pho) Im[C, (®)]. (3.58)

The expressions in Equation 3.55 and 3.57 are useful for the calculation of the
response function by using classical molecular dynamics simulation. From the
classical molecular dynamics trajectories, one can calculate the classical time-
correlation function, C,(t) =472 <U,,(H)U,,(0) >, where U,,(¢) is the scalar quantity
representing the system-—bath interaction energy that causes transition frequency
fluctuation. Then, assuming that

Cr(=C,(), (3.59)

one can directly obtain the response function C, (¢) or one-sided quantum correlation
function C(¢) as

i o
C,(t)=—tan {Bzat}cd(t)

C(t) = (1 —itan {?gf}jq[ t) (3.60)
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or equivalently

Im[C, (®)] = tanh(Bre/2)C,, (w)

C(®) = {1 — tanh(Bro/2) }C.,(w). (3.61)

EXERCISE 3.5
Derive Equation 3.61 from 3.60.

Hereafter, defining the spectral density as

p(w) = EH@)] (3.62)
T
one can rewrite the real and imaginary parts of the FFCF as
Cr(t)= J do p(w) coth(hwP/2)w? cos wr
0
C,(t)= —J do p(®)m? sin . (3.63)
0

The line-broadening function can then be written as integrals over the spectral den-
sity as'4

g(t) =—ikt/h+ I do p(w) coth(hop/2)(1— coswr) + i J dop(w)sin wr. (3.64)
0 0
Here, the solvent reorganization energy A is defined as
A= hJ dop(w)o. (3.65)
0

If the line-broadening function g(¢) is Taylor-expanded with respect to ¢ up to the
second order terms, the line shape function exp(—g(#)) is simply a Gaussian. Then,
one can find that the half-life #,,, can be obtained in terms of the spectral density. In
the high-temperature (classical) limit, we get

’hz In2
i = =7 = Ldecoherence- (366)
172 kaT decoh

For typical electronic or vibrational chromophores, the solvent reorganization
energy varies from 10 to 1000 cm™. Then, the half-life,,,, which is approximately
the time scale of decoherence (or dephasing of coherence), is on the order of 10 to
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100 femtoseconds. Throughout this book, #,,.,serence In Equation 3.66 will be referred
to as the approximate decoherence time. Now, inserting Equation 3.64 for g(¢) into
Equation 3.42 and numerically carrying out the integration over time, one can obtain
the B A susceptibility for any arbitrary operators A and B.In the following sec-
tions, we shall consider a few specific cases.

Before we close this section, it is necessary to provide a discussion on the life-
time broadening effect. Since the system—bath interaction Hamiltonian considered
here with Equation 3.27 cannot describe the intrinsic lifetime broadening process,
the lifetime broadening is often taken into account by using an ad hoc approxi-
mation as

8 — g(n)+1/27, (3.67)

where 7, is the lifetime of the excited state. Throughout this book, the lifetime broad-
ening effects on multidimensional spectra will be included by using this approximate
description, when it is necessary.

3.3 ROTATIONAL AVERAGING OF TENSORS

Linear and nonlinear spectroscopic observables are conveniently expressed in terms
of the corresponding response functions. Since they involve vectorial or tensorial
properties of molecules such as transition dipoles and polarizabilities, the linear and
nonlinear response functions are nth-rank tensors T®. Properly controlling the beam
polarization states, one can selectively measure one specific tensor element Tll(l’;}y“,n
or sometimes a combination of multiple tensor elements. Here, /, is one of the three
Cartesian coordinates in a laboratory-fixed frame.

If molecules have the same orientation in space, macroscopically measured sig-
nal electric field amplitude, when the constituent molecules are independent and do
not interact with each other, is simply given as N times of electric field generated
by a single molecule. However, when the optical chromophores (molecules) are dis-
solved in an isotropic medium such as solution, the orientation of each individual
molecule is random without any long-range orientation correlation. In this case, the
measured signal field should be the rotational average so that the corresponding ten-
sorial response function should be rotationally averaged over the randomly oriented
molecules. If the tensor t™ in a molecule-fixed frame is known, the averaged T™
tensor in a laboratory-fixed frame is related to t™ as

T(n) _ 7 (n)
711112134--1,, - Il112134--l,,:mlnzzm3-~m,ltmlm2m3---mn (368)

where m, is one of the three Cartesian axes in the molecule-fixed frame. The molecu-
lar properties t,(,Zﬂn?m} , in a given molecule-fixed frame can be calculated by using
various methods such as ab initio calculations, molecular dynamics simulations,
quantum mechanical/molecular mechanical simulations, ab initio molecular dynam-
. . . (n) . . .

ics simulations, and so forth. I;7) ., ., ,m,...., Plays a crucial role in connecting the
tensorial molecular properties in a molecule fixed frame to those in a laboratory-
fixed frame, and detailed expressions for I\, 4y mymoms--m, have been well known.!” In

142637 mams--

the present section, we will just summarize the results for the sake of completeness.
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For n = 2, the only rotationally invariant tensor is the Kronecker delta function,
so that we have

o= %811,28 (3.69)

mymy *

Here,8,, =0, =8, =1andd, =0 for j # k. For example, the ZZ tensor element of

T® is given as

1
2 2 _
T8 =180 ) St =3 D=1 (0 +2+12). @70
m

my .1y

Throughout this book, the notation T" means that it is the rotational average over
the randomly oriented molecules in an isotropic medium such as solution. The x, y,
and z are the three Cartesian coordinates in a molecule-fixed frame, whereas X, Y,
and Z are those in a laboratory-fixed frame.

For n =3, the Levi—Civita epsilon is the only isomer that is rotationally invariant.
Therefore, we have

1% = 1

- g 81112138m]mzm3 s (371)

where the Levi-Civita epsilon tensor elements are €y, =€,y =€y = —E€xzy =
—€yyz; =€z =1 and gy =0 (for all the other cases). As an example, consider the
XYZ tensor element of T Tts rotationally averaged element is

~ 1 Z 1
(3) — (3) —
TXYZ - ESXYZ m1m2m3tmlmzmz - 6 {tgz) + t(%) + t(3) - t(3) tﬁil - tg;} (372)

my,my ,m3

For n =4, we have

1 4 _1 _1 6m|m26m;m4
1= %(8111261314 8111361214 6111461213) -1 4 -1 8”"”’28' ma (373)
-1 -1 4 6mlm4 szmg

For n =15, we have

1
5) —
1 - 30 (8111213614158)n|m2m38l714m; + Sl 121481315 mlmzm48m3m5 + £l 121581-414 m]rn2n158m3m4

)

+€;,,0 8, ms €110 Loty Emymyms Omoms

1215 mymsmy = moms

o +€;,,,0

1214 mymsms = mamy
(3.74)
+€,,,0,,.€ 8,ms T €1,110,,€ 8,y T €1,1,10,,E 5

5 Cmomamy ™ myms mymzms . nyny mymyms ~ myms

+€,,.0,1,€ S, . ).

m3myms > nyny
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One can find the corresponding expressions for higher-order tensors in literatures,
but they are not needed in this book.

3.4 LINEAR ABSORPTION SPECTROSCOPY

The linear absorption spectroscopy within the electric dipole approximation (or long-
wavelength limit) is fully described by the expectation value of time-evolved electric
dipole operator when the radiation—matter interaction Hamiltonian is given as

Hmd—mar(t) = E(r,n)= _quj(r’t)’ (375)

where the Einstein summation convention was used and the electric field is
E(r,n)=E*(r,n)+ E-(r,1) = eE(t) e*ir-ioit + e* E*(¢) e~ kir+ior (3.76)

The unit vector along the direction of the electric field polarization is denoted as e.
In general, the unit vector e can be complex when the beam polarization state is not
linearly polarized, for example, circularly or elliptically polarized beams. However,
except for the cases when one is interested in linear and nonlinear optical activity
measurements, which will be discussed in Chapters 15 and 16, we will consider
the cases when the incident beams are linearly polarized. Thus, the ¢"in the second
term on the right-hand side of Equation 3.76 can be replaced with e. Nevertheless,
one should not forget about the general complex nature of e when the incident beam
polarization state is circularly or elliptically polarized.

In the case of the light absorption, the cause operator, its conjugate external field,
and effect operator are given as

A =m, F=E(r,7), and B= w. 3.77)

From the linear response theory, the expectation value of p at time ¢, which is the
linear polarization, is given as*

LE
PO, n=pnO(rn=<jh % p(ty) >
= derq)w(r)E(r,t—t) (3.78)
0

where the dipole-dipole linear response function, which is a second-rank tensor, is

0,,(T) s;em < [(T), m(0)]p(—o0) > . (3.79)
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Because it was assumed that the number density of the optical chromophore is a
unity, PO (¢) = w®(¢). Ignoring the nonlinear polarization, from the Maxwell’s field
equation for a transverse field, we have

V2E(r, t)——zg—zE( r.f)= 4?§2P“>( r.0). (3.80)

Defining the time-dependent dielectric function as

£(t) = 3()I + 4md,,, (1), (3.81)

one can rewrite Equation 3.80 as

V2E(r, t)_zaz[J. dte(t—1)-E(r, r)} (3.82)

I is the 3 by 3 identity matrix. Hereafter, we will use the following notation for the
product of an nth-rank tensor T and n-1 vectors, v, — to obtain a new vector V:

n 1»
V=T®®vv,:v, (3.83)

where the jth element of V is, when V" denotes the mth element of the v, vector,

— E (n) my ., my My
‘/j - ijlmz My, ]Vl Vot Vg - (384)

my,my My =X,y,2

For instance, (€ -E)y =€, Ey +€4,E, + €, E,.

Now, let us consider the simple optical measurement of absorption of a weak
stationary plane wave propagating along the Z direction in a linear and isotropic
medium. The incident electric field is assumed to be linearly polarized along the
X-direction, that is, e = X. Within the electric-dipole approximation, the XX tensor
element of the dielectric function is the only one required, and its Fourier transform
will be denoted as €(w), which is related to the complex susceptibility as

e(w) =1+4nyx(w). (3.85)

Then, assuming that the solution of the above field equation in Equation 3.82 is given
as

E(Z,1) = E X exp(ikZ — iot), (3.86)

inserting Equation 3.86 into 3.82 and taking the Fourier transform of the resultant
equation, one can find the dispersion relationship

ke =/e(®) = n(mw)+ix(m). (3.87)
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Here n(®w) and x(w) are the index of refraction and the extinction coefficient, respec-
tively. Therefore, the electric field at Z in the optical medium is

E(Z,1) = EoX exp(ik’(®)Z — iot — K, (0) Z/2), (3.89)

where k” is the wavevector of the electric field in the medium, and x,(®) is the
absorption coefficient. These two frequency-dependent functions are given as

k' (®) = kyn(®) (3.90)
K, (®) = 2k K(®). (3.91)

Here, the vacuum wavevector @/c is denoted as k. Note that the field intensity, which
is the square of the electric field amplitude, exponentially decays with the decaying
constant of k() as it propagates through the absorptive (lossy) medium. From the
definition of the time-dependent dielectric function, €(¢), and the definition of the
susceptibility in Equation 3.85, we have

JI+ 4y (0) + 47y (0) = n(o) +ik(w). (3.92)

For 1+ 4my’(®) >> 4my”(w), we obtain

n(®) =1+ 4wy’ (o) (3.93)
(3.94)

The absorption coefficient k,(®) is thus related to the imaginary part of the suscep-
tibility as

o, (@)= 47w
n(w)c X B n(w)c

K, (0)= J.: dt g, (t)sin o, (3.95)

where the XX tensor element of the rotationally averaged linear response function
&y, () was denoted as ¢, (7).

The absorption coefficient can be determined by properly calculating the dipole-
dipole linear response function ¢, (r). Using the line-broadening function, we
obtained the linear response function in Equation 3.42. In the present case of the
electric-dipole-allowed light absorption process for a two-level system, after rota-
tional averaging of the dipole-dipole response function we have

MOE ée(t) I, [P e @t 80) — gi0et=s' (0} (3.96)

Since the above linear response function is the rotationally averaged one, the fac-
tor 1/3 appears on the right-hand side of Equation 3.96. Here, the transition electric
dipole matrix element was defined as w,, = < g f | e >. The absorption coefficient is
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FIGURE 3.2 Time-resolved coherent Raman and hyper-Raman scatterings.

therefore given as

8w
n(w)hc

K, (0)=— TS J dt Im[e™"®='~8"]sin . (3.97)
0

Using a few models for g(f) discussed in Section 3.2, one can directly obtain the cor-
responding analytical expressions for the absorption line shape determined by the
frequency-dependent absorption coefficient.

3.5 RAMAN SCATTERING

Rayleigh and Raman scatterings are two-photon processes with one-photon absorp-
tion and one-photon emission.” In the Raman scattering, the final state of the mol-
ecule is different from the initial state, and usually the two states are vibrational
eigenstates (See Figure 3.2). Instead of spontaneous Raman scattering in frequency
domain, we shall focus on the coherent Raman scattering (CRS) in time domain.!#-2!
Furthermore, the electromagnetic field frequency is assumed to be nonresonant with
any electronic transitions so that the ground state vibrational dynamics can only be
probed. Later, the connection between the optically heterodyne-detected CRS and
the spontaneous Raman scattering will be discussed.

The effective radiation—matter interaction Hamiltonian for the light scattering is

Hrad—mat = ~Wing (r’ t) : E(r’ t)’ (398)

where the induced dipole is given as

Wy (0,1) = Zuﬁ,?;(r,r) = E(r,n)+B:EXr,0+yiE T+ (399

n=l1

The expansion coefficients in this equation are polarizability, hyperpolarizability,
and second hyperpolarizability, respectively, for the first three terms.? In the cases of
the Raman and Rayleigh scatterings, the first term in Equation 3.99 is responsible for
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such a two-photon scattering process. Consequently, the effective radiation—matter
interaction Hamiltonian is given as

Hmd—rmt =-al Ez(r’t)' (3100)
This is the second conjugate pair in Scheme 3.1. The electronic ground state polariz-
ability operator is defined as

1 p,le><e|p,+ptle><elp.

w)=— ,
() h W, — O W, +® (3.10D)

e#g

where the summation is over all possible quantum states except for the ground
state.

Coherent Raman scattering measurement has been carried out by employing one
of the transient grating configurations.?? Two pump pulses with center frequencies ®,
and o, and wavevectors Kk, and k, are used to create transient grating with wavevec-
tor k, — k, in the sample, and the transient grating oscillates in time with frequency
o, — ®,. After a finite delay time 7, a third pulse with frequency ®, and wavevec-
tor Kk, is injected into the sample to stimulate a scattering process. The scattering
signal field with wavevector k, —k, +Kj; is then detected. From the linear response
theory, the two pump pulse-matter interactions can be treated with a single effective
radiation—matter interaction Hamiltonian in Equation 3.100. The interaction between
the m,-field propagating in the direction of k; and molecular polarizability creates
an induced dipole, which then interacts with the ,-field propagating toward -k,
direction. Since the two pump pulses overlap in time, there is no time-ordering of
these two radiation—matter interactions. However, due to the phase-matching condi-
tion, one can selectively measure a specific signal field emitting toward the specific
direction of k, —k, +Kk;. Now, the third pulse field component propagating in the
direction of k; again creates an oscillating induced dipole. In this case of the CRS
spectroscopy, the cause operator, its conjugate external field, and effect operator are
given as

A=oa-E(r,t), F=E,(r,/) and B=a Ey(r,1). (3.102)

Therefore, the coherent light-scattering process is to measure the expectation value
of the electric dipole induced by the third field when the molecule effectively inter-
acts with the first two external fields via Equation 3.100.

The electric field in a CRS experiment consists of three modes,

E(r,r)=eE (t+T)e*im i+ e,E,(t+T)ekerii+ e, Ey (1) e*s™ v +cc..  (3.103)

The effective radiation—matter interaction Hamiltonian that creates Raman-active
vibrational coherences in the optical sample is

H =—a:E;(t+T)E,(t+T)eki—ka)r-i(w-o)t (3.104)

rad—mat —
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The induced dipole that is responsible for the creation of scattering field is then
Wi (r,1) = - Ey (1) elsriosn, (3.105)

From the linear response theory, one can find that the expectation value of the above
induced dipole operator at time ¢ is

aEJE,

P (T, 0) =< a-E,y C% pty) >

= eilki—ko+hs)T-i(01-02 031 E3(t)J. AT (1) € 8,8, E(t + T — T)E, (t + T — T) el @027
0

(3.106)

Here, the polarizability—polarizability response function, which is a fourth-rank
tensor, is defined as

Oou (1) = %em < (D), @(0)]p(—o=) >

:ée(’c)a @ {efifo{,g‘r*g(‘f)_eia-‘fg‘t*g*“)}, (3107)

geeg

It is noted that the expectation value of w,,, (r,?) is linearly proportional to each of
the three electric field amplitudes. Therefore, the CRS process shown here is a third-
order nonlinear optical spectroscopy with respect to the external electric field ampli-
tude. However, since the timescale of the electronic coherence evolution is extremely
short in comparison with the nuclear dynamics in the electronic ground state, it was
possible to reduce the third-order nonlinear optical process to a linear response opti-
cal process. The CRS polarization, P (r,t) = 1,4 (r,?), given in Equation 3.106 is
then written as

Pps (1,1) = Prgg (1) e/ Kikarko)rmiloroprosr, (3.108)

where the temporal envelope of the CRS polarization is given as
P (1) = E3(t)J Aty (T):esese E5(t+T —T)E (1 + T — 1) el @0t (3.109)
0

Now, the above third-order polarization acts like a source for generating an electric
field. From Maxwell’s equations, one can obtain the relationship between the nonlin-
ear polarization and thus generated electric field. Detailed derivation along this line
is presented in the Appendix. From Equation A.3.6, we find that the CRS electric
field is given as

E gs (1) o< iwsEs(t)J. Aty (1):ese5e, E(t+T—DE (t+ T —1)el @2t (3110)
0
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Depending on the detection method, either homodyne or heterodyne, the inten-
sity (IE s (0)1?) or amplitude (E (7)) can be measured experimentally. In the fre-
quency domain, the CRS is induced by temporally broad fields so that the pulse
envelop functions are assumed to be almost constant in comparison to the time scale
of Raman response function at least. In this case, the frequency-domain CRS field
intensity is found to be

2

Sers(@, = 0,) = | dro, (Diesese el G.111)
0

For the sake of comparison, we provide an expression for the spontaneous Raman
scattering:

Sors (@ — ;) o< J. dt< a(1)a(0)p(—o0) > ei@1me)T, (3.112)
which is a fourth-rank tensor.

EXERCISE 3.6

The Kramers-Heisenberg equation for light scattering is well known and can be
found in many literatures. Show that the Kramers-Heisenberg theory is consis-
tent with the Fourier transform expression of the spontaneous Raman scattering
in Equation 3.112.

Using the results in Section 3.3, one can perform the rotational averaging of the
fourth-rank tensorial polarizability-polarizability response function and find
the relationship between a specific tensor element in a laboratory-fixed frame to
those in a molecule-fixed frame. The conventional depolarized Raman signal cor-
responds to the YZYZ tensor element of S, in Equation 3.112, and the spectrum
SIZZ(mw = o, — ®,) peaks when the frequency ® becomes identical to a molecular
vibrational frequency. Using the fluctuation-dissipation theorem, one can obtain the
relationship between the YZYZ tensor element of the CRS susceptibility and the
depolarized Raman spectrum S (0, — ®,) as®

NHZ (@) o (1— %)) Im [y 127 () ] (.113)

where
X () = J dTQIA% (T)eior (.114)
0

Here, 02" represents the YZYZ tensor element of the rotationally averaged polariz-
ability-polarizability response function of molecules in an isotropic medium.

EXERCISE 3.7
What are the Raman selection rules? For a solution sample, what are the rota-
tionally invariant CRS susceptibility tensor elements?
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3.6 HYPER-RAMAN SCATTERING

Hyper-Raman scattering spectroscopy in frequency domain has been found to be
useful for measuring the transition probability involving a three-photon process.
Two photons are absorbed by molecules, and one photon with twice the energy of the
absorbed photon is emitted. If the difference between the emitted field frequency and
twice the absorbed field frequency is close to the frequency of a hyper-Raman-active
mode, the hyper-Raman scattering is resonantly enhanced. In this case, the second-
order induced dipole should be used to describe the effective radiation—matter inter-
action, and the induced dipole is

wi (r,0) =B E2(r,0), (3.115)
and the effective radiation—matter interaction is described as

H, s = —BE(r,1). (3.116)
Depending on the definition of the first hyperpolarizability 8, there appears a constant
factor 1/2 or 1/6 in literatures—note that it depends on whether the Taylor expansion
of radiation—matter interaction energy or of electric field-induced dipole with respect
to electric field is considered. However, such a constant factor will be omitted in
the following description of the hyper-Raman scattering spectroscopy in the present
section.

We will specifically consider the coherent hyper-Raman scattering (CHRS)
experiment based on a transient grating configuration (See Figure 3.2). Two pump
pulses with center frequencies ®, and ®, (= 2m,) and wavevectors k; and k, are used
to create vibrational transient grating with wavevector 2k, — k, in the sample, and
thus generated transient grating oscillates in time with frequency 2m, — ®,. In this
particular case, the frequency-dependent hyperpolarizability operator is defined as’

L 1
B(®,,0,)= - 22u|e><elu|f><f|lk[(mfg_(Dl)(meg_o)z)

e#g f#g

1 1 1
+ + +
((ng _(DZ)(O‘)eg —®) ((ng _wl)(weg +©)) ((D/g +(Dl)(0‘)eg —)

! ! J (3.117)

+ +
(04 +®,) (@, +0) (0, +®)O,, +,)

It should be noted that the k, field interacts twice with the molecule, and that the fre-
quency of the m,-field is close to 2, but not exactly 2m,. After a finite delay time 7,
a third pulse with frequency ®, (= ®,) and wavevector k; is injected into the sample
to stimulate the CHRS process. The intensity or amplitude of the signal field with
wavevector 2k, —k, + 2k, is detected. The first three radiation—matter interactions are
therefore treated with the effective radiation—matter Hamiltonian in Equation 3.116.
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That is to say, the two interactions between the m,-field and molecular hyperpolar-
izability create an induced dipole, which then interacts with the ®,-field. Now, the
third (k;-) pulse again creates an induced dipole by two interactions with the same
molecule, and thus the induced dipole radiates the scattering field whose frequency
is 20, — 0, + 2. In this case of the CHRS spectroscopy, the cause operator, its con-
jugate external field, and effect operator are given as

A=B:EX(r,), F=E,r, and B=B:E}(r.n). (3.118)
The electric field used for such a CHRS experiment is
E(r,t) = E (t+T)elir-iort e, F) (¢t + T)e*or-i02 + e, E; (1) ehs 03 - c.c.. (3.119)

The effective radiation—matter interaction Hamiltonian that creates hyper-Raman-
active vibrational coherences in the optical sample is

H —Biesee Ey(t+ T)EP(t+T)elChirkayriCGoronr, (3.120)

rad—mat —
The induced dipole that is responsible for the creation of CHRS field is then
Wina (1,1) = B - @38, E3 (1) ks 2003, (3.121)

From the linear response theory, one can find that the expectation value of the
above induce dipole at time ¢ is given by

BEE?

Wi (r,0) = <BE3 C% p(ty) >

= e/Cki—ka+2Ks ) -i201-02+203)1 F2 (t),[ dt %B (T):esesese,e,
0

X E5(t+T —T)EX(t+T —1)eloront, (3.122)

Here, the hyperpolarizability—hyperpolarizability response function, which is a
sixth-rank tensor, is defined as

Opp (T) = %e(r) <[B(1),B(0)]p(—e0) > = %G(T)Bgeﬁeg{e"‘a’m“g“) — @ M) (3123

From Equation 3.122, one can find that the CHRS process is a fifth-order nonlin-
ear optical spectroscopy with respect to external electric field amplitude. The coher-
ent hyper-Raman polarization, Py (r,1) = w,,,(r,1), given in Equation 3.122 is then
written as

Pryips (T,1) = Pryps (1) €Kikt 2k roiommytamy)r (3.124)
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where the temporal envelope of the CHRS polarization is given as

Poyrs () = E32(I)J' art (BBB (1) ®eseqere e E5(t+T —T)EX(t+T —1)elCoroT,
0
(3.125)

Solving the corresponding Maxwell equation with the above CHRS polarization
treated as a source term, the CHRS electric field generated is given as

E s (t) o< i@ Prppg (). (3.126)

In frequency domain, the CHRS is induced by temporally broad fields so that the
pulse envelope functions are assumed to be constant in comparison to the time scales
of hyper-Raman nuclear motions. The frequency-domain CRS field intensity is then
found to be

2

Scurs 2O, —®,) o< J dt(f)ﬁﬁ(r)®e3e3e§ele, e/Cor-oo)t) (3.127)
0

The spontaneous hyper-Raman scattering signal, which is a sixth-rank tensor, is
expressed as

Ssues @, - 0) < | dT<BOBOIPE-=m) > el (128)

Using the fluctuation-dissipation theorem, one can find the relationship between the
spontaneous hyper-Raman scattering spectrum and the Fourier-transformed CHRS
signal.

EXERCISE 3.8
What are the hyper-Raman selection rules? Compare them with those of IR
absorption and Raman scattering.

3.7 IR-RAMAN SURFACE VIBRATIONAL SPECTROSCOPY

The IR-vis sum frequency generation (IV-SFG) is a three-wave-mixing process, and
it has been found to be a useful surface vibrational spectroscopy.® > An IR beam that
is tuned to be in resonance with a certain vibrational mode of molecules adsorbed
on surface or at interface is used to create a vibrational coherence. Then, an elec-
tronically nonresonant visible beam interacts with the molecule again, and thus cre-
ated electronic coherence or generated induced dipole radiates IR-vis sum frequency
field. Therefore, the IV-SFG can be viewed as an IR excitation—Raman detection
technique. Thus, it will be referred to as IR-Raman vibrational spectroscopy. In
another section we will consider the other case of the so-called Raman-IR surface
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vibrational spectroscopy, where a vibrational coherence is created by a Raman pro-
cess and then the radiated IR signal field is detected.

The IV-SFG has been known as one of the second-order optical processes, because
the I'V-SFG signal field amplitude is proportional to both IR and visible field ampli-
tudes. However, still it can be considered as a linear response spectroscopy, since it
probes the linear response of the molecular system with respect to the incident IR
beam. Note that the difference between this and conventional IR spectroscopy is
that the probing of vibrational coherence dynamics is performed by using a stimu-
lated Raman measurement. In this section, we will mainly consider the time-domain
coherent IV-SFG measurement.” We assume that the IR pulse precedes the visible
pulse by a finite delay time 7. The first radiation—matter interaction Hamiltonian is
as usual given as

Hrad-imlt(t) = _I'L : EIR (r’t)’ (3129)

where

E o (r,1) = € g Ej(t + T) emriom 4 c.c. (3.130)

The I'V-SFG polarization is the expectation value of the induced dipole at time ¢,
where the visible beam-induced dipole operator is
Wi (0,1) = @ B (1) @M=t (3.131)

vis

Here, the Ef, (r,7) component is only considered, since the corresponding radia-

vis
tion—matter interaction is an absorptive process. For this surface IR-Raman spec-
troscopy, the cause operator, its conjugate external field, and effect operator are thus
given as

A=m, F=Egr, and B=a-Ei(r,0). (3.132)

The expectation value of the above induced dipole in Equation 3.131 is then found
to be

RE

PIR—Raman (r7t) =< (XE vis C% p(tO) >

= ei(kr+Ky)T—i(OR+0 ;) Evi.\' (t)J. dt q)ocu (’C) . eviseIREIR (t +7T— T) EIORT (3'133)
0

Note that the phase-matching condition suggests that the IV-SFG field radiated by
the above polarization propagates in the direction of k, + Kk, and oscillates with
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frequency @+ ;. Here, the dipole-polarizability response function, which is a
third-rank tensor, is defined as

%(t)séem <[a(T), (0)]p(—e2) > (3.134)
For a two-level system, we have
By (T) = ée(r)ageueg e est8D _ giBetg () (3.135)

This result shows that the IV-SFG-active vibrational mode should be both Raman-
and IR-active, which is a critical selection rule for the IV-SFG.
From Equation 3.133, the temporal envelop of the IV-SFG polarization is given as

Prc o= Eu 0| 4700, (0): BG4 T=Dems. (3136)
0
The signal field amplitude is, with the phase-matching geometry,
E 2 raman (1) o< 10 E (I)J dTde, (1): e epERr(+T—1)er . (3137)
0

Note that the signal field amplitude depends on the delay time 7. If the IR pulse
width is much smaller than the time scales of nuclear vibrations, one can assume
that Ep(t+T —1) = Ez0(t + T —1). Then, the signal field amplitude becomes sim-
plified as

E ik raman () < 1O, ()t +T) 2 €€ . (3.138)
If the temporal envelope of the incident visible pulse is short enough to replace that
with a Dirac’s delta function, the measured signal field amplitude with respect to
the delay time T is just linearly proportional to the dipole-polarizability response
function, ¢, (T) : e,;ez. One can easily obtain the IV-SFG susceptibility by using
Equations 3.41 and 3.135 so that we won’t provide any further discussion on the
frequency-domain IV-SFG. Before this section is closed, it should be mentioned that
the dipole-polarizability response function for molecules adsorbed on surface or at
interface should be averaged over all possible orientations of adsorbed molecules.
Let us denote the orientation distribution function as P(0,0). Then, the averaged sig-
nal field that is directly related to experimental observable is given as

E o romn (1) = ﬁ j desinefd¢ E2 1o (1:0.0)P(6.0). (3.139)

Thus, the surface-specific vibrational spectra via IV-SFG measurements can provide
detailed information on the orientation distribution of adsorbed molecules on surface.
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3.8 RAMAN-IR SURFACE VIBRATIONAL SPECTROSCOPY

The IV-SFG spectroscopy discussed earlier is to measure the vibrational coher-
ence created by the interaction between an IR field and a resonant vibrational mode.
Instead, it is possible to use two (or one impulsive) electronically nonresonant beams
to create vibrational coherences of Raman-active modes and then to detect coher-
ently radiated IR signal field. The energy-level diagram for such a Raman-IR (sur-
face difference frequency generation) experiment is shown in Figure 3.3. In this case,
the effective radiation—matter interaction Hamiltonian is

H,pa =~ E2(r,0). (3.140)

Particularly, let us consider the case when two pump pulses with center frequen-
cies o, and m, and wavevectors k; and k, are used to create transient grating with
wavevector Kk, — Kk, in the sample on surface or at interface. Then, the coherently
radiated field toward the direction of k, — k, with frequency ®, — , is detected.
The interaction between the ®,-field propagating in the k; direction and molecu-
lar polarizability creates an induced dipole, which then interacts with the ,-field
propagating in the —k, direction. Since the two pump pulses overlap in time, there
is no time-ordering of these two radiation—matter interactions. However, due to the
phase-matching condition, the signal field emitting in the specific direction of k, —k,
can be selectively measured.

For this surface Raman-IR spectroscopy, the cause operator, its conjugate exter-
nal field, and effect operator are given as

A= -E|(r,f), F=E,(r,t), and B=p. (3.141)

Here, the total electric field used for this CRS experiment is given as

E(r,t) = ¢ E,(t) e*ir—ioi 4+ e, F, (1) e*2T-920 + ¢ c.. (3.142)
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kg + Kyjgy O + @y
|e> |e> —
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lg> lg> —
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FIGURE 3.3 Time-resolved IR-Raman (IR-vis sum frequency generation) and Raman-IR
(vis—vis difference frequency generation) spectroscopy.
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Since the effective radiation—matter interaction Hamiltonian that creates Raman-
active vibrational coherences in the optical sample is

H —azese By (1)E, (1) etk ritorer (3.143)

rad—mat —

the Raman-IR polarization, from the linear response theory, is found to be

P (T,1)

aman—IR

aEJE,

=<p p(t) >

= eilkiharioron)r j d10,,(D): €0, E5 (1~ DE (- D@ (3 14)
0

Here, the polarizability-dipole response function, which is a third-rank tensor, is
defined as

%(r)z%e(r) < [(D), 00)]p(—o0) > (3.145)

Note that the selection rule of this Raman-IR spectroscopy is that the vibrational
degrees of freedom should be both IR- and Raman-active, which is identical to that
of the IR-Raman spectroscopy discussed earlier.

The present Raman-IR spectroscopy is surface-specfic Raman spectros-
copy. Therefore, noting that the IR-Raman spectroscopy is a surface-specific IR
spectroscopy, the Raman-IR spectroscopy can provide complementary infor-
mation on the Raman-active modes of molecules on surface or at interface. In
addition, by using a femtosecond laser pulse to create a spectrally wide range of
vibrational coherences and by detecting the dispersed spectrum of the emitted IR
signal field, one can obtain the vibrational spectrum in a broad frequency range
in femtosecond time scale. Much like the CRS spectroscopy that has been used
to study vibrational dynamics of molecules in solutions, the Raman-IR technique
discussed in this section is a surface Raman spectroscopy that should be of use
for studying vibrational dynamics of molecules on surface and at interface with a
broken centrosymmetry.

We thus have a series of one-dimensional spectroscopic techniques that are
capable of providing complementary information on vibrational dynamics. The IR
absorption and Raman scattering are useful vibrational spectroscopic methods for
molecules in an isotropic medium. On the other hand, the IR-Raman and Raman-IR
three-wave-mixing spectroscopic methods discussed above are surface vibrational
spectroscopy and form complementary tools.
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APPENDIX: NONLINEAR POLARIZATION
AND GENERATED SIGNAL ELECTRIC FIELD

In this appendix, a theoretical description of the relationship between the nonlinear
polarization and signal electric field generated is presented. Let us consider the case
when the nonlinear polarization created in the optical medium is given as

P™(r,1) = P" (1) exp(ik, - T — i, 1), (A3.D)

where Kk, and o, are the wavevector and frequency of the material polarization. Let
us assume that the direction of k, vector is taken to be along the Z-axis and that the
optical sample thickness is L. The above nonlinear polarization is then the source for
generating a new electric field. In the limiting case when the signal field is weakly
absorbed by the optical medium, the linear susceptibility is purely real and the
Maxwell equation for the electric field is
n® 92 __4n o’ o,

VXV XE(,)+ R E(r,n)= 2 o P®(r,1). (A.3.2)
Note that the refractive index 7 is related to the real part of the linear susceptibility
as Equation 3.93. For the nonlinear polarization given in Equation A.3.1, we look for
a solution for E(r,?) of the form:

E®(r,r)=E™ (H)exp(iK, T —i® t) + c.c.. (A.3.3)

In general, due to the frequency dependency of the refractive index n(®), the
wavevector of the newly generated electric field, k!, can be slightly different from
k.. Now, assuming that the temporal envelopes of P™ (r,t) and E™ (r,t), which were
denoted as P™(¢) and E™(¢), respectively, are slowly varying functions in time in
comparison with the optical period, we get

2
ik, 9 E™(t) = _2mog PO (1) exp{iAk,z), (A.3.4)
0z c?

where Ak, =1k, —Kk’I|. The electric field amplitude at the rear boundary at z = L, is
obtained by taking integration of Equation A.3.4 from O to L, and we get

B0 () = ML pon ¢y explink, L12)
n(ow,)c

S

sin(Ak, L/2)

A35
Ak, LI2 (A.33)

The phase-matching condition is the case when sin(Ak, L/2)/(Ak,L/2) can be approx-
imated as a Dirac delta function. In this ideally phase-matched case, we have

E® (1) < i, P™(t). (A.3.6)

Note that the signal electric field amplitude is linearly proportional to the nonlinear
polarization amplitude.
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4 Second-Order Response
Spectroscopy

If a spectroscopic observable is linearly proportional to an effective radiation—
matter interaction and is fully described by the corresponding linear response
function, it was considered to be a linear response spectroscopic technique. In
the chapter entitled “Linear Response Spectroscopy,” a few different linear spec-
troscopic methods were discussed in detail. In time-domain experiments, one
can measure the linear response of the optical sample as a function of time T.
In principle, the same molecular responses and spectroscopic properties are
included in the linear susceptibility in frequency domain, because the frequency-
dependent susceptibility is related to the time-domain response function via
Fourier-Laplace transformation.

Now, two-dimensional (2D) spectroscopy is defined as a method that the spectro-
scopic observable is a function of two different time variables or conjugate frequency
variables that are experimentally controlled.' There are numerous 2D spectroscopic
methods differing from one another by the sequence of radiation—matter interactions
inducing multiple optical transitions between matter’s quantum states." ¢ Depending on
the number of effective field-matter interactions, one can classify those multidimensional
spectroscopic methods as second-, third-, or even higher-order nonlinear spectroscopy.

One of the interesting 2D spectroscopies is doubly resonant SFG, where two dif-
ferent incident field frequencies ®, and m, are tuned to be in resonances with two
different electronic or vibrational transitions. Then, the measured SFG signal field
amplitude or intensity becomes a function of the two frequencies ®, and ®,. For
instance, if ®; and ®, are close to two vibrational transition frequencies ®, and ®,,
the SFG spectrum in a two-dimensionally displayed frequency space would exhibit
a peak at®, = w,and ®, = ®,. It was shown that such a cross-peak when @, # ®,
results from mechanical and/or electric anharmonicity-induced couplings, which are
critically dependent on the structure and dynamics of molecules in general. This will
be discussed in a later chapter. The SFG spectroscopy involves two radiation—matter
interactions. However, there are many different types of 2D spectroscopic methods,
much like the cases of various linear spectroscopic methods that are different from
one another by the involved effective radiation—matter interactions chosen from the
list in Scheme 3.1.

In this book, the second-order response spectroscopy refers to the case when
a spectroscopic observable is second order with respect to the effective radiation-
matter interaction Hamiltonians listed in Scheme 3.1. Then, the corresponding sec-
ond-order response in time is a function of two time variables, ¢, and ¢,. The second-
order susceptibility is thus a 2D function of the conjugate Fourier frequencies ®, and
,. Here, it should be mentioned that the second-order response spectroscopy does not
refer to those whose signal intensity is proportional to the square of incident electric
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field intensity. Bearing this in mind, let us consider the radiation—matter interaction
Hamiltonian associated with the second-order response spectroscopy,

Hmt/-mat(t) = _\A]l : Fl (r’t) - ‘,\]2 : F2(r’t) (41)

where seven possible conjugate pairs of V and F(r,t) were discussed in Chapter
3 (see Scheme 3.1). From the definition of the second-order response spectroscopy
above, the signal amplitude (intensity) is then linearly proportional to external field
amplitudes F, and F, (intensities |F,I> and IF,?). Here, the external field F(r,7) can be
E(r,1), B(r,1),VE(r,t), E*(r,1), E(r,t) B(r,?), B(r,t) E(r,1), E(r,t) VE(r,1), (VE(r,1))
E(r,?), or E3(r,t), depending on the effective radiation—matter interaction Hamil-
tonian that is relevant to specific experiment of interest.

Although one particular type of 2D spectroscopic techniques, which was based
on the second-order response measurement, was mentioned above (e.g., SFG), there
is another type of 2D spectroscopy that has been extensively used. Two representa-
tive examples are 2D pump—probe and photon echo methods, and they are based on
a four-wave-mixing scheme.!-*7 Using three laser pulses to create two electronic or
vibrational coherences separated in time 7, one can measure the correlation ampli-
tude of the two coherences in time. This is known as photon echo.8-!° The 2D photon
echo spectrum have been obtained by taking double Fourier-Laplace transforma-
tions of the time-resolved photon echo signal.> 3 !'! However, in this case the spec-
troscopic observable, for example, heterodyne-detected photon echo spectrum, is
produced by three radiation—matter (electric dipole-electric field) interactions. We
shall classify such type of 2D spectroscopy as a third-order response measurement
method, because it involves three radiation—matter interactions even though its 2D
representation in the frequency domain has been reported for the sake of simplicity
in presenting the complicated four-dimensional data, that is, signal amplitude versus
three conjugate Fourier frequencies.

In this chapter, we shall focus on the second-order response spectroscopy. Depen-
ding on the choice of the two effective radiation—matter interaction energy operators
in Equation 4.1, there are a number of different second-order response spectroscopic
methods in general. Among them, only a few simple cases will be discussed in detail,
but the other possibilities can be easily explored by using the general theoretical
framework presented in this chapter.

4.1 SECOND-ORDER RESPONSE FUNCTION

The observable in a second-order response spectroscopy is assumed to be repre-
sented by an effect operator B. The second-order response spectroscopy involves
two actions of cause operators that could be identical to or different from each other.
The two cause operators are denoted as A, and A, and the conjugate external fields
are F(t) and F,(t), respectively. The cause operators can induce quantum transitions
between the system’s two different stationary states. Then, the total Hamiltonian can
be written as

H(t)=H,(t)+ H'(t) = Hy(t)— A F,(t) — A,Fy(1). “2)
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The expectation value of Bis measured at time t, when the matter interacted with
both F(7) and F,(#). We now look for the convolution expression for the expecta-
tion value of the effect-operator B at time z, that is, B(?), in terms of the second-
order response function and external fields. In particular, we will consider the case
when B(¢)is linearly proportional to both F,(¢) and F,(¢). Without loss of generality,
we shall assume that the radiation—matter interaction F,(¢) field precedes that with
F,(¢) field. In frequency domain, one should include all possible permutations of
radiation—matter interaction sequences.

From the second-order time-dependent perturbation theory (see Equations 2.80
and 2.92), we have

B(t)=<Bp2, (1) >

=<I§C?fp(to)>

SN2 pt T R
:(;) J drzj dt, < BV, (t,7,) L' (T,) Vo (5, 7))L (1)) Vy (T, 1,)p(2,) >

N2 et o
l A~ ~ ~
- (h) [ an. [ an <10, Al ARG > BEIRG) @3)
fo to
Now, changing the integration variables and assuming f, = —eo, we find that
B)= [ | ddp ) Bt G-1-1). @4
0 0
The second-order response function is defined as
i\ « ~ A
Opaya, (1251) = (%) 0(2,)0(1)) <[[B(t, + 1)), Ay (1))], A (0)]p(—o0) > “.5)

Due to the causality condition, two heavy-side step functions are included in Equa-
tion 4.5. Expanding the two commutators in Equation 4.5, one can rewrite it as

N2
Opaa, (B251) = (;) 0(2,)0(1,)){< B(t, + 1)) A, (1)) A, (0)p(—o0) >

— < Ay (1) B(ty +1,) A (0)p(—o0) >
— < A (0)B(t, +1,) Ay (1,)p(—=2) >

+ < A (0)A (1) B(t, +1,)p(—o0) >}. @.6)
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Inserting Equation 4.6 into Equation 4.4 for B(¢) gives four different terms and the

corresponding diagrams are
<B é p(—o0) >
<B % p(—o0) >
<B % p(—eo) >

<B % p(—o0) >. @7

The physical meaning of the second-order response function in Equation 4.4 can be
understood by considering the limiting case when the first pulsed field arrives at the
optical sample first at = —T and the second pulse does at # = 0. Then, the external
fields are approximately written as

F ()= Fd(t+T)e "

F,(t) = E3(t)e o, “4.8)
In this impulsive limit, we have
B(t) = FiF,0p4,, &, T)exp(io,T). 4.9)

This shows that the second-order response function describes the average B value
of matter that has experienced two time-separated external perturbations by F, and
F, att=0and r = T. Since there are two controllable time delays between the first
and second pulsed fields and between the second pulsed field and the measurement
time t, the observable E(r) is a function of two time variables, that is, E(I,T). Then,
two-dimensional Fourier transformation of B(t,T) with respect to ¢ and T gives the
2D spectrum B(m,,®,). This is why the second-order response spectroscopy is a
2D technique that is capable of providing critical information on nonlinear optical
properties as well as on structure and dynamics of molecules under investigation.
In a later chapter we will show that the second-order response spectroscopy can be
of use to delineate hidden secondary spectroscopic properties such as electric and
mechanical anharmonicity-induced couplings between two different vibrational
modes.
Now, because of the causality conditions, one can rewrite Equation 4.4 as

E(t)=J‘ dtz,[, dth)BAzA](tz,tl)Fz(t—tz)Fl(t—tz—tl). 4.10)
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Considering the Fourier transforms of the two external fields and of the second-order
response function,

Fiw)= | dr R
F(w)= r dtF,(t)e

A paga, (@2, 0) = J‘ dtzJ. At a (1, 1y)ei 2o “.11)
one can rewrite the expectation value of the effect operator Bas
_ 1\ = = - -
B(@) = (215) J. deJ. Ao pa,a, (07 + @, 0)) F(0,) F (m))e (@207, “4.12)

In the case when the measured value is detected in frequency domain, the spectrum
of B(t) can be directly measured and it is given as

=~ 1 °° °° ~ ~
B(C‘))=(2n)j dsz. dW; Y paya, (@, +©p,0) F,(0,) F(0,)0(0 - 0, — 0,)

1 0 - ~
:(g) J‘_wdwleAzA[ (w,wl)Fz(w_wl)Fl((’)l)- (4‘13)

Complete information on the second-order response of molecular system against
the external perturbatlonH H(=- A F(@)—- A F,(¢)) is thus included in either the
second-order response function ¢p,, 4 (7,,1) in time domain or the 2D susceptibility
A a,a, (@, ®)) in frequency domain. Since the impulsive limit of the second-order
response spectroscopy was already discussed above, let us consider the other limit-
ing case that the temporal envelope functions of the external fields are constant in
time. Assuming that the two field frequencies are denoted as Q, and Q,, we have

Fy(0) = 2miF, {8(0 - Q) - 8(0 + )}
Fy(0) = 2miF {8(0 - Q,) - (0 +Q,)}. @.14)
Then,

B(t)= FF, {XBA2A| (=, +€2,,Q))e/ @ 4y b ) (Qy —€Q),—Q e

= Wpaga, (g + 2, Q) )e 2+ —y ) (=€) — Q)= Q) el Rt } 4.15)
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Using a specific experimental scheme, one can measure one of the four terms
separately. In particular, the first and second terms describe difference frequency
generation (DFG) processes because its oscillation frequency is identical to the dif-
ference of the two external field frequencies. On the other hand, the third and fourth
terms are related to SFGs.

4.2 THREE-LEVEL SYSTEM AND LINE-BROADENING FUNCTION

The linear response spectroscopy discussed in a previous chapter has been found
to be useful to probe a single quantum transition between two stationary states of
matter. However, the second-order response requires at least two radiation—matter
interaction-induced transitions so that a three-level system (3LS) can be the simplest
but useful model to be considered. The 3LS Hamiltonian is written as

A

Hyg=le>hw, <el+|f>ho, <fl. 4.16)

Here, in addition to the ground and excited states,| g > and| e >, the ket vector of the
third state denoted as| f >is needed.

For example, doubly resonant SFG involves a sequence of transition from g
to e to f state, where the third state is one of the high-lying excited states that
is accessible from e as well as from g via electric-dipole-induced optical transi-
tions. The above 3LS is also a good model for vibrational states of an anharmonic
oscillator. Most of 2D vibrational spectroscopy of anharmonic oscillators involves
vibrational transitions up to the second excited state, which is either overtone or
combination state. For a single anharmonic oscillator, the fundamental transition
frequency is ®,, = ®, —®,. The frequency difference between the second excited
(overtone) state and the first excited state, ®,, = ®; —®,, is slightly different from
®,, due to the overtone anharmonicity of the potential function.

When three-level chromophores are dissolved in solution, system—bath interac-
tions cause fluctuations of transition frequencies, dephasing, relaxation, spectral dif-
fusion, and so on. The matter Hamiltonian therefore consists of three terms,

H,, =H, +H,+Hg,. @.17)

The system—bath (chromophore—bath) interaction Hamiltonian, denoted as H sp» 18
assumed to be diagonal with respect to the system eigenstates as

Hy =V (@le><el+Vy (@ f>< f1, @.18)

where the bath degrees of freedom are denoted as q and the potential energy differ-
ences between a pair of system states are defined as

V(@) =V, (@) -V, (q)
Ve (@) =V.(q)—V,(q)

V(@ =V (@)= V,(Q. 4.19)
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Therefore, we have
A= D 100, +V, @+ Hy(@}m><m|=Hy+ (4.20)
m=g.e.f

where

Hy = {ho, +V,(@)+ Hy(q)) Z Im><m|

m=g.e.f
H'= ) {70, +V, (@} lm><m]. @.21)
m=g.e.f

We will consider the ground-state adiabatic Hamiltonian H (@), which is defined as
H (@) =7hw,+V,(q)+ Hg(q),as the reference Ham11t0n1an Then, H .(q) and H (@
can be wr1tten as

A,(q) = H,(@)+ho,, +V,,(q)
H,(q)=H,(q)+ 10, +V,(q). 4.22)

Treating H (@) as the zero-order Hamiltonian and taking the last two terms on the
right-hand side of Equation 4.22 as the perturbation Hamiltonian, we find that in the
interaction picture, the forward and backward time evolution operators determined
by H .(q) and H +(q) are

exp(—;ﬁet) exp(— z(oegt)exp( t exp+ dtu, (T))

exp (
exp (—

exp(éﬁ ft) = exp(io ;1) exp_ [;J. dtU (1) |exp

0

I:Igtjzexp(imegt)exp (;J dtU, () |exp

S|~

A

Hft) = exp(—i® ;1) exp é[fl t exp+[

m‘«..

4.23)

gl)
(4
il J
(4

where, for j = e and f,

W, =0,+<V, (q)>/h

Uj =Vi(@- <V (@ >

U () =U,(q®)= exp(h Bl)U,g(Q)eXP(—h Bt) “4.24)
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Here, <V, (q) >and <V, (q) > are the average values over the ensemble, when the
system is on the ground state.

The initial density operator may be written as a product of the system and bath
density operators as

p(—o0) = pg(—o0)pp(—o0). @.25)

For the sake of simplicity, we will assume that 7w,, >> kT and 7® ;, >> kT Thus,
the populations of the two excited states at thermal equilibrium state will be ignored.
Therefore, the initial density operator is

p(—=)=lg>py(q) < gl

e—PBis@

=1g> <gl. (4.26)

<e ’BI:}B(‘])>B
Using the operator identities in Equation 4.23 and using the cumulant expansion

method briefly outlined earlier, one can find that the second-order response function
is given as the sum of four different terms,

.\2
Opapn, (2s1) = (;) e(tz)e(tl)Z{[B]g/[Az]/e [A1]ege_ia’f’itz_ia’”*'l G, (1,,1)
e.f

— [As]y (B [A] e @0 Gy (1y.1) }+ . 4.27)

where the two line-shape functions associated with different second-order transition
pathways are

i[" i(n
G, (t,,1;) =<exp, |:_hjo d*chg(r)}exp_ |:_hJ.0 dtUeg(—’c)}>B

n+ty

G, (t,,1)) =<exp, [;J dt U_f;,,,(—r)}eXp [—;J dtu,, (—T)} >p. (4.28)
0 0

Note that each term in Equation 4.27 is written as a product of transition strength,
coherence oscillation term, and line-shape function, that is,

- N2
(%) 0(1,)0(1))[Blyy [ A1 L[ AL, eXp(—i® 1, — i®,,1,)G (11,1

o {

| Transition strength | | Coherence oscillation | | Line shape |
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The first two terms on the right-hand side of Equation 4.27 correspond to the fol-
lowing two time-correlation functions (see Equation 4.6),

. N\2
(%) 0(1,)0(t,) < B(t, +1,) A, (1) A, (0)p(—o0) >

N2
(é) 0(1,)0(1,) < Ay (1,)B(1, + 1,) A, (0)p(—=) > . (4.29)

Furthermore, they can be represented by the following two diagrams:

. fg eg
<B lg><gl>

<éf%lg><gl>' 4.30)

In the first diagram, the system is on the coherence p{}) during the first #, period.
Then, after an additional radiation—matter interaction, it is promoted to another
coherence p_(é) during the ¢, period. Thus, the expectation value from the first dia-
gram is an oscillating function (= exp(—i® (t,)) with frequency ®,. On the other
hand, the second diagram, even though the first coherence is identical to that of the
first diagram, shows that the system is on the coherence p(e]%) during the 7, period.
Therefore, the B(¢) from the second diagram oscillates differently as exp(—i®1,).
Thus, these two contributions to B(#) are distinctively different from each other in
their oscillating patterns.

The second-order cumulant expansion method can be used to obtain the two line-
shape functions in Equation 4.28 and the resultant expressions are found to be' 1213

1 T
G, (tz,tl):exp{—[-[ d’clj dT,Cp(T,—T,)
0 0

n T ) n
+I drlj dTZCee(tl—Iz)+J dTlJ dtche(rﬁrz)}} 4.31)
0 0 0 0
1 T .
G,(t,,t;) =expy— J dT,J. dt,Cy(T,—1,)
0 0

0

n+n T %) n+ty
+J. drlj dtzcee(Tl—Tz)—I drlj dtzcﬂ(rz—q)}}, 4.32)
0 0 0
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where

1

Cﬁf(t) = hT < Ufg(t)Ufg(O)pB >p
1

Cee (t) = ﬁ < Ueg (Z)Ueg (0)pB >p

1
C,(= PO U, (OU,,(0)py >5. 4.33)

EXERCISE 4.1

Derive Equations 4.31 and 4.32 from Equation 4.28. Hints: (1) Expand the posi-
tive and negative time-ordered exponential operators. (2) Ignore the first-order
expansion terms with respect to U, (for j = e and f) because they vanish when
the fluctuating difference potentials obey Gaussian statistics. (3) Consider terms
that are second-order with respect to U, (for j = e and f). (4) Rewrite the series
as normal exponential functions as an approximation.

The third frequency—frequency correlation function C ,(¢) in Equation 4.33 describes
how strongly the fluctuating transition frequency between g and f correlates with that
between g and e. If such a cross-correlation amplitude is small in comparison to
Cy (0)and C,,(0), that is,
C(0)=C,.(0)> C,,(0), “34)

the line-shape functions in Equations 4.31 and 4.32 are simplified as

G, (t,1) = exp{—gﬁ»(tz) — 8.1}

G, (ty,1) = exp{=g (1) = 8. (1 +15)}. 4.35)

Here, the line-broadening functions, associated with time-correlations U 0] and
U, (1), are defined as

t T
gﬁ(t)=J- d‘CZJ. dt,Cy(t))
0 0

8. ()= J-O drt, L 2 dt,C,. (1)) (4.36)

The approximation in Equation 4.34 will be called the uncorrelated frequency
Sfuctuation (UFF) approximation.'*
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The line-shape functions discussed above ignored the lifetime-broadening effects.
By denoting the lifetimes of e and f'states as 7, and T, respectively, the line-shape
functions should be corrected as (for j = 1 and 2)

G, (1,1,) = G, (ty,1,) exp(=1,/2T, —1,/2T,). @.37)

The lifetime-broadening process, which is induced by radiative, nonradiative,
intramolecular vibrational energy relaxation and so forth, is an important fac-
tor in describing detailed spectral line shape. However, throughout this book, we
will take it into account in an ad hoc manner as shown above, and unless it is
necessary, such an exponentially decaying factor will be omitted for the sake of
simplicity. It is also noted that the pure dephasing timescale is quite often much
shorter than lifetimes of excited states. Thus, the entire line-broadening function
associated with the second-order response spectroscopy such as SFG is usually
determined by the system—bath interaction-induced dephasing that is described in
Equations 4.31 and 4.32.

In the Markovian limit, one can replace the time correlation functions in Equation
4.33 with very quickly decaying exponential functions as, with large T}, and T,

Cy()=Cy(0)exp(-T ;) and C,.(1)=C,(0)exp(-T1). (4.38)

Using the UFF approximation in Equation 4.34, one finds that the two line-shape
functions G, (¢,,t,) and G,(t,,t,) are simplified as

G, (t;,1) = exp{—Y gt — Vool }
G2(tl’t2):exp{_[Yﬁ+Yee]t2_Yeetl}’ (439)
where the dephasing constants are defined asy ; = C((0)T andy,, = C,(0)T,,.In

this simple case, the two-dimensional Fourier-Laplace transform of G,(t,,t,), which
is defined as

éj ((1)2’(1)1) :j d[zj dtl Gj(tz’tl)eiwzizﬂu)ltl s (440)
0 0

is
1

Gy, =
O ) = iy @1+ 7.

4.41)

1
(@, +ilY (1= 28 )+ V. D@, +Y,0)

G,(0,,0)) = 4.42)
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From these results, the second-order susceptibility in 2D frequency space is
iy .
X saya, (@2, 0,) = (E) Z{[B]gf[AZ]fe[Al legGi(@; — @, 0, — @)
e.f

- [AZ]gf[B]fg[Al]eg éz (032 - (734'70)1 - (Beg)

+[A ], [A,14(B], G (-0, — ® 1, ~0, — ®,,)
~[A1,.[Bl 4,16 (-0, = B, —0, — ®,,)}. 4.43)

As will be shown later in this chapter, the first term on the right-hand side of Equation
4.43 is directly related to the SFG in the case when @, > ®,, and the generated field
frequency is the sum of the two incident beam frequencies.

In the inhomogeneous broadening limit, the two line shape functions in Equation
4.35 can be written as

1 1
G, (ty,1) = GXP{—ZA%f% _zAgetlz}

1 1
G,(t,,1) = exp{—z[A%(l— 20,,)+ Age]tg —2A§etf}. 4.44)

Then, 2D Fourier-Laplace transformation of the second-order response function in
this case can be performed to obtain the corresponding susceptibility.

EXERCISE 4.2
Obtain the expression for the second-order susceptibility in this inhomogenous
broadening limit.

Despite that the two line-broadening cases were discussed previously, a more general
approach is to use the spectral density representation of the system—bath interaction,
which was already discussed and applied to the linear response function in a previ-
ous chapter. We shall not provide any further discussion along this line, but the fol-
lowing exercise deals with such an extension.

EXERCISE 4.3

The three time-correlation functions in Equation 4.33 can be expressed as inte-
grals of spectral densities p ;(®), p,, (®), and p , (®), respectively. In the limiting
case when there is no cross-correlation between two different fluctuating differ-
ence potentials, that is, C () = 0 for f # e, what are the expressions for G, (¢,,t,)
and G,(t,1,) in terms of the two spectral densities, p ;(®) and p,,(®)?
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4.3 SUM FREQUENCY GENERATION

One of the most widely used second-order response measurement methods is the
sum frequency generation (SFG) spectroscopy. The first interaction of matter with
E, electric field component (E}(r,?)) propagating in the direction of k, induces an
absorptive transition from g to e, and the second one with E, electric field component
(E3(r,1)) propagating along the k, direction subsequently induces another absorp-
tive transition from e to f. Then, thus created coherence pﬁ) radiates electric field
whose frequency is the sum of the E, and E, field frequencies (see Figure 4.1). Since
all three radiation—matter interactions including the last spontaneous emission pro-
cess are between electric dipole and electric fields, the two cause operators, their

conjugate fields, and effect operator are
AF () =p-e,E, (t)ekirion
AFy () = - €,E, (1) elor-ion
B=w 4.45)
Using the second-order response function theory in Section 4.1, one finds that the

expectation value of the effect-operator, which is the second-order SFG polarization,
is given as

PSFG(r,t):e"<k1+k:>'f—"<‘"1+w2>fj dt?J dt§y, (51,) e By (t— 1) E (1 — 1, — 1))
0 0

X gil@roy)nion 4.46)

where the third-rank tensorial all-electric-dipole second-order response function is
defined as

. \2
(l)upp (t27t1) = (;j e(IZ)e(tl) < [[ll«(fz + t] )’ ”‘(tl)]’ M(O)]p(_‘x’) >. (447)

3 |f> e
Ky, @y —kg, —w,
|e> : >
ky, @, Ky +ky, 0] + 0y ky, @ k) — ko, 01— 0y
v | S v | >
SEG ¢ DFG ¢

FIGURE 4.1 Energy level diagrams of SFG and DFG. Thin arrows represent the radiation—
matter interaction-induced transitions. The thick arrow is the radiative transition.
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Using Equation A.3.6, we find that the rotationally averaged signal field ampli-
tude is, with the phase-matching geometry of k, =k, + k,,

IAESFG(t):ime' dtzj dr, $uuu(t2,tl):ezelEz(l‘—tz)E](t—tz—tl)ei(“’l*‘”Z)’Z*i‘”“l.
0 0

4.48)

If molecules under investigation are adsorbed on a metal surface with anisotropic
orientational distribution, the rotationally averaged second-order response func-
tion becomes nonzero even within the electric dipole approximation. This is the
main reason why the SFG spectroscopy has been extensively used to study surface-
specific electronic or vibrational dynamics of molecules on surface or at interface.
The IV-SFG spectroscopy discussed in another chapter is one of the SFG tech-
niques.’> However, since the visible beam used in the IV-SFG is electronically
nonresonant, it was classified as one of the linear response measurement meth-
ods. Another important application of SFG is to generate a second-harmonic beam
by injecting an electronically nonresonant beam to nonlinear optical material.!s
Although the second-harmonic generation (or SFG in general) is useful in a number
of spectroscopic applications, we will not consider them here. Instead, we will spe-
cifically consider the case when the two excited states le> and |f> are real eigenstates
of the matter Hamiltonian. Therefore, the SFG considered here is a doubly reso-
nant process. When E, >E, > E,,®,+ ®, = ® 4, and ®, = ®,,, only the first term in
Equation 4.27 is important due to the double-resonance condition. Then, we get

o,

I::sm (H=- n

Pgrbb rolbeg - ezelj() dtzj() dn, Gy(1,,1))

X Ey(t—1,)E,(t —t, —t,) e/ (110278t ti@=0e)t (4.49)

In a later chapter, this result will be used to show that the doubly resonant SFG is a
2D second-order spectroscopy for studying chiral molecules in solutions.

EXERCISE 4.4

In the Markovian limit, the line-shape function G,(t,, #,) is given as an exponen-
tially decaying function with respect to ¢, and ¢, (see Equation 4.39). Suppose
that the temporal envelope functions of the two incident pulses peak at =0 and
t =T for E, and E,, respectively, and that the envelop functions are Gaussian.
Assuming that the two pulses are not strongly overlapped in time, obtain the
SFG electric field amplitude using Equation 4.49. What information on the
molecular system can be extracted from the 7-dependent experiment?

4.4 DIFFERENCE FREQUENCY GENERATION

Difference frequency generation (DFG) is another three-wave-mixing spectros-
copy involving two radiation—matter interactions between molecules’ electric
dipole and external electric field. Similar to the SFG, the first interaction of matter
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with Ef (r,) propagating in the k, direction induces an absorptive transition from
g to e state, and the second one with E3(r,f) propagating in the direction of -k,
induces a stimulated emissive transition from e to f—note that £, > E +>E,.Then,
thus created coherence p(f? radiates electric field whose frequency is the difference
of the E, and E, field frequencies (see Figure 4.1). The effective radiation—matter
interactions and the effect operator are, in this case,

AIE(I) =p-eE (1) eiki iy

A2F2(t) =M e’;E; (t) e~ ik T+

A~

B=p. 4.50)

Using the second-order response function theory in Section 4.1 with the above cause
and effect operators with conjugate external fields, one can find that the second-order
DFG polarization is given as

Py (1, 1) = efikorri@monr J‘ dtZJ‘ dr, q)ullu(tz’[l) Jexe
0 0

X E5(t—t,)E,\(t —t, — 1)) ei@-o)nion @.51)

where the third-rank tensorial all-electric-dipole response function is identical to
that used to describe the SFG. Note that the second-order DFG polarization propa-
gates in the direction of k;-k, vector and oscillates with frequency of ®, — ®,. Thus,
the DFG signal field amplitude is given as

EDFG(’) = iwsj dtzJ. dr &)uw(tz’ll) e E5(1—1)E (1 —t, — ;) e/ @rmonntion
0 0
4.52)

Since the DFG is a three-wave mixing, it can be applied to molecular systems with
broken centrosymmetry, such as adsorbed molecules on surface or at interface.

The electronically nonresonant DFG has been widely used to obtain radiation
with frequency smaller than that of commercially available laser. However, if the
two excited states f and e are eigenstates of the molecular Hamiltonian, the dou-
bly resonant DFG can be considered to be a 2D spectroscopy. In this case, the two
optical transitions in the following sequence g = ¢ -> f are enhanced by resonance
conditions, and the DFG signal electric field amplitude is given as

im,

E () =— e

| LU LI | e’ielj-o dtzJ-O dt, G,(t,,1,)

X E5(t =) E\(t — 1y — 1) /(@102 Op)tior o) 4.53)
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The doubly resonant DFG has not been used as a 2D second-order spectroscopy for
molecular systems on surface nor for chiral molecules in an isotropic medium. The
latter possibility will be discussed in detail in another chapter.

4.5 IR-IR-VIS FOUR-WAVE MIXING

The SFG and DFG are potentially useful 2D optical spectroscopic techniques. As an
example, two IR beams can be used to generate sum frequency field from adsorbed
molecules on a surface, and then the measured spectrum as a function of the two
IR-beam frequencies can provide information on the overtone and combination band
frequencies and anharmonicity-induced mode-mode couplings. Nevertheless, most
of the SFG and DFG experiments have focused on studying structures and dynamics
of molecular systems on surface only.

However, the IR-IR-vis (ITV) SFG or DFG, where the visible field is electroni-
cally nonresonant, was shown to be a useful 2D vibrational spectroscopy for mol-
ecules in solutions."> 1720 The first two IR beams induce doubly resonant-enhanced
transitions between vibrational states on the electronic ground state. Then, the last
electronically nonresonant visible beam is used to stimulate a Raman scattering pro-
cess to generate the coherent IIV four-wave-mixing signal field. In this particular
case, the two cause-operators are electric dipole operator, and the effect-operator
is the induced dipole that is produced by the radiation—matter interaction with the
electronically nonresonant visible electric field. The energy level diagrams for two
ITV four-wave-mixing processes are shown in Figure 4.2.

For the IIV SFG, we have

AlFl @)= e B (1) eikriT-ioR!

A B (1) = - @ o E gy (1) €m0t

B=p,,(t,0)=a-E, (1) ettt 4.54)
Virtual states Virtual state:
___________ S S ke 2 GO
k. Kiry + Kirg + Ky K. kg — Kygy + Ky
VB[] @+ Ora + O 1 i — ore + 0
> /'Y |f>
kIRZT l—kmz
le> le>
kIRlT ¥ ki v
lg> lg>
IR-IR-vis SFG IR-IR-vis DFG

FIGURE 4.2 Energy-level diagrams of infrared—infrared visible SFG and DFG.
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On the other hand, for the ITV DFG scheme in Figure 4.2, the corresponding interac-
tion Hamiltonians and effect operator are

AIFI @)= [URE Ty (1) ekigiT-iop

A B (1) = - €y By (1) e Rima 02!

A~

B=p;y(t,0) = e, E, (t)ekiT-ious 4.55)
Since the theoretical result for the IV DFG is essentially identical to that for the ITV
SFG except thatk,, — —K;, and ®z, = —®,, the IIV SFG will be mainly dis-
cussed hereafter.

The second-order response function theory is used to obtain the IIV-SFG
polarization,

PIIV—SFG (r, 1) = el Kir1+Kigo+Kyis )T (ORI +O R+ Dy )t

X Em(t)J. dtzJ. Aty (117) 1€ ;€ 2@y E o (t — 1)) E g (1 — 1, — 1)) €/ OmiTOmIFiOmI
0 0
4.56)

Here, the second-order response function ¢, (#,,) is
i 2
Pay (12511) = (h) 0(1,)8(1)) < [[ew(t +1,), (1)1 M(0)]p(—e0) > “.57)

WhenE; > E, > E,, ® ) + 05, = O, and @, = 0,,, only the first term in Equation
4.7 for the second-order response function is important due to the double-resonance
condition. Then, one can find that the generated signal electric field amplitude is
given as

RON )
Epy_sic(t)= _7[2 Qe g, & €€ R2€ 1R1

X Em(t)J. dtzJ. dt, G (ty, 1)) Ego (t = 1) Epg (=1, — t1)ei(w"ﬂmm_@fgyzmmm]_@“”' .
0 0

4.58)

The IV SFG is a four-wave-mixing 2D vibrational spectroscopy, and its selection rule
can be deduced from the above result in Equation 4.58. That is to say, the vibrational
modes involved in the first two transitions should be IR-active. The transition from
fto g should be Raman-allowed. Unlike the three-wave-mixing SFG and DFG, the
ITV SFG spectroscopy is applicable to isotropic solution samples because the associ-
ated response function is a fourth-rank tensor. By using the results in Section 3.3,
the rotational average of E ;,_¢ (?) for randomly oriented molecules in an isotropic
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medium can be easily obtained. For instance, consider the case when the three inci-
dent beams are all linearly polarized along the X-axis in a laboratory-fixed frame.
Also, the X-component of E ;,_¢ (¢) is assumed to be measured. Then, we have

im,
(Epy_srcO]lx =— F [agf”“fep'eg Txooxx

X Ew‘s(t)J‘ dt2j dt, G, (ty,1)) Ejpy (1 = 1,) B (1 — 1, — 1)) @/ O+ Omam @) oti(Omi=Oe s
0 0

4.59)

This result is quite general, but it is necessary to fully understand how the transition
strength e - 10, can be quantitatively calculated for a specific molecular system.
This will be discussed in a later chapter.

In the present section, we provided a theoretical description of ITV four-wave-mix-
ing process by using the second-order response function theory. Since it is possible
to experimentally control the delay times among the three pulses, that is, two time-
separated IR pulses and a delayed visible pulse, the measured IIV four-wave-mixing
signal is naturally a 2D function with respect to these two delay times. Then, its 2D
Fourier-Laplace transform is 2D IIV SFG or IV DFG spectrum. In particular, if two
vibrational modes are coupled to each other and they are resonantly excited by the
two IR pulses, the measured 2D IIV four-wave-mixing spectrum can provide criti-
cal information on mechanical and/or electrical anharmonicity-induced couplings
between the two modes. For a coupled multi-chromophore system, this method can
be of use in estimating couplings, which are in turn used to study mode-to-mode
intramolecular vibrational energy relaxation pathways as well as to determine its 3D
structure and absolute configuration.
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5 Third-Order Response
Spectroscopy

Third-order response spectroscopy is usually based on a four-wave-mixing process
within the electric dipole approximation.! Photon echo spectroscopy is one of the
most extensively used techniques.> 3 The stimulated photon echo method utilizes
three pulses to create the third-order polarization, which is then the source of the
echo signal field. In this case of the photon echo, the three radiation—matter inter-
actions are all electric dipole—electric field interactions.®> Experimentally, one can
measure the echo signal electric field amplitude as a function of two delay times dur-
ing which the system evolves on a coherence.*-¢ Then, its 2D Fourier transformation
gives 2D photon echo spectrum, which contains vital information on the electronic
or vibrational couplings between two different quantum transitions.”

The radiation—matter interaction Hamiltonian associated with any arbitrary third-
order response spectroscopy is therefore given as

H,omad ) = =V, -Fy(1,0) =V, - Fy (1,1) = V; - Fy (1, 1), 5.1)

From the definition of the generalized third-order response spectroscopy, the sig-
nal field amplitude (intensity) should be linearly proportional to each external field
amplitude F; (intensity |Fj?). Depending on the choice of the three effective radia-
tion—matter interaction Hamiltonians, there are a number of different third-order
multidimensional spectroscopic methods in general. Among them, only a few simple
cases will be discussed in detail in this chapter, but the other methods probing third-
order molecular responses can be easily explored by using the general theoretical
framework presented in this chapter.

5.1 THIRD-ORDER RESPONSE FUNCTION

The third-order response spectroscopy involves three actions of cause operators that
could be identical to or different from one another. The three cause operators will
be denoted as A,, A,, and A, and the corresponding conjugate external fields are F,(¢),
F,(t), and F;(t), respectively. Then, the total Hamiltonian for third-order nonlinear
optical processes can be written as

H(t)= Hy(0)+ H'(1) = Hy(0) = A F (1) = AFy(0) = AF (1), (5.2)
The observable is then the expectation value of the effect operator Bat time 7. That

can be written as a triple convolution of the third-order response function with
three conjugate external fields. Without loss of generality, we shall assume that the

83



84 Two-Dimensional Optical Spectroscopy

radiation—matter interactions are time-ordered and the first interaction of the molec-
ular system is with F|(¢) and so on. In the frequency domain experiment, one should
include all possible permutations of radiation—matter interaction sequences because
there is no time-ordering among the three radiation—matter interactions.

From the third-order time-dependent perturbation theory, we have

B(t)=< Bp§),,4 (1) >

Il
A
>

pty) >

- \3 pr T T,
l . N ’ ’ ’
:(h) J. dT3J. dTQJ‘ dTt, < BVy(t,75) L' (t5)Vy(T5,T,) L7 (T,)V, (T,, T L (7))
) ) )

X Vo (T1,10)p(1) >

2 N\3 @t T3 T, R R R R
=(;) J'Iod@ J dTZJ‘tO dt, <[[[B®), Ay(T:)], Ay (1)1 A, (T)]p(ty) >

X F3(T3)F5(T,) F (T)). (5.3)

EXERCISE 5.1

Derive Equation 5.3. The third-order time-dependent perturbation theory was dis-
cussed in Section 2.6, where the third-order time evolution operator in the second
line of Equation 5.3 was shown to consist of eight different contributions. They
correspond to the eight time-correlation functions obtained by taking expansion
of the three commutators in the last line of Equation 5.3. Which diagram among
the eight in Equation 2.91 corresponds to which time-correlation function?

Now, changing the integration variables and assuming #, = —oo, we find that

E(t):J. dt3J. dtzjl dty Opaapn, (ol DB — )R-t — ) F(t— 1, — 1, — 1)).
0 0 0

54

The third-order response function is defined as

N3

Dpagaa, (13:12,11) = (;) 0(25)0(1,)0(t)) <[[[B(13 + 1, +1,), A3 (1, + 1], A, ()],
A (5.5)
A (0)]p(=e0) >.

The third-order response function describes the average B value of molecules at
t =t,+t,+t;, which have experienced time-separated three external perturbations by
F,F,and Fyattr=0,t,and t, +t,.
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Due to the causality condition, one can rewrite Equation 5.4 as

E(t):J. dt3J- dtzJ. dt1¢BA3A2A,(t3st2»t1)F3(t_t3)F2(t_t3_tz)F](t_ta_tz_tl)-

(5.6)

Defining the Fourier transforms of the external fields and the nonlinear response
function as

Fi(w)= f dtF (e (forj=1~3) .7

XBA3A2A1(0)370)2’0)1):J. dt3J’ dtzj dt; Opaap, (t3515,1))eOFsHoROM (5.8

it is possible to rewrite the expectation value of the effect operator Bas frequency
integrals,

- 1 3 oo oo oo
B(”:(Ejj da);;j dmzj d O, Y pagapa, (O3 + 0, + O, 0, + O, 0)

X ];3((’)3)];2((02)];1 () )eitostortont, 5.9)

If B(t)is detected in frequency domain, the spectrum of B(¢) can be directly mea-
sured, and it is given as

~ 1 2 moo I o0
B(u)):(zn)‘[ dm3J. dmzjl A, Y paya,a, (03 + 0, + 0,0, +©,0))

- - - (5.10)
X F3(03) F5 (0,) F (0,)8(0 — 03 — 0, — )

1Y (= - i L
=(2nj J: dsz: Ao paya,a, (0,0, + ©,0) F3(0 — 0, — 0,)F,(0,) F (o))
(5.11)

The third-order response function ¢py 4,4 (%3,%,,1) in time domain or the corre-
sponding susceptibility ¥ s, 4,4, (®3,®,,0,) in frequency domain contains complete
information on the third-order response of the molecular system against the external
perturbation H'(¢) (= —A,F,(t) — A, F,(t) — A;F,(¢)). In the impulsive limit, the three
pulsed fields are approximately written as

F(t)= F8(t+T, + T)e "
Fy(1) = F3(1 + Ty)e™

F,(t) = F3(t)e 0. (5.12)
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Then, the expectation value is just linearly proportional to the third-order response
function as

B(t)= FF,F, Opasana, (61, 1)) explio, T, +iw (T, + 1))} (5.13)

Thus, Gpaa,4 (13,55,1,) is, as expected, the response of the molecular system when it
interacts with three impulsive fields that are separated in time by 7, and 7.

In the case of the frequency-domain measurement with three continuous waves,
we have

F(0)=2miF {8(0 - Q) - d(0+Q))
Fy(0) = 2miF, {8(0 — ©,) — S(0 + Q,)}

Fy(0) = 2miF{8(0 — Q) — (0 + Q5)}. (5.14)

Then, we get
B(1) = (-i)FF,F; {XBA3A2A| (Q5 +Q, +€Q,Q, +Q,Q )i Qsthrr

— X BAs A4, (€ +€Q, =€, Q, — €, — Q) )e (st

— X BAs A4, (€ —Q, +€Qy,—Q) +Q;, Qe (B r)r

— X BAs A4, (—Q; +Q, +Q,,Q) +Q,,Q)eOter

+ A Basara, (€ —Q, —Q,—Q, —Q,,—Q )e /s

+ A Basara, (—Q; +Q, —Q,,Q, —Q,,—Q, )e~ /- Qs+

+ A Basara, (—Q5 = Q) +Q;,—Q, +Q,,Q, )e /"Lt

= Apagaga, (€2 —Qy —Q,—Q, — Q, ’_Ql)ei(ﬂ3+92+ﬂ')l}~ (5.15)
Using different experimental methods, one can selectively measure one or just a few
terms in Equation 5.15. For instance, the first term describes the third-harmonic gen-

eration if the three incident field frequencies are the same and the measured signal is
the third-harmonic electric field.

EXERCISE 5.2

Degenerate four-wave-mixing spectroscopy involves three radiation—matter
interactions with external electric fields having the same center frequency.® If
such a degenerate four-wave-mixing experiment is performed in the frequency
domain, how many possible combinations (permutations) are to be considered
in Equation 5.15? In particular, what is the susceptibility associated with the
third-harmonic generation?



Third-Order Response Spectroscopy 87

5.2 FOUR-LEVEL SYSTEM AND LINE-BROADENING FUNCTION

In general, the three radiation—matter interactions can induce quantum transitions
among four different stationary states including the initial ground state. We shall
therefore consider a four-level system as a model for third-order response spectros-
copy.> 1% The four-level-system Hamiltonian is

A

Hys=la>hw, <al+|b>hw, <bl+lc>hw, <cl. (5.16)

ag

Due to the system—bath interaction that is responsible for fluctuations of transition
frequencies in the reduced density matrix representation, the total matter Hamilto-
nian is

=I:I4LS+I:IB+I:ISB' 6.17)

The system—bath (chromophore—bath) interaction Hamiltonian, denoted as H o 18
assumed to be diagonal with respect to the system eigenstates as

I-AISB =V, (@la><al+V, (q)lb><bl+V, (q)lc><cl (5.18)

where the bath degrees of freedom are denoted as q and the potential energy differ-
ences are defined as V,,(q) = V;(q) - V,(q) for j=a, b, and c.
Therefore, we have

A, = 2 (ho,, +V, Q)+ Hy(Q)) |l m><m|=H,+ B’ (5.19)

m=g.,a,b,c

where

H,y = (ho, +V,(@)+ Hy(q)} 2 Im><ml

m=g,a,b,c

A = Z (10, +V, (@) I m><m], (5.20)

m=a,b,c
The ground state adiabatic Hamiltonian H (@), which is defined as H () =hw, +

V(@) + H(q), is considered to be the reference Hamiltonian. H;(q) (for j = a, b,
and c¢) can then be written as

H(q)=H,(q)+ho, +V,(q). (5.21)

Treating H (@) as the zero-order Hamiltonian and taking the last two terms on the
right-hand side of Equation 5.21 as the perturbation Hamiltonian, we find that, in the
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interaction picture, the forward and backward time evolution operators described by
H;(q) (for j=a, b, and c) are

~

St

exp(——ﬁjt) = exp(—i® ;1) exp(—é[jlgt)exm (—; JO d‘chg(‘c)j

~

exp(; Hjtj = exp(i&)jgt) exp_ (; JZd‘c Ujg(’c)j exp(; ﬁgtj (5.22)
where
W, =0, +1"<V,(q>
U,=V,(@—-<V,(q>
U,(0=U,@q()= exp(%ﬁBt)Ujg (q)exp( —%ﬁgz). (5.23)

The initial density operator may be written as a product of the system, and bath den-
sity operators as p(—eo) = p(—eo)pz(—o<). The energies of the excited states in com-
parison to the ground state energy are assumed to be large so that the populations of
those excited states at thermal equilibrium will be ignored for the sake of simplic-
ity. Expanding the three commutators in the definition of the third-order response
function in Equation 5.5, one can show that ¢, 4 4 (13,,,1;) is given by sum of eight
different contributions as

. \3 4
Opagapa, (I3, 15, 1) = (%) 08(1;)0(1,)8(, )Z[R(x (13, 15, 1) — Ry (15, 15, 1y)] (5.24)
o=1

where
Ri(t3, 1y, 1,) = < Ay (1) Ay (1, + 1,) B(t, + 1, + 15) A, (0)p(—o0) >
Ry(t5, 1, 1) = < A[(0)A; (1, + 1,) B(t, +1, +1,) Ay (1, )p(—o0) >
Ry(ts, 1y, 1,) =< A (0)A, (1)) Bt + 1, + 13) Ay (1, + 1,)p(—o0) >

R,(13,1,,1) =< é(1‘1 +i+ ts)A3(t1 + tz)Az(tl)Al (0)p(==0) >. (5.25)
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Using the operator identities in Equation 5.22, one can rewrite the four terms in
Equation 5.25 as

RI(IS’ lz’ tl) — Z [Az]gc[AS]cb[B]ba [Al]ag < engll ety piHpty =il (n+12+13) >

abc

= Z [A2]gc[A3]cb [B]ba[Al ]ag exp{_i(ﬁaht.? - ia)actz - ia)agtl }E (t3, t2’ z‘I)

abc

Rz(l3, 1, tl) = Z [Al]gc[A3]cb[B]ba [Az]ag < eiHc(ti+0) @iHyty p—iH,(1r+13) p=iHgh

abc

= Z[Al ]gv[A?]cb [B]ba[AZ]ag exp{_i(ﬁaht?ﬁ - ia)aCIZ - ia‘)gctl }FZ(t3’ t2’ t])

abc

R3 (t3, ty, tl) — Z [Al]gc[Az]cb[B]ba [AS]ag < eillehi @iy (iy+13) p=iHaty p=iHg(+12) <

abc

= ) AT LA Ly Bl Al eXP{=i®ty = 10ty i 1y i1, 1, 1,)

abc

Ry(t5, 10, 1) = 2 [Bl, [As3] [ A1, [ Al < eIty mificts p=ifyia g=iHitt >

abc

= 2 (Bl [A3]s [ As Lyl A Lo €XPI—i® ey t3 — i@ty — i@ 1, Fy (£, 15, 1)

abc

(5.26)

where the line-shape functions are

Lt

ijll+’2dr Uge(T) ijtlﬂzﬂsd'r Upg(7) —l_[o Uygg(7)

Fity, by 1) = < ¢ e,
. 1+10+13

i anug [T anug,() _Ljr] dTU (1)

Fy(t,1,1)=<e’0 e n+n e,
L+

iJ” dtUq(1) i_r] T g Upg(T) —lLl o dTUge(1)

E(t;,t,,t)=<e’0 e_n e, "

’i.[,lllr,t22+r3dTU(-g(r) —ij:'ﬂzdr Up(®) =i dU(x)
F4(t3’ b, tl) =<e, e 1 [ >. (527)
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The four response function components, R; (for j =1 ~ 4), correspond to the following
four diagrams representing specific transition pathways:

A~ a
<B lg><gl>
b3c
A~ a
<B lg><gl>
b c
A~ a
<B lg><gl>
bsc
n b
<B&|g><gl>.

(5.28)

The physical meanings of these four different diagrams can be understood by follow-
ing the same line of argument provided in Section 4.2 for the second-order response
function.

Here, it is again noted that each third-order response function component consists
of three parts, for example, for R, (15, 1,,1,),

Ri(t;, 1, 1) = Z[AZ];;('[AS]C})[B]}M [Al]ag exp{—i® b5 —i0, 1, — ia)agtl}Fl (13,55, 1)
abc A A

| Transition strength | | Coherence oscillation | | Line shape |

The first term is given as the product of four transition matrix elements, and it describes
the amplitude of the specific nonlinear optical transition. The second term, which is a
complex exponential function, describes the oscillations of involved coherences during
the three time periods from ¢, to ¢, (see Figure 5.1). One can easily obtain the coherence
oscillation term by simply examining the corresponding diagram shown in Equation
5.28. In the case of the R, (#;, t,, t;) diagram in Figure 5.1, for example, we have

Coherence during t,: la><gl > coherence oscillation term: exp{—i®,,}
Coherence during #,: la><cl = coherence oscillation term: exp{—i®,,}
Coherence during #;: la><bl - coherence oscillation term: exp{—i®,z;} .

Therefore the coherence oscillation term for R, (5, 1,, 1) is exp{—i®,t; —i® .1, —
o, }. Finally, the third term in each R;(#;,1,,t,), which was denoted as F;(t;, ,, 1),
is a complex but decaying function. Essentially, the (F(t;,1,,1,)) determines the line

X a
B ><g|>
B lg><gl

FIGURE 5.1 Time-ordered diagram representing the R, component.
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shape of the third-order response function and spectrum. In order to develop a clas-
sical theory for the numerical calculations of the above nonlinear response function
components, one can approximately replace the time-ordered exponential operators
in Equation 5.27 with normal exponential functions with scalar difference potential
energies instead of operators. This approximation strategy has been extensively used
because one can obtain the trajectories of the difference potential energies by carrying
out classical molecular dynamics simulations for any composite system consisting of a
single solute molecule and hundreds to thousands of solvent molecules around it.

In order to obtain the approximate expressions for those line-shape functions, one
can also use the cumulant expansion method to find the following results:

Fi(t5, 1, 1) = exp{—gi.(t,) — 85, (t3) — 8ua(t; + 1, +13) — 85, (1, + 13) + 85, (1) + 84, (13)
+ 8oty 1) = 800 (1) + 810ty +13) = g0 (13) + 8 (8, + 15 + 15)

= 8ot +15) + 81 (t3)}
By(ty, 15, 1) = expi=g..(t; +15) = 835(13) = 8ua (2 +13) = 85, (1 + 1, + 1) + 85, (1, + 1)
+ 80, (13) + 8ea (1) + 8ol + 1 +13) = 80, (1) — 82 (13) + 810 (1 + 1)
= 8 (1) + 814(13)}
Fy(t3, 1, 1) = exp{=g. (1)) — gh (12 +13) — 8ua(13) — 82 (1 + 1y + 1) + 80, (1)) + 8 (12 + 13)
+ 8ol + 1+ 1) — 8o, (1 + 1) — g (1 + 1) + 800 (1) + 84, (1)
+ 8pa(t +13) — 84 (1) }
Fy(t3, 15, 1) = exp{=8.c(13) = &1 (1) = 8ua (1)) — e (1 +13) + 80y (1) + 8, (13)
= ety H 1+ 15) + 8o (i +1) + 8, (1 +15) = 80 (1) = 80 (1 +12)

+ 8 (1) + 814 (1)} (5.29)

Here, the line-broadening function g(f) was already defined before, and, for example,
t T
8= [ dx | danc, ) (5.30)
0 0

where

1
Coat) =27 <Up (DU, (005 > - (5.31)

EXERCISE 5.3

Derive Equation 5.29. Hints: (1) Expand the positive and negative time-ordered
exponential operators in Equation 5.27. (2) Ignore the first-order terms with
respect toU , (for j = a ~ f) since the ensemble average of U, over Gaussian
distributions vanishes. (3) Consider terms that are second-order with respect
toU,,. (4) Rewrite the series expansions as normal exponential functions as an
approximation.
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The fluctuation of the electronic transition frequency induces dephasing of the elec-
tronic coherence. One of the most widely used models for the electronic dephasing
process is linear coupling model with harmonic oscillator bath, where the bath degrees
of freedom are linearly coupled to the electronic transition. Thus, the fluctuating part
of the electronic transition frequency is assumed to be given asdw(r) =Y., ihix (),
where x; is the jth bath oscillator. This is essentially identical to the Brownian oscil-
lator model where the vibrational coordinates of the system are coupled to the bath
degrees of freedom.>!!

Although the effect of the general system—bath interaction on the third-order
response function was properly taken into account by Equations 5.29, the Markovian
limit will provide a conceptually simple picture about the dephasing effects on the
third-order response function. The Markovian approximation to the fluctuating dif-
ference potential time-correlation functions means that

gx_v(t) = Yx}'t’ (532)

where v,, is the pure dephasing rate. Here, a caution should be taken when the physical
meaning of Y., is examined. The off-diagonal element, such as v,,, is not the dephas-
ing constant of the coherence, p,,(?). From the definition of C,,(¥), ,, is related to the
cross-correlation amplitude between the fluctuating difference potentials U,, and
U, The usual dephasing rate of the coherence p,,(¢) is represented by v,,. Typically,
the amplitude of the cross-correlation between U,, and U,, for x # y is likely to be
smaller than that of the auto-correlation.'? This was called the uncorrelated frequency
fluctuation (UFF) approximation in Section 4.2.
Substituting the approximate expression Equation 5.32 into Equation 5.29, we
have

Rl (tS’ t27 tl) = 2 [AZ]gc[AS]cb[B]ha[Al ]ag exp{_i(ﬁaht.? - ia)aCtZ - l.(Bagtl}

abc

X exp(_nbat3 - nL'at2 - Ytlatl)

RZ(tS’ t2’ tl) = Z [Al]gc[AS]ch[B]ba[AZ]ag exp{_ia)abIS - i6act2 - ia‘)gctl}

abc

X exp(_nbat3 - nL'at2 - Yc'c'tl)

Ryltss 1) = D A, LAy Ly TBl Al eXp{=i®ty = i@ 1, — i 1)

abc

X eXP(—Mpuls = Yiuls = Yeekt)

Ryt 1) = Y (Bl AL ol AT [ AL XDI—i,, = i@y 1, — i, 1)

abc

X eXp {_’cht3 - Ybl)t2 - Yautl}7 (533)
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where
n,).y = (Yxx + ’Yyy - 2’Yn)(1 - 8)(\)) + szxy' (534)

Although the above results are based on the Markovian approximation to the energy
gap (difference potential U,,) fluctuation correlation, they provide a simple picture of
each third-order response component. In Equation 5.34 are terms given as a combina-
tion of dephasing constants, for example, Y, +Y,, —2Y,,- In order to fully calculate
the response functions, the summations over all states a, b, and ¢ should be performed,
and then there is the case when ¢ = b, for example. In this case, the diagonal den-
sity matrix evolution is involved in the nonlinear response of the molecular system.
Therefore, the population relaxation process should be properly taken into account in
the above third-order response function, and this can be achieved by introducing the
inverse lifetime of the x-state as 7, in Equation 5.34. Such lifetime broadening effects
on the third-order response function will be treated in an ad hoc manner by multiply-
ing a proper exponentially decaying function to Equation 5.29 in this and following
chapters. In the Markovian limit, the 3D Fourier-Laplace transforms of F;(;,1,,1,) can
be easily performed to eventually get the 3D third-order susceptibility.

EXERCISE 54
Obtain the third-order susceptibility by taking triple Fourier-Laplace transforma-
tions of the third-order response function in Equation 5.33 in the Markovian limit.

The results presented in this chapter are quite general for any arbitrary four-level sys-
tem. An early application of the third-order response spectroscopy was the degenerate
four-wave-mixing technique such as pump—probe or photon echo spectroscopy of dye
molecules in solutions. In that case, the optical chromophore was modeled as a two-
level system instead of a four-level system. Then, the complicated line-broadening
functions in Equation 5.29 are highly simplified so that the interpretation of four-
wave-mixing signal was relatively straightforward. To show what information can be
extracted from such a four-wave-mixing spectroscopic investigation, we shall con-
sider the photon echo spectroscopy of a model two-level system later in this chapter.

5.3 SHORT-TIME APPROXIMATION TO THE
THIRD-ORDER RESPONSE FUNCTION

The third-order response function in Equation 5.29 is exact in the case that the dis-
tribution of difference potential V, (or fluctuating part of the transition frequency
U,,) is a Gaussian. However, its implication to the calculation of the third-order sig-
nal electric field will require complicated convolution integrals that cannot be per-
formed analytically. Although it is possible to carry out such numerical integrations
without any difficulties, it is not always easy to understand the underlying physics
nor to interpret the experimentally measured signal in terms of the usual dephasing
constant, inhomogeneous width, dynamic correlation between two different transi-
tion frequency fluctuations in time, and so on. Furthermore, fitting the experimental
data with properly modeled time-correlation functions C, (f)’s and with Equation
5.29 is not an easy task. Therefore, one may find it useful to consider an approximate
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expression for the third-order response function, which still contains most of the
salient features of the third-order response by multilevel molecular systems. In this
regard, the short-time approximation to the line shape functions, F;(t;,1,,,), has
been found to be of use for such purposes.!>-1>

The short-time approximation is based on the fact that the system is in highly
oscillating coherences during the first and third time periods, #, and #,. Since the mea-
sured value, such as third-order polarization, is always given as triple convolutions
over these time variables, only the short-time (slowly varying) parts of the third-order
response during ¢, and #; are important and often sufficient to approximately describe
the quantum decoherent processes.'* 16 This is in priciple related to the stationary
phase approximation or to the Laplace approximation for integration over highly
oscillating functions. Nevertheless, it is necessary to take into consideration of the
spectral diffusion and the correlation between the excitation and probing frequencies
to describe a number of experimentally observed phenomena such as Stokes shift
induced by solvation dynamics, photon echo peak shift, 2D peak shape changes, and
so on. Then, one can achieve this goal by taking a 2D Taylor expansion of the expo-
nents in Equations 5.29 with respect to ¢, and #;.'> We then find, forj=1 - 4,

1 1 .
Fi(ty, 15, 1) = exp{fj(fz)_aaf(tz)ﬁz _EAﬁ(tz)fg +H; ()4t +10,(5)t } (5.35)

Here, f; (¢,) describes the dephasing of the quantum coherences or populations dur-
ing t, period, and for j = 1 - 4 they are

fi (t2) == gjc (t2) ~ 8aa ([2) + 2Re[gcu (tz)]

f2 (t2) = fi (t2) == g:c(IZ) ~8aa (tz) + 2Re[gcu (ZZ)]

S5 () == 8 (1)

Ji(1) == g, (15). (5.36)
The expansion coefficients §3(#,) in Equation 5.35 represent the mean square fluctua-
tion amplitudes of the difference potentials (or transition frequency) that are associ-
ated with the off-diagonal density matrix evolutions during the first time period ¢,.
Note that, in the impulsive limit, 3%(¢,) determines the spectral bandwidth of the

corresponding 2D spectrum along the first frequency (®, ) variable that is conjugate
frequency of ¢,. For j =1 - 4, we have

6% (ZZ) = Cca (0)+ Re[caa (ZZ) - Cca (IZ)]
83(t,) = C.y(0) = Re[C,, (1) = CL.(1,)]
83(1,) = C,.(0) — C,,(0) + Re[C,, (1,)]

83(1,) = C,,(0) = C,,, (0) + Re[C,, (1,)]. (5.37)
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Similarly, A%(t,) corresponds to the mean square frequency fluctuation amplitude of
the coherence during the third time period, f;, and they are

A3 (1) =Cy,(0)- C,,(0) = C,,, (0)+ C,,, (0) + Re[C,, (1;) + C,y(1,) = C,0 (15) = Cp (1,)]
A3(ty) = Cp,, (0) +C,,(0) - C,,(0) = C,,, (0) = Re [C,,(t,) + Cp, (1,) — C,, (1) — C, (1,)]
A3(ty)=C,,(0) = Cp,, (0) + Re[Cy, (1,) — C,, (1,)]

A1) = C..(0) = €y (0) + Re[C,, (1,)]- (5.38)

The fourth term, H,(f,),in Equation 5.35 describes how the two transition fre-
quencies at ¢, and t; separated by ¢, are correlated with each other. In the limit that
H ,(t,)=0, the transition frequency associated with the coherence created by the first
field-matter interaction is completely uncorrelated with that induced by the third
field-matter interaction. It turned out that this term is critical in understanding the
photon echo peak shift, 2D spectral peak shape change in time, and so on. As will be
shown later in this book, if the molecular system has large static inhomogeneity such
as the cases of impurities in glass or polymer matrix, H,(,) doesn’t decay to zero at
least in the timescale of experimental measurements, which makes the photon echo
peak shift value finite even at long time. A more detailed discussion along this line
will be presented later in this chapter. Now, for j =1 - 4, we have

H, (t,) = Re[Cy, (1,) = Cpy(1,)]

H,(t,) = = Re[C,,(1,) = C, (1)]

H;(t,) = = Re[C,y,(1,) = C., (1))

H, (1) = =Re[C,,(1,)]. (5.39)

The last term Q, (#,) in Equation 5.35 describes the spectral diffusion, which is related
to the fluorescence Stokes shift, during the second time period 7,:

0, (1,)=1m[C,,(0) = C,,,(t;) = C,(0) + C,y(~1,) + C,,(0) = C,,,(=1,) = C;,,(0) + C,,, (1,)]
0,(1,)=1m[C,,(0) = C,,,(t;) = C,(0) + C,y (=1,) + C,,(0) = C,,,(=1,) = C;,,(0) + C,,, (1,)]
05(1,) = Im[C},(0) = Cj (1,) + Cy, (0) = Cp, (1))

Q,(t,) =Im[C,,(0) - C,,,(1,)], (5.40)
where

C, (1= JO dtC, (7). (5.41)
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It should be noted that the short-time expansion coefficients in Equation 5.35 were
all described in terms of the linear U-U time-correlation functions, C, (#)’s. Within
this short-time approximation, the line-shape functions, F;(;,1,,1,), are Gaussian
functions with respect to ¢, and #;. Consequently, if the temporal envelope functions
of the external fields are Gaussian in time, one can perform the convolution integra-
tions mathematically.

5.4 THIRD-ORDER RESPONSE FUNCTION
OF A TWO-LEVEL SYSTEM

For a two-level system (2LS) consisting of the ground and excited states, the third-
order response function components in Equation 5.26 with 5.29 are simplified as

R\(13.15,1)) = [Ay ] [As ] [ Bl [A ], eXp(=i,, 15 — i, 1)
xexp{=g'(t;) = g(t)) = f. (t3.15.11)}

Ry (13.15,1) = [A 1 [ A3 g [ Bl [As L @XP(=i@, 15 + 10, 1,)
X exp{=g"(t) = &' (1) + I (t3,1,.1)) }

Ry(t3.1,,11) = [A 1o [ Ay 1o [ Bl [As g €XP(=i@, 15 + 10, 1,)
xexpi=g(t;) = g (1) + f2 (13,15, 1)}

R, (13,15,1) = [ By [As] o [As 1 [A L eXP(—i, 15 = i®, 1)
x exp{-g(t;)— g(t) — f-(t3,15, 1)}, (5.42)

where the two auxiliary functions are defined as
filts,t,,1)=8"(t,)— g (t, +13) — g(t, +1,) + g(t, + 1, + 15)
o (t5.1,1) = 8(1)) — gt + 13) — g(t; + 1,) + gt + 1, +13). (5.43)

Here, the linear line-broadening function g(¢) for a 2LS was already discussed in
detail in Section 3.2. The four response function components, R (forj=1-4),in
Equation 5.42 correspond to the following four diagrams representing specific tran-
sition pathways, respectively:

~ e
<B lg><gl>
gse
N e
<B lg><gl>
g e
A €
<B lg><gl>
gse
A~ e e
<B£|g><gl>. (5.44)
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The first and fourth diagrams are called the nonrephasing diagrams. In these cases,
the oscillating pattern of the coherence p) during the first time period ¢, is identical
to that during the third time period #;. On the other hand, the rephasing diagrams are
the second and third ones in Equation 5.42 or 5.44. In these cases, the first coherence
during ¢, is p{) with oscillation frequency ®,,, whereas that during #; is p{} with
oscillation frequency ®,,. Consequently, in the inhomogeneous broadening situa-
tion, the optical phase acquired during the first time period ¢, is reversed during ¢,
so that the macroscopic optical coherence is rephased. This will be discussed more
in detail in this chapter.

The first two diagrams R, and R, involve population evolutions on the excited
state during #,, whereas the last two diagrams associated with R; and R, involve
population evolutions on the ground state during #,. Therefore, in the language of
pump—probe spectroscopy, the former two pathways (R, and R,) are called stimu-
lated emission (SE) terms because the third radiation—matter interaction stimulates
an emissive process from the excited state molecule. On the other hand, the latter two
pathways (R; and R,) are known as the ground-state bleaching (GB). Thus, the four
diagrams are usually grouped as

Rephasing pathways: R,(#;,t,,t,) and Ry(t5.1,,1,)
Nonrephasing pathways: R,(t;,t,,t;) and R,(t;,t,,1)
SE pathways: R,(t5,t,,t;) and R,(f;,1,,1))

GB pathways: R;(f;,1,,t;) and R,(t;,1,,1)). (5.45)

The line-shape functions that are the last exponential parts in Equation 5.42 are
determined by the pure dephasing processes originating from the fluctuating chro-
mophore—bath interactions. However, there are additional contributions to the line
broadening, which originate from the finite lifetimes of the excited states. For the
four third-order response function components, by examining the corresponding
diagrams, one can take account of the lifetime-broadening effects by multiplying the
following exponentially decaying function to all R;’s

exp(—t;/2T, — t,/T, —1,/12T,). (5.46)

The SE pathways R,(t;,1,,t;) and R,(t;,t,,t,) involve excited-state population evo-
lution during ¢, period so that the corresponding lifetime-broadening factor is
exp(—t,/T,), where T, is the excited-state lifetime. On the other hand, the GB path-
ways R;(1;,1,,t,) and R, (#;,1,,t,) involve ground-state population evolution during ¢,
period. If the ground-state (bleaching) hole is filled by the population relaxation
from the excited state to the ground state during #, and if there are no other inter-
mediate states that act like excitation acceptors, the timescale of the ground-state
hole filling is identical to the excited-state lifetime. That is why the two GB terms
R,(t;,1,,t)) and R,(15,1,,1,) should also be lifetime-broadened by the same factor of
exp(—t,/T,). However, if the excited-state population is allowed to be transferred
to other intermediate states, which is not the ground state, the disappearance
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timescale of the GB term is likely to be long, and the #,-dependency of the GB terms
Ry(t5,1,,1,) and R,(#5,1,,¢,) would be notably different from that of the SE terms
R, (t;,1,,1,) and R, (t;,1,,1,). Although the lifetime-broadening processes are impor-
tant in many spectroscopic phenomena, they will be omitted throughout this chapter
not only because they are not the main concern of this book but also because one
can always include such contributions to the multidimensional spectrum when it is
necessary.

Although the general expression for the third-order response function has been
used to interpret a number of four-wave-mixing processes of a 2LS, one may find
it useful to consider its short-time approximated expression for further understand-
ing of the detailed line shape.!” Noting that the relaxation times of the off-diagonal
(coherence) density matrix elements during ¢, and ¢, periods are very fast, it is gener-
ally acceptable to assume that ¢, +¢, = #,. Then, from Equation 5.42, the four response
function components can be approximately written as

Rl (t3’t2’tl) = [AZ]ge [A3]eg [B]ge [Al]eg exp(_ia)egtl - i{a)eg + 2Q(t2)}t3)

X exp{—;taﬁ - %ng - H(tz)t,t3}

Ry (t;,1,,1) =[A],.[A3]),[ B, [As ], expli®, 1 —iH{®,, +20(2,)}13)

X exp{—;mtf - %Q%}Z + H(tz)tlt3}

Ry(15,1,1) = [A1] [Ar ) [ Bl [As ], €XPi®, 1 — i, 1)

X exp{—lQ%E - 19%32 + H(tz)t1t3}
2 2
R, (t3,1y,1)) = [ Bl [As], [Ar ], [A ], €XP(—i®, 1) — i, 13)
1 1
X exp{—zﬂzt% - EQZ@ -H (tz)t,t3}. (5.47)

Here, the mean square fluctuation amplitude of the difference potential (transition
frequency) is defined as, in terms of the spectral density (see Section 3.2),

Q2 = Jdco p(o)w? coth@. (5.48)
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The spectral diffusion process is described by Q(r), which is defined as

0@ = (S(f)—zj (5.49)

S(t)= Jdm p(w)m cos wr. (5.50)
0

The fluorescence Stokes shift reflecting solvation dynamics is, within the linear
response approximation, directly proportional to S(t).2

The system—bath interaction-induced correlation between the transition fre-
quency of the system during ¢, and that during ¢, is represented by H () function that
is defined as

H()= Jdm p(m) coth[h(;B}wz COSs f. 4.5

0

From the definition of the time-correlation function of the difference potential, one
can identify that

H(t)=Re[C()]= %Rek UUO)py >3] (5.52)

Note that in the high-temperature limit (or classical limit), H(¢) is directly related to
S(t) by

_2 _2
H(t)= 7P '(!‘d(o p(w)®coswf = P S(2). (5.53)

The line-shape functions in Equation 5.47, which are the last exponential functions,
are two-dimensional Gaussians and the ellipticity of the 2D shape is determined by
H(t) or the real part of the time-correlation function C(z). In the case when there is
no truly static inhomogeneity, H(t,) decays in time and approaches zero so that the
2D peak shape becomes a 2D Gaussian with zero ellipticity at long time ¢,. Due to
the spectral diffusion function, Q(%,), the transition frequency of the system during ¢,
changes from @, at #, =0 to ®,, — 2A/h at t, = = in the cases of the first two response
function components. In Chapters 6 and 7, we will use these short-time approxima-
tion results in Equation 5.47 to present a discussion on the 2D peak shape of pump—
probe and photon echo spectra of a 2LS, respectively.
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5.5 PUMP-PROBE SPECTROSCOPY OF A TWO-LEVEL SYSTEM

Pump-probe spectroscopy has been extensively used to investigate the excited-
state lifetime, vibrational wavepacket propagations on the electronically excited and
ground states, chemical reaction dynamics in gas or condensed phases, and so on.
Depending on the pulse configuration and detection method, a number of different
types of pump—probe spectroscopies exist, which are still based on a four-wave-mix-
ing scheme.!” For example, transient grating (TG) spectroscopy has been used to study
wavepacket (particle and hole) evolutions on the excited and ground states. By inject-
ing two simultaneously propagating laser pulses with different wavevectors, vibra-
tional coherences are created on the ground and excited states. A probe laser pulse
delayed from the pump pulses is used to create a third-order polarization in the optical
sample. Then, radiated signal field intensity (not amplitude) is measured in this case
of the TG experiment. For a two-electronic-level system, the population relaxation and
the electronic dephasing process induced by fluctuating chromophore-solvent interac-
tion energy can therefore be studied with this TG method. Other methods to study
the time evolution of the same third-order polarization are transient dichroism (TD)
and transient birefringence (TB) measurements.'® Instead of detecting the signal field
intensity, it is possible to control the phase of the local oscillator to measure either the
real or imaginary part of the third-order signal electric field. These correspond to the
TD and TB experiments. These three (TG, TD, and TB) different spectroscopies can
all be referred to as pump—probe spectroscopic methods in general.

The conventional transient grating measurement utilizes two pulses with wavevec-
tors of k, and k,. Then, the third (k;) pulse, which is delayed in time from the k, pulse,
is injected, and the scattered signal field intensity in the direction of -k, +k, + Kk is
detected (homodyne detection). The self-heterodyned pump—probe spectroscopy, on
the other hand, uses a single-pump pulse with wavevector of k,,; the k,,, probe pulse
delayed in time is injected to create the corresponding third-order polarization, and
the interference of the signal electric field generated by the third-order polarization
with the probe field itself is measured (see Figure 5.2).3 Therefore, the pump—probe
signal in this case is linearly proportional to the third-order polarization, particularly

FIGURE 5.2 Experimental beam configuration of pump—probe spectroscopy.
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the imaginary part of the polarization. If the phase of a local oscillator field could
further be controlled, one could measure either the real or imaginary parts of the
polarization separately, which correspond to TB and TD, respectively.

In the case of the two-pulse pump—probe spectroscopy in Figure 5.2, one needs
to consider the following two cases together, since there are two time-nonordered
radiation—matter interactions involved with the pump pulse:

Case 1)

AIE O=p ePuEpu t+7) eKpuT=i0put

AZF‘Z(I) = ”‘ ' e* E* (t + T) eiikF”'rWLimpu[

pu~pu

AzFx(t) =wm-e E (1) e®prT=i®pt

pr—pr

A

B=p (5.54)

Case 2)

AF () =p-€ E (t+T)e *nrion

pu pu

AFy(t)=p-e,,E, (t+T)eknion

pu— pu

Ast(t)=|ut-e E, (t)e™rriopt

pr=pr

B=n. (5.55)

Here, the pump pulse is assumed to precede the probe pulse by a finite delay time 7.
Then, the third-order pump—probe polarization, which is the expectation value of the
electric dipole operator, is

P, (r,1) = e*rriom! J dIIJ‘ dlzJ‘ dt; {0y, €,e,e,E, (—6)E, (+T—1,-1,)
0 0 0

XE, (t+T—1t;—1t, —1;)expi® ,1; + i® 1)

pr
+ Oy i€,e,80,E, (t—1t)E, t+T—t;—t,)
X El*m(t +T - 13— 1, —1,)exp(io , 1; —i® ,1,) }. (5.56)

In order to simplify the above expression, we need to consider the resonant condi-
tions. The third-order response function consists of eight different contributions
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as shown in Equation 5.24. However, their oscillating patterns in time or coher-
ence oscillation terms are different from one another. For instance, the coherence
oscillation term of R,(t;,,,t,) is exp(—i®,,t, — i®,t;). Therefore, this contribu-
tion can be resonantly enhanced with the electric field component oscillating as
exp(iw ,t; +iw,f) when® ,, =®, = ®,,. In Equation 5.56, the first term in the
integrand contains such term so that among eight different response function
components (R; (for j = 1 — 4) and their complex conjugates) only R,(#3,,,,) and
R,(t;,1,,1,), which were classified to be the nonrephasing pathways are in res-
onance with the electric field component exp(i® ,#; +iw ,t)in the integrand of
Equation 5.56. Similarly, the two rephasing pathways R,(f;,1,,,) and R;(t5,1,,1,)
are important when the electric field component oscillates as exp(i® ,t; — i® ,f,).
Thus, considering these resonant conditions (or the so-called rotating wave
approximation), Equation 5.56 can be rewritten as

N3 oo o o
iK ), T—i0) ), ! . *
P, (r,0)=e*r m""(%) Io dn J.o dtzJ.O di;[{R +R,}:e e, e, E,(t—1;)

XE,(t+T—t;=t,)E, (t+T —t;—t, —1,)exp(i® , t; +i® 1)

pu

+{R, +R;}:e (t-1,)E

pu(t+T_t3 _t2)

"
prepuepuEpr

X E,,(t+T —t;— 1, — 1)) exp(i® , 1; — i® ,1,)]. (5.57)

Now, let us consider the transient grating with phase-matching condition k; = -k, +
k, +k;. In this case, the effective radiation—matter interactions and the effect
operator are

AlFl (t)=p- e E; (t+T)e *ir+on
AF, () = - €,E, (t + T) ekor-ion
A3F3(t) = - e F5 (1) etkaT-iost
B=p. (5.58)

Then, the TG polarization is given as

pTG(r,;)zei<—kl+kz+k3>~r—i<—m1+wz+wz)zJ‘ dt‘_" d;ZJ. dty Oy €58, E5(t —13)
0 0 0

XE,(+T—t;-6)E{(t+T —t;—t, — 1,) exp{i(—0, + 0, + 03)t; — i(®, — ,)t, —i01}.
45.59)
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In the case of degenerate transient grating experiment, where the three incident field
frequencies are identical, that is, ®, = ®, = ©; = ®, we get

Py (r,1) = e/Ckitkatks)r—ior J dt,J dtzj Aty Oy 6,6, E5(t—L)E,(t+T—t;—t,)
0 0 0
X E{(t+T—1t;—t,—t,)exp{iot; —iot, }. (5.60)

Considering the resonance conditions, one can approximately rewrite Equation 5.60
as

“\3 pe I oo
Py, (r,1) = eiChitkatks)r—ior (éj J. dtIJ. dt2j dt,{R, + R} e e.e Es(1—t;)
0 0 0
XE,(t+T—t;—6)E (t+T —t; —t, — 1)) exp{iot; —iot,}. (5.61)

Note that the two rephasing pathways are important in this particular measurement
technique as long as the pump and probe pulses are well separated in time.

The homodyne-detected TG signal and the heterodyne-detected pump—probe sig-
nal are given as

2

Sr6(®,,,0,,;T) = J‘ dt|PO(k,,1)

S pp(® s, T:0) = Im{”’] d1 B (K 1) P<3>(ks,r>}' (5.62)

The phase ¢ of the local oscillator (LO) can be controlled to be zero orm/2, and
then Syp_pp(®,,,®,,;T;0=0)and Sy _pp(®,,,0,,;T;0 =7/2) correspond to the TD
and TB signals, respectively. In a later chapter the 2D pump—probe spectroscopy
will be discussed in detail by using the results presented in this section.

5.6 REPHASING PHOTON ECHO SPECTROSCOPY
OF A TWO-LEVEL SYSTEM

Photon echo spectroscopy is an optical analog of the NMR spin echo.' 20 This
is one of the most widely used 2D spectroscopic techniques. Particularly, in the
inhomogenous broadening limit, the photon echo method is useful to selectively
measure the homogeneous dephasing rates since the echo signal is produced by
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-k +ky + k3
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echo

FIGURE 5.3 Experimental beam configuration of three-pulse photon echo spectroscopy.

a rephasing process. In this section, general three-pulse photon echo spectros-
copy of a 2LS will be mainly discussed in detail (see Figure 5.3). The first pulse
whose wavevector is k; interacts with the optical sample and creates a distribu-
tion of coherences. Note that the coherences generated have the same phase at a
short time. After a delay time 7, the second pulse with k, propagation direction is
injected to the optical sample. For a 2LS with only one excited state, the second
radiation—matter interaction puts the molecular system onto populations on either
the excited or ground state. However, if more than one excited state is accessible
by the first two radiation—matter interactions, the coherence between two differ-
ent electronically excited states or two different vibrational quantum states, which
are responsible for quantum beats in the pump—probe signal or in the diagonal
and cross-peak amplitudes in 2D photon echo spectrum, can be generated by the
first two radiation—matter interactions with ultrashort pulses having broad spectral
bandwidths. Now, the third pulse with k; wavevector, which is delayed from the
second pulse by T (waiting time) is used to put the molecules back into coherences
between the ground and excited states. This final coherence oscillates in time, and
its ensemble-averaged dipole moment is then the third-order photon echo polariza-
tion that radiates the signal electric field.

Using the third-order response function theory discussed in this chapter, one can
formulate the photon echo polarization and signal electric field. Typical photon echo
spectroscopy is to measure the echo signal field emitted in the direction of -k + Kk, +k;
(see Figure 5.3) so that the three radiation—matter interaction terms and the effect-
operator are, respectively,

AIFI = (L eTEr(l +T+ T)e—ik].r+im]1
Aze(l‘) =m-e,E,(t+T) eikoT-iont
A3F3(t) = - e E; (t) el rios

B=p. (5.63)
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Note that temporal envelope functions include the delay time variables T and 7 prop-
erly. Throughout this book, unless it is necessary to distinguish the rephasing photon
echo from the nonrephasing photon echo, the rephasing (—k,+ k,+ k;) photon echo
will be just referred to as the photon echo.

Now, the photon echo polarization is then given as

PPE(r’t)zel'(*kl+k2+k3)'l'*i(*w1+032+w3)fJ. dt, I dfzJ. dgcpwuEe3e2e’{E3(t—t3)E2(z+T
0 0 0

—t—L)E[(t+T+T —1;—t, — 1,) expli(®; + ©, — ©))t; + i(®, — ®))t, — 0,1, }.

(5.64)

The above expression is fairly general for an arbitrary nondegenerate photon
echo spectroscopy, where the three incident field frequencies can be different
from one another. Furthermore, the photon echo is very similar to the TG geom-
etry, except that the delay time between the first two pulses is experimentally
controlled and scanned for the photon echo measurement, whereas the TG is
essentially identical to the photon echo with T = 0. Usually, most of the photon
echo experiments have been performed by using pulses with the same center fre-
quency, that is, degenerate limit, so that the degenerate photon echo polarization
is simplified as

Py (r,1) = e/Ckivkatks)r—ior J dt, J. dtzj. Aty Oy 1€3€,€ 1 Es(t — 1) E, (1 + T — 1, — 1)
0 0 0

XE[(t+1T+T—t;—t,—t,)exp{iot; —iot, }

:\3 po I oo
= gi(-ky+ko+ks)yr—ior (lj J. dtlj. dtZJ. dt;{R, + Ry} eqe,e Es(t —13)
h 0 0 0
XE,(t+T—t;—1,)E; (t+1+T —t; —t, — t,) exp{iwt; — it }. (5.65)

The second approximate equality in Equation 5.65 was obtained by considering the
relevant resonance conditions.

In the case of the degenerate photon echo spectroscopy in the well-separated
pulse limit, during ¢, and ¢; periods the electric field components oscillating as
exp(—iot,) and exp(imt; ), respectively, are involved in the radiation—matter interac-
tions. Therefore, among the eight response function components in ¢, only two
of them satisfy the resonance condition, and they are the two rephasing pathways,
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R,(t;,1,,t,) and R;(%5,1,,1,) , because their time-dependent parts include the coher-
ence oscillation term, exp(i®,,f, — i®, ;). In Equation 5.65, they are

R2(t3’t2’tl) = Mgel‘l‘egl‘l‘gel‘l‘eg exp(ia)egt] - i{a‘)eg + 2Q(t2)}t3)

X exp {—%Q%ﬁ - %mg +H (tz)t1t3}
(5.66)

- - 1 1
R3 (t3,t2atl) il L% L exp(l(‘oegtl - lmegt3)exp{_592t12 - 592t32 + H(tz)t1t3}-
(5.67)

Using these results, one can understand the rephasing process observed in an ensem-
ble having large static inhomogeneity. For the sake of simplicity, let us consider only
the highly oscillating factor exp(io,t, —i®,t;) in Equations 5.66 and 5.67. In the
inhomogeneous broadening limit, each individual molecule has a different transition
frequency. Then, the transition frequency of the jth molecule can be written as

W, =0, +€;. (5.68)
Here, the ensemble-averaged transition frequency over all molecules is denoted as
®,,, and g, is the deviation of the jth molecule’s transition frequency from the aver-
age value. Note that the € variable is broadly distributed if molecules have distinc-
tively different local environments and if the timescale of transition from one local
environment to the other is sufficiently slow. Then, the third-order response function
should be averaged over the distribution of €, where the distribution function of € will
be denoted as I(€). Thus, we have to consider the following average:

Jde (&) expli(®,, + &), — (@, + )t} = expli®,f, — i@egt3}Id8 I(e)explie(t, — t;)}

= 2T eXP i it — i i3} (15— 1)), (5.69)
where [ (#) is the inverse Fourier transform of 1(¢€). If I(€) is br~0ad, the corresponding
inverse Fourier transform, ] (¢), is narrow in time and so that I (t; —t,) peaks att, = 1.
In the case of the large inhomogeneous broadening limit, /(#; —#,) can be approxi-
mately replaced with a Dirac delta function as

I(t;—1,)=8(t; — 1,). (5.70)

This clearly indicates the phase reversal in time domain, because the phase distribution
of the coherences at ¢, is narrowed down to zero at #; = t,. Furthermore, in the impulsive
limit, the temporal envelope of the photon echo polarization is simplified as

Pop(t) <R, (t; =7, =T,t, =)+ Ry(t; =7,t, =T,t, = 7). (5.71)
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Note that the first two delay times T and T are experimentally controlled variables.
Equation 5.71 shows that the echo signal field amplitude (polarization) peaks after a finite
delay time at# = T from the third pulse. This is why the present spectroscopy has been
called the photon echo. In solution, however, there is no truly static inhomogeneity so that
the rephasing process is not perfect. Nevertheless, for a short time (< bath correlation
time), the transition frequencies of optical chromophores are inhomogeneously distrib-
uted since the initial distribution of local environments around the solutes is still broad,
and then the rephasing process plays a critical role in generating the echo signal field.

5.7 NONREPHASING PHOTON ECHO SPECTROSCOPY
OF A TWO-LEVEL SYSTEM

In the previous section, the rephasing photon echo spectroscopy was discussed, where
the echo signal field propagating in the direction of —k,+ k,+ k; was measured. In
that case, only two (R,(t5,¢,,¢,) and R;(#;,1,,t,)) out of eight response function com-
ponents in ¢, satisfy the resonance condition because their time-dependent parts
include the required coherence oscillation term, exp(i®,,f; — i®,,t;). One can also
selectively measure the nonrephasing terms that are R, (t5,¢,,¢,) and R,(t5,?,,t,) with
coherence oscillation exp(—i®,,f, — i®,,t;) by focusing on the emitted signal in the
direction of k, — Kk, + Kk instead.? This has been called the nonrephasing photon echo
(NR-PE) experiment. In this case, even in the limit of very large static inhomogene-
ity, the radiated field does not show any echo behavior so that it should not be called
a photon echo, but traditionally it was developed within the context of photon echo
spectroscopy so that it will be distinguished from the rephasing photon echo by call-
ing it the NR-PE. Nevertheless, for this experimental beam configuration and detec-
tion, one can find that the three radiation—matter interaction terms and the effect
operator are

AF(t)=p-eE, (t+1+T)ekrion
AFy (1) = w- €5E5 (1 + T)e-karvion
AF () = - e, E; (1) ehsriost
B=p. (572)

It is again assumed that the delay times between the first and second pulses and
between the second and third pulses are controlled to be T and 7, respectively. The
NR-PE polarization is then given as

PNR—PE(r’t) = eilkik+k3)r—i(0-0y+03)1 J‘ dl‘l J. dlz’[ dt3 q)wuu EezezelEz (t— l})E;(I +T—t,
0 0 0

—L)E (t+1+T—t;—1t, —t)expli(®; — 0, + )1, —i(0, — )1, +i0t}.
(5.73)
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In the case of the degenerate NR-PE, its polarization is simplified as
P pr(r=ebetsmre [ [ i [ty eseie =BT 1)
0 0 0

X E (t+1+T—t;—t, — 1)) expliot; +iot,}

:\3 poo ) )
ze“kl-k#kﬁ'r-i@’(;j J dt,J. dtzj. dt;{R,+R,} e ese E;(t —1;)
0 0 0

XEt+T—t;—t,)E (t+T+T —t;—t, — 1) exp{iot; +iot, }. (5.74)

Due to the resonance condition, only the two nonrephasing components R,(#;,1,,t,)
and R, (t;,t,,t,) play an important role in this particular experimental configu-
ration. Note that only these components have the coherence oscillation term
EXP(—i® o f5 — i 1)

Consequently, in the inhomogeneous broadening limit, the ensemble-averaged
nonrephasing response function over the distribution of the inhomogeneity factor €
in Equation 5.68 is

Jde I(e)exp{-i(®,, + &), — i(®,, +E)t;} = exp{—i®, 1, — i&)egt3}jde I(¢)

X exp{—ie(t, +1;)}
= 2mexp{—i®, 4, — i®, 1} (1 +1).  (575)

Again, for a broad I(¢g), I (t, +t;) should be a narrow function in time and peaks
att, = —t;. This means that the emitted field polarization amplitude monotonically
decreases in positive time #;, and there won’t be time-delayed echo after the final
(third) pulse in this NR-PE experiment.

5.8 THREE-PULSE PHOTON ECHO PEAK SHIFT (PEPS)

The photon echo experiment has been performed by measuring the integrated inten-
sity of the echo field after the last incident d-function-like pulse. That is to say, the
measured integrated echo signal is

I, (T,7) = I dt\Epp(t,T,0) . (5.76)
0
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Since the photon echo signal electric field is linearly proportional to the photon
echo polarization, in the impulsive limit the integrated echo signal is approximately
given as

(M) | il fT 01+ exp-2iQT 0} P 577
where

f@,T,1)= exp{—;Qz‘rz - %Qzﬁ + H(T)’ct}. (5.78)

Here, it should be noted that the rephasing photon echo spectroscopy by measur-
ing the echo signal field propagating toward the —k,+ Kk,+ k; direction is only con-
sidered here. In practice, the PEPS was experimentally estimated by measuring
the half of the peak-to-peak difference along the T-dependent integrated signals
of the rephasing (—k,+ k,+ k;) and nonrephasing (k;- k,+ k;) photon echoes. Note
that the corresponding integrated signal of the nonrephasing echo peaks at negative
7. Hereafter, we will assume that the PEPS is the maximum position of the integrated
rephasing photon echo signal plotted as a function of 7.2 132!

In order to perform the integration in Equation 5.77, let us ignore the spectral dif-
fusion process during 7, that is to say, exp(—2iQ(T)t) = 1. Then, one can find that

(@ - HT)T

o )[1 +erf{H(T)t/Q}], (5.79)

1o (T,7T) ~ exp(

where erfis the error function. Note that the first term in Equation 5.79 is a Gaussian-
decay function with respect to T, whereas the second term inside the square bracket
increases in T. Due to the incomplete rephasing process, the photon echo signal ini-
tially increases in T, reaches a maximum value at T, and decays to zero as T further
increases. Therefore, the PEPS 7" is defined as the temporal shift of the maximum
echo signal from T =0. One can approximately obtain the PEPS 1" by taking a Taylor
expansion of the approximate photon echo signal in Equation 5.79 up to the second-
order with respect to T. From the quadratic equation, the PEPS 7" as a function of T
is found to be

QH(T)

T ey

(5.80)

Since H(t) is the real part of the time-correlation function C(¢) in the case of a two-
level system, that is, H(t) = C(t), the PEPS in Equation 5.80 can be rewritten as

(= —NCOCKT)
Jr{cao -G}

(.81)
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At T = 0, Equation 5.81 diverges, because H(T = 0) = Q2. This unrealistic behavior
originates from a few approximations invoked to obtain Equation 5.80, such as (1)
short-time approximation to the third-order response function, (2) ignorance of finite
pulse widths, and (3) ignorance of nonrephasing diagram contributions to the mea-
sured signal when the incident pulses are overlapped in time. Nevertheless, after a
very short time 7, the PEPS value becomes linearly proportional to H(T), which is
then related to the solvation correlation function, so that we have

HD .2 o)

T = e (5.82)

Thus, the long-time decaying part of the PEPS with respect to T provides critical
information on the solvation dynamics.?

In order to demonstrate the general behaviors of integrated photon echo and PEPS,
we shall consider a model system. For numerical simulation of the echo response
function, it is necessary to have the spectral density and solvation reorganization
energy that are key ingredients for the calculation of the line broadening function
g(®. Here, let us assume that the spectral density is an Ohmic form and the solvent
reorganization energy A is 500 cm’!, that s,

1
P(®@) o= ~exp(-0/a,). (5.83)

The cutoff frequency ®, is assumed to be 30 cm'. If the high-temperature approxima-
tion is invoked, the mean square fluctuation amplitude, Q?, of the electronic transition
frequency is approximately calculated to be Q2 = 2Ak,T = 2.07 X 10° cm?2, which is
close to the value Q? =2.08 X 10° cm™ from Equation 5.48. The two auxiliary func-
tions, Q(T) and H(T), that are needed for numerical calculations of rephasing photon
echo response functions in Equations 5.77 and 5.78 are calculated and plotted in
Figure 5.4. Note that the solvation correlation function is identical to Q(T) except
for the constant offset of A/ (see Equation 5.49). The decaying pattern of H(T) in
this case is almost indistinguishable from S(7’), indicating that the high-temperature
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FIGURE 5.4 Calculated Q() in cm™ and H(f) in cm™ for the model 2LS discussed in the
context.
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FIGURE 5.5 Integrated rephasing photon echo signals versus T. The waiting time 7 varies
from 50 to 300 fs. The peak position of the integrated echo signal shifts toward T = 0 as the
waiting time T increases. This 7-dependent behavior is called the three-pulse photon echo
peak shift (PEPS).

approximation is quantitatively acceptable. In the literatures, the solvation correla-
tion time has been defined as

T, = j:dtS(tySw). (5.84)

With the spectral density given above, we find that T, is about 235 fs.

By using the above parameters, the integrated rephasing photon echo signal is cal-
culated as a function of T and is plotted in Figure 5.5 for varying 7 from 50 to 300 fs.
For instance, let us consider the integrated photon echo signal when T = 50 fs. The
signal increases initially and then reaches its maximum value at around T = 10 fs.
Then it decays rapidly down to zero in about a few tens of femtoseconds. One of the
most notable features is that the peak position of I,;(7',T) vs. T moves toward T =0
as the waiting time 7 increases. This is the PEPS, and its time-dependent decaying
pattern is, as predicted, given by Equation 5.80 approximately.

In the above, the static inhomogeneous contribution to line broadening has not
been included in the description of PEPS. Although there is no truly static inho-
mogeneity in solution, chromophores in a glassy material or a polymer matrix
could have sizable static inhomogeneous environments. If it is approximately given
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as a Gaussian with standard deviation of %, I (t;—t,) in Equation 5.69 is given as
I(t;—1)) o< exp(— 1 Z2(t; — 1,)?). In this case, one should simply perform the follow-
ing replacements in all the equations above in this section:

Q2 — Q2+ 32
H(T)— H(T)+ X2 (5.85)
Then, t*(T) is given as
2 2 2
NQ2+ X2 {H(T)+ X%} (5.86)

Tv({T)=
@ VR{(Q? +22) - (H(T) +2%)*}
and the asymptotic value of T"(7") does not approach zero, that is,

NOXED D%

T*(T%w)zﬁ{(92+22)2—24}’ 557

The PEPS 1"(T') can be considered as a measure of inhomogeneity in the timescale
of T. At a very short time, the instantaneous solvent configuration of each individ-
ual chromophore is different from one another, indicating a sizable inhomogeneity.
However, if the timescale of interest is sufficiently longer than the bath correlation
time, T > 7T,,,,and if the chromophores are dissolved in solution without truly static
inhomogeneity, H(T) = 0 and 1°(T) = 0. This means that the chromophores see the
solvent as a homogeneous medium in such a long timescale. Let us consider a chemi-
cal reaction dynamics in solution. If a reactive species undergoes a barrier crossing
and the timescale of the barrier crossing of a single reactant is much shorter than the
bath correlation time, the surrounding solvent configurations around the reactants
would appear to be inhomogeneously distributed. However, if the bath correlation
time is sufficiently faster than a given barrier-crossing process, the solvent molecules
will rapidly follow the reaction along the reaction coordinate and the solvent can be
treated as a homogeneous medium. From this, it should be clear that the PEPS mea-
surement can provide information on not only the solvation timescale but also the
extent of inhomogeneity within the timescale of 7.

Despite that the general expressions of photon echo and pump—probe spectro-
scopic observables are presented in this chapter, due to the complicated triple convo-
lution integrals it is not easy to extract critical information directly from the signal.
Therefore, in the following chapters, the 2D pump—probe and photon echo spec-
troscopy will be discussed in detail by invoking the short-time approximation to the
third-order response function and the well-separated pulse approximation for the
triple integrations required in the calculation of third-order polarization.
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6 Two-Dimensional
Pump-Probe
Spectroscopy

As emphasized throughout this book and found in innumerable experiments, the
two-level approximation is valid and useful for describing resonant electronic transi-
tion of a chromophore in solution when the incident radiation frequency is close to
the transition frequency between the ground state and one particular excited state.
Therefore, discussions on the 2D spectroscopy of a model 2LS will be presented
first. Among a variety of 2D optical spectroscopic techniques, we will focus on the
2D peak shape of pump—probe spectrum.!*

General results of pump—probe and photon echo spectroscopy for multi-level sys-
tems were presented previously. The pump—probe polarization, which is the expectation
value of the electric dipole operator over the appropriate third-order perturbation-ex-
panded density operator, was given as a triple convolution of the third-order response
function with three interacting external fields.> ® Therefore, any quantitative calcula-
tions of pump—probe signal require numerical integrations, and pump and probe pulses
should be treated realistically. This is achievable, but the numerical calculation results
cannot provide a conceptually clear picture on the 2D pump—probe spectroscopy in
general. Consequently, in the present chapter, we will use a few approximations to
perform the triple convolution integrations mathematically and present the resultant
expressions for the frequency-scanning 2D pump—probe spectra of a model 2LS.

6.1 INTRODUCTION TO TWO-DIMENSIONAL
PUMP-PROBE SPECTROSCOPY

A number of different coherent 2D optical spectroscopic methods can be devised
by combining a sequence of optical excitation and probing processes, and one of the
early 2D vibrational spectroscopic experiments was based on a pump—probe, that is,
dynamic hole-burning spectroscopy.* 7 In a self-heterodyne-detected pump—probe
measurement, the molecular system is subjected to two light pulses, that is, pump
and probe, of which center frequencies are ® ,, and ® ., respectively. The incoming
field is therefore given as

E(r,t)=E

pre

(t+T)exp(k,, r—io,)+E, ()exp@k, r—iw,)+c.c., 6.1

pu

where T is the delay time. Then, the probe difference absorption that is defined as
the total probe absorption in the presence of the pump minus that in the absence
of the pump is detected. In particular, the first two radiation—matter interactions
are between a chromophore and pump pulse. The pump—probe signal field should
satisfy the following phase-matching condition: k, =k ,, =k, +k, =k . After the
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first two field-matter interactions with pump pulse, not only the ground-state hole
but also excited-state population (particle) or vibronic coherence can be generated.’
Note that the first two field-matter interactions occur within the temporal envelope of
the pump pulse. After a finite delay time 7, the incoming probe field stimulates light
emission of the excited state particle, is absorbed by the excited-state particle, or is
scattered by the ground-state hole. In between the first two field-matter interactions,
the system is on a coherence oscillating with frequency of ®,,. If one uses a very
short pump pulse whose spectral bandwidth is sufficiently broad enough to cover the
entire manifold of singly excited states of coupled multi-chromophore system, for
example, light-harvesting complex consisting of a few to hundreds of chlorophylls,
one can simultaneously create an ensemble of population and coherence on the
electronically excited states. In this case of multilevel system, frequency-resolution
of the excited states by using the present pump—probe method is not feasible, because
the measured pump—probe signal has no dependency on the first coherence evolu-
tion time #, (note that the two radiation—matter interactions occur within the ultra-
short pump—pulse envelope). This is in contrast with the photon echo technique that
involves a T-scanning in the experiment, and the T-dependent signal contains infor-
mation on the first coherence evolution during the first ¢, period. Nevertheless, the
pump—probe signal can be dispersed by using a monochromator to detect the spec-
tral distribution of the pump—probe signal field. This turned out to be analogous to
taking the Fourier-transform of the pump—probe signal with respect to f, which is
the last coherence evolution time. Therefore, for the ultrafast pump—ultrafast probe
measurement, the signal can only be displayed as a function of the pump—probe
delay time T and frequency ,, that is, S pp(@,,7T).

As a matter fact, to obtain the full 2D pump—probe spectrum, it was therefore
necessary to perform a series of dynamic hole-burning experiments with a tunable
and spectrally narrow band pump pulse of which bandwidth should be sufficiently
narrow enough to frequency-resolve the one-quantum excited states or to selectively
excite only a subset of the excited states. In addition to such a frequency-scanning,
another requirement is that the temporal envelope of the narrow-band pump pulse
should not be exceedingly broad in comparison to the lifetime of the excited states or
any dynamical processes of interest to achieve time-resolution.’

In this case of the mixed frequency-time resolved pump—probe, the difference
absorption signal is given as a function of the center frequency of the pump, the
pump—probe delay time 7, and the frequency , that is the conjugate frequency of
the electronic coherence time 7, that is, S pp(0,,T,0, =,,). To construct the full
2D pump-probe spectrum, one should therefore scan the pump frequency, ®,,, and
assemble the 1D transient difference spectra as a function of the peak frequency w,,
of the pump pulse. Consequently, this method using a series of dynamic hole-burning
experiments by tuning the frequency of spectrally narrow pump pulse is technically
not directly analogous to the 2D NMR spectroscopy that utilizes temporally narrow
radio frequency pulses and that requires double Fourier transformations to obtain the
corresponding 2D NMR spectrum.

Often the frequency scanning of the spectrally narrow pump requires a large
amount of data collection time to obtain a single 2D spectrum. One of the experi-
mental breakthroughs was achieved by overcoming this low efficiency. An essential
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element of the experimental design is to maximally use a 2D array detector in the vis-
ible frequency ranges.® ® Using spherically focusing mirrors, the two-dimensionally
(X and Y space) spreaded pump—probe signal field is a direct image of the 2D spec-
trum spatially encoded in the sample, where spatial dimensions along the X- and
Y-axes in the recorded image correspond to ®, and ®,, respectively.

In the present chapter, we will present a theoretical description of 2D pump—
probe spectroscopy of simple model systems such as 2L.S and anharmonic oscillator.
Detailed analyses of 2D peak shape of the pump—pump spectra are shown to be use-
ful in understanding the underlying chromophore-solvent dynamics and sometimes
intrinsic vibrational properties such as overtone anharmonic frequency shift.!

6.2 TWO-DIMENSIONAL PUMP-PROBE
SPECTRUM OF A TWO-LEVEL SYSTEM

In the previous chapter, the pump—probe polarization was discussed and its temporal
amplitude was found to be (see Equation 5.57)

:\3 poo oo oo
l . * %
PPP(t):(%) J‘() dtlJ‘() dtZJ‘() dtS [{Rl +R4}:e]7repuepuEpr(t_t3)E]m(t+T_tS_t2)

XE,t+T—1t;—1,—1,)exp(i®,,t; + i 1)

+{R,+R;}:e e, e, E, (1—1;)E

pu™ pul=pr (t +7T- L~ t2)

pu

X E,,(t+T —t;—1, —1,) exp(i® , 13 — i® , 1, )]. 6.2)

The four contributions from R, — R, to the pump—probe polarization are related to
the following four diagrams:

3
<M%|g><gl>
gse
e
<p lg><gl>
g e
e
<p lg><gl>
gse
<M@|g><gl>. (6.3)

Introducing a new integration variablet’ = ¢+ T —t; —t, and assuming that the delay
time 7T is sufficiently larger than the pulse widths, one can obtain the following
approximate expression for the pump—probe polarization:

.\3 oo oo oo
l £ ’ ’ . *
P,,,,@:(hj jo dtljo drzjo dHE, (1~ 1) E5 (D) E,(f —1){(R +R)e, €e,

X explio ,t; +iw 41+ (R, + R;):e e e, explio, t; —io, 1 ]}. (6.4)
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In order to take into account the finite pulse-width effect on the pump—probe polar-
ization, the pulse envelope functions are assumed to be a Gaussian form as E,,(f) =
exp(-w?t?*/2) and E, (t) = exp(-w?t?/2). Hereafter, the pump and probe beams are
assumed to be linearly polarized so that e, and e,, are real. Inserting Gaussian pulse
envelope functions into Equation 6.4, replacing R;(t5,1,,t,) with R;(t;,t, =T ,t,), and
carrying out multiple integrals, one can find that the pump—probe polarization is
given by the sum of two contributions, P55 (t) and PS2 (¢), that are associated with the
stimulated emission (R, and R,) and ground-state bleaching (R; and R,) pathways,

respectively, that is,
Ppp (1) = P35 (1) + PEE (1) (6.5)
where

_inEpr (I)E;u [”’ge",‘egp“gep“eg ] eprepuepu

PsE(r) = _X2

op (1) Q2 4wy (QZ i gfji% )1/2 exp( )
X {exp(—Yz(T)) + % F(Y(T))} 6.6)

—inE (1)E?2 :
P}gﬁ(ks,t) — I pr( ) pll[l"‘ge”’eg”‘gel‘l‘eg] zeprell/n;epu eXp(—XZ)
(Qz + W2)1/2 (Qz w2 — gzj:; )
) 2i

xqexp(-Z*(T)) + ﬁF (Z(T)) ;- 6.7)

Here, the auxiliary functions in Equations 6.6 and 6.7 are defined as

X = mpu B a)eg

2192 +w?]

_ H(T) _
(D]Ir B weg - ZQ(T) T Q24n? (mpu B (’Oeg)

Y(T)= -
e+ - L)
Z(T) = W, — (T)eg - QIZE:V)Z ((Dpu - (Beg) 63
Pl —2m) ©9

The Dawson integral, F(x), in Equations 6.6 and 6.7, is defined as'’

F(x)=e™> J.du er. 6.9)
0
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The two contributions in Equations 6.6 and 6.7 are 2D Gaussian function with
respect to the pump and probe field frequencies, ,, and ®,,. More specifically, each
contribution in Equations 6.6 and 6.7, when the imaginary pats are taken into consid-
eration, is given as a product of two Gaussian functions. First of all,  /r/(Q2 + w?) x
exp(=X?)is a Gaussian function with center at ® ,, = ®,,, and its standard deviation is
J(Q? + w?) . The stimulated emission contribution to the pump—probe polarization also
depends on another Gaussian function, which is \/n/(Qz +w? — HX(T)(Q? + w?)) X
exp(=Y*(T)). Note that the width of this Gaussian function changes in time 7 due to
the 7-dependent H(T), which was defined in Equation 5.51. Additionally, from the
definition of Y(T)in Equation 6.8, one can find that the center of the Gaussian func-

tion, exp(—Y2(T)),changes in time T as

H(T)
Q2 +w?

®, =0, +20(7)+ o~ D) (6.10)

(®

Note that the spectral diffusion here was taken into account by Q(T), and that the
2D peak shape is diagonally elongated because of the last term in Equation 6.10.
The ground-state bleaching contribution to the pump—probe polarization also con-
tains the similar term determining the line shape along the probe field frequency,
which is \/n/(Qz +w?— HX(T)(Q? +w?)) exp(—Z2(T)) in Equation 6.7. The center
of the Gaussian function exp(—Z*(7)) with respect to ®, is given as

H(T) (©,, — Dyy)- (6.11)

O =P ¥ a2

Now, following the same line of derivations, one can find that the heterodyne-
detected 2D TD and TB spectra are given as

STI) (mptno‘)pr; T) =Im |:J. dt E;;(I) ' PPP (t9 T)i|

— _X2
= @ 2)1/?(22)( _, ) 2T )1/2 {exp(=Y2(T))+exp(—Z*(T))} 6.12)
+w + W - 55

Q24w?

STB(u)pu,a)p,;T):Re[J. th;,(t)‘P,),,(t;T)}

2

Y2
mexp(=X?) )m {JZE F(Y(T))+ﬁF(Z(T ))}- (6.13)
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For numerical calculation of these 2D spectra in Equations 6.12 and 6.13, both the
spectral density, p(w), and the solvent reorganization energy, A, which are required
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FIGURE 6.1 Two-dimensional transient grating spectra for the model system discussed in
Section 5.8. The 2D contour spectra are shown for 7 = 100, 300, 500, and 800 fs.

to obtain the line-broadening function g(f), should be determined first. Here, we con-
sider the same model 2LS used to numerically simulate the integrated photon echo
signal and PEPS in Section 5.8. The spectral density is given in Equation 5.83, and
A is assumed to be 500 cm™ in the present case. For the following numerical simula-
tions, the pump—pulse envelope will be assumed to be identical to that of the probe
pulse, and the full-width at half-maximum (FWHM) of each pulse is set to be 50 fs,
so that w and w are 250 cm™.

In Figure 6.1, the 2D transient dichroism spectra at 7 = 100, 300, 500, and 800
fs are plotted. Here, the population relaxation contribution to the signals that can be
taken into account by multiplying an exponentially decaying function to the corre-
sponding pump—probe response function has not been included because it does not
strongly alter the 2D peak shape except for its widths along the x- and y-axis in the
spectrum. The TD spectra at short time 7 are tilted and elliptical. Particularly, the
TD spectrum at T = 100 fs is diagonally elongated. The degree of slant of the TG
and TD contours decreases as the pump—probe delay time 7 increases. The reason
the 2D TD spectra are significantly tilted at short time 7 is that the memory on the
phase space of initially pumped wavepacket is not fully faded out yet within such a
short time. That is to say, the solvent inhomogeneity experienced by chromophores is
large at short timescale. This memory loss rate is determined by the function, H(T),
defined in Equation 5.51, or approximately the solvation correlation function, S(T)
(see Equation 5.53).

At sufficiently short time 7, the 2D spectrum is diagonally elongated even in the
case when there is no static inhomogeneity. From the expression for the TD spectrum
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in Equation 6.12, one can obtain an approximate result for the FWHM along the
diagonal, which is found to be

172
8(In2){(Q? + w?)(Q? +w?)— H*(T)}
AW 4, (T) =
aie (1) ( 202 + w2 + w2 —2H(T) 6.14)
The FWHM along the antidiagonal is, on the other hand,
172

8(In2){ (2> + w2)(Q*+w?)—- HX(T

A® iy (T) = (n2){( X 2 ) M) 6.15)
2Q2 +w?r+w?+2H(T)

Second, the width of the 2D TD spectrum along the w,, axis at ,, = ®,, increases as

the delay time T'increases. This is not only because of the H(T)-dependent standard de-
viation of the ®,,-dependent Gaussian function, whichis \/QZ +w?—H*(T)I(Q*+w?),
but also because of the spectral diffusion—induced frequency-shift of the 2D peak
from the stimulated emission contributions. Due to the spectral diffusion function,
Q(T), the center frequency of \/TC/(QZ +w? — H*(T)/(Q? +w?)) exp(-Y*(T)) along
the ), axis at long time T shifts toward the value of ®,, —2A/A. This can be easily
understood by noting that the TD signals at large T are given by a sum of two 2D

Gaussian functions centered at (w,, = 0,,, ®,, = ®,,) and (®,, = O,,, ®, = O, —2A/h),
that is,
ST )= i i o k s (P Fexp-Z2 D) (616
where
Y(eyz Qo —Ca PV ey O =P ©.17)

J2(Q2 + w?) V2(Q2 +w?)

As can be seen in the contour plots in Figure 6.1, the center position of the 2D TD
spectrum, which is given by two 2D Gaussian functions originating from ground-
state bleaching and stimulated emission contributions, changes with respect to the
delay time 7, and its location is at (®,, = ®,, and ®,, =®,, +8w(T)), where the
T-dependent frequency shift 5o(7T') is found to be

d(T)=0(T)=S(T) —%. (6.18)

Therefore, the T-dependent 6m(T) obtained from experimentally measured series
of 2D TD spectra can directly provide quantitative information on the correlation
function, S(T'), which is related to the frequency—frequency correlation function (see
Equations 5.52 and 5.53).
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EXERCISE 6.1

Using the model system discussed below Equation 6.13, numerically calculate
the 2D TD spectrum at 7 = 1000 fs. From the simulated spectrum, estimate
A® 4, and A®,,,; 44, values and compare them with the results obtained with
Equations 6.14 and 6.15.

Next, consider the 2D transient birefringence spectra numerically calculated by using
the same model parameters (see Figure 6.2). Each spectrum contains both positive and
negative peaks, which is a characteristic dispersive feature. Note that the two peaks at
the maximum and the minimum are separated from each other, and that the magnitude
of peak separation, A(T), increases as the interpulse delay time 7 increases. In addition,
it is found that the 2D TB contour plot has a nodal line, and its slope is close to 1 at short
time 7 but decreases to zero at long time. The slope of the nodal line will be denoted as
o(T). Then, consider the contour line of S75(® ,,,®,,;T) = 0. The slope of the tangential
line of this specific contour line in the region between the positive and negative peaks
should be o(T). Because the Dawson’s integral, F(x), reaches the maximum value at
x=0.92,°IF(Y(T))land | F(Z(T))l become maximum when, for®,, = ®,,,

Op =P =20T) (095 and O =B __0.92. 619
\/2 Q- gzyg+ 2) L@ - LDt ) ~

Therefore, the location of the midpoint between the positive and negative peaks is at

HX(T )

o, =0, and 0);,:0.92\/2(92 O aw

) +0,+0(T).  (6.20)
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FIGURE 6.2 Two-dimensional transient birefringence spectra of the same model system
used in Figure 6.1.
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From this, the slope of the nodal line is found to be

HT) _(2) ST
Qw2 (B ) Q2w

This shows that the correlation function S(7T') can be experimentally measured from
the 7-dependent change of the slope of the 2D TB nodal line also.

Up until now, the static inhomogeneity has not been included in the description
of 2D pump—probe spectrum of a model 2LS. If the static inhomogeneity is approxi-
mately given as a Gaussian with standard deviation X, one should simply perform the
following replacements in all the equations in this section:

o(T)=

(6.21)

Q2 5 Q2 +32
H(T)— H(T)+ X2 (6.22)

In this case, the 2D TD and TB contours remain to be tilted regardless of the delay
time 7. For instance, the asymptotic value of the slope, 6(T" — o), would approach to
a finite value, and it is directly related to the width of the static inhomogeneity as

ZZ

(T > o)=—— .
( ) Q2+ 22+ w?

(6.23)
This relationship would be of use in determining the width of static inhomogeneity
distribution, Q. Note that the value Q? is the homogeneous line-broadening factor
that can be estimated from the antidiagonal line-width in Equation 6.15 and the
pump pulse width w can be experimentally measured. Thus, from the measured
G(T — o) value and Equation 6.23, Q? can be quantitatively estimated.

6.3 TWO-DIMENSIONAL PUMP-PROBE SPECTRUM
OF AN ANHARMONIC OSCILLATOR

In the previous section, 2D pump—probe spectroscopy of a 2LS was considered in
detail. However, when the chromophore is a vibrational oscillator, not only the first
vibrationally excited state but also the second excited (overtone) state are involved in
a 2D four-wave-mixing process. If the oscillator is perfectly harmonic, the 2D vibra-
tional response function vanishes. However, for a realistic vibration, the potential
energy surface is anharmonic so that the corresponding response function does not
vanish and the measured 2D spectrum provides critical information on the vibra-
tional anharmonicity for a single oscillator system.

Here, the three vibrational levels are denoted as Ig>, le>, and If>, where If> is the
overtone (second excited) state. Due to the presence of the third state, in addition to
the four diagrams in Equation 6.3, one should consider two more contributions:

fee
<p > lg><gl>

fe e
<p lg><gl>. (6.24)
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Hereafter, the corresponding response function components associated with the
above two diagrams will be denoted as R5 and R, respectively. They involve popu-
lation (p{?) evolution during the second time period f,. Then, the third radiation—
matter interaction induces one quantum transition from e to f. Therefore, these two
contributions are called the excited-state absorption (EA). The expressions for the
corresponding third-order response function components can be obtained from
Equations 5.26 and 5.29, which are valid for an arbitrary four-level system. In the
case of the weakly anharmonic oscillator, the transition dipole matrix element I ;| is
related tolp, laslp,l= V2 I, | . Furthermore, the vibrational chromophore-solvent
interaction induces fluctuation of the vibrational force constant so that the fluctuat-
ing part of the transition frequency between g and f states is twice as large as that
between g and e states, that is,

U, (0)=2U,,(0). (6.25)

Therefore, the correlation functions representing correlation amplitudes between
fluctuating transition frequencies are related to one another as’ !

1 1 1
C,.1= Zcﬁ(t) = ECef(t) = che(t) (6.26)
where

1

Cﬁ‘(t) = ﬁ < Ufg (t)Ufg (O)pB >3
1

Cy ()= PEa U, (DU, (0)pg >

1
C.()= " <U MU, (0)pp >p . (6.27)

Using these relationships, one can obtain the expressions for the two diagrams in
Equation 6.24, in terms of the line-broadening function g(#), as

Rs(t5,1,, 1) =— [l‘l‘gel‘l‘qfl'l’feueg] exXp {_ia)_fetS + ia)egtl}

xexp{—g(t;)— g (t)+g(t) — g (t, +1,)— g(t, +1;) + &' (t, + 1, + 13)}

R6 (t3 ’ t2’ tl ) = _[l‘l‘geuefl‘l‘fe”'eg ] exXp {_ia)fet.? - i(T)egtl }

X exp{-g(t)—g(t)—g (L) + gt +1,)+ 8 (1, +1;) — gt + 1, + ;) }. (6.28)
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By using the short-time approximation again and by considering the well-separated
pulse limit, the excited-state absorption contribution to the pump—probe polariza-
tion, P, (k,,?), is found to be

2iﬂ:E‘pr (t)E;Z)u [p“efp'fe”'egp‘ge] : epr puepu

P (1) = @ 4wy (QZ oy )1/2 exp(—X?)
{exp( WZ(T))+jl_F(W(T))} (6.29)
where
W(T) = o, 0, =20(T) - g (0, ~0,)

\/2 Q2 _ H2 @) 4 ) ’ (6.30)

Note that P54 (¢) differs from P35 (¢) by (1) the factor of 2 originating from the rela-
tionship I, I’=21p,, I, (2) the sign that the excited-state absorption contributes to
the PP signal negatively, and 3) ®,, —®,,—> ®,, —® .

Therefore, for an effectively three-vibrational-level system, the total pump—probe
polarization is given by a sum of three contributions:

Ppp (1) = P35 (1) + PEE(1) + PR (). (6.31)

Due to the phase difference e™ (= —1) between P2 (t) and P5E (¢) + PSE(¢), the addi-
tional excited-state absorption contribution interferes destructively in the region
where the spectral overlap is large. Combining the results in Equations 6.12 and 6.13
with the EA contribution to the 2D pump—probe spectrum, one can find that the 2D
TD and TB signals of an anharmonic oscillator are

mexp(—X?)
@+t (02 - 220 i)

STI) (mpu ’ (")pr; T) o<

x{2exp(=W*(T)) - exp(=Y*(T)) — exp(-=Z*(T))} (6.32)

mexp(—X?)

T oc
) Q2+ WZ)I/Z(QZ HZ:T;_F )1/2

pre

STB (wpu >, ®

2 2 4
X {\/EF(Y(T))+\/EF(Z(T))—\/EF(W(T))}. (6.33)
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The 2D TD spectrum consists of three 2D Gaussian functions. The peak positions of
the three independent terms are

Ground-state bleaching (GB): (0, =,
Stimulated emission (SE): (o, =®

Excited-state absorption (EA):  (®,, =®,,,®,, =04 +20(T)).

eg’

Noting that @, = ®,, —8®,,,, where 8w,,, is the overtone anharmonic frequency
shift, one can find that the peak position of the EA contribution is at(®w,, = ®,,,
0‘)pr = a)eg - 60‘)01111 + 2Q(T))

Perfectly harmonic case. If there is no overtone anharmonicity, that is, perfectly har-
monic oscillator, ® , = ®,, and the relation |y | = V2 i, | is exact, then, the magnitude
of the GB+SE term is identical to that of the EA contribution and the pump—probe signal
vanishes. However, all real molecular vibrations are intrinsically anharmonic.

Strongly anharmonic case. In the limiting case when the overtone anharmonic
frequency shift 8w, is much larger than the absorption bandwidth and solvent reor-
ganization energy, that is, d®,,, > Q and d®,,,, > A/i, the TD spectrum will exhibit
two peaks with opposite signs and the peak-to-peak frequency difference is simply
identical to d®,,,,.

Weakly anharmonic case. When 0, is comparable to the absorption band-
width, which is approximately € (root mean square fluctuation amplitude of vibra-
tional transition frequency), the peak-to-peak frequency difference is a complicated
function of dw,,,, Q, and pulse widths. This case is considered below.

First of all, the functional form of the spectral density, p(®), will be assumed to
be the same with Equation 5.83, but the solvent reorganization energy, A, is assumed
to be 10 cm™ in the present case of anharmonic oscillator. Note that the vibrational
Stokes shift, which is the solvation energy change upon vibrational excitation, is
typically one to two orders of magnitude smaller than that of electronic transition.
The IR pump—pulse envelop is assumed to be identical to that of the IR probe pulse,
and the FWHM of each pulse is set to be 200 fs so that w and w are 63 cm™'. Due
to the nonzero vibrational anharmonicity, we assume that the overtone anharmonic
frequency shift 8w, = ®,, — @, is 30 cm™. The 2D TD spectra for varying delay
time T are plotted in Figure 6.3. At short time (see the contour plot at 7= 100 fs), the
positive and negative contours are diagonally elongated and the nodal line between
the two peaks has a finite slope. As T increases, the slope changes and approaches
zero, in the case when there is no static inhomogeneity.

For a weakly anharmonic oscillator, the peak-to-peak frequency difference in the
present model system is estimated to be about 180 cm™!, which is much larger than the
overtone anharmonic frequency shift 30 cm™. Furthermore, the two peak positions
along the ®,,-axis change in time T via the spectral diffusion process described by
Q(T). Note that the two contributions from EA and SE+GB, which are 2 exp(—-W?2(T))
and —exp(=Y*(T)) — exp(—Z2*(T)), respectively, are Gaussian functions centered at
0, =0, —00,,+20(T)and®,, =0,, +Q(T), respectively. The maximum values
of 2exp(-W?2(T)) and exp(-Y *(T)) + exp(—Z?(T)) are in this case almost the same.
Thus, the slice of the 2D TD spectrum at @, = ®,, can be recast in the form

STD (O)pu = (I)eg’o‘)pr; T) o< exp(_A(T){x - xl(T)}z ) - exp(_A(T){-x - XZ(T)}Z) (634)
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FIGURE 6.3 Two-dimensional transient dichroism spectra of anharmonic oscillator.

where

X=0, —0,

x(T) =2Q(T) - 8w,
x,(T)=O(T)

_ 1
A= 2Q2 - HA(T)[Q? +w T +w?) (©3)

The two (positive and negative) peak positions can be found by solving the following
nonlinear equation, obtained from dS;,(®,,, = ®,,,0,,;T)/dx = 0, for x,

x=x(T)

r— (T = eXP{_A(T)[2(x1 (T) = x,(T)x —x}(T) + x%(T)]}, (6.36)

One cannot analytically solve the above nonlinear equation to find two roots.
However, in the weakly anharmonic case, it should be noted that, regardless of 7,
for x in the range from [x,(T) + x,(T))/2 — Q2 + w? to [x,(T) + x,(T))2 + Q> + w2,

we have
[A(T)[2(x,(T)— x,(T))x]l << 1. (6.37)

Thus, Equation 6.36 can be recast in the form of a quadratic equation of (®,, — ®,,).
Thus, the magnitude of the peak-to-peak frequency difference, denoted as Aw(7T),
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is approximately found to be

A(T) = \/4(92 —H*(D)[Q2+w? '+ w?) + QX(T). (6.38)

Ignoring the T-dependent terms in Equation 6.38, one can further simplify it as
Ao = 2/Q%2 + w2, (6.39)

which is 180 cm™ in the present model case. Thus, for weakly anharmonic oscillator,
it is concluded that, if the square root of Q2+ w?is larger than the sum of dw,,;, and
AR, or if the two (positive and negative) peaks are strongly overlapped in frequency
domain, the peak-to-peak frequency difference in the 2D TD spectrum is deter-
mined not by the anharmonic frequency shift but by the root mean square fluctuation
amplitude Q and the spectral bandwidth of the probe pulse. This is indeed the model
case studied above, for example, vQ? +w? =90 cm™ > 6w, + A/l =40 cm™.

Secondly, the slope of the nodal line in the 2D TD spectrum is found to be related
to the function S(7). Defining 6(t) to be the slope of the nodal line (see the dashed
line in Figure 6.3) at®,, = ®,, and ® ,, = ®,, +[x,(T) + x,(T)}/2, we find

o(T) (6.40)

_HT) _(2) sm)
S Q2w BB ) Q2w

Again, once the slope 6(7)is experimentally measured as a function of 7, the sol-
vation dynamics function S(7') can be obtained by using the above relationship,
Equation 6.40.

Although the time-dependent 2D TB spectrum of an anharmonic oscillator has
not been discussed in detail in this chapter, using the formal expression given in
Equation 6.33 and performing numerical calculations of the Dawson integrals, one
can find spectroscopic signatures of solvation dynamics and vibrational transition
frequency-frequency correlation functions from the 2D TB measurements. In addi-
tion, similar to the case of 2LS, the static inhomogeneity effects on various pump—
probe spectra of anharmonic oscillator can be understood by performing the same
replacements in Equation 6.22. Again, the asymptotic value of the inverse slope,
6(T — o), will provide quantitative information on the existence and magnitude of
static inhomogeneity.

In this chapter, theoretical descriptions of 2D pump—probe spectroscopy of two-
and three-level systems, which are good models for an electronic chromophore and
an anharmonic oscillator, respectively, were presented. The expressions for the
2D pump—probe signals presented here will be of use in the investigations of pure
dephasing, static inhomogeneity, and chromophore-solvent dynamics of two- and
three-level systems. However, it should be noted that the 2D pump—probe spectro-
scopy requires frequency-scanning of the pump field. In contrast, the photon echo
spectroscopy with ultrashort pulses is useful for directly obtaining the entire 2D
spectrum by scanning the interpulse delay times followed by 2D Fourier transforma-
tion. Thus, the photon echo method has been considered to be a convenient 2D vibra-
tional or electronic spectroscopy. This will be discussed in the following chapter.
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7 Two-Dimensional Photon
Echo Spectroscopy

Electronic or vibrational photon echo has been considered to be an optical analog
of the NMR spin echo.'-¢ In an optical photon echo experiment typically utilizing
three light pulses, a phase-matching geometry based on momentum conservation
of the photons is used to detect the echo signal field propagating in the direction
that is different from those of incident beams (see Figure 3.3). An early purpose of
photon echo investigation was to exploit the correlation between the initial excita-
tion frequency and the final detection (emission or probing) frequency in time and
to eliminate the static inhomogeneous line-broadening contribution by measuring
the rephasing echo signal.>” 8 In the limiting case when the line shape is dictated
by a large inhomogeneous broadening, the echo signal field will peak at 7 = T due to
the rephasing process (see Section 5.6). However, chromophores in solution do not
have truly static inhomogeneity due to the ultrafast spectral diffusion and solvation
process so that the echo signal field amplitude varies in the detection time ¢, which is
the time after the third pulse in a three-pulse photon echo experiment.

The phase-matched photon echo signal field should then satisfy the following wave
vector equality: k, = —k; + k, + k;. The corresponding diagrams have been called
the rephasing ones. The “mirror image” echo appears at k, = k;, — k, + k;, and the
corresponding nonlinear optical transition pathways were called the nonrephasing
diagrams. At short time (<T,,; OF Ty, oerence)> the rephasing echo and the mirror image
(nonrephasing) echo signals, with respect to the first coherence period, T, do not
completely overlap,” and the time difference between the two peaks was defined as
the three-pulse PEPS denoted as t* (7). 7- 1% ' It turned out that the PEPS as a function
of the second delay time 7 between the second and third pulses in the three-pulse
photon echo was shown to be directly related to the transition frequency—frequency
correlation function, and its asymptotic value is related to the static inhomogene-
ity directly reflecting unequal environments around different chromophores.” ! The
delay time T was called the waiting or population evolution time in the literatures.
Usually, the conventional integrated photon echo signal depends on two time vari-
ables T and 7, and the echo field intensity (not amplitude) was detected. Therefore,
the integrated photon echo measurement method cannot provide the 2D photon echo
spectrum unless notable quantum beats exist.

In a real 2D photon echo measurement, a femtosecond optical (either visible or
infrared) pulse whose spectral bandwidth is sufficiently broad enough to simultaneously
excite a manifold of excited or delocalized excitonic states can create quantum coher-
ences Py (T) between the ground and excited states. The second pulse interacts with
the system, and either the ground-state population P (T,T) or excited-state coherence
p2(1,T) (for e # €) or populationp'?’ (T, T)is created. Note that the density matrix
p'?(1,T) is second order with respect to the external electric field amplitude. The third
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field-matter interaction finally generates the third-order perturbation-expanded density
matrix elements such as p(;; (t,T,t), which in turn radiate the echo signal field via a spon-
taneous emissive interaction with the vaccum field. Detecting the photon echo signal
field with respect to 7, 7, and ¢ and Fourier transforming it with respect to T and ¢, one can
obtain the 2D photon echo spectrum S, (®,,T,®_) as a function of the waiting time 7.
One can use different methods to control the pulse-to-pulse delay time, phases between
pulses, center frequencies of each pulse, and so forth, but regardless of detailed experi-
mental approaches, the 2D photon echo spectroscopy is essentially to measure the third-
order response function with respect to T, 7, and . In this regard, it can be considered a
3D spectroscopic method,'? since one can carry out an additional Fourier transforma-
tion of the third-order response function with respect to 7 too. However, for the sake
of simplicity in plotting the 3D function and for clear interpretation, the 2D spectrum
Spp(®,,T,m ) has been reported with respect to the waiting time 7. In the present chap-
ter, we will mainly consider the 2D photon echo spectroscopy of simple model systems,
such as 2LS and anharmonic oscillator. Furthermore, a few simplified 2D peak shape
models will be discussed here.

7.1  PHASE AND AMPLITUDE DETECTION OF TWO-DIMENSIONAL
PHOTON ECHO SIGNAL FIELDS

There are a number of different ways to detect weak and transient signal electric
fields. For instance, one can use a time-gated pulse combined with an upconversion
detection technique to measure the temporal amplitude of a weak signal field.!*-1¢ A
variety of heterodyne detection methods have also been developed over the years,
but the so-called Fourier transform spectral interferometry (FTSI) has been most
extensively used among them."”-2> Here, the phase-and-amplitude detection of the
weak signal field via the FTSI is discussed in detail, not only because it has been
widely used in both 2D IR and 2D electronic spectroscopy based on a photon echo
scheme, but also because it is a fundamentally important and quite versatile detec-
tion scheme used in many other applications.

To fully extract information on nonlinear molecular responses against a train of
interrogating pulses, one should be able to characterize the signal field in terms of
its phase and amplitude. To achieve such a goal, a heterodyne detection method in
frequency domain based on the Mach-Zehnder interferometer (see Figure 7.1) has
been widely used because fast response array detector is available. The three-pulse
photon echo experimental setup is inside the Echo EXP box in Figure 7.1. Then, the
generated signal field E, is combined with the reference (local oscillator) field E,,.
The two fields then interfere with each other, and the total intensity, which is the
absolute square of the sum of the two electric fields, is then detected, that is,

1(®) =1 E,(0) + E, () P=1 E, () P+ | E, (0) P+ 2Re[ E (0)E,(@)].  (7.1)

Often the second term on the right-hand side of Equation 7.1 is much smaller than
the last interference term since the latter is linearly proportional to the reference field
amplitude. Using a chopper properly placed in one of the arms of the Mach-Zehnder
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BS
\ Echo E(») ] M
| EXP —]

FIGURE 7.1 Fourier transform spectral interferometer for heterodyne-detection of photon
echo signal field E(w). The photon echo experimental setup is inside the Echo EXP box.
The generated photon echo signal field is delayed from the reference pulse E,(®) by a finite
time A.. Here, BS is beam splitter; MC, monochromator; M, mirror; Det, multichannel array
detector.

interferometer in Figure 7.1 and taking difference intensity, one can selectively mea-
sure the heterodyned signal I, = 2Re[Ej(®)E (®)].

When the reference pulse and signal field are temporally overlapped at the detec-
tor, the interference term is likely to be very large. However, in order to enhance the
spectral resolution and to selectively eliminate the contribution from the reference
pulse spectrum to the measured heterodyned signal, the reference pulse is deliber-
ately made to precede the signal by a fixed time delay A_.!7 The delay time A_is cho-
sen to be large enough to reduce the temporal overlap between the reference pulse
and signal field but small enough to make the interference signal measurably large.
In this case, the interference part of the measured signal has an additional phase-
factor originating from the finite delay time A_ as

I,(0) = 2Re[ Ej(@)E, ()e . (7.2)

To obtain the complex spectrum of the signal field, it is necessary to manipulate the
heterodyne-detected spectral interferogram as

F| 0@ F I, (®)} |e7®
E (0)= [ - ] : (7.3)
Ey(®)
where F[---] and F~![--] are the Fourier and inverse Fourier transforms, respectively.
0(z) is the heavy-side step function.

EXERCISE 7.1
Derive Equation 7.3 from 7.2.

In a photon echo experiment, the echo field is put into a spectral interferometer
to allow its interference with the reference pulse. In this case, the transient profile
of the echo signal field as a function of detection time ¢ is not directly measured
but indirectly characterized by using this FTSI in frequency domain. Here, the
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heterodyne-detected signal intensity /,(®, 7, T) corresponds to the echo signal
depending on the two experimentally controlled delay times T and 7. Therefore, the
2D photon echo signal field can be extracted from /,(®,, 7, 1) as

FlO)F{I,(0,.T. )} e
Ej(w,) '

Eech() ((‘Ot ° T’ T) = (74)

The 2D photon echo spectrum is finally obtained by performing a numerical Fourier
transformation with respect to the first coherence delay time, T, as

Eecho(wt’T’('Or) = J. drt Eecho(wnT’T) exp(iwrt)' (75)

This has become the standard procedure for a spectral interferometric heterodyne-
detected 2D photon echo experiment. Certainly, one can use a pulse-shaping tech-
nology to keep the phase between pulses constant and to control the delay time T
in an automated fashion. Nevertheless, the essential idea is that the double Fourier
transformations of the echo signal field E,,, (¢, 7, T) with respect to T and ¢ are
required to obtain the 2D photon echo spectrum.

Since thus obtained 2D photon echo spectrum is complex and depends on the
phase-matching condition used, there exist different ways to present the 2D pho-
ton echo spectra. For the phase-matching scheme with k, = -k, + k, + k;, the real
and imaginary parts of Emm (o,,T,®,) can be separately measured and have been
reported. The absolute magnitude spectrum defined aslE,,, (®,,7,m,) was also
used in some cases and often discussed in literatures. An absorptive 2D photon echo
spectrum obtained as the sum of equally weighted rephasing and nonrephasing pho-
ton echo spectra was also considered to be of use. Most of the photon echo spectros-
copy experiments were based on a noncollinear four-wave-mixing scheme with a
specific phase-matching condition mentioned above, where incident beams propa-
gate slightly differently (see Figure 7.2) in space. Phase-matching method has a clear

T '+ 1

A A A
¢3 L) P,
Phase Cycling

Phase Matching

FIGURE 7.2 Phase-matching and phase-cycling beam configurations for photon echo
mesurement. In the former case, the three incident beams are noncollinear, and the generated
echo signal field radiated in the direction of k; wavevector is selectively detected by using
one of the heterodyne-detection methods. On the other hand, the phase-cycling method uses
three collinear pulses, but the relative phase of each pulse is precisely controlled and a proper
combination of phase-cycled signals gives the echo signal.
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advantage of spatial separation of the desired and undesired signals, as can be seen
in Figure 7.2. Note that the signal field propagates in a different direction.

However, the direct optical analog of 2D NMR utilizing the phase-cycling tech-
nique was also experimentally demonstrated to be feasible.?6-2” The phases of the three
collinearly propagating pulses are controlled so that the echo polarization becomes
a function of the input pulse phases ¢, — ¢, (see Figure 7.2). The echo polarization
has a unique phase dependence on the input pulses. Then, the photon echo peaks can
be selectively measured by combining sixteen different phase combinations, that is,
sixteen-step phase cycling. It should be mentioned that there are certain advantages
of phase-cycling technique over phase matching: (1) coherently averaging away the
specific interaction mechanism can enhance signal intensity, (2) collinear approach
decreases the number of required data points, and (3) phase-matching technique
works in extended systems with many chromophores, but the collinear phase-cycling
technique is not strongly limited by the size of the sample. For the sake of experi-
mental demonstration, rubidium atomic vapor was chosen, where rubidium atom can
be considered a four-level system consisting of the ground state 5S,,,, two singly
excited states 5P,,, and 5P,;,, and one doubly excited state 5D. Despite the success
of the optical 2D spectroscopy with employing a phase-cycling technique, it needs
to be developed further to allow its application to a variety of 2D electronic and
vibrational spectroscopic investigations of complicated molecular systems such as
proteins, molecular complexes, and the like.

7.2 TWO-DIMENSIONAL PHOTON ECHO
SPECTRUM OF A TWO-LEVEL SYSTEM

In Chapter 5, a theoretical description of the three-pulse photon echo polarization
was presented in terms of the third-order electric-dipole response function and its
triple convolution with pulsed electric fields. In particular, the rephasing echo mea-
surement is to detect the emitted signal field in the direction of -k, + k, + Kk;. Then,
only the rephasing diagrams are important due to the resonance conditions, and
Section 5.6 showed the temporal envelope of the photon echo polarization:

2 \3 moo o oo
1 . "
PPE(t,T,r):(%) '[ dtlj dtzj dt; (R, (t;,1,,1)) + Ry (t3,1,,1) } 1€;€,€ 1 E5 (1 — 1)
0 0 0
XE,(t+T—t,—t,)E/(t+7T+T —t,—t,—1,) expliot, —iot,}. (7.6)

Here, the two rephasing diagrams representing R, (#;,1,,1,) and R;(¢;,1,,1,) contribu-

tions are, for 2LS,
e
<p lg><gl>
g e
%I [
<p g><gl>.
goe (77)
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Using the short-time approximate expressions for R,(t;, t,, t;) and Rs(t;, 5, 1)),
Equation 7.6 can be rewritten as

PPE(t,T,r):—ih-3[pgepegpgepeg]fe3e2e}‘j dt,J dt2J dty M(t5,1,,1;)
0 0 0

{exp(i(®— (TJeg =20(t,))t; —i(w — (T)eg )t,) +exp(i(w — (T)eg ),

—(0—-0, )} E(t—6)E,+T -1, —t)E[(t+T+T —t, —t,— 1)),
(7.8)

where the line-shape function M(z;, ¢, t;) commonly appearing in R,(t;, ¢, #,) and
Ry(t5, 1, 1)) is defined as

1 1
M(t,.t,,1,) = exp {—292112 - EQZISZ + H(tz)tlt3}. (7.9)

If the temporal envelopes of the three pulses are sufficiently short, the above integra-
tions can be approximately performed to find that

PPE (t’ T’ T) o< _ih_3E3E2El* [p‘ge""egugep‘eg]se3e2eTM(t’ T? T)
X {exp(l(o‘) - (T)eg - ZQ(T))t - l((,l) - a)eg )T)

+exp(i(w - 0,)f —i(0 -0, )0} (7.10)

Note that the first term inside the curly bracket of Equation 7.10 originates from the
stimulated emission pathway involving excited-state population evolution p> (T, T)
during 7, whereas the second does from the ground-state bleaching pathway involv-
ing ground-state evolution p{ (7, 1) during T.

From the photon echo polarization in Equation 7.10, the generated echo field
amplitude is

EPE(I’T»T) o iPPE(th’T) o< [p‘ge”'egp“ge““eg]Ee}ezeTM(t’TsT)
x {exp(i( — ®,, — 20(T)t —i(® - ®,,)1)

+exp(i(w -, )t —i(0o-0,)70)}. (7.11)
In general, there are three possibilities of 2D Fourier-transforming the above echo
field amplitude by choosing a pair of time variables from 7, 7, and . However, the

most popular choice has been to take T and ¢ variables for the transformation, and the
2D Fourier—Laplace transform of E . (¢, T, 7) is defined as

fEPE(cT),,T,(T)T):J dtj dTE,p(1,T,7) exp(id,t + i, ). (7.12)
0 0
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Inserting Equation 7.11 into 7.12 and carrying out the integrations, one can obtain
the 2D spectrum. For the sake of notational simplicity, let us define two frequen-
cies as

O =0+0. (7.13)
Then, we get
PE((DHT () ) E (mt’T ® )+E (mt’T ® ) (714)

where

n[uge"l’egl‘l‘gel‘l‘eg] 3e2 1

(Q4 — HZ(T))l/Z eXp( xz)

E‘;%(O)t, T70)1:) =
X {GXP(—yZ(T)) +j1i—EF(y(T))} (7.15)

n[”‘gep“egp‘geu“eg] eBeZel e

Egg(ﬂ)t,T,OJT) = (94 _ HZ(T))I/Z

xp(—x?)
X {exp(—zZ(T)) + %F(z(n)}. (7.16)

The Dawson integral, F(x), was defined in Equation 6.9, and the auxiliary functions
in Equations 7.15 and 7.16 are defined as

x=0‘)‘r_ eg
202
o, -0, —20(T) -2 (0, -0,)
wT)=—
\/2 Q2 — Hz(T)
(1= 2" O o (0.-0,) (7.17)
Z = . .
HX(T)
2(92—7)

The resultant 2D photon echo spectrum in Equation 7.14 is identical to the 2D
pump—probe spectrum in Equation 6.7 if the pulse widths w and w are assumed to be
zero. Therefore, one can carry out the same line-shape analyses of the 2D photon echo
spectrum for a 2LS. Before that, it should be mentioned that from Equations 7.15 and
7.16, the 2D line widths at 7'= 0 approaches zero, which is an unrealistic behavior.
This is simply caused by the short-time approximation to the third-order response
function as well as by the assumption that the pulses are extremely short. Thus,
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the above approximate results should be of use only when the three pulses are well
separated in time and when the pulses are sufficiently shorter than any other nuclear
dynamics affecting changes of the response function. If one is interested in the 2D
photon echo spectrum at a very short time where the three pulses are significantly
overlapped in time, not only the rephasing diagrams but also the other nonrephasing
diagrams are to be included in the numerical simulation and in the interpretation
of the experimentally measured signal. Then, the more general expression beyond
Equation 7.6 should be used. However, in this chapter we will not present any discus-
sion along this line anymore, because not only is such extension conceptually and
numerically complicated but also it does not add much to the general picture on how
useful the 2D photon echo method is to understanding various interesting chemical
and physical processes of molecular complexes.

From Equation 7.16, it is noted that the ground-state bleaching contribution to the
real part of the photon echo, Re[l:j pe(®,,T,0,)], appears as a 2D Gaussian function
with center frequency at®,_ :~(7)eg and®, =®,,. On the other hand, the stimulated
emission contribution to Re[E p.(®,,T,®,)], which is also a 2D Gaussian func-
tion, peaks at®w =, and®, = ®,, +2Q(T). Due to the spectral diffusion process
described by Q(T), the center position of the stimulated emission term shifts in time
and asymptotically approaches to ®, = (T)eg —2MhasT — o<, If the solvent reorgani-
zation energy is sufficiently large, the width of the 2D Re[E . (®,,T,®,)] spectrum
along the ®, axis will change in time 7, and its increasing pattern is determined
by S(T).

At a sufficiently short time 7, the rephasing 2D photon echo spectrum Re X
(E pe(®,,T,m,)]is diagonally elongated due to the short-time inhomogeneity of local
environments around chromophores, but as T increases the 2D Re[E, (®,,T,®,)]
spectrum becomes a symmetric round shape.?®-*° From Equations 7.15 and 7.16, the
FWHM along the diagonal is found to be

Aw, (T)=2{Q*+ H(T)}In2, (7.18)

diag
whereas that along the antidiagonal is

Awanti—diag (T) = 2 {QZ - H(T)} ln 2 (719)

Within the short-time approximation to the frequency-frequency correlation func-
tion (FFCF), it was shown that the FWHM of the absorption spectrum is ZMQ
(see Equation 3.51). Therefore, the diagonal FWHM of the 2D photon echo spectrum
is always larger than that of the linear absorption spectrum, whereas the antidiagonal
FWHM is smaller than 24/In 2Q. As T increases, the ratio A® 4, (TYA® i (T)
becomes approximately linearly proportional to H(T) or S(T) as

Ao, (T
au M)y HD) _y 25(T)
Amanti—diag (T) QZ hBQ2

(7.20)

Thus, the ratio of the diagonal FWHM to the antidiagonal FWHM can be used to
determine the FFCF or salvation dynamics function S(7) experimentally.
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The imaginary part of the photon echo spectrum, Im[E o (0,,T,0.)],1s related to
the transient birefringence spectrum discussed in Chapter 6 for the 2D pump—probe
spectroscopy. Typical spectral shape of Im[E pe(®,, T, )]is similar to those in
Figure 6.2. Then, again the slope of the nodal line, denoted as 6(7’), is 7-dependent
and given as

_H(T) _28(T)
oM="0r =ipa

(7.21)

In the case when there is finite static inhomogeneity reflecting inhomogeneously dis-
tributed local environments around optical chromophores, the above results should
be slightly modified by performing the following replacements:

Q? - Q2+ 32
H(T)— H(T)+Z%?, (7.22)
where X is the standard deviation of the Gaussian function representing the static
inhomogeneous line broadening. Then, the real and imaginary parts of the 2D pho-
ton echo spectrum remain to be tilted even for a long time T later. For instance,

the asymptotic value of the slope, G(T — o), would approach to finite value as
O(T — o0 = X2/(Q2 + X2).

7.3 TWO-DIMENSIONAL NONREPHASING PHOTON
ECHO SPECTRUM OF A TWO-LEVEL SYSTEM

A characteristic feature of the rephasing echo spectrum in two dimensions is that it
is diagonally elongated at short time. This shows that the excitation frequency, which
is the oscillation frequency of the coherence pgg (¢,) during ¢, period, positively cor-
relates with the emission frequency, which is the oscillation frequency of the coher-
ence during ¢, period. Now, let us consider the nonrephasing photon echo experiment,
where the radiated signal field in the direction of k; — k, + k; is measured.

As shown in Section 5.7, the temporal envelope of the nonrephasing photon echo
polarization is given as

N3 o - -
i .
PNR—PE(I’TsT)=(h) -[0 dtlJ.O dtzJ.O A {R\(t3, 05, 1) + Ry (15,15, 1)) } - ese5e  E5 (1 — 13)

XE;(t+T—t,—t,)E,(t+T+T —t, —t, —1,) exp{iodt, + ioot, }. (7.23)

Here, the two diagrams representing R,(f;, t,,¢,) and R,(t;, t,,t,) contributions to the

polarization are
e
<p lg><gl>
gse

e e
<p.£lg><gl> (7.24)
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The coherence pg}; during ¢, time period has the same oscillatory behavior with that
during #;. For the sake of simplicity, let us use the short-time approximate expres-
sions for R,(t;, t,, t;) and R,(t;, 1,, t,) to rewrite Equation 7.23 as

Py pe(t,T,7)= _ih_3[ugel‘l‘egl‘l"gel‘l‘eg]se3e;elJ dtlj dtzj dry N(t3,1,,1y)
0 0 0
{exp(i(® —®,, —20(1,))t; +i(® - O,,)1))
+exp(i(m— (T)?g )t +i(w— cT)Eg )t}
XE,(t—t))E5(t+T —t;, -t )E\t+1+T —t; -1, — 1), (7.25)

where
1 1
N(t;,1,,1) = exp _EQZIIZ - 592%2 —H(t)uts ¢ (7.26)

Note that the only difference between the line shape function N(t;, t,, t,) for the non-
rephasing photon echo polarization and that for rephasing photon echo polarization,
which was denoted as M(t, t,, t,) in Equation 7.9, is the sign of the term H(z,)t,t; in
the exponents. By assuming that the temporal envelopes of the three pulses are suf-
ficiently short, the above integrations in Equation 7.25 can be performed to find

PNR—PE (t’ T’ T) = _ih73E3E;E1 [M‘geu’egu’gep’eg] e3e;e1N(t’ T’ T)
x {exp(i(®w— (Beg =20(M)t +i(o - (T)eg )T)

+exp(i(m— (T)Eg)t +i(m— (T)eg)r)}. (7.27)

From the nonrephasing echo polarization, one can show that the signal electric field
amplitude is

ENR—PE (t’ T’ T) o< lPN —PE (t7 T’ T) = [p‘geu‘(’,g“‘geu’eg] eSe;elN(t’ T’ T)
x{exp(i(w -, —20(T)) +i(®—-®,,)7T)
+ exp(i(0 — @)t +i(0 - B, D). (7.29)

From this, the corresponding 2D Fourier—Laplace transform of E yz_,.(£,T,7), which
is defined as

Eppp(®@,.T,0,) = I dtj dTE yp_pp (1, T, 7) exp(i®,t +i®,T),
0 0
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is found to be

Ey pp(@,.T,0)=Ef (0, T,0)+E@% ,p(0,T,0,), (7.29)
where

Tc[”‘ge”‘eg”’ge”’eg] e3e§el
(Q4 — H2(T))1/2

E%%—PE ((,l), > T’ (D‘:) =

Xp(—x?)

2
X {exp(_yl%/RPE (T)) + TTIE F(ynp-re (T))}

: *
Tc["l’ge"l‘egl‘l‘geueg]' e3e2el e

E%ﬁ—PE ((,l),,T,(,OT) = (Q4 _ HZ(T))I/Z

xp(—x?)

X {exp(_zlz\lR—PE(T)) jl— F(zyp- PE(T))} (7.30)

Here, the two frequencies in Equation 7.29 were newly defined as ®_ = ® + ®_ and
®, =0+ ®,. The auxiliary function x was defined in Equation 7.17, and the two
other functions yy, pe(T) and zy, px(T) are slightly different from those for the
rephasing echo signal, and they are

)= —20(1) + "5 (0, - ®,,)
YNR-PE = \/2 o HZ(T))
QZ
0, -0, +5 (0, -0, )
nppp(T) = ——F (7.31)

Pl

In order to compare the 2D peak shape of nonrephasing spectrum with that of
rephasing photon echo spectrum, the same model 2LS discussed in Section 5.8 and
used in the previous chapter is considered. The real and imaginary parts of the rephas-
ing and nonrephasing photon echo spectra are plotted in Figure 7.3. Here, the wait-
ing time 7 is assumed to be 100 fs. The real and imaginary parts of £, (®,,T,®_),
which are in the far right upper and lower panels in Figure 7.3, are diagonally elon-
gated at such a short time. On the other hand, those of the nonrephasing spectrum,
ENR_ re(®,,T,0;),shown in the middle of the upper and lower panels in Figure 7.3
are antidiagonally elongated. Often, the absorptive 2D spectrum is defined as the
sum of the rephasing and nonrephasing photon echo spectra. The real and imagi-
nary parts of the 2D absorptive spectrum (= Epz(®,,7,® )+ENR re(®,T,0,)) are
plotted in Figure 7.3 also. Indeed, regardless of the presence of short-time inhomo-
geneity, the line shapes are symmetric without any elongations along the diagonal
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FIGURE 7.3 Real (upper-left two figures) and imaginary (lower-left two figures) parts of
the rephasing and nonrephasing echo spetra. The real and imaginary parts of the sum of
rephasing and nonrephasing echo spectra are shown in the upper-right and lower-right panels,
respetively.

nor antidiagonal directions. From these results, it is possible to draw a conclusion
that the information content extracted from the rephasing photon echo spectrum is
the same with that from the nonrephasing spectrum within the approximations used
in this chapter. Throughout this book, the rephasing photon echo will only be consid-
ered and discussed in detail, but in practice the absorptive spectrum, which is given
by the sum of the rephasing photon echo and nonrephasing spectra, has been shown
to be spectrally narrow and exhibits certain enhancement of frequency resolution.
Therefore, one might prefer measuring the purely absorptive 2D spectrum instead of
the rephasing photon echo.

74 TWO-DIMENSIONAL PHOTON ECHO SPECTRUM OF
AN ANHARMONIC OSCILLATOR

When an anharmonic oscillator is under investigation by using the 2D vibrational
photon echo method, it was shown that 3LS is a good model for this. In Section 6.3,
the 2D pump-probe spectroscopy of an anharmonic oscillator was discussed
in detail. In addition to the ground-state bleaching and stimulated emission con-
tributions, the excited state absorption by the first excited state molecules should
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also be included to fully describe the photon echo phenomenon. In the case of the
pump—probe spectroscopy, two different diagrams shown in Equation 6.24 should be
included. However, only the first is one of the rephasing diagrams, that is

fee
<u%lg><gl>. (7.32)

By using the same approximations discussed in Section 6.3, one can find that the
photon echo is given as the sum of three terms as

PE(u),,T o,)= ES Eo,,T,0 )+E B(w,,T,0 )+E Ao, T,0,), (7.33)

where the first two terms involving g <> e transitions were already discussed in
Equations 7.15 and 7.16. The excited-state absorption contribution to the 2D photon
echo spectrum is

n[uef”'fe”'eg”'ge] eBeZeT

Eft (0,00 = - e

exp(—x?)
X {eXp(_Mﬂ () + % F(W(T))} (7.34)

where

o, -0, -20(T)- (0, -,,)

w(T) = 2(92 - m) ) (135)

Q2

Since the ensemble average frequency @, 1s dlfferent from @, by the overtone
anharmonic frequency shift dw_,,as ® e = -dw,,, the exc1ted state absorp-
tion term, EE’}((O,,T . ), peaks at different p0s1t10n Furthermore, since the excited-
state absorption contribution is negative, there is a nodal line in the region where the
SE+GB spectrum overlaps with the EA spectrum.

Now, let us consider the real part of E,;(®,,7,m,) here. When the overtone
anharmonicity is very large in comparison with the absorption bandwidth, the 2D
spectrum of Re[E A1is frequency resolved from that of Re[E;ilg + E 2]. The peak-
to-peak frequency difference in this case would be identical to 80)0,,,1. However,
for a weakly anharmonic oscillator, where d®,,, is comparable to or smaller than
the absorption bandwidth, the frequency difference between the positive and nega-
tive peaks along the ,-axis is a function of the absorption bandwidth and o,

anh*
Assuming thatp , f 2p.,, for this weekly anharmonic oscillator, one can find that
the slice of the 2D spectrum (Re[Epz(0,,T,®,)]) at ®, = ®,, can be recast in the
form

Sp (@, T,0, = ,,) <exp(-AD){x - x,(1)}?) - exp(~AD){x - x,(T)}2)  (7.36)
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where

x,(T)=2Q(T)-dw,,,

x,(T) =Q(T)

_ 1
A = o ) (7.37)

The two (positive and negative) peak positions can be found by solving the following
nonlinear equation for x,

x—x,(T)
?;(T) = exp {—A(T) [ 200, (T) = x,(D)x = x}(T) + X§(T)]}~ (7.38)

In this case, since |A(T)[2(x,(T) — x, (T))x]| << 1, one can find that the peak-to-peak
frequency difference, denoted as Aw(7T), is approximately given as

AD(T) = J4(Q? — HX(T)/Q?) + QX(T). (7.39)

As T increases, we have
lTim A(T) = /4Q2 + (Mh)?. (7.40)

The results presented in this section can be used to interpret 2D vibrational
spectroscopy of a single anharmonic oscillator.

7.5 SIMPLE TWO-DIMENSIONAL LORENTZIAN PEAK SHAPE

In this and previous chapters, the 2D peak shapes of the pump—probe and photon
echo spectra were discussed in detail by using the short-time-approximated third-
order response function in Section 5.3. Most of the salient features found in the
time-dependent 2D spectral evolutions could be understood and connected to the
fluctuating transition FFCF or the corresponding spectral densities. However, as
the number of quantum states increases for a coupled multi-chromophore system,
the formal expressions for the diagonal and cross-peaks in a given 2D spectrum
become quite complicated. Therefore, it will be necessary to simplify the spec-
tral shape of each peak for the sake of notational simplicity. One of the conven-
tional approaches is to invoke Markovian approximation to the FFCFs as discussed
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in Section 5.2. Then, for a 2LS, the four response function components are
simplified as

Rl (t3 ° l2 4 tl) = p"ge”’egugep"eg exp(_ia)egt3 - ia)egll ) exp{_’yeet3 - IZ/Te - Yeetl}

R2 (t’§ ’t2 ’tl) = l'l'gep'eg"l"geueg exp(_i(ﬁegt’g’ + ia)egtl)exp {_Yeet3 - t2/Te - Yeetl}

R3 (t3 ’ t2 ’tl) = Mgep“eg"l'geueg exp(_ia)egtS + ia)egtl ) exp {_’YEEIS - t2/715 - ’Yzetl}

R4 (l3 ’ t2’ tl) = p‘geu'egp"geueg exp(_ia)egl} - ia)egtl ) exp {_Yeet3 - t2/Te - Yeetl}’ (741)
where v,, and 7, are the dephasing constant of the e-g coherence and the lifetime of
the excited state, respectively. Here, it is assumed that the ground-state hole has the
same lifetime, which means that the excited-state population can only relax down to
the ground state without any intermediate state involved.

Carrying out the 2D Fourier-Laplace transformation of Equation 7.41, one can
find that the 2D photon echo spectrum of a 2LS is simply written as

EPE (0‘)[ ’ T’ 0‘)‘6) = z[uge”’egu’ge”’eg] eSeZeTe_T/nL(a)eg ’ Yee ’ a)eg ’ Yee )7 (742)
where the 2D Lorentzian function L(y, Yo X Y, is defined as

1
(@, = y+iy O, —x—iy,)

L(y,Y,.x,Y,)= (7.43)

In Figure 7.4, the real and imaginary parts and the absolute magnitude of the above
2D Lorentzian function are plotted to show their general shapes in 2D frequency
domain.

Re[L(y, Yy %, V)] Im[L(y, v, %, Y.)]

W=y

FIGURE 7.4 Typical shapes of the real and imaginary parts and the absolute magntiude of
the 2D Lorentzian peak shape function L(y, ¥,, x, Y,) defined in Equation 7.43.
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For an anharmonic oscillator system, the 2D photon echo spectrum within the 2D
Lorentzian shape approximation, is

ItiPE (O)t ’ T7 0‘)1:) = 2[|Lge|‘l‘egugep‘eg ] e3e2e’l-<e—T/Te L(a)eg Y ees a)z’g ’ Yee)

- [p‘efp“feueguge] e3e2eTeiT/Tg L((Bfe ’ Yﬁ > (Beg >V ee ) (744)

7.6 SIMPLE TWO-DIMENSIONAL GAUSSIAN PEAK SHAPE

Quite often the 2D photon echo spectrum appears to be a Gaussian function in 2D
frequency domain. Therefore, it will be quite useful to introduce simplified 2D
Gaussian peak shape function to approximately describe the shape of 2D photon
echo spectrum in many cases. This can be achieved by ignoring the #,-dependent
auxiliary terms in the short-time approximate expressions of the third-order response
function components.3*-32 That is to say, the four terms in Equations 5.26 with 5.29
are simplified as

Ry, 1,,1) = z [A,1,.[A;],[B], [A ], exp{—i®,,1; —i®, 1, —i® 1, }F (1, 1,, 1))

abc

R2(t3,t2,t1)=2[Al]gL,[A3]Ch[B],M[Az]ag eXP{—i® 1, — i® 1, — i® 1, }F, (1, 1,,1,)

abc

R3(t3,t2,tl):z[Al]g(‘[AZ]Ch[B]h”[A3]ag eXp{—i® 1, — i® 1, — i®, 1, }F,(t;. 1,,1,)

abc

R,(t,,t,,1)= 2 B] JAL LA LA, exp{ o, o3 bel —i@agt,}ﬂ(t3,t2,tl)
abc
(7.45)
where
1 242 1 242
Fi(ty,1,,1,) = exp fj(tz)—aé‘)jt, _EAjt3 . (7.46)

The mean square frequency fluctuation amplitudes of the first coherence during ¢,
and of that during ¢, are denoted as 8? and A?, respectively. When the system is on
yet another coherence during f,, the corresponding response function component
oscillates in time #,. This appears as quantum beats in the transient grating, photon
echo, or other four-wave-mixing spectroscopy probing the system evolution during
the ¢, period. The decay of the quantum beat is in that case determined by exp{f;(t,)},
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which is a decaying function. From the results in Section 5.3, ignoring the contribu-
tions from the spectral diffusion Q(r,) and correlation H(z,), we get

fity) =—g.(1,) = g,,(1,) + 2Relg,, (1,)]
L) = fit,)=—g.(t,)—8,(1,)+2Relg,,(1,)]
f(6,) == g, (1)
£1() == 8, (1),
& =C,,(0)
82=C,(0)
8;=C,(0)-C,(0)
82 =C,,(0)-C,,(0).
A?=C,,(0)-C,,(0)-C,,(0)+C,,(0)
A2=C,,(0)+C,,(0)-C,,(0)-C,,(0)
A2=C,(0)-C,,(0)
A2=C,(0)-C,,(0). (747)

As an example, let us consider the 2D photon echo of a 2LS. Ignoring the spectral
diffusion process, one can find that the 2D photon echo spectrum can be recast in a
2D Gaussian form as

I]jPE ((‘ot ’ T’ 0)1:) = Z[Mge”‘eg”‘ge”’eg ] e3e2eTr((T)eg ’ QZ ’ (T)eg ’ QZ ) (748)

Here, l"(y,(si,x, 62) is the 2D Fourier-Laplace transform of the 2D Gaussian func-
tion in time domain, and it is defined

T (0, —x)? (0, — y)? 2i |-y

I'(y,0%,x,062)= exp[—TJ exp| ————— [+ =F| —
( : ) 6,0, 26?2 202 Jr \/5(5'V
(7.49)

The real part of the photon echo spectrum is a single 2D Gaussian function, whereas
the imaginary part shows dispersive shape determined by the Dawson’s integral.
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For an anharmonic oscillator system, the 2D photon echo spectrum contains the
excited-state absorption contribution so that we get

EPE ((D, ’ T7 0‘)1) = 2[|Lgep‘egp‘ge”eg] e3eZeTr(a)eg’ Q2 ’ a)eg > QZ)

- [M’ef”‘fe"l’eg"l‘ge] e3e2eTr‘(6fe ’Q2 ’ (T)eg ’92)' (750)

The real part of the photon echo spectrum in this case exhibits two frequency-
resolved 2D Gaussian peaks. The positive peak originating from the g <> e transi-
tions is determined by the first term in Equation 7.50. The negative peak originating
from the excited-state absorption is represented by the second term. Due to the over-
tone anharmonic frequency shift, we have® , # ®,,, and the two peaks are sepa-
rated in the o, frequency domain.

In this and previous sections, we presented two popular models for the shape of 2D
spectrum, that is, 2D Lorentzian or Gaussian forms. However, in reality the real 2D
spectrum shows a bit more complicated features. At the absorption maximum, the
2D spectrum is well fitted to a 2D Gaussian function, but the tail parts of the spectrum
appear to be Lorentzian. Thus, one can develop a theoretical model that is an exten-
sion of the Voigh profile in 1D spectrum. However, we shall not explore any further
extension along this line because the general expressions for the nonlinear response
function were already presented before in this book and they are quite general enough
to cover the Gaussian to Lorentzian limits. Instead, throughout this book, the simpli-
fied 2D Gaussian peak shape function I'(y, Gi ,x,02) will be used except for the cases
when one needs to analyze detailed 2D peak shapes of experimentally measured
spectrum, which was found to significantly deviate from a 2D Gaussian form.
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8 Coupled
Multi-Chromophore
System

The linear spectroscopic signal is fully characterized by the associated linear
response function and provides information on optical transition frequencies, transi-
tion amplitudes such as dipole strength, light-scattering cross-section, and so forth,
as well as chromophore—bath interaction-induced line broadenings. If two differ-
ent chromophores are spatially close to each other, quantum states of the two chro-
mophores cannot be written as simple product states and become delocalized over
the two chromophores due to finite couplings. Such coupling-induced effects, such
as mode mixing, excitation transfer processes and so forth are however quite weak
so that their signatures and characteristc features in a typical 1D spectrum are often
completely hidden under the primary spectroscopy properties.! As demonstrated
over the last decade, this spectral congestion and masking problem can be partly
overcome by using 2D spectroscopic methods.

In Chapters 6 and 7, theoretical descriptions of 2D spectroscopy for 2LS and 3LS
were presented and discussed in detail. It was shown that solvation dynamics as well
as homogeneous and inhomogeneous line-broadening processes could be studied by
analyzing the 2D peak shape of time-dependent pump—probe or photon echo spectra.??
However, the more interesting case would involve those coupled multi-chromophore
systems. When N two- or three-level chromophores are spatially close to each other
due to intermolecular or covalent bonding interaction, they are electronically coupled
to one another.* Then, the excited states can be delocalized over a number of chro-
mophores, depending on the relevant coupling strengths, and the corresponding 2D
spectrum could exhibit multiple peaks along the diagonal as well as on the off-diag-
onal region." >7 These diagonal peaks and off-diagonal cross-peaks reveal critical
information on the inter-chromophore coupling strengths, excitation transfers, coher-
ence-to-coherence transfers, chemical reaction and exchange rates, and so forth.!

As an example, consider photosynthetic light-harvesting complexes consisting of
tens to hundreds of chlorophylls.® The constituent chlorophylls are electronically
coupled to one another to form spatially delocalized excitons when they are opti-
cally excited. Such delocalizations of excited states could improve light-absorption
efficiency over a wide range of frequencies. In addition, high quantum yield and ultra-
fast energy transfer processes within the complex could occur, and such excitation
migration happens between two different excitonic states after its photo-excitation
by sunlight photons.’ The 2D photon echo spectrum as a function of waiting time T
thus provides direct information on the exciton state-to-state population transfers as
well as coherence transfers.!* !!

151



152 Two-Dimensional Optical Spectroscopy

Another important example of the coupled multi-chromophore system involves
the amide I vibrations in polypeptides and proteins.'> > Amide I vibration is relatively
localized carbonyl stretching mode in a single peptide bond.'* However, such amide I
oscillators are coupled to one another via electrostatic interactions such as transition
dipole-dipole coupling and hydrogen bonds.'*-'6 Consequently, amide I normal modes
are formed in polypeptides and proteins. Therefore, the amide I vibrational excita-
tions of protein should be treated in terms of delocalized states. The cross-peaks in
the 2D IR spectrum thus reveal the electrical and mechanical couplings between
two modes. Therefore, it is necessary to develop an appropriate model for such cou-
pled multi-chromophore systems to quantitatively describe a variety of interesting
observed 2D spectroscopic features. Among many different theoretical models, the
Frenkel Hamiltonian has been considered to be the most useful, conceptually simple,
and easy to apply to many seemingly unrelated problems.* In this chapter, the delo-
calized state representation of the excited states for the coupled multi-chromophore
system will be presented and discussed.”” The multi-chromophore system based on
the Frenkel Hamiltonian can be considered to be the standard and reference model
for future theoretical development on molecular complexes, but it shouldn’t be the
only one for describing 2D optical spectroscopic results.

The main purpose of the present chapter is to provide a systematic theory on
the optical and vibrational properties of coupled multi-chromophore systems. In the
following chapters, we will discuss 2D vibrational and electronic spectroscopy of
rather simple systems like coupled 2LS dimer and coupled anharmonic oscillators.
Thus, those who are not interested in the generalized description of arbitrary multi-
chromophore system can skip this chapter. Note that the discussions in the following
chapters, from Chapter 9 on, do not heavily rely on detailed knowledge on the multi-
chromophore system.

8.1 FRENKEL HAMILTONIAN IN SITE REPRESENTATION

In order to describe a variety of nonlinear optical properties of molecular complexes
and aggregates, the Frenkel exciton theory will be discussed in this section. Denoting
asaj and a,, the creation and annihilation operators of an electronic excitation at the
mth two-level chromophore, the zero-order Hamiltonian can be written as

N N N
HO = Zho‘)ma;am + Zz h‘]mna;;zan + HB’ (8])

m=1 m  n#m

where the excited-state energy of the mth chromophore, the electronic coupling
constant between the mth and nth chromophores, and the bath Hamiltonian were
denoted as hw,,, J,,,, and H, respectively (see Figure 8.1). If each monomeric chro-

mophore is an anharmonic oscillator instead of a two-electronic-level system, the
zero-order Hamiltonian should be written as

N N

N N N
H() = 2 hwmai’zam + 22 h‘]innaj;lan - 22 hAmnailazaman + HB (82)
m=1 n

m  n#m m
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Coupled Multi-Chromophore System

B le> Two-level system

o Orm electronic chromophore

—— 2>
©y01 | Three-level system

. — |1> anharmonic vibrational

©Orm,10 10 chromophore
—— |0>

FIGURE 8.1 Schematic representation of coupled multi-chromophore system. The mth chro-
mophore excitation frequency (site energy) is denoted as ®,, (7®,,), and the coupling constant
between the mth and nth chromophore transitions is denoted as J,,,. Each circle in this sche-

mn*

matic figure represents a single chromophore that can be modeled as either a 2LS or a 3LS.

Note that the third term on the right-hand side of Equation 8.2 describes potential
anharmonic frequency shifts.

The chromophore—bath interactions and the changes of inter-chromophore dis-
tance and orientation induce fluctuations of site energies and coupling constants.
Thus, the general system—bath interaction Hamiltonian is written as

Hg = Zzhxm (@aya, (8.3)

where x,,(q) is an operator of bath coordinates, q, and it is assumed that their aver-
age values with respect to the bath Hamiltonian describing thermal equilibrium at
temperature 7, {x,,,(q)), are zero (note that if {x,,,(q)) values are finite they can be
included in the zero-order Hamiltonian). The g-dependence of x,,,(q) for m #n can
vary the strength of the excitation-transfer coupling. The total matter Hamiltonian
can therefore be written as

H=H)+Hg+Hyg. (8.4)

For any general four-wave-mixing spectroscopy, it is necessary to consider three
well-separated manifolds of quantum states: the ground state 10>, N singly excited
states, and N(N F¥1)/2 doubly excited states (note that the upper (lower) sign in
N(N ¥1)/2 corresponds to the case when the chromophore is modeled as a 2LS
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(3LS)). From the zero-order Hamiltonian, the Hamiltonian matrix of the singly
excited states with the basis set {a;,10>} for m =1 ~ N is given as

€ Ji Jin
= J:” oo Jf” : 8.5)
Jiv  Jow €y

where it was assumed that J,,, = J,,,. The Hamiltonian matrix of the doubly excited

states with the basis set {a;a+10>} for an N coupled 2LS is

ST ) Jos Jon Jis 0
Jos € +&; Jsn Ji 0
AP = Ty Jin g +&y 0 Jiv-n (8.6)
T I 0 €, +&; 0
0 0 Jl(N—l) 0 EN—I + SN

In the case of the N coupled anharmonic oscillator system, the Hamiltonian matrix
of the doubly excited states is slightly different from Equation 8.6 due to the presence
of overtone states.

8.2 DELOCALIZED EXCITON REPRESENTATION

In order to obtain the eigenvalues and eigenvectors of delocalized singly and doubly
excited states, one should perform diagonalizations of the H{"- and H{”-matrices in
Equations 8.5 and 8.6 as

U-'H U = hQ 87)
VAH®V =W, (8.8)
where the singly and doubly excited-state eigenvalues are the diagonal matrix ele-

ments of #Q and AW, respectively. The corresponding eigenfunctions are linear
combinations of singly and doubly excited-state wavefunctions as

|€j>=ZUj7nll|m> (89)

m

N-1 N
| f, >= E E vi& Il m,n >,

m=1 n=m+1

(8.10)
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wherelm>=a},10>and|lm,n >=a}a} 10> are the basis states. The eigenvector
elements of the jth singly excited state e; and of the kth doubly excited state f; are
denoted as U5, and v{\), respectively. The matrix elements of v® correspond to the
elements of the kth row of the matrix V-!.

The system—bath interaction Hamiltonian matrices H{)) and H{3 in the site repre-

sentation are

[H (@), = hx,,(q) (8.11)
X+ Xy X3 XoN 13 0
Iy Xy + X33 REY 12 0
fl§?(q)=h Xon XN e Xt Xy 0 Xi(v-1)
X3 X2 0 X+ X33 0
0 0 Xiv-1) 0 o Xv-nwv-n T X
(8.12)

In the delocalized state representation, they are to be transformed as
EG () = U7 HG(@U (8.13)
hEG (@) = VIHG @)V (8.14)

The diagonal matrix elements, [£5(q)]; and [E§} ()] describe the energy fluctua-
tions induced by the chromophore-bath interactions of the jth singly excited and the

kth doubly excited states, respectively. The off-diagonal matrix elements of é(slg(q)
and Z)(q) are then responsible for excitation transfers within the singly and doubly

excited-state manifolds, respectively.

8.3 DELOCALIZED STATE ENERGY AND TRANSITION
DIPOLE MATRIX ELEMENT

From the diagonalization of the H{" matrix and the transformed system—bath inter-
action Hamiltonian Z}(Q), one can find that the energy of the jth singly excited
state including the chromophore-bath interaction potential is given as

hQ (@ =1, +h[EQ@] =1, +1Y D Uir,@U,.  (g.15)

Usually, the fluctuation amplitudes of the coupling constants, x,,, (for m#n), are
smaller than the fluctuation amplitudes of site energies (diagonal elements), that is,

<x2,>p>< x,%p >p for all m, n, and p, and n#p. (8.16)
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Therefore, making use of the orthogonality of the transformation, one can simplify
Equation 8.15 as

1,(q) = 12+ 1Y UZ%,, (). (8.17)

m

Fluctuations of the jth singly excited-state energy are induced by the second term
in Equation 8.17, which is determined by the square of eigenvector elements and
the interaction between each chromophore and bath degrees of freedom. If site-
state Im> does not contribute to exciton state |j>, fluctuation in the site energy €
does not affect the exciton energy €2 ;.

Similarly, the kth doubly excited-state energy including the chromophore-bath
interaction potential is written as

m

AW, (@) =Wy + [ EQ(@)], -hWkk+hZZ A Ag@] v,

_hWkk+hZZ VY L (@) + 5, (@) (8.18)

m=1 n=m+1

The site energy fluctuation of the mth chromophore, which is described by the 7x,,,,(q)
operator, modulates both the singly and doubly excited-state energies. The relative
weighting factors are again determined by the associated eigenvector elements v(¥).
From Equations 8.17 and 8.18, one can deduce the fact that the fluctuation of the jth
singly excited-state transition frequency is intrinsically correlated with the fluctuations
of other singly or doubly excited-state transition frequencies. Because of this instan-
taneous correlation resulting from the electronic couplings, the 2D photon echo spec-
trum of coupled multi-chromophore system can exhibit cross-peaks even at very short
waiting time T (see Chapter 9 for a more detailed discussion on this point).

Once the eigenvectors of the singly and doubly excited states are determined, the
transition dipole matrix elements can be expressed as linear combinations of transi-
tion dipoles of constituent chromophores, that is,

B =<elplg>= EUW B 8.19)

N-1
Mo, =<filmle;>= ) 2 VU, +Ud,)

m=1 n=m+1

(coupled two-level systems) (8.20)

B, = ZZV£J‘L U4, +U;d,)(1-8,,)+2U;.d,8,, ]

m=1 n=m

(coupled anharmonic oscillator systems) (8.21)
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where d,, is the transition dipole vector of the mth chromophore, that is, d,, = <0]|
a, 10>, The transition dipole matrix elements in Equations 8.19-8.21 can be
used to calculate various 2D spectroscopic response functions of coupled multi-
chromophore systems.

8.4 TRANSITION FREQUENCY-FREQUENCY
CORRELATION FUNCTIONS

For the multilevel system considered here, both the auto- and cross-correlation func-
tions of the singly and doubly excited-state transition frequencies are required to
calculate the nonlinear response functions associated with various 2D spectroscopic
methods. Using the approximate expressions (Equation 8.17) for the singly excited-
state energies, one can obtain the time-correlation between any given pair of singly
excited-state transition frequencies as

<8Q,(H82(0) >, = 3. Y URUZ <, (11%,,(0) >, 8.22)

where 8Q;(q)=Q;(q)- Q ;i and 0Q (1) = exp(iH yt/h)dQ ;(q) exp(—iH yt/h). If the
transition frequency fluctuation of the mth chromophore is assumed to be statisti-
cally uncorrelated with that of the nth chromophore, the following approximation
(IBA: Independent Bath Approximation) can be used to greatly simplify the theoreti-
cal derivation of the nonlinear response function,!”

< xmm (t)xnn (0) >B = 6mn < 'xmm(t)xmm(o) >B . (823)

Then, Equation 8.22 is simplified as

<0Q;(182, (0)>5 = ZU;jU,flk <X (DX, (0) >, = ZU;jU;kcm (). (8.24)

m m

Further assuming that the site energy fluctuation correlation functions < x,,, (f)
X,,,(0) > are all identical (HBA: Homogeneous Bath Approximation), we have

< Xy (DX (0) >, = C, (1) = C(t) ~ (for all m). (8.25)

The single chromophore transition FFCF C(¢) can be expressed in terms of the spec-
tral density as discussed in Chapter 3. Nevertheless, it should be mentioned that the
two approximations IBA and HBA given in Equations 8.23 and 8.25 are not always
necessary to ultimately calculate the nonlinear response function.

By using these IBA and HBA approximations, Equation 8.24 is further simplified as

<80Q,(1)30,(0) >, = (2 v2U2, )ca). (8.26)
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Next, the correlation functions between a pair doubly excited-state transition fre-
quencies are found to be

N-1 N-1

N N
ZZZ () (7)o (O 5, (O} (x,, (0) +-x, (O,
r=1

s=r+l

<EW,()3W,(0)>,

1 n=m+1

{ 2 {P<k) + p(k)}JC(t) (8.27)
m=1 n=m+1

where the second equality was obtained by invoking the two approximations, IBA
and HBA, and

n

pp= D)+ 3 () 828

Jj=1 Jj=m+l

Finally, the cross-correlation functions between 6Q ; ; () and W, (0) are also required
in calculating the nonlinear response functions. They are

N N-1 N
<BQMOW,(0)>5= I D D UZ (D) <2, (01, (0)+ x,,(0)} >,

m=1 r=1 s=r+l

N
= [ZUW ,,gk>Jc<;>. (8.29)
m=1

In this section, by invoking the two approximations mentioned above, it was shown
that the auto- and cross-correlation functions of fluctuating transition frequencies
of singly and doubly excited states can be written in terms of the FFCF of a single
chromophore, C(f). This approach is quite useful for numerical simulations of linear
and nonlinear optical spectra of coupled multi-chromophore systems in general, but
one can carry out more time-consuming but realistic numerical calculations without
relying on these approximations if all the necessary parameters and quantities are
sufficiently known.

8.5 EXCHANGE-NARROWING EFFECT
ON ABSORPTION SPECTRUM

In Equations 8.26, 8.27, and 8.29, three different time-correlation functions of singly
and doubly excited-state frequency fluctuations were obtained. In order to understand
the effects of chromophore—chromophore couplings on spectroscopic properties, let
us first consider the mean square fluctuation amplitude of the jth singly excited-state
transition frequency, < 8Q? >,. From Equation 8.26, we find

_ C(O)

<82 >,= C(O)Z (8.30)

]
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Note that the inverse participation ratio N; is usually defined as
-1
N; ={ZU;&,} : (8.31)

The probability that the excitation j is localized at site m is B, (j) = Uy, . The approxi-
mate number of sites participating in the jth exciton is therefore N; = 1/< P, (j) >=
V3, B,(HP,(j)=VZ, U, The inverse participation ratio N,is a measure of how
many molecular excited states are involved in a given delocalized singly excited
state. The ratio < 8Q3 >, /C(0) therefore provides direct evidence on the extent of
delocalization of the jth excited state of coupled multi-chromophore system. In the
limit of the complete localization, (X,, U))™" = 1 for all j and < 3Q2 >,=C(0). On the
other hand, if the jth delocalized state is fully delocalized over all N chromophores,
we have U, = 1/\/N , and the ratio < SQ§ >,/C(0) becomes I/N . In this case, the mean
square fluctuation amplitude of the jth delocalized excited state becomes very small
(by the factor of 1I/N) in comparison to that of an isolated chromophore.

The absorption spectrum of the N-coupled multi-chromophore system is then
given as the sum of N sub-bands associated with optical transitions to N singly
excited states, that is,

K(0) o< Im[x(co)]=1m{ E I, jl2éj dt{e—i@,fg—wn—g,,y(r)_ei<5’/g+0>>f—g}<’)} . (8.32)
. 0
J

Defining the line-broadening function of a single chromophore as
t T
8= a5, | “avca, (8.33)
0 0

one can rewrite the absorption spectrum in Equation 8.32 as
K(®) o< Iml:zl . 12 LJ. dt {e—i((T),-g—w)t—go(t)/N_,- _ ei(&)jg+m)t—g’{)(t)/Nj} ) (8.34)
ndo ’
J

Here, it should be noted that

g; ()= J; dt, L) dT, <06Q;(t,)0Q;(0) >

__71 J.td J.Tzd C(t)
T T T
Nj 0 : 0 ! !

1
=—go(0).
N~g0()

J
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For the sake of simplicity, consider the Markovian limit, that is, g,(¢) = Y, (see
Section 3.2), to obtain

1 1 1
K(®)oc—Im| » TP, 71— , + = . ) (8.35)
h Z Y@, —0—iy/N; ®;,+o+iy,/N;

This result suggests that that the jth sub-band associated with the transition from
the ground state to the jth singly excited state is much narrower by the factor N,
than the absorption spectrum of an uncoupled chromophore in the same condensed
phase. This phenomenon is the well-known exchange-narrowing effect.'® Although,
in Equation 8.35, only the Markovian limit is considered, the same line-narrowing
process occurs for other cases of line-broadenings as well.

8.6 MEASUREMENTS OF AUTO- AND
CROSS-FREQUENCY-FREQUENCY CORRELATION FUNCTIONS

In Section 5.8, the three-pulse photon echo peak shift of a 2LS was discussed and
shown to be useful in measuring the FFCF Cg(¢) or in the classical limit the solva-
tion correlation function. If the singly excited-state energies of an N-coupled multi-
chromophore system are discretely distributed so that the frequency resolution of
such excited states is achievable, it is possible to use the one-color PEPS technique to
measure individual time-correlation functions C(¢) for each state by properly tuning
the incident beam frequency.

When the three pulses used for the PEPS measurement have the same frequency
 and it is close to the jth transition frequency, that is, ® = Q.. the corresponding
PEPS signal, from Equation 5.81, is given as"

- JN,CO)Re[Cy(T)]
o 8.36
T(T0=Q; Jr{cx(0)-cx)} o

i’

It is interesting to note that the PEPS value is linearly proportional to the square
root of the inverse participation ratio, that is, \/ﬁl . This result shows that a series of
one-color PEPS experiments varying the center frequency of the incident pulses can
provide critical information on the extent of delocalization of the jth singly excited
state of the N-coupled multi-chromophore system.

Although the auto-correlation function of 8€2,(¢) can be experimentally mea-
sured by using the one-color PEPS technique, a cross-correlation function such
as < 8Q;(1)06€2, (0) > for j # k requires the two-color PEPS measurement method.
Two-color photon echo spectroscopy is carried out by choosing the frequencies of
the first two pulses to be different from the third pulse (see Figure 8.2).2°-22 Since
the two incident field frequencies ® and ®" can be independently tuned, two dif-
ferent singly excited states are excited by such a two-color rephasing photon echo
process. For instance, let us consider the case when the m-field is resonant with
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FIGURE 8.2 Experimental beam configuration for general two-color photon echo measure-
ment. The first two pulses have the same center frequency ®, = ®, = ®, whereas the third one
has a different frequency ®, = .

the jth transition and the o’-field is resonant with the kth transition with j # k. The
corresponding rephasing diagram associated with this case is
2
<p lg><gl>. (8.37)
8g€;

The first coherence created by the interaction of the molecule with the first ®-field
is pge) , and its oscillation frequency is given by Q. ;- thatiis, exp(zQ i11)- After the first
delay time T, the second radiation—matter interaction puts the molecular system on
the population on either the ground or jth excited state. The third interaction with
the w™field then creates the coherence p(), and its oscillation is determined by the
exp(—zQ «!3)- Noting that the one-color PEPS is useful to the measurement of the
correlation between the transition frequency of the chromophore during the ¢, period,
and that during the 75 period, one can show that the two-color PEPS described above
provides 1nf0rmat10n on the correlation between Q2 . ;(0) and 6Q, (T) when ® = Q. i
and @’ = Qkk Therefore, if the transition frequency ﬂuctuatlon of the jth state does
not correlate with that of the kth state due to zero coupling, the cross-correlation
function < dQ j(t)SQk(O) >, vanishes and the two-color PEPS also vanishes.
Unfortunately, the two-color PEPS of the coupled multi-chromophore system is a
much more complicated experiment than the one-color PEPS, because of the other
contributions from doubly excited-state transitions, excitation transfer processes
in the manifold of singly excited states, coherence-to-coherence transfers, and so
forth. Consequently, its interpretation requires detailed understanding of the various
chemical and physical processes involved.

Nevertheless, it is useful to consider further the magnitude of the cross-
correlation function, < 8Q;(#)8€2, (0) >5. The ratio < 6Q;6€2, >,/C(0)is given by

<8Q;8Q, >;
U2U?
C(O) Z mj~ mk* (838)



162 Two-Dimensional Optical Spectroscopy

Noting that the vector, p; = (U},U3;,-++) , can be understood as a probability density
distribution of the jth delocalized excited state in the site representation, we have

<8Q,0Q; >,

C(0) =PD; Pr

(8.39)
which can be viewed as the spatial overlap of the two probability—density distribu-
tions, p; and p,, of the jth and kth singly excited states. If there is no coupling among
the constituent chromophores, the spatial overlap p; - p, is zero, and consequently
the magnitude of < 8Q2 ;6Q; >y vanishes. This means that if two different delocal-
ized states do not share common molecular (site) excited states, the transition fre-
quency fluctuations of the two delocalized states are uncorrelated and < 6Q;6Q; >,
vanishes. Consequently, an experimental method such as the two-color photon echo
measuring < 8Q;8Q2, >, can provide spatial information about a pair of delocalized
singly excited states that have different transition frequencies.

We next consider the cross-correlation between the jth singly excited-state
frequency fluctuation and the kth doubly excited-state frequency fluctuation,
<8Q;(1)0W, (0) >;. Its amplitude divided by C(0) is

N
<dQ SWk >p ZU%/Pn(zk)' (8.40)
co 4
In order to understand the physical meaning of the quantity, X, U2 P, let us
define the projection operator, Pm =a)a,, where Im> denotes the singly exc1ted state

m=‘m?>

of the mth chromophore. Then, one can show that

P® = <fk| ) 8.41)

where |f, ) is the kth two-exciton state wavefunction, that is,

N-1 N
=D ) v lmn>. (8.42)

m=1 n=m+1

Therefore, P{® is the expectation value of aj,a,, in the kth doubly excited state, and
is considered to be the “amount” of the mth chromophore excitation in the kth dou-
bly excited state. In other words, the elements of the vector P, = (P, P{",...) give
the probability density of each single-site excitation in the kth doubly excited state.
Therefore, Equation 8.40 can be rewritten as

<3Q;0W, >, ~

) =p; B, (8.43)

which can be interpreted as the spatial overlap between the probability density of
the jth singly excited state and the reduced probability density of the kth doubly
excited.



Coupled Multi-Chromophore System 163

Finally, the mean square fluctuation amplitude of the kth doubly excited state is
found to be

<8W7 >, @Y {B® + P®
o ZZ (vi)* {Bo + PO}, (8.44)

m=1 n=m+1

This result suggests that < dW? >, is determined by the overlap of the probability
density of the kth doubly excited state in the Im,n> basis and the projected (reduced)
probability densities.

8.7 EXCITON POPULATION TRANSFER

Later in Chapter 13, we will discuss one of the examples where the population and
coherence transfers are critical in understanding the time-dependent changes of
2D spectra of coupled multi-chromophore systems, such as photosynthetic light-
harvesting complexes. In this section, a brief discussion on the theory of exciton
population transfer rate is therefore presented. Among many different approaches,
we will focus on the projection operator technique. Suppose that the molecular
Hamiltonian can be divided into two parts as

H=H,+H’ (8.45)

where H, and H’ represent the reference and perturbation Hamiltonians, respec-
tively. For example, if the site representation Hamiltonian in Equation 8.1 is
used, the inter-chromophore couplings (the second term in Equation 8.1) and
the off-diagonal matrix elements in the system—bath interaction Hamiltonian in
Equation 8.3 can be considered as the perturbation Hamiltonian, which are
responsible for excitation transitions between two different chromophores. On
the other hand, in the delocalized exciton representation, the system—bath interac-
tions in Equations 8.13 and 8.14 are the perturbation Hamiltonians for the singly
and doubly excited states.

The time evolution of molecular density matrix is then described by the following
quantum Liouville equation:

ap() _

S, = ~iLp()==iLy + L)p(0) (8.46)

Now, let us introduce the projection operator:

P=P,+ ) P, (8.47)
u
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where the definitions of the individual terms are

Pup =lu> PRl <u | TVB[PW]

exp[ -BH; ] (8.48)

e¢q —__ L & R
Piis Z

P, is just the projection operator for the electronic ground state. Here, |l can be
either a singly or doubly excited-site state or a one or two exciton state, depending
on the choice of representation and H) =<plH,|u>. Then, the complementary
operator Q, which projects the density matrix onto the manifold of off-diagonal
(coherence) density matrix components, is defined as

Q=1-P. (8.49)

Using the projection operator method,?*>> one can obtain the equations describing
the time evolutions of diagonal and off-diagonal density operators, which describe
population and coherence evolutions, respectively, as

% =—iPLPp(1)— j 't PLQe -9 QLQLPp(T) — iPLe~ " Qp(0) (8.50)
0
aQap(t) —iQLQp(1)— QLJ dte-OPLPLQp(1) - iQLe ™ Pp(0). @®.51)

Equation 8.50 describes the population transfer process between eigenstates since it
determines time—evolutions of diagonal density matrix elements, whereas Equation
8.51 does coherence transfer processes between two different coherences.?

Population transfer rate. At time zero, if the system is in thermal equilibrium
with the bath, we have Qp(0) =0, and the last term in Equation 8.50 vanishes. Then,
up to the second-order terms with respect to H’, one finds that Equation 8.50 can be
approximately written as

aPp(t) J. dt PLe-it- T)LOL'Pp(T) (8.52)

Here, the formulas, P> =P, L,P=PL,=0, and PL'P =0, were used. This is the
starting point for further derivation of a Markovian relaxation equation (quantum
master equation) for the projected density matrix elements (populations)

ap(m(t) 2 K aofPou (1) + 2 K oer P (0)- (8.53)

B=o [§£2

The rate constant Ky, in the Markovian limit, which describes population transfer
from o to [ state, is given as

Kgpoo = 2Re _[O dxTry | e Hige "V Hy,pih, | (8.54)
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Depending on the choice of H,and H’, one can obtain the Forster energy transfer
rate, Redfield rate, or generalized Redfield rate.?” If the site representation is chosen
and if the second term in Equation 8.1 is selected as the perturbation Hamiltonian,
the resultant rate constant corresponds to the Forster theory. On the other hand, if
the reference eigenstates are delocalized excitonic states with neglect of the diago-
nal Hamiltonian matrix elements in Equation 8.13, then the rate constants obtained
with Equation 8.54 correspond to the Redfield expressions for the population transfer
processes. However, if the diagonal Hamiltonian matrix elements in Equation 8.13
are also included in the zero-order Hamiltonian H,, one can obtain the modified
Redfield theory expressions for the population transfer-rate constants.?®

More specifically, in the Forster regime, the rate constant Kgg ,,, Where o and f3
represent the excited states of the ath and Bth chromophores, is given as

g P

Bpoa = J._M do Ag(®)F, (), (8.55)

where Ag(w) and F, (o) are the line-shape functions of the absorption and fluores-
cence of the ath and Bth chromophores, respectively. Note that the rate constant in
Equation 8.55 is linearly proportional to both the square of the coupling constant and
the spectral overlap between Ag(®) and Fi, (w).

In the Redfield regime, the population transfer rate from the jth exciton state to
the kth exciton state is

Ky =2Re -[: dt<[U*‘H§}§ (@], [U-Hg (q(O))U]kj>exp{—iAijt} (8.56)

where the frequency difference between the kth and jth singly excited (one-exciton)
states is denoted as AQ);;. Then, Equation 8.56 can be rewritten as, from Equation 8.13,

Kipy = 2Re | Y, S URUAURU, (0 @O expl-iny)

=2Re | a1 2 D U Ul (U0 (GO P {102 1)

= 2Re [ drY U3, (o (€05 (@O exp (1001

= EZU,%,kU,%,j ] 2Rej dt C(1) exp(~iAQ, 1)
0

= [ZugkUgy.Jn 1AQ,, I {coth(Bhléijlj + l}p(IAQkJ-I). 8.57)
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Here, a series of approximations, Equations 8.16, 8.23, and 8.25, was invoked.
Furthermore, we used the expression for C(f) in terms of spectral density (see
Equations 3.62 and 3.63). In Equation 8.57, the upper (lower) sign is the case of down-
hill (uphill) transition, that is, AQ,; <0 (A€,; > 0). This sign factor ensures detailed
balance. Note that the factor ., U2,U2;, which appeared in Equation 8.57, is the spa-
tial overlap of the probability density distributions of the kth and jth singly excited
states. This quantity is spectroscopically measurable, as discussed in Section 8.6,
via two-color photon echo measurements in principle.?? If a given pair of exciton
wavefunctions is spatially overlapped with each other, the Redfield excitation trans-

fer rate can be large, as long as the spectral density at frequency AQ,; is sizable.” 3
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9 Two-Dimensional
Spectroscopy of
Coupled Dimers

Two-dimensional spectroscopy is a useful method for studying coupling-induced
phenomena such as band splitting and excitation transfer as well as for determining
the molecular structure of complex molecules in solution. For a coupled dimer, the
existence of cross-peaks is good evidence of coupling between the two constituent
chromophores. As an example, by measuring the cross-peak amplitude in the 2D
amide I IR spectrum of dipeptide consisting of two peptide bonds, it becomes pos-
sible to determine the solution structure of dipeptide, as the vibrational coupling
strength between the two amide I local modes has been shown be strongly dependent
on the backbone conformation of the dipeptide.!-® Similarly, for coupled electronic
chromophores, not only two singly excited states are energetically separated from
each other due to coupling but also the downhill and uphill energy transfers between
the two excited states occur in time. The latter effects on the diagonal and cross-peak
amplitude when a series of time-resolved 2D spectra are measured.!®

In the previous chapter, a general model Hamiltonian for an N-coupled multi-
chromophore system was presented and discussed. However, fundamental aspects of
2D spectroscopy can be understood by considering simple coupled dimer systems,
where the constituent chromophores are modeled as either a 2LS or 3LS. A model
Hamiltonian for a coupled (2LS) dimer will be discussed in the delocalized exciton
representation. Using the approximate third-order response function obtained by using
the cumulant expansion method and invoking the short-time approximation discussed
in Chapter 5, one can obtain the 2D photon echo spectrum of a coupled dimer. A few
model calculation results will be presented to demonstrate how 2D spectroscopy can
be of use to study chemical and physical processes of coupled dimer systems.

9.1 MODEL HAMILTONIAN OF A COUPLED
TWO-LEVEL SYSTEM DIMER

From the N-coupled multi-chromophore system Hamiltonian in Equation 8.1, we
have the zero-order Hamiltonian of a coupled dimer system:
H,=¢a/a, +¢,a;a, +h(aja, +ala, )+ Hy, ©.1)

where a/, and a,, are the creation and annihilation operators of excitation at the mth
chromophore. The mth site energy, electronic coupling constant between the mth
and nth chromophores, and bath Hamiltonian are denoted as €,,, J, and Hy, respec-
tively. From the transition dipole coupling theory, which is based on the assumption

169
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that a transition dipole of one chromophore couples to that of another chromophore
via dipole-dipole interaction, one can estimate the coupling constant J as

J=d, - T -d,=(d, 'dz)Rl_z3 =3(d;-Rp)(Ry, - dz)Rl_zS, 9.2

where the two local transition dipoles are denoted as d; and the angle between them will
be denoted as ¢. In Equation 9.2, the vector connecting the two point dipoles is denoted
as R,,. Although the transition dipole coupling model has been extensively used to esti-
mate the coupling strength, as the inter-chromophore distance decreases, simple dipole-
dipole approximation breaks down.%7 112 Then, the transition charge—transition charge
interaction or transition charge density model can become a more accurate description
for quantitatively determining the coupling constant J than the above transition dipole
coupling model simply based on a dipole-dipole interaction.!> ¥ Furthermore, the site
energies effectively depend on the inter-chromophore distance and interaction strength
so that an appropriate model that is capable of taking into account these effects should
be used to properly apply the coupled dimer model to a real system.

In the case of dimeric molecular systems in condensed phases, chromophore-bath
interaction and inter-chromophore distance and orientation fluctuations will induce
fluctuations of both site energies and coupling constants. Thus, one of the useful
chromophore-bath interaction Hamiltonian models is

Hg = hxl(q)ai‘-al + hix, (q)aiaz + hix, (Q)(ail-az + 51;611 ), ©.3)

where x(q)’s are operators of bath coordinates, ¢, and the expectation values calcu-
lated over the bath states, {x,,(q)); for m =1, 2, and ¢, are assumed to be zero. x,(q)
and x,(q) describe the site energy fluctuations and x.(q) accounts for the coupling
constant fluctuation.

Now, let us consider a coupled 2LS dimer with finite coupling constant J. The
unitary transformation of the singly excited-state Hamiltonian matrix obtained from
Equation 9.1 can be performed to find eigenvalues and eigenfunctions of the two sin-
gly excited states.'* They will be denoted as e, and e,, and the doubly excited state will
be denoted as f'(see Figure 9.1). Often, in the literatures, the singly and doubly excited
states have been referred to as one- and two-exciton states, respectively.”> Throughout
this book both terms are used. First of all, the two singly excited states are given as

le, > _y aj 10> _ co‘se sin® alj 10> , ©4)
le, > ay 10> —sin®  cos6 J{ a) 10>
where 10 > is the ground ket-state. The unitary transformation matrix U was defined

in the above equation. The mixing angle 6 varies from 0 to ©t/2, and is a function of
J,g,and g, as

0= 1arctan( 2/ ) 9.5)
2 €, -8,

The two singly excited-state energies, denoted as /€2, and 7€2,, are found to be
HQ, =¢€,c0s>0+¢€,sin>0+2J cosBsind
hQ, =€, sin” 0+ €, cos? O —2J cos Osin 6. 9.6)
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2LS-1 2LS-2

2LS dimer

FIGURE 9.1 Coupled two-level system dimer. The coupling constant between two transition
dipoles is denoted as J. The transition dipoles of the two chromophores are denoted as d, and
d,, and the angle between the two is ¢. The vector pointing from the center of d, dipole to that
of d, dipole is R,,. After diagonalizing the zero-order Hamiltonian, one can obtain the two
singly excited-state energies and eigenfunctions (e, and e,) and one doubly excited state f.

The doubly excited-state wavefunction and its energy /€2, are
| f>=aa; 10>
hQ, =g, +&,=hQ, +nh,. ©.7)

In a real system, the doubly excited-state energy might be different from the sum
of two singly excited-state energies, because the two excited-state molecules within
the dimer interact with each other to make the doubly excited-state energy change.
This is known as the exciton—exciton binding (or repulsion) interaction. Such an
effect on the doubly excited-state energy cannot be described by the simplified
model Hamiltonian in Equation 9.1. One might have to include #Ad}a a,a, to
Equation 9.1 to describe such biexciton binding energy. However, we will ignore
such effects in this chapter for the sake of simplicity.

Now, by including the solvation (solvent reorganization) energies, the ensemble-
averaged vertical transition energies one- and two-exciton states are written as

ho,,, =", + A, cos’ 0+ A, sin” 0+ 24, cos 6 sin® 9.8)
ho,,, =hQ, + A, sin”@+ A, cos*®—2A,_ cos® sin® 9.9

h(T)ﬁQZth-%?\.l-sz:h(ﬁ +h(T)

eg €8

9.10)
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where k/ forj =1, 2, or c, are the corresponding solvent reorganization energies.
Next, one can find that the four transition dipoles are given as

Mg —y- d _| cos®  sin® d;
[T d, —sin®  cos® || d, .11
Wey | [ sin®  cos® d
[ Mooy J_[ cos® —sin® ]( d, ] 0©.12)

Equations 9.11 and 9.12 will be used to calculate 2D photon echo transition
amplitude.

In Equation 9.3, a model Hamiltonian for chromophore—bath interaction for a
coupled 2LS dimer was presented, and it describes chromophore—bath interaction-
induced fluctuations of the site energies and coupling constant. In the delocalized
exciton representation, the transformed chromophore—bath interaction Hamiltonians
for the singly and doubly excited states should be considered. For the singly and dou-
bly excited states, the transformed Hamiltonians are, respectively,

E(@=U"HZ@QU
[ xicos’0+x;sin’ 0+ 2x,cosBsin®  —(x; —x)cosOsin B+ x. cos 20

—(x; —x,)cos0sinO+ x,cos20  x;sin’ 0+ x, cos®> O —2x,. cosOsind

©.13)
22

E55(q) = x1(q) + x2(q). 9.14)

The diagonal matrix element [£(}(q)]; describes fluctuation of the jth singly excited-

state energy, whereas the off-diagonal matrix element [Z{) (q)]x induces an excita-
tion transfer between the two different singly excited states e; and e,. Finally, E2(q)
induces fluctuation of the doubly excited-state energy.

9.2 DELOCALIZED EXCITED-STATE ENERGY FLUCTUATIONS
AND TIME CORRELATION FUNCTIONS

From the transformed Hamiltonian in Equations 9.13 and 9.14, the fluctuating parts
of the transition frequencies are

0Q(q) = (x; cos? 0+ x, sin 0+ 2x, cos 0sin 0) /%
8, (q) = (x; sin” 0+ x, cos” B — 2x, cosBsin O)/7
dW(q) = (x; +x2)/h. 9.15)
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Now, let us consider various frequency—frequency correlation functions. First, invoking
the IBA (independent bath approximation) we have, form andn =1, 2, or c,

<Xn(x,(0)>=0 for m#n. 9.16)

This means that the site transition frequency fluctuation of the mth chromophore is
statistically uncorrelated with that of the nth chromophore. In other words, the bath
degrees of freedom coupled to different chromophore transitions are statistically
independent.

For the sake of notational simplicity, we define the quantity x that is a measure of
the delocalization of the excited states as

K =cos0sin6. 9.17)

As shown in Chapter 7 for a 2LS, the line-broadening of linear absorption spec-
trum and the line width of the diagonal peak in a given 2D spectrum are deter-
mined by the FFCF. For a coupled dimer, the corresponding auto-correlation
functions are

C,., (1) =<8Q,(H3Q,(0) >,=C,(t)cos’ 6+ C,(1)sin* 6 +4C, (1)’
C,., (1) = <8Q,(1)3Q,(0) >,= C,(1)sin* 0+ C, (1) cos* 0+ 4C. (1)K’
C (1) =<dW(NOIW(0) > 5= C, (1) + C, (1), (9.18)

where the FFCFs of x,,(¢) (= exp(iH pt/h)x,,(q) exp(—iH pt/h)) for m =1, 2, and c are
defined as

C, (1) =< x, (t)x, (0)>. (9.19)

Next, let us consider the cross correlation functions:

C,.,(n=C,, (1) =<8Q,()8Q,(0) >,={C,(t) + C,(1) —4C.(1)}x’
C,;()=C, (1) = <8Q ()W (0) >,= C,(1)cos’ B+ C,(1)sin’ 0

C,/(1)=C,, (1) = < 8Q,y (W (0) > 5= C,(t)sin” 6+ C,(t) cos 6. (9.20)

It is interesting to note that the correlation between the transition frequencies of the
delocalized singly excited states e, and e, (between 8Q,(#) and 62,(0)) is proportional
to k2 (= cos? 0 sin? 0). Therefore, if the two chromophores are not coupled to each
other, that is, 6 = 0 or 7/2, we have k¥ = 0 and expect that the cross-correlation func-
tion < 8€2, (1)L, (0) >, vanishes. In this zero coupling limit, there will be no cross-
peaks, as will be shown below.
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9.3 COUPLED TWO-LEVEL SYSTEM DIMER:
QUANTUM BEATS AT SHORT TIME

In Section 7.2, the 2D photon echo spectroscopy of a single 2LS was discussed in
detail. Now, if two chromophores are coupled to each other to form delocalized
singly excited states, the total number of quantum states one needs to consider is
four, as can be seen in Figure 9.1. Therefore, in addition to the two diagonal peaks
originating from the singly excited states e, and e,, there are also two off-diagonal
cross-peaks produced by the inter-chromophore coupling. In this section, the very
short-time regime in which excitation transfer between the two singly excited states
e, and e, does not play significant roles will be considered in detail.

Since there are two singly excited states e, and e, as well as a doubly excited state
/- there are a number of different nonlinear optical transition pathways (diagrams)
contributing to the 2D photon echo spectrum. For a single 2LS, it was shown that the
following two diagrams should be taken into consideration:

e
<M%|g><gl>.
g e
e
<P lg><gl>. .21
gse

In addition, due to the presence of doubly excited state f, it is necessary to include

the following diagram: 7
e
<M%|g><gl>. 9.22)
e

Now, for a coupled 2LS dimer, there are twelve diagrams in total, which represent differ-
ent polarization components. One can classify those twelve diagrams into four groups,
depending on the center frequencies of the corresponding peaks in the 2D PE spectrum.
The first group of diagrams, which produces the diagonal peak at . = ®, , and ©®,=
®, ,» consists of the following two diagrams, which will be denoted as D1-SE (diago-
nal peak 1-stimulated emission) and D1-GB (diagonal peak 1-ground-state bleach):

€
<p T lg><gl> ocexp{—iW,t3 — W, 1}
1
€ . .
<p e lg><gl> ocexp{—iW, 13 —iW,1}. 9.23)
1
In the above equations, only the coherence oscillation factor is shown. These two
contributions have the same coherence oscillation term exp{-i®, ,t; —i®,, #}-
The second group of diagrams (D2-SE and D2-GB) shown below is associated
with another diagonal peak at @, = ®,,, and ®, = ®,
€, . .
<p lg><gl> ocexp{—i,,gt3 — i0g,1}
8 €
)

<P e lg><gl> ocexp{—i,4t3 — 0,4} 9.24)
2
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The third group of diagrams (C12-SE, C12-GB, C12-EAl, and C12-EA2) below is
related to the cross-peak at o, = ®, , and ®, = ®,

F?A

<@ 2 = z lg><gl> ocexp{—i®,qts — i0et2 — iWge 11 }

cp 2 o 145< g XDty ~ i)

cpss —lg><gl et~ i)

<p % 7 | g>}<g [> o< CXP{—ia)_felts - ia)ezelh geltl} (9.25)

1

The first in Equation 9.25 is associated with a quantum beat contribution to the cross-
peak amplitude, since it oscillates in time 7, as exp{-i®,,,t,}. The fourth term also
oscillates in time during 7, as exp{—i®,,, 7,}. These oscillatory contributions appear
as quantum beats in the transient grating or pump—probe signal from the dimer. The
same quantum beat can be observed by measuring the oscillatory amplitude of the
associated cross-peak. From the coherence oscillation term associated with the sec-
ond term in Equation 9.25, it is clear that they are associated with the cross-peak at
o, =, ,and ®,= ®,,,. In addition, the third term in Equation 9.25 also contributes to
the cross-peak at @, = ®,,, and ®, = ®,,,, because the frequency difference between
the fand e, states is very close to that between the e, and g states, thatis, ®, =®
when the exciton—exciton binding energy is negligible.

Finally, the remaining four diagrams (C21-SE, C21-GB, C21-EAl, and C21-EA2)
producing the cross-peak at , = ®,,, and ®, = ®, , are given as

€8’

€8
e, B B
<p > lg><gl> ocexp{—i®, f3 — iW, .t — i0g, 11}
2

o

<p lg><gl> ocexp{—iW, f3 —iW,,}

| g>x}<g [> o exp{—i(T)fezt3 - i(?)geztl}

< Z lg><gl> o<cexp{—i®y,t3 = iWee,tr — iWg, 1} (9.26)

Again, the first and fourth terms are responsible for quantum beats of the cross-peak
at w, = @, and W, = 0) . In addition to the second term, the third term also contrib-
utes to th1s cross-peak because ®, =0,, Due to the quantum beat contributions
originating from the first and fourth terms the cross-peak amplitude at @, = @, , and
o, = O, , oscillates in time 7,, and its amplitude decays by the quantum beat dephasing
process.
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The next step is to obtain the expressions for the two diagonal peaks and the two
cross-peaks. The short-time approximations to the nonlinear response function compo-
nents that directly correspond to the above twelve diagrams can be obtained by using
the results presented in Section 5.3. Then, in the impulsive limit, one can carry out the
2D Fourier-Laplace transformation of the photon echo signal field (see Equation 7.12)
to obtain the 2D Gaussian shape—approximated diagonal and cross-peaks.

First of all, the two diagonal peaks at @, = @, , and ®, = ®, , and at @, = ®, , and
®, = @, are identical to Equation 7.48 except for the center frequencies and other

auxiliary functions. The diagonal peak at @, = ®, , and ®, = ®, , is given as

I]le(("*)hT" (D‘r) = Z[Mgelp‘elgugel"l‘elg]se3e2eTr(mt = (T)elg’< 6S_ZIZ >, (D‘E = (T)elgs< 6912 >)
9.27)

where the approximate 2D Gaussian peak shape function (see Equation 7.49) is used.
The two contributions in Equation 9.23 are the same in this limiting case so that
the factor 2 appears in Equation 9.27. Similarly, the diagonal peak at ®; = ®,,, and
O, =, IS

ED2((D1,T7 (D‘r) = 2[Mgezue:gugezuezg]se3e2eTF((Dt = w92g5< SQ% >, (D‘l: = a)ezg7< SQ% >)~
(9.28)

We next consider the two cross-peaks. Again, using the approximate 2D Gaussian
peak shape function theory in Section 7.6, one can find that the cross-peak at @, = ®,,,
and o, = ®,,, is given as

Eci(0,T,00) = [ gerPegPersPoe | €362 (@, < 5Q18Q, >,®,,,< 5Q8Q, >)
X exXp{—i®e, T — f12(T)}
[P PergPrer P 1 €3€:2€1 T (D, < 8Q3 >, @< 3Q >)
~ [Pl e PP ] €3€2€1 T (D 7, < B3 >, @< 5] >)
— [ 1 e s ] €3€2€ T (@, < B2 8Q) >, B, < 818, >)
X exp{—i®., T — fi2(T)}, (9.29)

where the relaxation of the quantum beat with frequency of ®,,,, is determined by
exp{—/fi.(T)}. Here, f,,(T) is given as

.fiZ(T) = g:]el (T) + gé’zt’z (T) - 2Re[ge]ez (T)] (930)

Due to the first and fourth terms oscillating in the waiting time 7, the cross-peak
amplitude is modulated by these quantum beating contributions. However, it decays
very rapidly. Taking the short-time approximation of f;,(T) up to the second order
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with respect to 7, one can find that

(<8Q2 > +< 802 >-2<5Q,5Q, >)T2}. 9.31)

1
expi=fi.(T)} = eXp{—z

This is a Gaussian decay function, and it becomes vanishingly small after the
chromophore-bath interaction-induced decoherence time Tyeconerence (= \/A” 10 2/AkT)
at room temperature.
By using the same procedure, one can obtain the cross-peak at @, = ®, , and
— 28
®,=0,,
ECZI ((1)1 ) T, (D'c) = [M‘gel M‘ezgp*ﬂgp‘gez ] eSeZeTF(6e1g’< 891592 >s (Bezg’< ng18£22 >)
X exp {_ia)elezT - .]CIZ(T)}
+ [Mxt’lu‘em"“ezg”gez ] e3e2e>1kr(a)elg ,< 6912 >, G)ezg »< 89% >)

- [““ezfu’fezu'ezg““gez ] e3ezeTF ((T)fe2 ,< 5912 >, (T)e%, , < 69% >)
- [l‘l‘ezf""fel MegMger ] e3ezejr(6)ﬁ;2 ,< 691692 >, (Bezg ,< 891892 >)
X exXp{=i®ee, T = fi2(T)}. (9.32)

Again, there are two quantum beat contributions, which decay very rapidly. The
second and third terms on the right-hand side of Equation 9.32 contribute to the
cross-peak even after time 7 greater than T,,.,j.rence-

From the results in Equations 9.27, 9.28, 9.29, and 9.32, the total 2D photon echo
spectrum of a coupled 2LS dimer is given as

EPE((DNT,(DT) = ED]((DHT’(D‘L’) + EDZ((DtaTs(D‘C) + EClZ(mt’T’m‘c) + ECZl(th’mt)'
(9.33)

From the resultant expressions for the two cross-peaks, one can show that they vanish
when the coupling constant J is zero. In the zero coupling limit, e, and e, are completely
localized states on the two chromophores separately and the f state is just a product of
the two localized excited states. Then, the first term in Equation 9.29 cancels out the
fourth term in the equation. Similarly, the second term in Equation 9.29 cancels out the
third term. This is why the presence of cross-peaks in an experimentally measured 2D
spectrum of a dimer system is critical evidence of a nonzero coupling between the two
electric-dipole-allowed transitions of the individual chromophores.

For the sake of simplicity, let us consider the homodimer system with a suffi-
ciently large coupling constant. That is to say, it is assumed that the widths of the
diagonal or cross-peaks are smaller than the coupling constant J, that is,

J>/<8Q% >, 9.34)

In this case, the two singly excited states are frequency resolved in both 1D and
2D spectra. A schematic 2D spectrum for this strong coupling case is shown in
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FIGURE 9.2 Quantum beat contributions to the 2D photon echo spectrum of coupled
homodimer. The two diagonal peaks are separated by 2J in frequency. Each cross-peak is
associated with four different diagrams as shown here. The cross-peak amplitudes oscillate in
time T at time shorter than the system—bath interaction-induced decoherence time.
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Figure 9.2, where only the real part of the 2D spectrum is depicted. The two diagonal
peaks are separated by 2J in frequency. Two cross-peaks appear, and they oscillate
in time 7 with frequency of ®,,, (=2J). The associated diagrams are also shown in
the figure. Analyzing the time-dependent changes of cross-peak amplitudes, one can
extract information on the decoherence time.

9.4 COUPLED TWO-LEVEL SYSTEM DIMER:
INTERMEDIATE TIME REGION

As shown in the previous section, the cross-peak amplitudes oscillate in time 7 due
to the created coherence between e, and e, states. However, such quantum beats
only last for a short time because the corresponding quantum beat relaxation rate
given in Equation 9.31 is in general quite fast and similar to the timescale of free-
induction decay. Therefore, at waiting times sufficiently longer than the quantum

beat relaxation time, that is, T > T, ence = v /i In2/Ak, T , the diagonal and cross-
peaks are given as

Epi (0, T,0) = 2y P ghhgo P | €382 T (0,4, < 3QF >,0,.,,< 3Q >)
Ep2(0,,T,0:) = 2[Pge s ger s | €382 T (@, < 8Q3 >, 0,0, < 823 >)
Eci(0,T,00) = [ g PerglhagPon | €362 T (0,0, < 8Q3 >, 0,,,< 3Q7 >)
S | L0 LV 1 Y L ]fe3e2eYF(G)_fkl ,<8Q3 >,0,,,< 8Q7 >)
Ecoi(0:,T,00) = [ go ngPergPe: 1 €562 (@, < 8QF >, 0., < 3Q3 >)
~ [Pea oo PergPhger T €3€2€1 T (@ 1y, < 8QF >,,,,< 893 >). (9.39)

Hereafter, let us consider the case when the three incident pulses are linearly polar-
ized along the X-axis in a laboratory-fixed frame and when the X-component of the
photon echo field vector is detected. For the sake of simplicity, assume that the two
local transition dipoles d, and d, have the same magnitudes, d = Id,| =Id,|. Then,
after performing the rotational average of the relevant fourth-rank tensor (XXXX)
element, one can estimate the amplitudes {5}}(} of the four peaks at their maxima
(or minima):

(1) Diagonal peak at (0, = ®,,,, ®, = ®, ,)

Go__2m 4 _ 2nd* 2
Sh=s07 {20t ] f= - s 20 2xcoser).  930)

(2) Diagonal peak at (o, = ®,,,, ®, = (,,,)

€8

Go __2m 4 _ 2nd* 5
2= <8Q; > {2[”823 :IXXXX} T <82 > {12(1-2xcos9)°}. (9.37)
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(3) Cross-peak at (o, = @, ,, ®, = ®,,,)

(’]g’
2n

8% =
B \/< 8Q; >< 8Q3 >

{2z ] = B B s |

~ 2nd*
\/< 8Q; >< 8Q); >

{8(2x* + 3Kk cos ¢ + 41c* cos® ) }. 9.38)

(4) Cross-peak at (0, = @, ,, ®,= ®, )

€18

. 2
Sh= \/< Y >7t< 52 > {[l‘liguz,g loo(x _[ugezueszfezuezg]xxxx}

_ 2nd*
\/< 3Q; >< 8Q3 >

{8(2k” — 3K cos ¢ + 4x* cos” 0)}. (9.39)

Here, x, defined in Equation 9.17, is a measure of delocalization of excited states. ¢
is the angle between the two local transition dipoles d, and d, (see Figure 9.1). The
highly simplified expressions given in the above can provide a guideline for the inter-
pretation of experimentally measured amplitudes of the diagonal and cross-peaks and
can be used to estimate the angle between the two local transition dipole vectors. It is
again clear that, in the zero coupling case, the delocalization factor K is zero and the
cross-peak amplitudes S/, and S5, vanish. This is because e, and e, states are each
completely localized on one of the chromophores so that w,, =d;andp,,, =d,.
Then, in this zero-coupling case we have [uflgpuég] xxxx = [Wgey Woer I foy My Ixxxx and
[ufzguflg] xxxx = [WgesMey £ 72, e Ixxxx - Therefore, the two contributions exactly can-
cel out (destructively interfering with each other at the amplitude-level), and the cross-
peaks vanish.

If we further assume that the two chromophores are identical, that is, a homodi-
mer, the delocalization factor x is 0.5 and the peak amplitudes are simplified as

247 ldl*

SY = <50 > (1+cos )
S0 _ 24m la* Al oy
2= 592
p— (cosd+1)(2cosd+1)
” \/< 8Q? >< 8Q)3 >
4
Sy=- S ld] (cosd—1)(2cosd—1). (9.40)

\/< 8Q7 >< 8Q)5 >
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FIGURE 9.3 The ¢-dependent functions in Equation 9.40.

In Figure 9.3, the ¢-dependent functions in Equation 9.40 are plotted. When the
two local transition dipole vectors are parallel to each other, that is, ¢ = 0, then
S% =89 =0. If the two vectors are antiparallel, then S =S =0. If the two
local transition dipole vectors are perpendicular to each other, we have S11 = S22
and S, = Sy,. Therefore, the relative orientations of the two chromophores can be
estimated by analyzing the diagonal and cross-peak amplitudes with the results in
Equation 9.40.

9.5 COUPLED TWO-LEVEL SYSTEM DIMER:
POPULATION TRANSFER EFFECTS

In this section we will consider the population transfer effects on the 2D PE spectrum
of a coupled 2LS dimer system. As can be seen in Equation 9.13, the transformed
chromophore—bath interaction Hamiltonian is not completely diagonalized, and the

off-diagonal matrix elements of é(;g (q) are

[E0@ ], =[EB@],, = 0 —x)x+x, cos26. 941)

Therefore, population transfer processes between the two singly excited states occur,
and the 2D peak shape thus changes in time 7. Treating [Z{3(q)];» as the perturba-
tion Hamiltonian and using second-order perturbation theory, that is, Fermi’s golden
rule,'s one can obtain an expression for the population transfer rate constant and the
relevant quantum Master equation (see Section 8.7).

The second-order population transfer rate constant from the jth excited state to
the kth state was shown to be (see Equation 8.56)

Ky =2Re j: dt <[EG@n], [E5@O)], >5 expl-idgt).  (942)
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The time-correlation function of [E(Slg(q)]lz, which is required to complete the

calculation of Equation 9.42 in the present case of a coupled 2LS dimer, is found
to be

<[EG@m) ], [ER@O) |, >5= (C(1) + C2(0) )k + C.(1) cos? 26. (9.43)

Inserting Equation 9.43 into 9.42 and performing the integration over time, one can
obtain the two (downhill and uphill) population transfer rate constants. Since the real
and imaginary parts of C;(7) can be expressed in terms of the corresponding spectral
density, we get

Kp=110," {coth[ﬁhlzwlzlJ + 1}{[p1(| By, )+, (1 @y, DI +p, (1 By, cos® 20}

(9.44)

Ko =116 P {coth(mlg)zll)—l}{[pl(l 21 1)+ Pall @y DK +p. (1@, ) cos 26].

(9.45)

The resultant expressions for the rate constants obey the detailed balance condition
as

& _ coth( Bhil®y,| )_ 1

K, Coth( Bhla”‘)+ 1

[N]

= exp(—h | ®,, l/kyT). (9.46)

2

For an N-state system, the conditional probability, G,;(#), for the population to be
in a specific state | k> at time ¢, provided that it was at state |j > at ¢ = O for an arbi-
trary pair of j and k, can be obtained by solving the following master equation (see
Equation 8.53):

ij(t) = ZKlelj(t)_[Z Klk]ka‘(t) (9.47)

1#k 1#k

This coupled linear differential equation can be solved by using the Laplace trans-
form method. Denoting the Laplace transform of G,;(¢) as G;(s), one can rewrite the
above initial value problem as

sG(s)+KG(s)=1 (9.48)

where the underlines in the above equation mean that they are the N by N matrices and
1 is the identity matrix. The [j,k]th matrix element of G(s)is G (s). Diagonalizing
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the rate constant matrix K as

a0 0
vigv=a=| 0 P 0 9.49)
0 0 »

one can solve Equation 9.47 for the conditional probabilities by taking the inverse
Laplace transformation of Equation 9.48 to find

e 0 .0
cn=v| O ¢ 0y ©:50)
0 0 cee M

Now, for the two-state system consisting of e, and e,, the rate constant matrix K is
simply given as

K =( Ko _K”]. 9.51)
_KZI K12

Two eigenvalues of this rate constant matrix are 0 and K,, + K, and the respective
eigenvectors are

K12 1
2 2 N

VKRR | e ] V2 9.52)
K21 1

JE K2 V2

From these results, one can find that the survival and conditional probability func-
tions are

K, + K, exp{—(K,, + K,)t}

G, ()=
! Ky +K,
Gy(1) = Ky + K, exp{-(K, + K,)t}
Ky, +K,
G21(t)= KZl[l_exp{_(KZI +K12)t}]
K, +K,,
G, (t) = K,[1—-exp{—(Ky, +K12)t}]. (9.53)

K21+K12



184 Two-Dimensional Optical Spectroscopy

Here, the diagonal matrix elements of G(¢) are usually called the survival probabil-
ity. For instance, Gy,(f) is the probability of finding the system to be in e, state at time
t later when the system was in the same state at time zero.

Now, due to population transfer between the two singly excited states during the
waiting time 7, the diagonal and cross-peak amplitudes would change in time. Since
the population transfer process is comparatively slower than the decoherence tim-
escale, Ty conerences those diagrams involving quantum beating terms will be ignored.
Then, among the remaining eight diagrams in Equations 9.23-9.26, only four of
them are stimulated emission contributions that involve population evolution on one
of the two singly excited states during time 7. Therefore, the population transfers
during T affect those four cases. As an example, let us consider the following dia-
gram, which is the first one in Equation 9.23:

€
< lg><gl>. 9.54
”’ﬁ g><g 9.54)

When there is no population transfer from e, to e, states within the time delay 7, the
above diagram contributes to the diagonal peak at @, = ®, , and ®, = ®, ,. However,
when the population relaxation time is fast in comparison with the excited-state life-
time, the population on the e, state created at t = ¢, can end up at the e, population or
remain at the e, population. Such a probability is fully described by the conditional
probability matrix G(r) discussed above. Therefore, the diagram shown in Equation
9.54 should be rewritten as the sum of two contributions as

62 6‘1 . _
Gx(T)< u%g];ﬂ%l g><gl> o< exp{—i®,,f3 — i1} (9.55)

€
G(T<p lg><gl> ocexp{—i®
8 €

elgt3 _i(T)geltl}' (956)

The first one describes the population transfer from e, to e, states during 7T so that
the conditional probability G,,(T) multiplies the third-order polarization. Further-
more, the coherence oscillation term is given as exp{—i®,, t; —i®,, #} so that this
diagram will contribute to the cross-peak at ®, = ®, , and ®, = @, ,. Consequently,
the corresponding cross-peak amplitude will change (increase) due to this additional
contribution originating from the population transfer from e, to e, states. The second
diagram in Equation 9.56 is the case where the initially created population on e,
remains on e, even after finite time 7. Therefore, the conditional probability (or sur-
vival probability) G,, (T) multiplies the third-order polarization. This term contrib-
utes to the diagonal peak at o, = ®, , and ®, = ®, ,. Overall, the cross-peak amplitude
increases, and the corresponding diagonal peak amplitude decreases because of the
population transfer.

Taking into consideration the population transfer processes, we find that the dia-
grams associated with the diagonal and cross-peaks are fully given as
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9.57)

(9.58)

9.59)

(9.60)

Then, by using the short-time approximation to the nonlinear response function
and 2D Gaussian peak shape function approximation, it is possible to obtain the 2D
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photon echo spectrum of a coupled 2LS dimer undergoing population transfer
between two singly excited states. For the diagonal and cross-peaks, we have

(1) Diagonal peak at (0, = ®, ,, ®, = ®, ,)
EDl ((1)[, T7 (DT) = [Mgeluelguelgugel ]EeSeZeT{l + Gl 1 (T)}r((ﬁelgs< 6912 >, (T)elg’< 6912 >)
_[M'ezfp'fez”'mguge] ]Ee3e2eTG2l (T)r(a)fez ,< 8912 >, (T)elg’< 8912 >)

(9.61)
(2) Diagonal peak at (o, = ®,,,, ®, = (,,,)
Ep2 (0,7, 00)= [ ger sy, 1 €5€2€1 {1+ Gon (T) 1T (@< 8Q3 >, D, < 525 >)
— [ b e Prgbges ] €3€2€1 G (1T (D 1, < 8Q3 >, @, < 823 >)
(9.62)
(3) Cross-peak at (0, = ®, ,, ©, = (,,,)
Eci2(00,T,0:) = [Ige PesgPergPge | €3€2€1 T (@4, < 8Q3 >,8,,,,< 3QF >)
~ [ P, ) €5€2€1 Gy (DT (@ 1y, < 893 >, @, < 8Q7 >)
{1 g PsghngP s 1:€5€2€1 Gy (T)T (@5, < 893 >,@,,< Q7 >)
(9.63)
(@) Cross-peak at (0, = ®,,,, ©, = @, ,)
B (0,7, 0:) = [Bgo ey gPergPe, 1 €362€ T (0,0, < 8Q7 >, 0,0, < 3Q3 >)
~ [P B s P, 15 €3€2€1 G ()T (D 1, < SR >, D, < 3Q5 >)
[ g e gPhergPhes 1 €3€2€1 Gio (1T (0,4, < 8QF >,,,,,< 893 >).
(9.64)

In the limiting case when the uphill transition rate constant K,, is negligibly small,
that is to say, if the energy difference between e, and e, states is much larger than the
thermal energy, the conditional probabilities in Equation 9.53 are simplified as

G () =1, Gu)=exp(=K 1), G, (t)=0, and G, (1)=1-exp(=K,t). (9.65)
Then, the diagonal and cross-peak amplitudes are given as

(1) Diagonal peak at (0, = ®, ,, ®, = ®, ,)
EDI((DI?T’ (DT) = 2[Mgel"l'61glkelgu'gfl ]Ee3eZeTF(G)e1g’< 8912 >, (T)e[g7< 8912 >)
—[Mes B fos By P, 1 €3€2€1 {1 — exp(— K 121}

Xy, < 8QF >,8,4,< 8Q] >) (9.66)
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(2) Diagonal peak at (o, = ®,,,, ®, = ®,,,)
ED2((DI > T7 (D‘l,') = [Mgez”’egg”’ezg”’geg ] e3e2e>l:<{1 + exp(_KIZt) }

xF((T)ezg,< 8Q3 >, @,,,< 83 >)

[P fer PeergMeges ] €5€2€1 {1 — exp(—K21) }

X (@, < 83 >, D, < Q3 >) 9.67)
(3) Cross-peak at (®, = O, O, = (ogzg)
ECIZ(O)I’ T’ (D‘t) = [M‘gez”‘ezguelguge] ]Ee3e2e7r(6~)e2g7< SQ% >’ 6)e1g7< ngl2 >)

~ [ B e PhergBhe, 1 €5€2€1 T (@, < 8QF >,8,,,< 3QF >)  (9.68)

(4) Cross-peak at (®, = =0,,, ©,= (oglg)

ECQI((DHT,(D‘E) = [M‘geluelguezgugez]Ee3e2ejr( elg3< 8£21 >, (Dezg,< 89% >)

- [”’ezf”“fezuezgp“gn ] 63626T eXp(_I(l Zt)

xF(cT)fez,< 3Q >,0,,,,< 8Q3 >)

+ [’Lgel l‘l'c’]g“'ezg”'gez ] eSeZeT {1 - eXP(_Klzt)}

xl"((T)e,g,< 3O >,0,,,,< 8Q3 >). 9.69)

These results show that the two diagonal peak amplitudes decrease due to the
additional excited-state absorption contributions specified by the second terms in
Equations 9.66 and 9.67. The cross-peak at ®, = ®, , and @, = @,,, remains the same,
whereas that at ®, = ®,,, and ®, = ®, , increases due to the population transition from
the upper state e, to the lower state e,. In this limiting case of downhill-only popula-
tion transfer, the real part of the 2D spectrum is schematically drawn in Figure 9.4.
The upper-right diagonal peak amplitude associated with the higher-lying e, state
decays in time due to population transfer from the e, to the e, state, whereas the
lower-right cross-peak amplitude increases in time 7. The two peaks at @, = ®, , do
not change much.

Using the general results presented in this chapter, one can experimentally study
quantum beat, coupling, and population transfer processes as well as extract infor-
mation on the molecular structure of the dimer, such as the relative orientation of the
two monomers and the intermolecular interaction strength.
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FIGURE 9.4 Population transfer effects on 2D photon echo spectrum of coupled 2LS sys-
tem. In the limiting case when the uphill population transfer rate is negligibly smaller than
the downhill transfer rate, the upper diagonal peak amplitude decreases and the lower-right
cross-peak amplitude increases due to population transfer.

9.6 COUPLED ANHARMONIC OSCILLATORS:
MODEL HAMILTONIAN

Two-dimensional IR photon echo spectroscopy has been widely used to study vibra-
tional couplings between two different amide I local oscillators and eventually to
determine peptide conformations and dynamics by examining the 2D peak shape
changes with respect to the waiting time 7. Unlike the electronic chromophore, the
vibrational degrees of freedom should be modeled as a 3LS consisting of the ground,
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3LS dimer

FIGURE 9.5 Coupled anharmonic oscillators. The coupling constant is J. Each anharmonic
oscillator is assumed to be a 3LS. Then, the coupled anharmonic oscillators form two singly
excited states (e, and e,) and three doubly excited states (f; ~ f3).

first excited, and overtone states. When such three-level oscillators are coupled to
each other, it is necessary to consider at least six vibrational quantum states (see
Figure 9.5). The two singly excited states e, and e, are delocalized over the two oscil-
lators. The three doubly excited states denoted as f; in Figure 9.5 are combination
and overtone states and are also delocalized over the two oscillators due to nonzero
coupling constant J. The model Hamiltonian for this coupled oscillator system is

2
H,= E h(oma;,am + hJ{a]Ta2 +a§a1 1+ 7’1A“afa;(a1a1 + hAzza;azazaz

m=1

+2hA,a] dhaya, + Hy. (9.70)
Here, o, (=¢,,/f) is the vibrational frequency of the mth oscillator, and J is the
coupling constant. The two overtone anharmonic frequency shifts are denoted as

A,..» and the combination anharmonic frequency shift as A,,. The chromophore—
bath interaction Hamiltonian is again assumed to be

Hgp = hx, (Q)afal + hix, (Q)a;az + hix, (q){a?‘az +aia }. 071

The singly excited states can be described by the following Hamiltonian matrix,
when the two basis states are a! 10> and a} 10>:

av=n® 7| 972)
J o,
Next, the Hamiltonian matrix of the doubly excited states with the basis set

(120>=aja] 10>,102>=ala}10>,11,1>=aja} 10>} is

20,- A, 0 V27
A®=n o0 20, - Ay, NCY ©.73)
J2 V20 o t0,—-A,
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Diagonalization of the Hamiltonian matrix, H{", gives the two eigenstates ¢, and e,,
le, > L [al10> cos®  sin®\(a 10>
—y| 4 _| < gt 9.74)
le, > a, 0> —sin®  cos6 J{ a) 10>
Here, the mixing angle © was defined in Equation 9.5. The two singly excited-state
energies are the eigenvalues of H{":
hQ, =€, cos’O+¢,sin’ O+ 2J cosOsin O
hQ, =€, sin*0+¢, cos> 0 —2J cosOsin . 9.75)

Unlike the case of the coupled~ 2LS dimer, there are three doubly excited states
f, —f;» which are eigenstates of H{” in Equation (9.73). The elements of the jth eigen-

state]j will be denoted as Ci1 » Cpas and Ciz» that is,
lf, > 12,0 > ¢ ¢ o3 )[12,0>
Lf, >|= v'10,2> |= Cy €y Gy ||10,2> . (9.76)
lfy > [1,1> ¢ o o )\ 11>

The eigenvalues of I-Nléz) will be denoted as AW, (j=1-3).
With the basis sets for the singly and doubly excited states, the system—bath inter-
action Hamiltonian matrices H§, and HS} are

e T o)
2x1(q) 0 V2x.(q)
H(@=n| 0 2u@ V2u@ | (978)

V2x.(q)  V2x.(q)  x(q)+x:(q)

Then, the transformed system—bath interaction Hamiltonian matrixes can be obtained
by using the general results in Equations 8.13 and 8.14. The fluctuating parts of the
transition frequencies of the e, and e, states are

3Q,(q) = (x; cos® O+ x, sin” 0+ 2x, cosOsin 0)/7
8Q,(q) = (x;sin” O+ x, cos” 8 — 2x, cos Osin 0) /7. (9.79)

Those of the three doubly excited states, denoted as 8W;(q), can be obtained by con-
sidering the diagonal elements of V™'H{;)V matrix as

SWi@=[V'HF @V], (9.80)

where V-matrix was defined in Equation 9.76.
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Also, the transition dipole matrix elements between g and e, states and between
g and e, states and those between one of the two singly excited states e; (for j= 1 and
2) and one of the three doubly excited states f, (k = 1 — 3) can be written as linear
combinations of the two local transition dipoles d, and d, (see Equations 8.19 and

(8.21):
Pag | _ U d _[ cos®  sin® d
Mere d, —sin® cos6 || d,

Mo = (\/Ec“ cos0+cy3sin0)d; + (\/iclz sin0+ ¢;3 cos0)d,

e, = (—\/Ec“ sin0+ ¢;3 cos0)d; + (\/Eclz cos0 —c3sin0)d,

B e = (V2621 cOS O+ ¢33 5in0)d, + (v2¢, 5in O+ ¢33 cos B)d,

K ey = (—/2¢21 8IN0 + 3 c0s 0)d, + (v2¢2 €080 — c3 5in B)d,

B = (V231 €050+ 33 5in0)d, + (v/2¢3, 5in O + ¢33 cos 0)d

K frer = (—/2¢3 5N 0+ 33 cos 0)d, + (v/2¢3, cos 0 — ¢33 5in 0)d,. 9.81)

Here, the harmonic approximation was used to estimate the transition dipole matrix
element between the first excited state and the overtone state of each individual local
oscillator, that is, [p,; 1=v2 Iy .

The transition FFCFs for the present coupled anharmonic oscillator system can
be obtained from the results for the general N-coupled anharmonic oscillator sys-
tem in Chapter 8. Therefore, all the necessary ingredients for calculating the 2D
photon echo have been specified by now. In the following section, the short-time
approximation to the third-order response function and the 2D Gaussian peak
shape approximation will be used to show how many cross-peaks are observable as
well as what information can be extracted from the 2D photon echo study of the
coupled anharmonic oscillator systems.

9.7 COUPLED ANHARMONIC OSCILLATORS: TWO-DIMENSIONAL
PHOTON ECHO SPECTRUM AT SHORT TIME

When two anharmonic oscillators are coupled to each other as discussed above, a
number of third-order response function components contribute to the 2D photon
echo in addition to those for the coupled 2LS dimer, since there are three doubly
excited (f, — f;) states that are electric-dipole-allowed from the two singly excited
(e, and e,) states. Nevertheless, there appear only two diagonal peaks originating
from g <> e, and g <> e, transitions, and the corresponding expressions for peak
shapes and amplitudes are identical to those of the coupled 2LS dimer.
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The third-order polarization associated with the diagonal peak at ®, = ®, , and

®, = @, , is given as the sum of stimulated emission and ground-state bleaching

diagrams:
2! !
< lg><gl> and < lg><gl>.
] S e §><8 ] 2S¢ §><8 9.82)

The corresponding 2D photon echo diagonal peak at ®, = @, , and ®, = ®, , is given
as

EDI((D[»T’(DT) = Z[Mgeluelgugmp‘elg]Ee3e2elr(a)elg»< ng12 >’a)e]g7< ng12 >)~ (983)

The two polarizations producing the diagonal peak at ; = ®,,, and ®, = ®, , are,

similarly,
62 62
< lg><gl> and < lg><gl>.
m—lg><s u% g><g (9.84)

The diagonal peak at ®, = ®,,, and ®, = ®, , is then

EDZ((DUT’ (D‘t) = Z[Mgezp'fzgugezuezg]se3e2eTr(O~)e2g’< 89% >a (T)ezg’< 89% >)' (985)

All the other nonlinear optical transition pathways (diagrams) contribute to the
off-diagonal peaks in a given 2D photon echo spectrum of coupled anharmonic
oscillator system.

In a real experiment utilizing very short pulses, coherence between e, and e,
states can be created and contribute to the photon echo polarization. Despite the
fact that there are a number of diagrams contributing to different cross-peaks, one
can classify them into two groups. The first group contains diagrams that produce
cross-peaks at @, = ®, ,, whereas those in the second group produce cross-peaks at
®, = ®,,,. The diagrams within each group differ from one another by the coherence
oscillation frequency during the #; period, which determines the center frequency of
each cross-peak along the m, — axis.

(Group 1) Diagrams producing cross-peaks at o, = ®, ,

€
<p 2 Z | g>}<g [> o exp {—i(T)ezg@ - i(Begm t — ia)ge]tl}
1
€
<p T5e lg><gl> ocexp{—i, t3 — i0, 1}
1
fiee L ,,
<P e lg><gl> ocexp{—i® gt —iWg 1}
1
froe

<p z | g>}<g > o exp{—i(T)fzgllg - ia)ggltl}
1
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figen _ _
<P = lg><gl> ocexp{—i®p,t; — 0}
1
fiee — — -
<P Z | g>}<g [> o< exp{—lﬁ)f]elt3 — 1My I2 — l(ogﬂtl}
1
free, — — —
<R > lg><gl> oceXp{—i® pets — i0eetr — IWge 11}
1
fzees — . -
<P > lg><gl> ocexp{—ip 13— iWeply — iW g1} 9.86)

1

(Group 2) Diagrams producing cross-peaks at ®, = ®, ,

€
<@ 2 > lg><gl> ocexp{—i®, l3 = iW,e,tr — IO, 11}
2!
e, B B
<p T5e lg><gl> ocexp{—i®, f3 — iW,,1}
2
fiees L ,,
<P - lg><gl> ocexp{—i®e,t; —iM,,1}
2
free, _ _
<P Z | g>}g > o eXp{—l(szeztg - lwgeztl}

2

lg><gl> oceXp{—ipe,t5 — Mg, 1}

A
=
~
>
>

fiee
<P 7 | g>}<g > o eXp{—iﬂ)f]ezt3 - imeleth —i(l)gpzl‘l}
2
free _, ,, .
<p > lg><gl> ocexp{—i® pe,t3 — iMe,ts — iW g, 11}
2
free

| g>}<g > o eXp{—i(T)ﬁeZl} - ia)glpztz - i(Bgegtl} (987)
2

A
=

It is interesting to note that, within each group, there are four diagrams showing
quantum beat patterns or coherence oscillations during #, period, when the photon
echo signal is measured as a function of the waiting time 7 (= ¢, in the impulsive
limit). From the diagrams in Equations 9.86 and 9.87, one can obtain the corre-
sponding expressions for the 2D photon echo peak shapes. Using the 2D Gaussian
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peak shape approximation, one can find the expressions for the eight diagrams in
Group I:

Ec1(0,,T,0:) = [Wges PerghercPhee 1 €3€281 T (@, < 8Q,8Q, >, ®,,,,< 82,80, >)
X exp{—i®,,, T — fi(T)}
oot ergberPeger 1 €3€5€ T (D gy < 823 >, 0,0,< 827 >)
— [ i fier Peerghhgen ]Se3ezeTr(a)ﬁm < (8W; - 891)2 >, 0, < 8912 >)
~ [P e PengPge 1 €382 T (@ oy, < (SWs = 8Q))? >, D, < 82 >)
[ e Perghe 1 €582 T (@ ey, < (BWs — 8% >,@,,,,< 8Q >)
~ [y il fieaPorgPe 1 €3€2€1 T(@ oy, < (W — 8Q) )W, — 8Q,) >, @,
<8Q,8Q; >)exp{—i®,,, T — fi(T)}
(e ol fres PergMhger | €3€2€ T(@ fye, , < (W, —8Q))
X (W) —8Q) >,0,,< 8,80 >) exp{—i® o, T — f2(T)}
—[ s fresMeergMe I e3e2e71—‘(a)f3m ,<(OW; —06€2))
X(8Ws —8Q) >, ®,4,< 8Q,8Q, >) exp{~i®,., T — fia(T)}.  (9.88)

The 2D photon echo peaks associated with the second group of diagrams in Equation
9.87 are given as

Eg2(00,T,00) = [PogePeesghberchher 11 €328 T (@, < 8Q18Q, >,0,5,< 82 5Q; >)
X eXp{—i®¢, T — fi2(T)}
PPt €021 T (0, < 8Q7 >0, < 305 >)
_ [Mezﬁuﬁezpezgp,gez]§e3e2efl"(cT)/lez < (@W, = 802,)* >, ®,,,,< 83 >)
= BB B 110302610 (O ey <(BW = 82)7>, D1 <805 >)
—[Perss P s Perghge, 1 €3€2€1 T ((T)fm <@ = 8020)">, 00 <0 >)
[ il e PergBher 1 €3€2€ T(@ f, , < (BW; —8Q))

X(@BW, —8Q)) >,0,,,,< 80Q,8Q, >) X exp{—i®,,.,T — fi(T)}
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- [Mez.fzu_fzt’l Weiglge, J:ezeqe,

XT(® fye, , < (OW, —8))(OW, —8Q5) >,®,,,, < 8,082, >)
X exp {_ia)mez T- fi*Z (T) }
- [Mezfj”’fée] MeigMger ] eSeZeT

XT(0 4, ,< (OW; — 02 )(OW; —8Q,) >, ®,,,,< 8Q,0Q, >)

g

X exXp{—i®eue, T — fiz(T)}. (9.89)

The above results were obtained by assuming that the population transfer processes
between the two singly excited states are negligibly slow. It is interesting to note
that one can show that the above results for the two-coupled anharmonic oscillator
system reduce to those for the coupled 2LS dimer in the limit that

Ay — —o
Agp — —eo

A —0. (9.90)

In this case, the two eigenvalues, AW, and #W,, which are the energies of f; and f,
states, approach infinity and become nonresonant with the external fields so that
these two states are out of the range of detection. Secondly, 7AW, becomes €, + €,
and the state f; is simply 11,1 > (= a]a} 10 >). Then, one can show that the results in
Equations 9.88 and 9.89 reduce to those in Equation 9.29 and 9.32 for the coupled
2LS dimer.

In this section, the short-time behavior of cross-peak amplitudes for coupled
anharmonic oscillator system were theoretically described. In the following sections,
we will consider a few simple cases to illustrate the information that can be extracted
from the 2D vibrational spectrum of coupled anharmonic oscillator systems.

9.8 COUPLED ANHARMONIC OSCILLATORS:
DEGENERATE CASE

When the coupling constant is relatively small in comparison to typical absorption
bandwidths, that is, J <,/<8Q” >, the two diagonal peaks cannot be frequency
resolved. Furthermore, if the overtone and combination band anharmonicities are
small, that is, A <./< 8Q? >, the positive peak originating from g <> e transitions
spectrally overlaps with the negative peak from excited-state absorption contributions
(e <> f). Thus, the total 2D spectrum is spectrally congested. In this case, it is quite
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difficult to interpret the 2D spectrum and to extract structural and dynamical infor-
mation from peak shape and amplitude changes of the broad peaks. However, when

J>4J<8Q% > and A >/<8Q* >, the two diagonal and corresponding cross-peaks

are frequency resolved in the 2D spectrum, and furthermore, the overtone and combi-
nation peaks will appear as cross-peaks at proper positions in the 2D spectrum.

For the sake of simplicity, let us consider a degenerate coupled oscillator system
where the two oscillators have the same frequency ®, The Hamiltonian matrixes
associated with the singly and doubly excited states are then given as

Av=n® 7| 991)
J o,
20, — A, 0 J27
A®=n 0 20—, 27 | (9:92)

J27 20 20,-A,

The overtone anharmonic frequency shift of each local oscillator is A, and that of the
combination state is A.. For this degenerate two-oscillator system, the mixing angle
0 is /4 so that we get

sin® = cosO = 1/\/5

o) wenee),

Q =0w,+J
Q,=w,-J. (9.93)

From the eigenvector elements of ¢, and e, states, one can identify them as symmet-
ric and asymmetric vibrations, respectively. If the two oscillators are C=0 stretching
modes, the e, excited state corresponds to the case when the two C=0 stretching
vibrations are in phase and symmetric. Depending on the sign and magnitude of J,
the symmetric normal mode frequency can be higher or lower than w,.

Now, after diagonalizing the H{” Hamiltonian matrix in Equation 9.92, one finds
that the three eigenvalues are

Wi = 20, _MJ_A
2 sin&
W, = 2(1)0 _AO
Wy= 20— Do tAe _ 2J (9.94)

2 sing’
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where

197

(9.95)

Ay—A
=cot™ | =2—=< |,

Note that & defined above is a monotonically decreasing function from 7t/2 to zero as
(A — A)/AJ increases from O to infinity.
The corresponding eigenvectors are found to be

sin/2) - sin@/2) oy

e 205 2 J2 12,0 >

1 1
I >|=v02>|=| - 0 |[10,2>]. (996
5 > Tl % V2 >
s 111> e
2 _cos®/2) _cos®1D) )

2 V2

From the above eigenvectors of the singly and doubly excited states, the f; state
can be viewed as the overtone state of the symmetric vibration, whereas the f; state
is the overtone state of the asymmetric vibration. The f, state can be considered
the combination state of the symmetric and asymmetric vibrations. The energy of
the combination (f;) state does not depend on the coupling constant, as expected.
In Figure 9.6, the relative energy levels of the six vibrational states are shown.
Although the two energy levels of singly excited states e, and e, are just linearly
dependent on the coupling constant J, the J-dependencies of the three eigenvalues
associated with the doubly excited states W, — W, are not simple. Thus, Figure 9.7
depicts W/’s with respect to J when Ay =30 cm™ and A, =5 cm™.
Now, the corresponding transition dipole matrix elements are found to be

Reg | [ N2 N2 | 4
[ Prosg ]_[ —INZ 12 J[ d, ] OID

and
. ( sin\(/%/Z) . cos\(/%/Z) ] d +dy)
M fie, = _( Sln\(/%/z) - COS\(/%/Q') j (d;—d»)

B = (d) —d5)/N2

Poper = —(d +d)/N2 (Continued)
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A+ A
2wg — 02 <42
—— fi1 Overtone state of symmetric vibration
20— Ay /> Combination state
A A f3 Overtone state of asymmetric vibration
¥
20— °2 < _9f
g+ /] e, Symmetric vibration
wy—J e, Asymmetric vibration

FIGURE 9.6 Energy levels of singly and doubly excited states of coupled anharmonic oscil-
lator system. The two singly excited states are symmetric (e,) and asymmetric (e,) vibrations
of the two anharmonic oscillators. The three doubly excited states are, on the basis of their
eigenvector elements, overtone states of symmetric (f;) and asymmetric (f;) vibrations and
combination state (f,). In this figure, the upward arrows show which vibrational transitions
are electric dipole-allowed. Vibrational transitions between any two states that are not con-
nected by an arrow are forbidden.

Doubly Excited State Energies (W)
20 + 40 . : : .

200+ 20
20— A, w,

Opvertone state
of sym. e;-mode

2w 1
209 — A
269-20 1 o0 V72 Combination state 1
s 2
2wy — 40 1
W3
2w — 60 Overtone state b
of asym. e,-mode
20— 80 : L ! .
0 5 10 15 20 25
J (em™)

FIGURE 9.7 Eigenvalues of the three doubly excited states, W1 ~ W3, versus J (see Equation
9.94). For numerical calculations, the overtone and combination anharmonic frequency shifts
are assumed to be 30 and 5 cm™, respectively.
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_(sin(€/2) cos(E/2)
el —( 2 NG )(d1+d2)

= (sin\(/%/Z) N cos\(/%/Z) )(dl _dy). ©98)

In this simple case of degenerate coupled anharmonic oscillators, the energies of
the singly and doubly excited states, their eigenvectors, and transition dipole matrix
elements are fully obtained in terms of the coupling constant and overtone and com-
bination anharmonic frequency shifts. Therefore, it is now possible to calculate the
2D photon echo spectrum by inserting the relevant results into Equations 9.83 and
9.85-9.87. However, still the results are quite complicated, and it appears to be dif-
ficult to identify the essential physics behind them. Thus, one may find it useful to
consider a few limiting cases.

Hereafter, it is assumed that the absorption bandwidth is smaller than both the
coupling constant and anharmonic frequency shifts, that is to say,

J><8Q > and (A, +A,)/2><8Q%>. 999

Then, not only the diagonal peaks but also the cross-peaks are frequency resolved,
so that the anharmonic frequency shifts and coupling constant can be directly esti-
mated by examining the measured 2D spectrum.

Strong coupling limit (J > (Ay+A,)/2>4/< 8Q? >). First, let us consider the
case when the coupling constant is much larger than the average anharmonic fre-
quency shift. Then, the two diagonal peaks originating from g <> ¢, and g < e,
transitions are well separated in frequency, and the splitting is 2/ (see Equation 9.93).
Now, the angle & defined in Equation 9.95 approaches 7/2, that is to say,

lim & =7/2. (9'100)

(Ag=A)I—0

In this strong coupling limit, the energies of the three doubly excited states are given
as

Ag+ A,

W, =2m, — +2J
2
W2 = 20.)() - AO
W;=2m, — % —-2J. (9.101)

Furthermore, the six transition dipole matrix elements in Equation 9.98 in a given
molecule-fixed frame are simplified as

Py =(d; +dy)

Wpe, =0
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P = (di—dy)/2

B, =—(d; +dy)/V2

Mg =0

M, = (d; —dy). (9.102)

Note that the transition from e, to f; and from e, to f; are forbidden (see Figure 9.6,
where the upward arrows mean that the vibrational transitions between two
states connected by such arrows are electric-dipole-allowed). This selection
rule can be understood from the harmonic oscillator picture. Since the f; and f,
states are the overtone state of the symmetric mode and the combination state
of the symmetric and asymmetric modes, respectively, the transitions from
the e, state, which is the first excited state of the symmetric mode, to the two
(f, and f,) doubly excited states are harmonically allowed. Similarly, the transi-
tions from the e, state, which is the first excited state of the asymmetric mode, to
the f, and f; states are also allowed. All these transitions are one-quantum excita-
tion processes. However, the transition from the symmetric mode excited state
e, to the asymmetric mode overtone state f; should involve one de-excitation of
e, state to g and a two-quantum excitation of g to f;, which is a multiquantum
process requiring potential anharmonicity in normal mode picture and is har-
monically forbidden.

From the general results for the 2D photon echo spectrum of a coupled anhar-
monic oscillator system presented in the previous section, one finds that, in the strong
coupling limit, the 2D spectrum is given by the sum of the following contributions:

Epi(0,,T,0:) = 2[ e P gPgerPrere | 38281 T (@, < 8QF >,8,,,,< 8Q7 >)
Ep2 (0.7, 0) = 2[Pge PergPges e 1 €321 T (@4, < 8Q3 >, 0, < 3Q3 >)
Ec1(®;,T,0:) = [ e, ergPershhger | €3€2€ (@, , < 82,8Q, >, @,,,,< 82,80, >)
X exp{=i®e,y T — fi2(T)}
[ Pges PrgPegPhge | €582 T (@, < 8Q3 >, @, < 3QF >)
~ [ PrrgBger ) €382 T (@ oy < (BW, — 8Q))2 >, D, <807 >)
—[e oI perPeergPgar I e3e2eTF((T)f2gl ,<(OWs = 8Q,)” >, @, <O >)
— [ i fres Meerghhge | : e3ezeT
XT(® 4, , < (W) —0€2))(OW; —0Q,) >, ®,,,,< 00,00, >)

X exp{—i®,,,, T — fi2(T)}
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— (e o presPergMge ]Ee3ezeT
XT(® fye, , < (OW, —8Q)(OW, —6€2,) >,

X eXp{—i®ey, T — fi2(T)}.

erg»< 002,002, >)
Ego (0T, 00) = [IgqergPaghe: 11 €3028 T (@0, < 828R >, 00, < 3218Q; >)
X eXp{—i®e, T — fi2(T)}
Mg PrgbhergPges | €3€2€1 T (@4, < 8Q] >,@,,,,< 8Q3 >)
— [P s MergPges I e3e2e?r(a)f2€2 <(OW2 = 8Q,)" >, B, <3 >)
~ [ feaPesgbhe 1 €3€2€ T (@ oy <(BWs —8Q2,)” >, @, <53 >)

- [uezfz M e MejgMhger ]:eseqe;

X T(® e, , < (SW, —8Q, )W, — 8Q,) >, ®,,,< 8Q,5Q, >)

X exXp{=i®ee, T = fi2(T)}

— [Mer s e Berbhge, 1 €3€2€1

XT(® e, , < (OW; —8Q)(OW5 —02,) >,®,.,,,< 82,08, >)

X exp{~i®,.e,T — fi2(T)}. (9.103)

Figure 9.8 schematically depicts the real part of the 2D PE spectrum of this cou-
pled anharmonic oscillator system in the case when the two local oscillators are
degenerate and the coupling constant is much larger than the average anharmonic
frequency shift. Eight different peaks appear: two diagonal and six cross-peaks.
The two diagonal peaks are positive and the two cross-peaks at @, = ®,, and
®, = ®,,, and at o, = ®,,, and ®, = @, , are also positive. On the other hand, all the
other cross-peaks are negative because they all originate from excited-state absorp-
tion contributions. Therefore, it is possible to say that the two diagonal (D1 and D2
in Figure 9.8) and two cross- (C12 and C21) peaks all appear as pairs (or couplets)
consisting of positive and negative peaks. It is interesting to note that the frequency-
splitting magnitudes of the D1 and D2 couplets are identical to each other and that
they equal the average anharmonic frequency shift (A, + A)/2. This can be under-
stood from the eigenvalues of the three doubly excited states in Equation 9.101. On
the other hand, the frequency-splitting magnitudes of the C12 and C21 cross-peak
couplets are determined by the overtone anharmonicity A,,. Typically, the overtone
anharmonic frequency shift A, is larger than the combination-state anharmonicity,
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FIGURE 9.8 2D photon echo spectrum of coupled anharmonic oscillator system in the degen-
erate and strong coupling limit. There appear two diagonal peaks (D1 and D2) and six cross-
peaks. The diagrammatic representations of the associated polarizations are also shown.
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that is, A, > A, therefore we get
Ay > (A +A)2. (9.104)

If the combination anharmonic frequency shift A, is vanishingly small, the fre-
quency splitting of the diagonal peak couplet is just half of that of the cross-peak
couplet. These findings show that the experimentally measured frequency-splitting
magnitudes of the diagonal and cross-peak couplets can be used to extract informa-
tion on the overtone and combination anharmonic frequency shifts A, and A, in the
local mode representation.

In a real molecular system, the frequency-splitting magnitudes of the two diago-
nal peak couplets are in fact different from each other, despite the fact that they are
predicted to be the same when the coupled anharmonic oscillator model based on the
Frenkel-type Hamiltonian is used. Therefore, there is a certain limitation to the pres-
ent model, but the present analysis and method should be of use in further developing
theoretical models for N-coupled anharmonic oscillator systems such as the amide I
vibrations of polypeptides and proteins.

Strongly anharmonic case (Ay+A,)/2>J>/<8Q*>). When the coupling
constant is much smaller than the average anharmonic frequency shift, we get

o, Jm =0 (9.105)

In this strongly anharmonic case, the asymptotic energies of the three doubly excited
states are given as

W, =20,-A

(4

W, =W, =20,-A,. (9.106)

The corresponding eigenstates in this limit are simplified as

£ > 12,0 > 0 0 2)120>
L, >[=V'10,2> =} I | 01/10,2>]. 9.107)
1 f > s V2o o o flins

From this expression, one can find that the f; state is just the combination state I1,1>
in the local mode representation. The f, state is the overtone state of the asymmetric
mode, whereas the f; state is the overtone state of the symmetric mode. The transi-
tion dipole matrix elements between e and f states are found to be

R = +d)/N2, B =(di—d)/V2, pp, =(d —dy)/N2,

B, =—(d, +d)/N2, W =—(dy+dy)/V2, and g, =(d,—d,)/2. (9.108)

However, since the coupling constant was assumed to be larger than the absorp-

tion bandwidth /< 8Q” >, the diagonal and cross-peaks are still separated in the
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Coupled Anharmonic Oscillators:
Degenerate and Strongly Anharmonic Case
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FIGURE 9.9 Two-dimensional photon echo spectrum of coupled anharmonic oscillator sys-
tem in the degenerate and strongly anharmonic case. Due to the large overtone anharmonic
frequency shift, the upper four peaks originating from stimulated emission and ground-state
bleaching contributions are separated from the lower four peaks originating from excited-
state absorption contributions.

2D frequency domain, and the two doubly excited states (f, and f;) are not degenerate
(see Figure 9.7). Nevertheless, all the doubly excited states are accessible from e states
via electric dipole transitions, and thus every possible transition pathway contribut-
ing to the diagonal and cross-peaks should be included. In this particular case, the
2D spectrum is expected to be similar to Figure 9.9, where for the sake of simplicity,
the combination anharmonic frequency shift A, is assumed to be negligibly small in
comparison to the overtone anharmonic frequency shift A,. The latter assumption
is generally acceptable. As shown in Figure 9.9, the upper four peaks including two
diagonal and two cross-peaks are positive, and the frequency splitting magnitude is
determined by the coupling constant J. The lower four peaks are negative since they
involve excited-state absorption processes, and the frequency splitting magnitude
along the m,-axis is slightly smaller than 2J (see the energy difference between f,
and f; states in Figure 9.7). From the experimental measurements of such a strongly
anharmonic case, one can estimate the overtone anharmonic frequency shift as well
as the coupling constant separately.

9.9 COUPLED ANHARMONIC OSCILLATORS:
POPULATION TRANSFER EFFECTS

For a coupled 2LS dimer, it was shown that population transfer between the two
singly excited (e, and e,) states affects the diagonal and cross-peak amplitudes in
time 7. Similarly, one can expect the same behaviors for the coupled anharmonic
oscillator system.
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The 2D photon echo diagonal peak at @, = ®, , and ®, = ®, , is produced by the
following set of diagrams:

e €
G“(T)<p.%lg><gl> and <u%lg><gl>. (9.109)
83 € gee

The diagonal peak at @, = ®,,, and ®, = ®,,, is given by the sum of the following
two diagrams:

e, €
G,L(T<p lg><gl> and <p lg><gl>.  (9.110)
gé ezé 82,

The cross-peak at ®, = ®,, and ®, = ®,, is associated with the following
polarizations:

e,e e,
G, (T<p lg><gl> and <p lg><gl>. (9.111)
82éx ¢ 82¢€;

The cross-peak at @, = ®,,, and ®, = @, , is associated with

€6, €
G,(T)< lg><gl> and < lg><gl>. 9.112
(T) u%&ﬂg—% g><g u% g><g (9.112)

Note that the above contributions are all positive. Furthermore, if the overtone
and combination anharmonic frequency shifts are large enough to separate the above
g <> ¢; diagonal and cross-peaks from other negative cross-peaks involving excited-
state absorptlon the diagonal peak amplitudes decrease in time due to the time-
dependent changes of survival probabilities.

Now, the negative cross-peaks at @, = @, , are associated with the following
diagrams:

fiee
1
froe
G@T)w%lgxw
1
fzee
GU<T><u%|g><gl>
1

fieere
G, (T<p lg><gl>
e,e

21

g

H(\
N
9

G, (T<p lg><gl>

ezelé

fieese
Gy(T)<p e lg><gl>. (9.113)

2%1
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The other negative cross-peaks at ®, = @,
diagrams:

,¢ are associated with the following

e

G,(T)<p lg><gl>

e

Gur(T)<pm lg><gl>

fzoe

Gy(T<pm lg><gl>

S > =
[ [ 2
Ny Ny Ry

fiee e
G,(T<p lg><gl>
€€

freei e
GL(T)<p lg><gl>
€6

fieei e,
G,(T<p lg><gl>. 9.114)
€€

Due to population transfer processes between the two singly excited states, not
only the diagonal peak amplitudes but also the cross-peak amplitudes change in time
7T, and the entire 7-dependency of various peaks is determined by the conditional
probability functions in time 7.

In order to demonstrate the population transfer effects on the 2D peak shape,
let us consider the strong coupling case of degenerate anharmonic oscillators. The
transitions from e, to f; and from e, to f; are forbidden in this case. Therefore, as
can be seen in Figure 9.10, there are six peaks on the line at o, = ®, , and also at
. = ®,,,. For the sake of simplicity, let us assume that the coupling constant is suf-
ficiently large enough to ignore the uphill transition from the low-lying e, state to
the upper-lying e, state. Then, the amplitudes of the diagonal and cross-peaks on
the line at o, = ®, , change in time 7, whereas the four peaks at ®; = ®,,, remain
essentially constant. The reason that the diagonal and cross-peaks at @, = wezg do not
change much is that the survival probability G,,(7) = 1 and the conditional prob-
ability G, (T) of finding the upper-lying state e, at 7 later when the system was on
the population on the lower-lying e, state is negligibly small in this case. On the
other hand, the amplitudes of peaks at ®, = ®, , change drastically. First of all, the
amplitude of the upper diagonal peak DI, which is positive, decreases in time, and
the main (positive) cross-peak amplitude increases. Furthermore, the other anhar-
monically frequency-shifted cross-peak amplitudes increase or decrease, depending
on the detailed transition pathways.The amplitude of the cross-peak at @, = @, , and
®,=®, , — (A + A)/2 decreases in time due to the decay of the survival probability
G, (T) with respect to 7 On the other hand, the newly appearing peak at ®. = ®, ,
and ®, = ®, , — A, increases in time because its 7-dependency is determined by the
conditional probability G,, (T). Similarly, the two cross-peaks in the bottom of the
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Coupled Anharmonic Oscillators (degenerate and strong coupling)
Population Transfer Effects

At short time T |:> Atlong time T

c21 E D1 :r c21 E D1 i
@ ‘@& o o
~ SETAG T A) A=y R
Bo A g\ W2 g A

2 & | Dj: ©) :E
' ———pm ===

p2 12 | D2 | ' C12 !
a5 L@y | £ yany
P ICEISER i S A
T O Ty M ® 10}
L Lot !

Q, ot Q Q, ot Q

FIGURE 9.10 Population transfer effects on 2D photon echo spectrum of coupled anhar-
monic oscillator system in the degenerate and strong coupling limit.

dashed box in Figure 9.10 show increasing and decreasing patterns. Using the results
presented above, one will be able to analyze the experimental data for an arbitrary
coupled anharmonic oscillator system when the population transfer processes are
measurably faster than the excited-state lifetimes.
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O Chemical Exchange
and Two-Dimensional
Spectroscopy

The 2D spectroscopy of a coupled two-chromophore system was discussed in
detail in the previous chapter. Due to the impulsive nature of the incident pulses
used for 2D vibrational or electronic spectroscopy, it is possible to create a num-
ber of coherences differing from one another by oscillation frequencies, phases,
and transition amplitudes and to follow the dynamical evolution of the generated
quantum beats at short time. If singly excited-state lifetimes are sufficiently large
in comparison to the population transfer timescales, one can measure the popula-
tion transfer rate constants between the singly excited states by examining cross-
peak amplitude changes during time 7. However, it should be emphasized that the
main cross-peaks originating from g <> e, and g <> e, transitions are present even
at short time 7 due to the nonzero coupling between the transition dipoles of the
two chromophores.

Similar to the population transfer effects on the 2D spectrum with respect to 7,
there is another process that affects the amplitudes of the diagonal and cross-peaks
in the 7-dependent 2D spectra. It is the chemical exchange process including chemi-
cal reactions and physical changes of molecules.! For instance, the hydrogen-bond
formation-dissociation process is a good example for such a chemical exchange.?®
Suppose that a molecule M can form a strong hydrogen-bond with a solvent molecule
and that M, denotes the hyrogen-bonded complex and M; represents the free M in
solution. Then, there is a chemical equilibrium between the two forms of solvated
M molecule, that is,

M. 2 M,. (10.1)

If M. and M, have common vibrational oscillators with different frequencies, ®, and
oy, these two oscillators can be considered reporters on these two species, M, and
M. Here, the two species are not different from each other except for the number
of hydrogen-bonded solvent molecules, that is, either 1 or 0. If one carries out a 2D
spectroscopic study of this molecular system in its chemical equilibrium, and the
equilibrium constant is of order unity, then one can observe time-dependent changes
of the diagonal and cross-peak amplitudes. At short time 7, there won’t be any cross-
peaks, because, unlike the coupled dimer system considered in the previous chapter,
the two oscillators are not simultaneously present in an individual molecule. Thus,
there is no intrinsic coupling between the two oscillators. However, as the waiting
time 7 increases, the cross-peak amplitudes will increase and their time-dependen-
cies are determined by the chemical exchange rates between the two species.

209
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A clear advantage of chemical exchange 2D spectroscopy is that the ultrafast
relaxation rates can be measured without relying on an external perturbation such
as T-jump, pressure-jump, concentration-jump, pH-jump, or and so on to initiate the
exchange process. This is because the photo-excitation of one particular species is
a kind of tagging process. Then, after the waiting time 7, the survival probability
of the tagged species or the conditional probability of finding other specific spe-
cies different from the tagged one can be measured by analyzing the correspond-
ing diagonal and cross-peak amplitude changes. In this chapter, chemical exchange
effects on the 2D spectrum will be discussed by assuming that the two chemi-
cal species are represented by either 2LSs or anharmonic oscillators (effectively
3LS). It also will be shown that, from the peak shape analysis of the 2D spectra
with respect to the waiting time 7, one can extract kinetic information on chemical
exchange processes.

10.1 MODEL SYSTEM

There could be a number of cases when the 2D spectroscopy can provide critical
information on the kinetic networks and exchange rates among spectroscopically
inequivalent species in condensed phases. In the Introduction, hydrogen-bonding
dynamics was mentioned as an example. Other examples include chemical reactions,
van der Waals complexation, conformational changes of complex molecules such as
proteins and nucleic acids, protein—protein complexation, protein—ligand binding,
protein-DNA or -RNA binding, and so on. In this chapter, a two-species model will
be considered in detail, in which two distinctively different species are in chemical
or physical equilibrium, that is,

ky
AZ=B. (10.2)

kp

The forward and backward rate constants are denoted as k; and k,, respectively. The
excited states of these two species will be denoted as A* and B*. Suppose that these
two excited states can also form a thermal equilibrium state, provided that the life-
times of these two excited states denoted as T, and Ty, are sufficiently larger than the
chemical exchange times (I/k; and 1/k;). Then the chemical or physical equilibrium
of A” and B*is given as

K
A'2B". (10.3)

"
kp

Note that the exchange rate constants k; and k, could be different from &, and
k,, because the electronic structures of the excited states are, in general, different
from those of the ground states, which in turn make the solute-solvent interactions
of the excited states different from those of the ground states.>’ In addition, the
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FIGURE 10.1 Reaction potential energy surfaces along the relevant reaction coordinate.

excited-state potential energy surface along the reaction coordinate is likely to be
different from the ground-state potential energy surface. In Figure 10.1, a sche-
matic picture of the ground and excited-state potential energy surfaces is shown.
Although the chemical exchange processes depicted in this figure are assumed to
be barrier-crossing problems, the following results and discussions are quite gen-
eral as long as a given exchange process involves just two species. In the case of
chemical reaction, the two species A and B represent the reactant and the product,
respectively. If the process of interest is conformational change of biomolecule
such as protein folding and unfolding, and if it is a two-state process, the two spe-
cies are the native and unfolded proteins. If the chemical exchange of interest is
protein-ligand binding such as enzyme-substrate complex formation, the two spe-
cies may correspond to the free substrate (or enzyme) and the enzyme-substrate
complex, respectively.

For the sake of simplicity, the chemical exchange process on the ground state is
assumed to be determined by the following master equation:

da G  Gu® _ —k; k, G Gu® (10.4)
di| Gpa()  Ggg(?) k; —k, Gpa(t)  Gye(t) | .

where G, () (G (1)) is the survival probability of the A (B) species. The conditional
probability of finding B (A) species at t later when it was A (B) initially at time 0



212 Two-Dimensional Optical Spectroscopy

is denoted as G, (¢) (G 45(1)). The solutions of these coupled differential equations
were already presented and discussed in Section 9.5, where we obtained

ky, + k; exp(—kt)

G ()= p
Gp(t) = k+k, ]ecxp(—kt)
Gy (1) = kf{l —exp(—kt)}
k
G () = M (10.5)
with
k=kp+ky. (10.6)

The conditional and survival probabilities, denoted as ij(t), for the chemical
exchange process on their excited states are similarly given except thatk, — k7,
k, — k;, and k — k*. In the following section, the 2D spectroscopy of chemical
exchange dynamics for this two-species model will be discussed.

10.2 CHEMICAL EXCHANGE DIAGRAMS: TWO-LEVEL SYSTEM

In this section, let us consider a 2LS chromophore. If the chemical exchange pro-
cesses are slow in comparison to the experimental timescale and the excited-state
lifetime, the two chemical species that are present in an equilibrium distribution
contribute to the 2D spectrum separately. In this slow reaction limit, the 2D photon
echo polarization consists of the following four contributions:

s |
< >< >
Mﬁ 8a ><8a

€A
< lgr><g,l>
(LN 5en 8a 8a
€y
<Mg lgp ><gp >
882 €
€p
<Mg lgg ><gpl>. 10.7)
882 €B

The first diagram is the stimulated emission contribution from A, whereas the second
is the ground-state bleaching contribution from A. Similarly, the third and fourth
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ones correspond to those from B. Now, since the transition frequencies ®,,,, and

o,,,, of the two species A and B are assumed to be different from each other, the 2D
photon echo spectrum consists of two diagonal peaks at®, =®, ,, and ®, =®

. €A8A ! CA8A
and atw, =0, and®, =0, , thatis,

B (0,.7.0,) = 2X,[pAninipi eee (o, .Q.0,,, Q%)

+2X,[pEpspint el (o, .Q5.0,,,.Q3). (10.8)

Here, the mean square fluctuation amplitudes of the difference potentials (fluctuat-
ing parts of transition frequencies) of A and B species are denoted as Q3 and Q3,
respectively. The transition dipole matrix elementpz, for example, is defined as
mo, =<e, lp,l g, >. In Equation 10.8, the mole fractions of A and B species are
denoted as X, and X, respectively. Since the relative numbers of A and B species at
time zero are determined by the corresponding mole fractions (or concentrations),
the two diagonal peak amplitudes are linearly proportional to X (for j = A or B).

Next, let us consider the more interesting case when the chemical exchange rates
are sufficiently fast to significantly change the 2D spectral peak shape. Typically, the
2D spectrum is obtained by carrying out double Fourier transformations of the echo
signal with respect to T and ¢. Note that the signal is determined by the electronic
coherence present in the system during these two periods so that the required experi-
mental scanning times for T and ¢ are often very short. Therefore, chemical exchange
processes during T and ¢ can be ignored, but during the waiting time 7 the elec-
tronic population undergoes chemical exchange electronic between the two species.
Consequently, we need to take into account more diagrams for the total 2D photon
echo polarization. Since not only the ground-state species but also the excited-state
species undergo chemical exchanges, both the stimulated emission and ground-state
bleaching terms in Equation 10.7 should be divided into two parts that contain either
a survival probability or a conditional probability function. Now, the four diagrams
in Equation 10.7 should be replaced with the following four diagrams:

eAé

G;A(T)<MA%|;;A >< g, 1>
8ad €a

€a
Gu(T)<m, TN [ga><g,l>
2:]
Gs(T) <pp z lgg ><gp >
8B B
€p
Grp(T) <pp 5 opc 185 >< s 1> (10.9)

The upper two polarizations in Equation 10.9 contribute to the diagonal peak at

®, =0,, ando, =0, , whereas the lower two are associated with the diagonal
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peak atw, =, , and®, =® Since the survival probability functions decay in

€¢BEB €B8B"
time 7, the diagonal peak amplitudes decrease.

Next, let us consider the diagrams involving chemical exchange from one species

to the other during the waiting time 7,

5: XN
Gp(T) <pyp ToSen en lga ><gal>
€283
Gp (M) <pyp 2o8,5en lga><gal>
€A €p
Gix(T)< | gg >< gpl>
(1) <Py N 88 8B
G Ty < g O | |
< >< >,
AB My N 8B 8B

(10.10)

These four diagrams show that the coherence during #, period in each diagram is
different from that during #; period, which suggests that they will contribute to cross-
peaks. The T-dependent increasing patterns of cross-peak amplitudes are thus deter-

mined by the conditional probability functions.

From the generalized diagrams in Equations 10.9 and 10.10, one can show that
the diagonal and cross-peaks can be written in terms of the 2D Gaussian peak shape

function as,

(1) Diagonal peak at (0, =0, ,,,,0,=0®,,,,)

€A8A
Em(oa,,T,mo=[ugeuguﬁgu;;]SeSezeTXA{G:ATHGM(D}

—m 2 —
x F((o, =®,,,,0,0,=0,,,,, QA)

(2) Diagonal peak at (0, =® =0

e

eBgB)
EDZ((Dr’T7(D‘r) = [Mﬁeufguﬁeufg]5esezeTXB{GZB(T) +Gy(T)}

xT (0, =0,,,.0.0,=0,,,.Q})

(3) Cross-peak at (0, =®,,, ,®, =®,,, )

Ep(0,.7.0,) = pEnipins | ese,eiX (G (1) + Gy, ()}

—m 2 2
xl"(w,—weBgB,QB, %,A,Q )

(10.1D)

(10.12)

(10.13)
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(10.14)

From these results, one finds that no cross-peaks appears at time 7 = 0, since
Gy (0)=G,5(0)=0and G, (0)=G3(0)=0. In Figure 10.2, a schematic 2D
spectrum of the present two-species chemical exchange system is drawn. The
T-dependency of the upper (high-energy) diagonal peak amplitude is determined
by the average survival probability function {G,;(T)+ Ggs(T)}/2, which describes
the average of B — B and B* — B” processes. The upper-left cross-peak amplitude

Chemical Exchange (2LS)
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FIGURE 10.2 2D spectrum of two-species chemical exchange system. Each species is mod-

eled as a 2LS.



216 Two-Dimensional Optical Spectroscopy

is determined by the average conditional probability function, {G,(T)+ G, (T)}/2,
which decribes the forward reaction processes, thatis, A — B and A" — B”. Similarly,
one can understand the 7-dependencies of the lower (low-energy) diagonal and
lower-right cross-peak amplitudes. Thus, measurements of both diagonal and cross-
peaks can provide direct information on the forward and backward rate constants,
when it is assumed that the rate constants on the ground state are close to those on
the excited state.

Before this section is closed, it should be mentioned that the lifetime-broadening
effects as well as rotational relaxation contributions should be properly included if
necessary. As shown in Section 7.5, the lifetime-broadening effects can be taken into
account by multiplying the appropriate exponentially decaying function to the cor-
responding third-order response function. The lifetime-broadening function for the
first two diagrams in Equation 10.7 is simply given by exp(—#/27,, —T/T,, — /2T, ,),
where T, is the lifetime of the e, state. The corresponding lifetime-broadening func-
tion for the last two diagrams in Equation 10.7 is exp(—#/2T, —T/T, — /2T, ). If the
system undergoes a chemical exchange process during the waiting time 7, one can
take the average lifetime of the two excited states to construct the lifetime-broaden-
ing function. For the first two diagrams in Equation 10.9, it is approximately given by
exp(—t/2T,, —(T; ;' + T, )T/2— /2T, ). The corresponding lifetime-broadening func-
tion for the last two diagrams in Equation 10.9 is exp(-/2T,, —(T;' +T,;;)T/2—
T/2T,,). By including these lifetime-broadening effects properly and taking the 2D
Fourier-Laplace transform of the third-order response function, one obtains the life-
time-broadened 2D spectrum.

In addition to lifetime broadening, it is also necessary to consider the rota-
tional relaxation contributions to third-order response functions. Usually, the
relevant experimental timescales are determined by dephasing times and life-
times. Such timescales are generally quite short in comparison to molecular
reorientation times. However, if the size of target molecule is sufficiently small
and the rotational relaxation timescale is comparable to the above experimen-
tal timescales, it is necessary to consider the rotational relaxation contribu-
tions to the response funtion. Usually, most target systems are fairly large, for
example, peptides, proteins, light-harvesting complexes, semiconductors, and
so forth. Therefore, the rotational relaxation contributions won’t be considered
in detail in this chaper, even though it is a straightforward exercise to include
them.

10.3 CHEMICAL EXCHANGE DIAGRAMS:
ANHARMONIC OSCILLATOR

When the two characteristic chromophores representing the two species A and B are
vibrational modes with different frequencies for each species, the chemical exchange
processes can be investigated by using 2D IR spectroscopy. If the exchange time is
very slow, the 2D IR photon echo polarization of this equilibrium system is just the
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sum of polarizations associated with the two species. For the A species, one needs to
consider the following three polarizations:

€A
< | >< g, >
LN S ex 8a 8a

N

< [ >< g, 1>
Ma Sen 8a 8a

facea
< HA% lga><gal>. (10.15)

Note that the third term in the above is the excited-state absorption diagram, which
contributes negatively to the 2D photon echo spectrum. Similarly, there are three
diagrams for the B species. If the vibrational ground or excited-state molecules
undergo chemical exchange processes, the above diagrams should be replaced with
those including the survival probability functions. Also, due to the forward and
backward reactions, there are new pathways (diagrams) that also contribute to the
2D spectrum.

In addition to the eight diagrams in Equations 10.9 and 10.10 for a chemically
exchanging 2LS considered in the previous section, one needs to consider the excited-
state absorption contributions whose diagrams are given by

facea
Guu(T) <py 7 lga><gsl>
Al
Gpp(T) <HB%|83 >< gp >
. freenen
Gp(T) <pyp lga ><gal>
Jaceaes
Giz(T)<p, lgg ><ggl>. (10.16)

The first two diagrams in the above are the usual excited-state absorption contribu-
tions, but their amplitudes are now determined by the corresponding survival prob-
ability functions. The latter two diagrams describe the transitions from A to B and
from B to A, respectively. Due to these two terms, there will appear two new cross-
peaks that are negative.

By combining these four more diagrams in Equation 10.16 with the eight digrams
in Equations 10.9 and 10.10 discussed in the previous section, the total 2D spectrum
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is given by the sum of stimulated emission, ground-state bleaching, and excited-state
absorption contributions as

E((Dt’ T’c‘)r) = I::SE((DN T7mr) + EGB((Dﬂ T7m‘r) + I::EA ((D,,T,(DT), (1017)

where
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—[manapint Jee,eiX,Giu(Dl (0, =0 ,,,.0%,0,=0,,,.Q4).  (10.20)

The 2D peak shape of the measured spectrum strongly depends on the magnitudes
of the overtone anharmonicities of the two species. Let us denote the overtone
anharmonic frequency shifts of the two species as dw?,, and dw? ,, that is,

dw?3

anh = Weggp = O‘)th’B'

(10.21)
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Chemical Exchange
(strongly anharmonic oscillator)

Bepgy [ ‘Q """ ‘@_ u Stimulated

B emission and
O A— A B— A ground-state
& ‘ bleaching
R % ----- - peaks
(Swgnh
6(.0'2”11
A'— B B —B

......... B i A
: {;} Excited-state
absorption
-------- {B -----4-{:;}»--- peaks

FIGURE 10.3 2D spectrum of two-species chemical exchange system. The two species are
anharmonic oscillators with large overtone anharmonic frequency shifts.

In the limiting case that the difference between the fundamental transition frequen-
cies of the oscillators of the species A and B is smaller than the overtone anharmonic
frequency shifts, that is,

o,,l<dwt and |l®

©,,0, —®,,q, o ®,,,,|<dw? (10.22)

epgp " eaga anh

the excited-state absorption peaks in the real part of a given 2D spectrum are well-
separated from the positive peaks from the stimulated emission and ground-state
bleaching peaks.” In this large anharmonicity case, the 2D spectrum appears as
in Figure 10.3. It should be noted that the time-dependencies of the negative peak
amplitudes shown in the bottom part of Figure 10.3 are determined by the chemical
exchange processes on the vibrationally excited states, that is, e, <> ez. The posi-
tive diagonal and cross-peaks originating from the stimulated emission and ground-
state bleaching contributions, which appear in the upper part of the 2D spectrum
in Figure 10.3, are functions of the waiting time 7, and their amplitude changes
depend on the exchange processes on both the ground and excited states. Therefore,
by selectively analyzing the time-dependent changes of the excited-state absorption
peak amplitudes with respect to the waiting time 7, it is possible to estimate the rates
of the chemical exchange processes on the vibrationally excited state only.

If the overtone anharmonic frequency shifts are relatively small in comparison
with the magnitude of frequency difference (I® |) associated with the

esgs ~ Deqgy



220 Two-Dimensional Optical Spectroscopy

Chemical Exchange
(weakly anharmonic oscillator)
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FIGURE 10.4 Chemical exchange 2D spectroscopy of weakly anharmonic oscillator. At
short time, there are two main couplets along the diagonal line. As T increases, due to chemi-
cal exchange processes, the cross-peak amplitudes increase and the diagonal peak amplitudes
decrease in time 7.

chemical exchange, the diagonal and cross-peaks show up as a couplet with both
positive and negative peaks (see Figure 6.3). When such a single anharmonic oscilla-
tor acts as a reporter of the chemical exchange process of interest, only two couplets
along the diagonal line should appear at short time. However, as T increases, new
cross-peak couplets will appear and their amplitudes grow in time 7. In Figure 10.4,
schematic 2D spectra for this case are shown. Despite the fact that each peak ampli-
tude is mainly determined by the corresponding transition strength (dipole prod-
uct), the survival and conditional probabilities do contribute to the peak amplitude
changes in time 7. As T increases, (a) the diagonal peak amplitudes decrease because
of the decaying survival probability functions and (b) the cross-peak amplitudes
increase due to the increasing conditional probability functions.

Now, similarly to the case of chemical exchanging 2LS, one can approximately
describe and include the lifetime-broadening contributions for the excited-state
absorption terms. For the four diagrams in Equation 10.16, the lifetime-broadening
functions that should multiply to the corresponding time-domain nonlinear response
functions are given as, respectively,

exp(—t/2T;, —T/T,, —v/2T,,)
exp(—t/2T;, —TIT,, — 2T, )
exp(—t/2T;, — (T, + T, ) /2= /2T,

exp(—112T,, — (T;} + T;)T/2—12T, ). (10.23)
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Here,

tively.

the lifetimes of the overtone states f, and fj; are denoted as T}, and T}, respec-
If these lifetime broadening effects are significantly large, the corresponding 2D

peak shape function should be properly modified by including these contributions.

EXERCISE 10.1
Chemical exchange 2D spectroscopy of two-species model was theoretically
discussed. Consider the following three-species chemical exchange process.

A== g

Suppose that the reporter chromophores representing these species are the
same anharmonic oscillator with different frequencies. (1) What are the diagrams
associated with the three diagonal peaks? (2) Obtain the corresponding expres-
sions for these diagonal peaks. (3) What are the diagrams and expressions associ-
ated with cross-peaks? (4) Can the chemical exchange 2D spectroscopy be used to
distinguish the above chemical equilibrium system from the following case?

o
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1 Polarization-Controlled
Two-Dimensional
Spectroscopy

Fundamental aspects of 2D photon echo-type spectroscopy have been discussed in
detail, where the effects from chromophore—bath interactions, electronic couplings
between chromophores, excitation transfer process, coherence quantum beats, and
chemical exchange processes on the frequency distributions, shapes, and amplitudes
of diagonal and cross-peaks. When a given pair of singly excited states are energeti-
cally close to each other so that the frequency resolution is not perfect, the cross-
peaks cannot be easily identified due to the spectral congestion problems. Then, it
is not always straightforward to quantitatively estimate the cross-peak amplitudes to
extract information on structure and dynamics of coupled multi-chromophore sys-
tems. In this regard, the polarization-controlled measurement has been considered
to be a useful technique for selectively eliminating the diagonal peaks from the 2D
spectrum.* Sometimes, one can measure the anisotropy of cross-peak to determine
the relative angle between two different transition dipoles, which can provide infor-
mation on the 3D structure of target molecules such as peptides in solution.

In this chapter, we will focus on the photon echo spectroscopy and present results
on how the measured diagonal and cross-peak amplitudes depend on the polarization
directions of incident beams used to carry out the echo experiment. Since most of the
applications of 2D spectroscopy focused on optical samples with chromophores dis-
solved in solution, the rotational average of the corresponding third-order response
function or the relevant echo polarization over randomly oriented molecules in solu-
tion is critical. In Chapter 3, a theoretical description of the corresponding rotational
average of nth-rank tensor was presented and discussed in detail. For model systems
such as coupled 2LS dimer and coupled anharmonic oscillators, a few specific cases
of experimental beam configurations will be considered in this chapter.

11.1  PARALLEL POLARIZATION ZZZZ-ECHO: TWO-LEVEL SYSTEM

One of the critical steps in a theoretical description of 2D photon echo is to carry out
a proper rotational average of the fourth-rank tensorial response function. The solu-
tion sample with chromophores having random orientations will only be considered
in this chapter, but it will be a straightforward exercise to apply the 2D spectroscopic
technique to samples with broken centrosymmetry such as molecules adsorbed on
the surface or at interface. Nevertheless, because the 2D optical spectroscopy is
found to be useful for studying complex molecules in solution, it is important to pay
more attention to the rotational averaging calculation for those having a centrosym-
metry property.

223
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In Section 3.3, it was shown that the rotationally averaged fourth-rank tensor T
in a laboratory-fixed frame is connected to t* in a molecule-fixed frame as’

(GO (C) (4)
7;1121314 - 111121314:m1mzm3m4 tm]mzm3m4 ’ (111)

where

1 4 -1 -1 mymy Y mymy
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111121314:)n|m2m3m4 - % (8111281314 61113 81214 6111461213 ) -1 4 -1 SmIM36rn2M4

-1 -1 4
mymy ¥ myms

(11.2)

This is a general expression for any arbitrary cases of /, ~ /,, which are one of the
three Cartesian coordinates in the laboratory-fixed frame.

In Chapter 7, the 2D photon echo spectrum of 2LS was discussed in detail, where
the diagonally elongated peak shape and its 7-dependency were fully described by
using an analytic but approximate expression for the 2D spectrum. However, for the
sake of simplicity and to focus on the rotationally averaged transition strength, let us
invoke the 2D Gaussian peak shape approximation (see Section 7.6) to the spectrum
in this chapter. The 2D spectrum of 2LS was found to be

l’ijl"E (mt ’ T’ ('01:) = 2[p‘gep'egp'gel“‘eg]E e3e2efr (a)eg ’ Q2 ’ a)eg’ Q2 ) . (113)

Note that the amplitude of the complex 2D photon echo spectrum is determined
by the transition strength factor, [\, 1, I, I, ]:€;€,€], which is still a vector. Now,
let us consider the case when the three incident beams have polarization directions
that are parallel to the laboratory Z-axis and also the Z-component of the echo field
vector is detected. Then, we have e, = e, = e, = Z and need to consider the rotation-
ally averaged fourth-rank tensor element, [ W ot ool 12222 - Using the relationship
in Equation 11.1, we get

1
[M‘geuegu’ge"l‘eg]ZZZZ = E z (6m11n26m3m4 + 6m1m3 8m2m4 + 6m1m48mzm3)

mymy 3 my=x,y,z2

(11.4)
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The transition dipole matrix element p} in Equation 11.4 is that in a molecule-fixed
frame. For real wavefunctions, we have p} =p and it is real. Since the choice of
the molecule-fixed frame is arbitrary, it is assumed that the direction of w vector is
parallel to the z-axis of the molecule-fixed frame, that is,

. (11.5)

M — M =\ M
l‘l‘ge - "l‘eg - ‘I‘l‘ge
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Then, one can find that [ p . 1. 1727z in Equation 11.4 is given as

4

1
(g Mooy 12222 = g\u% (11.6)

Noting that the dipole strength determining the absorption spectrum of the g <> e
transition is defined as the square of the transition dipole matrix element |2,
one can find that the ZZZZ-echo signal in this case is proportional to the square
of the dipole strength. From Equation 11.3 with 11.6, the ZZZZ-echo spectrum of
a2LSis

T(®,.02.0

~ 2
E‘IIJE((D[’T,O)T):?‘H% ggan)' (11.7)

eg’

The more interesting case is the coupled 2LS dimer, which exhibits a variety of inter-
esting features originating from coupling and delocalized natures of excited states.
At short time 7, one can observe quantum beat contributions to the 7-dependent 2D
spectra. Also, it is possible to observe characteristic changes of the diagonal and
cross-peak amplitudes induced by excitation transfers between the two singly excited
states. For the sake of simplicity, let us consider the intermediate time region where
the population transfer rates are sufficiently slow but the quantum beats are fully
relaxed and disappeared.

In this case, as shown in Section 9.4, the 2D photon echo spectrum consists of two
diagonal and two cross-peaks as

I::PE((D[,T,(DT) = EDI((D,,T,(DT)+I::D2((1),,T,0)T)+ EClz(w,,T,wT)+ Eczl(m,,T,mT),

(11.8)
where
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FIGURE 11.1 Transitions dipole vectors of coupled 2LS dimer. They are all on the same
plane in a molecule-fixed frame. Angles between two different transition dipole vectors are

defined here.

Again, it is assumed that the direction of the transition dipole vector, p}% , which
determines the amplitude of the g <> ¢, transition, is chosen to be parallel to the
z-axis in a molecule-fixed frame. Without loss of generality, p.}. is assumed to be
on the x-z plane in the same molecule-fixed frame by properly choosing the x-axis.
Furthermore, one can show that the transition dipole vectors p}/; and n)!, are on
the same x-z molecular plane (see Equation 9.12 and Figure 11.1). Consequently,
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(11.10)

of the three transition dipole vectors w2, and !, with

respect to the direction of p}, vector were defined above. Then, the rotationally
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averaged transition strengths in Equation 11.9 are found to be
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The resultant ZZZZ-spectrum of coupled 2LS dimer is then given as
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(11.12)

It should be noted that not only the absolute magnitudes of the transition dipoles
but also the angles between any two different transition dipole vectors can be written
as functions of the mixing angle 6, transition dipoles of the two individual chro-
mophores d; and d,, and the angle between d, and d, vectors. Here, one should
not confuse the mixing angle © with the angles 6,, , between two different transition
dipole vectors in Equations 11.11 and 11.12. The mixing angle is a function of the
coupling constant J. Since the coupling constant J depends on the relative distance
between the two chromophores as well as the relative orientation of the two local
transition dipole vectors, the experimentally determined J value can provide infor-
mation on the structure of the 2LS dimer.
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It is interesting to note that the amplitudes of C12 and C21 cross-peaks
(see Equation 11.12) are mainly determined by the interference between the GB+SE
contribution and EA contribution. If the two chromophores are uncoupled, that is,
J =0, the coupling-induced mixing angle 6 = 0. Then, from Equations 9.11 and 9.12,
for J =0, we get

l‘l‘e]g = dl s l‘l‘e?_g = d27 l‘.’elf = d2’ and "l’ezf = dl . (1113)

In this zero-coupling limit, we have 6, .., =9,6,, ., =0,and0,, , . =0, where the
angle between the two local transition dipoles d; and d, was denoted as ¢. Inserting
these results into the expressions for E.,(®,,T,0.)and E.,,(®,,T,®,), one can
show that the two cross-peaks vanish, as expected. This indicates that the nonzero
cross-peaks are a direct signature of coupling between the transitions of the two 2LS
chromophores.

11.2 PERPENDICULAR POLARIZATION
ZYYZ-ECHO: TWO-LEVEL SYSTEM

The ZZZZ-measurement is based on the experimental configuration where the three
incident beam polarization directions as well as the detected echo polarization direc-
tion are all parallel to the laboratory Z-axis. This is often called the parallel polariza-
tion photon echo. However, one can control the incident beam polarization directions
to carry out the perpendicular polarization photon echo measurement. In this case,
the first pulsed beam polarization direction and the detected echo polarization direc-
tion are the same and they are paralled to the laboratory Z-axis, whereas the second
and third beam polarization directions are orthogonal to the first one and assumed to
be parallel to the Y-axis. Here, it was assumed that the beam propagation directions
are all along the X-axis.

For a single 2LS chromophore, the ZYYZ-echo spectrum requires the rotational
average of [P .ot oM . ]2vyz » and using the relationship in Equation 11.1 one can
connect it to the transition strength in a molecule-fixed frame as

1
[M‘gel‘l'eg”'gep’eg]ZYYZ = % Z (_81n1m28m3m4 - 8mlm3 szm4 + 48m1m48mzm3)
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[ il | (11.14)
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Again, let us assume that the direction of the p}! vector is parallel to the molecular
z-axis aspf =2 =Ip1 2. Then, we get

1 4
[I‘l‘gel‘l‘egugel‘l’eg]ZYYZ = E‘Mfgﬁ . (1115)
The ZYYZ-echo spectrum of a 2LS is
~ 2 4
Efp(0,T,0,) = E\p«ﬁi T(®,.92.8,,,92). (11.16)
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This result shows that the ZYYZ-echo spectrum is just one-third of the ZZZZ-echo
spectrum in magnitude, but the shape of the 2D spectrum remains unchanged by the
alteration of the beam polarization directions.

Next, let us consider the coupled 2LS dimer in the intermediate time region.
The rotationally averaged transition strengths that are needed in the calculations of
ZYYZ-echo spectrum are
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30

Using these results, we find that the perpendicular polarization ZYYZ-spectrum of
the coupled 2LS dimer is given as

Ef(0,.T.0, )——\uge, T(@,,.< 807 >.,,.< 307 >)
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—% 2t [ (3005218, s — By o) — 1) T (@, < 892 ,0,.,,< 523 >).
(11.18)

It is noted that the two diagonal (D1 and D2) peaks in the ZZZZ-spectrum are identi-
cal to those in the ZYYZ-spectrum except for the constant factor 3 between them.
However, the cross-peak amplitudes of the present perpendicular polarization echo
spectrum are different from those of the parallel polarization echo spectrum.



230 Two-Dimensional Optical Spectroscopy

11.3 DIFFERENCE TWO-DIMENSIONAL PHOTON ECHO
SPECTRUM: COUPLED TWO-LEVEL SYSTEM DIMER

Noting that the diagonal peak amplitudes in parallel polarization echo spectrum
are just three times larger than those of perpendicular polarization echo spectrum,
one can find it useful to consider the difference between parallel polarization echo
spectrum and three times the perpendicular polarization echo spectrum."? 6 Let us
define the different 2D echo spectrum as

AEp(0,,T,0,)=3E (0, T,0,) - E}(0,.T,0,). (11.19)
From Equations 11.12 and 11.18, we get
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It should be noted that the diagonal peaks disappear in this difference spectrum and
that only the cross-peaks survive. Furthermore, the cross-peak amplitudes in the
difference 2D spectrum are determined by sin0,,,, where 6,, , is the angle between
the two transition dipole vectors, and again it shouldn’t be confused with the mixing
angle 0. As the angle 0,, , approaches 90°, the corresponding cross-peak amplitude
increases.

Now, consider a simple homodimer. In this case, the two local transition dipoles
d; and d, have the same magnitudes, that is, d = Id,| =Id,l, but the directions of the
two vectors can be different from each other by ¢ (see Section 10.4). Due to the
degeneracy of the two site energies, the mixing angle 0 is /4 and the delocalization
factor x (=cos0 sin0) is 0.5. In this case, from Equation 11.20, we find that

m,n

Moo =M r = 2712(d, +d,)

B, =272(~d, +d,)

B, =27"2(d, —d,). (11.21)
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The parallel and perpendicular polarization 2D spectra are then highly simplified.
The parallel polarization photon echo peaks are given as

El (0, T,o,)= %d“(l +c080)2T(®,,,.< 8Q} >,8,,,.< 8Q7 >)

El (o, T,0,)= %d“(l —c0s 02T (®,,,.< 3% >.1,,,.< 8Q3 >)

El (o, T,0,)= —%d“(l +¢c0s0)(1+2c0s ) (@,,,.< 8Q3 >,@,,,.< 32} >)

El (0, T,0,)= —%d“(l —cos)(1-2cos )L (B,,,.< 8QF >,,,,,< 3 >).
(11.22)

We assumed that the exciton-exciton binding energy is negligibly small so that
0, =0,,and®, =0,,. Note that the above results are identical to Equation 9.40,
where only the peak amplitudes were considered. Next, the perpendicular polariza-
tion photon echo peaks are

~ 2 _ _
Epy(o,T,00=d'(+ 008 0)°T(®,,,< 8Q? >.®,,,.< 32} >)
Eby(o,. T, 0,)= %d“(l 08 0)°T(®,,,.< 3 >.,,,.< 8Q3 >)
. 1 _ _
Efn(©,T,00) = =35 d*(1+cosp)3+ cos )T (@,,,.< 3% >,@,,,.< 8Q} >)

ey’

~ 1 _ _
EL(0,,T,0,)= —%d“(l —cos9)(3— cosq))F(m <8Q} >,,,,,< 063 >). (11.23)

From these results, it will be possible to determine the angle between the transition
dipoles of two chromophores, which can in turn be used to determine the relative
orientation of the two chromophores once the direction of the transition dipole vector
of each molecule is known in a molecule-fixed frame.

11.4 PARALLEL POLARIZATION Z7ZZZ-ECHO:
ANHARMONIC OSCILLATORS

Except that a single anharmonic oscillator should be effectively treated as a 3LS
consisting of g, e, and f states, the polarization dependencies of the 2D IR spectra
of coupled anharmonic oscillators are quite similar to those of a coupled 2LS
dimer.
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The 2D photon echo spectrum of an anharmonic oscillator, within the 2D
Gaussian approximation to the spectral peak shape, was shown to be

]::PE((Dt’T’O‘)‘r) = Z[Mgep‘egp‘ge”‘eg]se3e2eTr(a)eg’Qz’a)eg’Qz)
_ - (11.24)
- [uefl’l‘fep‘egp‘ge]:e3e2eTr(0‘)fe’Qz’meg’Qz .

By following the same procedure, the parallel polarization ZZZZ-echo spectrum of
an anharmonic oscillator is obtained as

2

‘r(® (20520, +1)

~ 2 _ 1
E}p(@, 7,00 = (|pl] T(0,,,92,0,,,07) - < wit] |

xT(®,.0%,0,,.9?), (11.25)

eg?
where the angle 0, . is defined as

_ ““fe ' p’eg
geef :

(11.26)

cos0

Within the harmonic approximation, the dipole matrix element associated with the
transition from the first vibrationally excited state to the overtone state is p)f = \/Eugi
Then, the ZZZZ-echo spectrum for a weakly anharmonic oscillator is simplified as

B (. 7,00 =2 ] (D000 020,92~ T (0, -804, 2.0,.2°)}. 11.27)

eg>

The overtone state lifetime is usually shorter than that of the first excited state, so
that the negative peak associated with the excited-state absorption is broader along
the m,-axis than that of the positive peak. Unless there are other modes acting like
energy acceptors from the first excited state, the two peak amplitudes decay in time
T as exp(=T/T,). This means that the shape, not the amplitude, of 2D spectrum does
not change in time. Any deviation from this will be a signature of intramolecular
energy transfer from the first excited state to other accepting modes such as bath
degrees of freedom or other anharmonically coupled intramolecular vibrational
modes.

Next, let us consider the coupled anharmonic oscillators. Again, the intermediate
time region is considered for the sake of simplicity. This means that, in Equations
9.88 and 9.89, the quantum beat terms that decay as exp(—f;,(T")) are ignored in the
following discussion. First of all, the two diagonal peaks are

<dQ? > 0

Fl 21w P (e
EDl(mt’T’mr)zg‘”‘gel r(melg’ eg’

< 8Q? >)

E)(0,.T.0,)= %\ugﬁz ' F(G) < 8Q3 >). (11.28)

<dQ} > 0

8’ 8’
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The cross-peaks appearing at®, = ®, ,, which were collected in the Group 1 in

Section 9.7, are

g’

~ 1 2 2
E'(';l(co,,T,u)T)zg‘pggl \ugz (Zcos2 0,0, 2o +1)F(0)62g,< 8Q3 >, ,,< 6Q? >)
L Pl [ (200520 (@, < (OW,-8Q,)? >, <502
_E‘M‘gel "'e]fl ( Cos gel,elf]+ ) ((Dfle]’<( 1~ l) >’me1g’< 1>)
L Pl P (2cos20 1) (@ W, —8Q,)? >,®, ,,< 52
_E‘M‘gfl Me s, ( Cos ge1,91f2+ ) (O‘)fzel’<( 27 1) >’('0€18’< 1>)
L Pl P (2cos20 1) (® SW, —8Q,)% >,®, ., < 5Q?
_E‘M‘gfl L2 ( cos gf]wflf3+ ) (G)fsfl’<( 37 1) >’w€1g’< 1>)'
(11.29)
The Group 2 cross-peaks at®, = ®,,, are
El (o, T, o, )——‘p,“1 ‘um (ZCOSZGMl cer )F( 0,,.< 0} > 0,,,< Q3 >)
Lt Pl [ (200520 1) (® W, —8Q,)? >,0,.,,< 803
_B‘M!Jﬁz M, ( cos gez,ezf]*) ((Dflf’z’<( 1= 00,)* >,0,,,,< 2>)
L Pl P (2c0s20 1) (® W, —8Q,)% >,®,.,,< 0
_B‘ugfz R, ( cos sz,fzfz+ ) (wfzt’z’<( 27 2) >’(’0€2g’< 2>)
1 M 2 M 2 2 P 2 m 2
_B‘Mm [T9 (Zcos 93,52,%+1)F(m_f3€2,<(8W3—892) >,0,,,,< 0Q3 >).
(11.30)

Depending on (a) the energies of the three doubly excited states f, - f;, (b) the relative
angles of the corresponding transition dipole vectors, and (c) their magnitudes, the
ZZZ7ZZ-echo spectrum of coupled anharmonic oscillators change significantly.

11.5 PERPENDICULAR POLARIZATION
ZYYZ-ECHO: ANHARMONIC OSCILLATORS

It is now a straightforward exercise to obtain the perpendicular polarization ZYYZ-
echo spectrum of an anharmonic oscillator, and we get

(0) Q2,0 Qz)——‘p,gg

eg’ eg?

~ 2 4
EIJ;E(O)I’T’G)T)ZE‘M‘% p“ef (3COS egeef )

XT(®,,.92,0,,.92). (11.31)

eg?
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Within the harmonic approximation, we have p)f = \/Ep,i‘,ﬁ and find that Equation
11.31 is simplified as

{ ((D 22,0 92) ( 0,, —00,,,,Q2,0 QZ)}

ego ego eg’

PE(O)NT ® )_ 7‘”5’6
(11.32)

Note that the total ZYYZ-spectrum is just one-third of the ZZZZ-spectrum in this
limiting case, which is similar to the case of the 2L.S chromophore.

For the coupled anharmonic oscillators, in the intermediate time region the two
diagonal peaks in the ZYYZ-echo spectrum are

((De]g’< 8Q? >, ,,< 80} >)

s’

Ej(0,,T,® )—*\uge,

Es (o, T,® )——‘MM2 (a)m,< 0Q3 >,m,,,,< 803 >). (11.33)
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(11.35)
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Similar to the ZZZZ-echo spectrum, the ZYYZ-echo spectrum also critically
depends on the energies of the three doubly excited states f; — f;, the relative angles
of the corresponding transition dipole vectors, and their magnitudes.

11.6 DIFFERENCE TWO-DIMENSIONAL ECHO SPECTRUM:
COUPLED ANHARMONIC OSCILLATORS
From the results on the parallel and perpendicular polarization measurements for

coupled anharmonic oscillators, one can eliminate the two major diagonal peaks by
taking the difference spectrum AE,,(®,,T,®,) defined in Equation 11.19, and it is

~ 1 2 2, _ _
AEPE(oo,,T,o)T):—E‘Mgl ‘Mﬁz sin? 9ge,,gezr((ﬂe2g’< 8Q% >, ,, < 8Q} >)
1 M 2 M 2 2 P 2 P 2
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1 M 2 M 2 2 o 2 P 2
+g‘|*ge1 Wess| SN egel,el.fzr(“).fsew<(5wz_591) >,®,4,< 8 >)
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+g‘ug92 pl. | sin Ggezjezle"(wfzgz,< (OW, —8Q,) >,0,,,< Q3 >)
1 2 2, _ _
+g"*ffez ney | sin? egezﬁz.fér(mféfz’< (BW; —8,)* >,@,,,,< 823 >)- (11.36)

In order to show how the difference spectrum of the present coupled anharmonic
oscillators are different from that of the coupled 2LS dimer, let us consider the degen-
erate case when the two constituent oscillators have the same frequency. The general
results for this degenerate case were already presented and discussed in Section 9.8.
Now, taking the rotational averages of all the contributing response function com-
ponents, one can obtain the expressions for the difference spectrum AE,, (,, T,0,)
in this limiting case.

Degenerate coupled anharmonic oscillators with strong coupling. As shown in
Section 9.8, the transitions from e, to f; state and from e, to f; state are forbidden in
this case. Furthermore, the relative angles 6, , are 0, n/2, or n, depending on a pair
of two transition dipoles. Using the results in Section 9.8 for degenerate coupled
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anharmonic oscillators with a large coupling constant, one can find that the differ-
ence 2D photon echo spectrum is highly simplified as

~ 4 2

AE, (0, T, ®,)= _%{r(@ezgx 83 >,®, ,,< 5 >)
—T(®,.< W, =322 >,0,,.< 8Q} >)+T(®,,,.< 8Q} >,,,,.< 523 >)
_1“((T)_fze2 < (W, -8Q,)? >,®,,,,< 8Q3 >)} (11.37)

Interestingly, there are only four cross-peaks, and they all have the same transi-
tion strength. Nevertheless, in reality the peak amplitudes could be slightly differ-
ent from one another since the dephasing constants associated with each term in
Equation 11.37 can be different. As shown in Figure 11.2, not only the two diagonal
peaks but also the other two cross-peaks that form couplets with the main diagonal
peaks D1 and D2 disappear in the difference 2D spectrum (compare Figure 9.8 with
Figure 11.2). Also, it should be mentioned that all the peak amplitudes in this spec-
trum are linearly proportional to sin? ¢, where ¢ is the angle between the transition
dipole vectors of the two local oscillators. This ¢-dependency of AE,.(®,,T,®,)
would be an interesting property for determining the relative orientation of two

Difference 2D Spectrum
Degenerate Coupled Anharmonic Oscillators
with Strong Coupling

@ |9y

FIGURE 11.2 Difference 2D vibrational spectrum of degenerate coupled anharmonic oscil-
lators. In comparison with Figure 9.8, the two diagonal peak couplets disappear in this
difference 2D spectrum.
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vibrational chromophores, as long as their transition dipole vectors in a molecule-
fixed frame are known.

In the other limiting case when the anharmonic frequency shifts are sufficiently
larger than the coupling-induced frequency-splitting magnitude between the two sin-
gly excited states, that is, A, > 2J, there are two groups of peaks originating from
SE+GB and EA, as can be seen in Figure 9.9. In that case, there would be four cross-
peaks in its difference 2D spectrum, and it will only show cross-peaks in the upper
and lower blocks in Figure 9.9.

11.7 GENERALIZED POLARIZATION-CONTROLLED
TWO-DIMENSIONAL SPECTROSCOPY

In the previous sections, we have specifically considered two cases, that is, paral-
lel and perpendicular polarization configurations that have been extensively used
to selectively eliminate the diagonal peaks to ultimately enhance the frequency
resolution of the 2D measurement technique. However, since there are virtually an
infinite number of possibilities to control the beam polarization directions and rela-
tive propagation directions, it will be of interest to consider the more general situa-
tion. Assuming that the three beams propagate almost collinearly, even though, in
reality, the angles between the beam propagation directions should not be zero to
achieve the phasing-matching detection, there are four polarization directions that
can be experimentally controlled. Without loss of generality, we shall assume that
the Z-component of the emitted echo field vector is selectively detected and that
the three incident beam polarization directions are controllable with respect to the
Z-direction.
In this case, the directions of linearly polarized beams are in general written as

e, =YsinQ, +ZcosQ,
e, =YsinQ,+ZcosQ,

e; =Ysin@;+ZcosQ,

~

e, =7 (11.38)
Here, e, is the unit vector of the emitted echo signal field polarization direction. There
are three anlges @, that can be arbitrarily controlled.

Now, we are interested in finding beam configurations that can selectively remove
the main diagonal peaks. As shown in this chapter, regardless of the number of
chromophores that are coupled to one another, the diagonal peaks always originate
from two-state g < e; contributions only. Consequently, one should only consider
the rotational average of the tensor element such as [ .1t .0, ] ® € €;€,€,. Again,
it is assumed that the direction of the transition dipole vector p is chosen to be
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parallel to the molecular z-axis, that is, p} =1 2. Then, the rotationally averaged
tensor element [, M 1 I, | ® €,€5€,¢€, is found to be

4 . .
{3cos @, cos P, cos Q5 + sin @, sin @, cos P,

1
[M‘ge“’egu’ge"l‘eg] ® exe3e2e1 = E‘M%

+sin @, cos @, Sin Q5 + cos @, sin P, sin P}

4
{cos(®, — @) cos Qs +cos(p, — @3) cos @, +cos(Q, — ;) cos @, }.

1
=13 \Mf;ﬁ
(11.39)

Finding a proper set of beam polarization direction angles (¢, — @) that makes
the above rotationally averaged transition strength vanish is to solve the following
equation:

COS(Q; — ©,) cOSP; + COS(P; — P3) COS O, +COS(P, — P3)cosP; =0.  (11.40)

We have only one equation, but there are three unknowns. Thus, there are an infi-
nite number of solutions satisfying the above equality. For instance, ¢, = ¢, =0 and
@5 =m/2, which is the case when e, =e, =e, = Z and e; =Y. However, in this par-
ticular case, not only the rotationally averaged transition strengths of diagonal peaks
but also those of cross-peaks vanish within the electric dipole approximation. This
can be easily shown by examining the property of / ,‘]‘,‘2)1314:,,,1"12,"3,,,4 in Equation 11.2.
More specifically, one should avoid the case when three out of the four polariza-
tion directions, that is, e/, e,, e;, and e,, are parallel to one another as well as when
the remaining one is perpendicular to the others, e.g., e, || e, || e; L e,. Bearing this

aspect in mind, let us consider two simple cases, which can be of use in practice.

Case 1
e, ||e, (for j=1 ~ 3). In order to reduce the number of possibilities or the number of
experimentally controlled variables @,, ¢,, and @, let us consider the case when
one of the three incident beam polarization directions is parallel to the polariza-
tion direction of the radiated echo field vector,

e =e = Z for any arbitrary j (=1 ~ 3), (11.41)
so that; = 0. Then, Equation 11.40 is simplified as
3cos @, cos@, +sin@, sing, =0, (11.42)

where k #j, [ #j, and k # . From Equation 11.42, it is noted that the two controllable
angles @, and @, are related to each other as

¢, =tan”(-3cotg,) or @, =tan"(-3cot@,). (11.43)

In Figure 11.3, @, is plotted with respect to ¢,. Although one can choose any
values for @, and @, angles as long as they satisfy Equation 11.43 to make the
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FIGURE 11.3 Plots of Equations 11.43 and 11.44.

diagonal peaks disappear, a pair of angles ¢, and @, that are in the forbidden
regions should be avoided because those regions are either ¢, =0 (or ) or @, = 0.
In these cases, as mentioned above, not only do the diagonal peaks vanish, but
also the entire 2D echo signal becomes vanishingly small due to the properties
of rotational averages within the electric dipole approximation. As an example, if
¢, =1/3(60°) and @, =-1/3 (-60°), the diagonal peaks vanish automatically, but
the cross-peaks do not. For instance if j = 1, this is the case when the polarization
direction angles for the beams 1, 2, 3, and echo field are given as 0°, 60°, —60°,
and 0°, respectively.”

Case 2
e, L e (forj=1 ~3). Now, let us consider the other limiting case when one (e) of
the three incident beam polarization directions is controlled to be perpendicular
to the emitted echo field polarization direction. In such a case, Equation 11.40 is
reduced to

sin@, cos@, +cos@, sing, =0, (11.44)

where again k #j, | # j, and k # |. The two controllable angles ¢, and ¢, are then
related to each other as

¢, =tan”(—tan@,) or @, =tan’'(—tang,). (11.45)
This is simply identical to the following equation:

©, =—0 (When0 <@, <m/2)or @, =nt—¢, (Whenn/2< ¢, <m). (11.46)

In Figure 11.3 (right panel), Equation 11.45 is plotted. A pair of angles ¢, and
@, in the “forbidden regions” should not be chosen, because the entire 2D echo
signal, which is rotationally averaged over the randomly oriented molecules in
solution, becomes vanishingly small. Now, one of the possible choices is the case
when the polarization direction angles for the beams 1, 2, 3, and echo field are
given as 90°, 45°, —45°, and 0°, respectively.”

239
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As shown in this section, instead of measuring difference 2D spectrum by taking
the difference between perpendicular and parallel polarization echo spectra, one can
use beam polarization control scheme to selectively eliminate the diagonal peaks.

11.8 DETERMINATION OF THE ANGLE BETWEEN
ANY TWO TRANSITION DIPOLE VECTORS

Up until now, the polarization-controlled 2D echo spectroscopy for several model
systems was theoretically discussed in detail. Since the polarization directions are
additional variables that can be experimentally controlled, there are a number of
interesting possibilities for enhancing the spectral resolution of 2D spectrum by
selectively enhancing or suppressing particular peaks. In the previous section, only
the case when one can selectively eliminate the diagonal peaks was considered in
detail. However, one can explore a wide range of possible applications with the
generalized polarization-controlled technique. In general, as will be shown below,
one can directly and simultaneously measure the angles between two transition
dipole vectors by measuring a series of 2D spectra for varying polarization direc-
tion angles.

Three relative angles of beam polarizations directions with respect to that of the
generated echo field vector are still too many in real experiments, so we will consider
one particular case that is likely to be practically useful. First of all, let us assume
that the first beam polarization direction is parallel to the emitted echo field polariza-
tion direction, that is, e, || e,. Now, there are two independently controllable variables
@, and @;. Then, the 2D echo spectrum becomes dependent on these two angles as

EPE = EPE((‘)z’Ts"‘)r;(PZ»(P3)- (11.47)

For a fixed waiting time 7, one can obtain 2D spectra for varying ¢, and @;.
Then, as shown in the previous section, when @, = tan~!(-3cot @, ), for example,
©, = -, = 7/3, the diagonal peaks will disappear. If there are certain cross-peaks
that also vanish for this particular beam configuration, one can conclude that the
corresponding two transition dipoles are either parallel or antiparallel to each
other. However, this is just one limiting case. More generally, one can use the
polarization-controlled 2D spectroscopy to extract information on the relative
angles between any given pair of transition dipole vectors.

Let us consider the cross-peak at®,=®,, and ®, =®, , where m and n (# m)
represent two different transitions, e.g., ®,, = ®,, and ®, = ®,,,. The corresponding
cross-peak is, within the 2D Gaussian peak shape approximation, given as

E. s (@, T,0,) = [, 110,10, ] €58,e T (0,,< Q2 >,0,,< 802 >).  (11.48)

Here, the amplitude of this cross-peak is determined by the rotationally averaged
transition strength [, 1,1, ] €;€,€]. Note that this value depends on the two
angles @, and ¢;. Without loss of generality, one can choose the molecular z-axis
to be parallel to the direction of A}/ in a molecule-fixed frame, that is, n =ln| Z.
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If the relative angle of p¥ with respect to the z-axis is 0
M vector as

one can always write the

nm>

nY =uM|(ZcosH,,, +xsinb, ). (11.49)
Then, using Equation 11.2, one can find that the rotationally averaged transition
strength is given as

[ununum”‘m]o,%mzﬁ = 91/1 ‘2 ‘”‘% ‘2 {COS (pZ COS(p3 (4 COSZ en,m + 2)

2
30"
+ sin @, sin @, (3 cos?0,,, — l)} (11.50)

where the subscript “0,@5,9,,0” means that, by reading it from right to left, the
polarization direction angles of the first, second, third, and echo fields are 0, @,, @s,
and 0 degrees from the laboratory Z-axis.

Now, let us consider a series of experiments measuring this cross-peak amplitude
for varying @, and @;. There should be angles ¢; and @; where the rotationally aver-
aged transition strength of the cross-peak vanishes, that is,

COS (P, COS Q5 (4 cos?0,, + 2) +sin @, sin @, (30052 0, — 1) =0 (11.51)

n,m
or equivalently

tan @ tan 3 — 2
c0s?@,, = NP2 MNP; =2 (11.52)
7 4+3tan @, tan @;
To make the experiment easier, one can set the ¢, value to be /4 as a constraint, and
in this case the cross-peak amplitude is determined by

1
(e, | = 3002

kY
0,93,—,0
P3 4

? ‘p,,",f ‘2 {cos (0N (4 cos?0,,, + 2) +sin@;(3cos?0,,, — 1)}.

)
(11.53)

For varying ,, one can find the angle @5 that makes [, 1,0, ]
particular angle @3, we have

0,935 zero. For this

cos?p = NP =2 (11.54)
7 44 3tang;

In Figure 11.4, the right-hand side of Equation 11.54 is plotted. Thus, once @3
is determined, it is possible to use Equation 11.54 to determine the important
angle 0, . Unfortunately, however, it is not possible to distinguish whether9,,
is in the range from O tom/2 or in the range fromm/2to m, because the mea-
sured value is cos?0, , not cos®, .. In addition, one should be cautious about the
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tan ¢y — 2
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FIGURE 11.4 Plot of the right-hand side of Equation 11.54.

@5-scan. Since cos?0,,, varies from O to 1, ¢; value should be in the following
range in radians:

tan!(2) <@y <m+tan'(-3) or wH+tan '(2)<@;<2m+tan'(=3) (11.55)

or equivalently, in degrees,

63.4°<p;<108.4° or —116.6°<@;<-71.6° (11.56)

The beam polarization directions for this particular @;-scan experiment are shown
in Figure 11.5, where three polarization directions, e, e,, and e, are fixed but only
the third beam polarization direction represented by e, is varied.

This section showed that polarization-controlled 2D spectroscopy can be a
useful technique for selectively measuring cross-peaks by taking the difference

Z
e =€,
/4 ey

e
¢3 s

<

CO

l :

S Y
~

~a

FIGURE 11.5 @;-scan experiment. The first beam polarization direction is parallel to the
echo field vector. Now, the second beam polarization direction is rotated by 7/4 from the
Z-axis in a laboratory-fixed frame. The third beam polarization direction is then scanned
from 63.4 to 108.4 degrees, and 2D spectra are measured.
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2D spectrum. If a particular cross-peak associated with two different transitions
vanishes in the difference 2D spectrum, the corresponding transition dipole vectors
should be parallel or antiparallel to each other. The more general scheme is to mea-
sure a series of 2D spectra for varying the polarization direction angles. For a given
cross-peak, if it vanishes at a specific polarization direction angle, the experimen-
tally measured angle can be connected to the angle between the two transition dipole
vectors. This is a remarkable result because the macroscopically controlled beam
polarization directions are related to the angles between microscopic (molecular)
transition dipoles, even though the molecules have completely random orientations
in solution. Once all the angles ©,,, for all m and n are determined, they can be an
extremely useful set of constraints for the determination of 3D structure of complex
molecules.
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12 Applications of
Two-Dimensional
Vibrational Spectroscopy

The 2D vibrational spectroscopic technique based on four-wave-mixing schemes
has certain advantages in comparison with conventional 1D vibrational spectros-
copy such as IR absorption, Raman scattering, vibrational circular dichroism, and
the like.'”> Due to the doubly vibrationally resonant condition, IR fields different in
frequency can be simultaneously resonant with two different vibrational degrees of
freedom, and consequently, cross-peaks in a two-dimensionally displayed spectrum
arise from their couplings that are usually difficult to be measured by using 1D
method (compare the magnitudes of primary and secondary spectroscopic proper-
ties mentioned in Chapter 1). In addition, the two oscillators have to be anharmonic
to avoid complete destructive interferences among different nonlinear optical tran-
sition pathways. Note that the nonlinear response function of perfectly harmonic
oscillators vanishes.

An early attempt to obtain 2D IR spectrum was based on 2D IR pump—probe
and dynamic hole-burning techniques, where the pump frequency scanning was
required to fully construct the 2D spectrum with respect to the pump and probe
frequencies.! The 2D IR pump—probe spectra of apamin and scyllatoxin are shown
in Figure 12.1, where the x- and y-axis are the pump and probe frequencies in cen-
timeters~'. Instead of the pump frequency scanning to obtain a series of 1D spectra
used to construct a full 2D spectrum, one can scan the first delay time 7 in an infra-
red photon echo experiment to obtain the 2D IR PE spectra of peptides. A number
of 2D IR experiments have been performed to study amide I vibrations of polypep-
tides, since the amide I band shape and center frequency have been known to be
highly sensitive to protein secondary structures.®-8 In addition, it is comparatively
easy to introduce isotope-labeled amino acid residue to polypeptides and proteins.
Two-dimensional IR spectroscopic investigations of those isotope-labeled amide
I modes can provide information on local structure and dynamics around the iso-
tope-labeled peptide. In this chapter, only those representative experimental results
and theoretical interpretations are presented. Particularly, the 2D IR photon echo
spectroscopic studies of single oscillator systems, coupled two-oscillator systems,
coupled multi-oscillator systems, protein folding-unfolding dynamics, and chemi-
cal exchange dynamics will be discussed to show how useful the 2D vibrational
spectroscopic technique is in studying ultrafast solvent-solute dynamics, protein
structure determination, structural changes of proteins, and hydrogen-bonding
dynamics.
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FIGURE 12.1 2D IR pump-probe spectra of apamin and scyllatoxin. A series of dynamic
hole-burning experiments were performed to construct these 2D spectra. (From Hamm, P.,
Lim, M. H., and Hochstrasser, R. M., Journal of Physical Chemistry B, 102, 6123, 1998. With
permission.)

12.1 SINGLE ANHARMONIC OSCILLATOR SYSTEMS

Despite that the 2D vibrational spectroscopic technique is particularly useful in
studying molecular complexes and coupled multi-chromophore systems, its applica-
tion to single oscillator systems had to be performed first to obtain vital information
on the solvent—chromophore (oscillator) interaction dynamics in condensed phases.
Two representative examples, which are the amide I vibration of N-methylacetamide
(NMA) and the O-D (or O-H) stretching mode of HOD in H,O (HOD in D,0) will
be discussed in this section. NMA is an excellent model system for understand-
ing vibrational dynamics of peptides in solution.” In order to understand hydrogen-
bonding dynamics and network formation of water, the model systems, HOD in D,0O
or HOD in H,O, have also been extensively studied. The amide I vibrations in NMA
or OH (OD) stretch of HOD in D,0 (H,0) are essentially uncoupled to all the other
intramolecular vibrational degrees of freedom or to solvent modes so that they could
be treated as a single anharmonic oscillator.
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N-methylacetamide. NMA containing a single peptide bond is a prototype model
for peptide. By considering it a unit peptide, polypeptide can be described as a collec-
tion of such units with certain configurations representing its backbone structure.!%-14
For the NMA in solutions, 2D pump—probe and photon echo experiments were
carried out to investigate the peptide-water interaction dynamics.>-!7 The hydro-
gen bonding interactions between NMA and surrounding protic solvent molecules
induce an amide I mode frequency red-shift, where the amide I vibration is mainly
C=0 stretch + N-H in-plane bend. Since the carbonyl oxygen atom can form one
or two hydrogen bonds with surrounding water molecules, the amide I vibrational
frequency is sensitive to the number and orientation of hydrogen-bonded water mol-
ecules around the carbonyl oxygen atom.!®-20 To quantitatively describe the hydrogen
bonding effect on the amide I mode frequency shift, denoted as dV,, an approximate
linear relationship between 8V, and the hydrogen-bond distance r(O---H) in A, that
is, 8V, = —0t;,,{2.6 = r(O---H)}, was used before.”! Here, the slope a.,,, was assumed
to be 30 cm'/A. Although this simple relationship between &V, and r(O---H) was
found to be of use to some extent, its validity is limited only in short-distance range
around the optimum hydrogen-bond distance, which is here assumed to be 2.6 A.122
Consequently, it was necessary to develop a model that can incorporate the effects
from (1) hydrogen-bonding interaction between the N-H group of a given peptide and
water oxygen atom, (2) dependency of such a relationship on solvent, and (3) different
orientations of hydrogen-bonded solvent molecules.

To elucidate the hydrogen bonding effects on the amide I frequency, ab initio
calculation studies on the amide I mode frequency shift (&v,) for a number of NMA-
(D,0), (n=1-5) clusters were carried out to establish the relationship between oV,
and electrostatic potentials at six different sites (O, C, N, H, CH;(C), and CH;(N)) of
the NMA molecule.?® 2 Here, the electrostatic potential at a given site is created by
the distributed partial charges of the surrounding solvent molecules, that is,

6

v, =V)+8V, =V9+Zla¢a (12.1)

a=1

where ¢, is the electrostatic potential at the ath site of the NMA. The expansion coef-
ficients, /,, in the above equation were obtained by carrying out multivariate least
square regression analysis with Equation 12.1, for clusters consisting of an NMA and
varying number of solvent molecules. The electrostatic potential, ¢, at the site a is

_ ! Citas™
0, = 4ne, EZ ’ (12.2)

- Tajcm)

where Ci2hent denotes the partial charge of the jth site of the mth solvent molecule
and ., is the distance between the NMA site a and the jth site of the mth solvent
molecule. The above model in Equations 12.1 and 12.2 is called the electrostatic
potential model for solvatochromic frequency shift. The distributed sites on the sol-
ute collectively act like an antennae sensing local electrostatic potential distribution,
which is highly anisotropic and spatially nonuniform around a solute.
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Instead of electrostatic potential calculations at each site, one can employ the
vibrational Stark theory to simulate the amide I frequency shift and fluctuation.? For
the NMA in solution, the amide I frequency is in this case assumed to be linearly
dependent on the electric field components as

v, =V} +Zc,-aE,-a (12.3)

io

where o = {x, y, z}, E,, is the aith component of the electric field vector on the
ith atom, i corresponds to either the C, O, N, or D in the deuterated NMA, and
¢, s are the expansion coefficients. The electric field vector at the ith atom is
calculated as

1 NxXM C}A

o 3 T

where j runs over all the charged sites of the surrounding solvent molecules, F; is
a unit vector pointing from the jth solvent atomic site to the ith solute atom, N is
the number of solvent molecules, M is the number of charged sites in a single sol-
vent molecule, and Ty denotes the distance between the two sites. If the entire solute-
solvent interaction causing frequency shift is dipolar in nature, only one point dipole
is required. However, the above model in Equation 12.3 means that the solute-solvent
interactions are between properly weighted point dipoles at those distributed sites
and solvent polarization. This model is in fact based on the assumption that the
solute-solvent interaction is described as the sum of interactions between dipoles
distributed on the solute and the solvent electric fields at the centers of the solute’s
point dipoles. This method utilizing the electric field vector calculation was also
found to be quantitatively acceptable in reproducing the amide I band of NMA and
the OH stretch band of water.?°

For the NMA-water solution, by using the above relationship in Equation 12.1 and
by carrying out classical MD simulations of the NMA-water solution, it was possible
to estimate the amide I mode frequency shift from that of an isolated NMA mol-
ecule. Note that the MD simulation trajectories can provide instantaneous solvent
configurations around a solute. From them, one can obtain the electrostatic poten-
tials at each site as a function of time, which in turn were used to obtain the amide
I frequency trajectory, V,(z). The estimated amide I mode frequency shift, defined as
OV, =(v,(®))— VY, was found to be in good agreement with the experimental value,
indicating that the electrostatic interaction between the NMA and solvent water mole-
cules is the principal contribution to the amide I frequency shift and fluctuation.'® Then,
the amide I vibrational dephasing can be investigated by calculating the frequency-
frequency correlation function (FFCF) (&V, (£)V, (0)). The spectral density p(®) of the
coupled bath modes was obtained from the cosine transformation, that is,

p(®) = 2tanh(h(n/2kBT)det cos(o) {(89,(1)8V, (0)(893)}. (12.5)
0
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The resultant p(®) showed that the librational (hindered rotational) motions of the
water molecules directly hydrogen-bonded to the NMA play a critical role in modu-
lating the amide I frequency in time. Once the amide I FFCF C(¢) is obtained, the
corresponding IR absorption spectrum can be calculated by using Equations 3.97
and 3.38.

In order to study the hydrogen-bonding dynamics of a given peptide in water, 2D
IR pump—probe experiment for NMA/D,O solution was performed. In this chapter,
we instead discuss the 2D IR photon echo studies on NMA in D,0, CDCIl, and
DMSO-d, solutions for the sake of direct comparisons with theoretical descriptions
discussed in Chapter 7.7 In the top panel of Figure 12.2, four snapshot 2D IR PE
spectra at the waiting times of 0, 400, 1000, and 2000 fs are shown. The upper-lying
positive peak originates from the g <> e transitions, that is to say, it is the summation
of stimulated emission and ground-state bleaching contributions, where the corre-
sponding polarizations are given as, respectively,

e
<p lg><gl>
8 e

e
<u%lg><gl>. (12.6)
gse

The negative peak appearing in the lower frequency region is from the excited-state
absorption contribution whose polarization is given as

e
<M%|g><gl>. 12.7)
e

The frequency separation between the positive and negative peaks is due to the finite
overtone anharmonic frequency shift d®,,,, which was estimated to be about 16
cm™!. However, since the absorption bandwidth is comparable or even larger than
the anharmonic frequency shift, the peak-to-peak frequency difference denoted as
A®(T)in Chapter 7 is not simply identical to the overtone anharmonic frequency
shift, 8®,,,. In this case of weakly anharmonic limit, Equation 7.39 can be used
to approximately estimate the peak-to-peak frequency difference for this case of
NMA in D,0 solution. From Figure 12.2, one can estimate Aw(7 =2 ps) to be about
25 cm™. From Equation 7.40 with ignoring the solvent reorganization energy, 22,
where Q is the root mean square of fluctuating amide I frequency, is about 25 cm™.
This is consistent with the absorption bandwidth.

For all three NMA solutions, the 2D IR PE spectra have nodal lines separating the
upper positive and lower negative peaks. The slope of the nodal line at®, = ®,, var-
ies from 1 to O as the waiting time 7T increases from O to a few picoseconds (ps). For
a single anharmonic oscillator system, it was shown that this slope is in fact directly
related to the FFCF as®

o(T) = (dw(T)d0(0))Kdw?). (12.8)

In the case of the NMA/water solution, the slope of the nodal line, 6(T’), approaches
zero in about 2 ps, whereas that of the NMA/DMSO-d, solution decreases
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comparatively slowly and is finite even at 7 = 6 ps. An interesting observation for
the NMA/CDCI, solution is that the nodal line at 7= 6 ps appears to be curvilinear.
More specifically, the slope of the nodal line in the lower frequency region decays
slower than that in the higher frequency region. This was explained by the presence
of improper hydrogen-bonding interaction between the NMA C=0 group and the
deuterium atoms of CDCl,. From the classical MD simulation, it was found that the
NMA molecule can form a single improper hydrogen-bond with a solvent CDCl,
molecule.”” Therefore, there are two solvation species, either free NMA or NMA
with a single hydrogen-bonded CDCI,. Due to this inhomogeneity, the 2D IR PE
spectra of NMA/CDCI, solution appear to be significantly diagonally elongated and
asymmetric. This shows the existence of such an improper hydrogen bond and pro-
vides a hint on its dynamic timescale.

HOD/H,0 and HOD/D,O. The dynamics of water is highly important, and it has
crucial effects on diverse areas of science. It has been known that a number of water
properties are largely related to strong hydrogen bonds that each water molecule can
form with its neighbors. Thus, formed hydrogen bond networks are evolving in time,
and its time and length scales are critically dependent on the hydrogen bond form-
ing and breaking dynamics.?¢ Such hydrogen-bonding dynamics of liquids has been
extensively studied by using femtosecond IR spectroscopic methods such as transient
absorption experiments and femtosecond IR photon echo studies.?’-#” Here, the 2D
IR photon echo studies are primarily discussed and the vibrational chromophore of
interest is the O-D stretch of HOD in H,0.

The 2D IR correlation spectra of the OD stretch of HOD in H,O with respect to wait-
ing time T show typical positive-negative couplet.*! At short time 7= 0.1, the 2D spec-
trum is diagonally elongated as expected, which indicates inhomogeneous distribution
of the OD stretch frequencies. As the waiting time 7 increases from 0.1 to 1.6 ps, the
widths of the peaks increase and the slope 6(7') of the nodal line separating the positive
peak from the lower negative peak decreases from about 1 to zero.*! Much like the case
of the NMA in heavy water, the inhomogeneity of the hydroxyl stretch frequency distri-
bution persists for a couple of picoseconds, which evidently corresponds to the lifetime
of the local hydrogen-bond network around an OD vibrational chromophore.

In order to quantitatively describe the time-dependent change of the 2D IR cor-
relation spectrum, theoretical studies utilizing an MD simulation method were car-
ried out, and the resultant simulated spectra were compared with the experiment.*!
To calculate the instantaneous OD stretch frequencies from the MD trajectory, the
vibrational Stark theory, where the electric field component E, which is the pro-
jected electric field onto the OD bond, is assumed to be linearly proportional to the
frequency shift induced by the electrostatic interaction of the OD group with sur-
rounding solvent molecules, that is,*3

where 9, is the OD frequency of an isolated HOD molecule and E is calculated as

4n€ 2 (12.10)
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The proportionality constant o is known as the vibrational Stark tuning rate. Here,
I,p iS a unit vector pointing from O to D in the direction of the OD bond; the
summation in Equation 12.10 is over all charged sites of solvent water molecules;
and T, is the unit vector pointing from the solvent site j to the D atom of the HOD
molecule.

From the ab initio calculations of HOD-(H,0), clusters sampled from classi-
cal MD trajectories, the expansion coefficient o in Equation 12.9 was obtained and
estimated to be —10792 cm~'/au. Because those solvent water molecules around an
HOD solute continually change its relative distances and orientations in time, the
site-site distances r;, and the projection angles determining the factor of Top *Tjp
fluctuate in time. These essentially modulate the electric field component E(f) in
Equation 12.9, and the OD stretch frequency fluctuates. From the OD stretch fre-
quency trajectory, the FFCF < 8w, (1)8®,,(0) >, where 8w, (1) = 0p (1) — ®pp, is
calculated and used to numerically simulate the corresponding linear and nonlinear
vibrational spectra. The FFCF obtained from the MD simulations with employing
the above connection formula in Equation 12.9, which was based on the vibrational
Stark theory, was found to be in excellent agreement with experimentally retrieved
FFCF of which decaying pattern is multimodal with a wide range of different times-
cales. The fast component (~32 fs) in the correlation function appears to be related to
the fluctuations of the hydrogen-bond length coordinate. On the other hand, the slow
(~2 ps) component is likely due to hydrogen bond making and breaking dynamics,
which is consistent with MD simulations showing that the hydrogen bond lifetime
is about 2 ps.

Later, a heterodyne-detected 2D IR photon echo experiment on HOD/D,O solu-
tion was carried out, and the OH stretch frequency fluctuation and ultrafast hydrogen-
bond dynamics were investigated.*> 4446 One of the issues for understanding
hydrogen bond networks in water was the roles of nonhydrogen-bonded configura-
tions and dangling hydrogen bonds.* The proposition was that the nonhydrogen-
bonded configuration should be considered a transition state in an event of thermally
activated hydrogen bond breaking and subsequent new hydrogen bond forming with
a different partner. From the ultrafast IR photon echo and MD simulation studies,
it was shown that virtually all water molecules in the nonhydrogen-bonded con-
figurations return to a hydrogen bonding partner in 200 fs, strongly indicating that
hydrogen bonds in water are broken only fleetingly.*> Again, the slope of nodal line
in the experimentally measured 2D photon echo spectrum decays in time 7 and its
decaying pattern was found to be in agreement with the OH stretch mode FFCF
experimentally measured from the photon echo peak shift. The MD simulations
suggested that the nonhydrogen-bonded configuration is just a transitory state and
that most likely librations on the 50 fs timescale are mainly responsible for making
the nonhydrogen-bonded configurations proceed to a new hydrogen bond or return
back to the original hydrogen bond. This picture is in contrast to that treating various
hydrogen-bonded species such as nonhydrogen-bonded molecules, dangling waters,
and hydrogen-bonded molecules with different coordination numbers as chemically
distinct states.
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12.2 COUPLED TWO-OSCILLATOR SYSTEMS

Solution structures of small oligopeptides have been paid lots of attention, but it was
found to be quite difficult to determine their structures in solution. Small peptides
containing two peptide bonds have thus been extensively studied by using the 2D IR
technique. The amide I band of a dipeptide can be described in terms of two delocal-
ized normal modes, since the two amide I local oscillators are coupled to each other
via through-space and through-bond interactions.'>#-5! The coupling constant J is
then strongly dependent on the relative distance and angle between the two transition
dipoles located at the two peptide bonds. For such a coupled-anharmonic-oscillator
system, detailed theoretical descriptions of model Hamiltonian and vibrational prop-
erties were presented and discussed in Section 9.6.

Two important factors determining the extent of delocalization of vibrationally
excited states are (1) two local mode frequencies, ®, and ®,, and (2) coupling con-
stant J. For an isolated dipeptide, the entire map of J with respect to the two dihe-
dral angles ¢ and , which determine the backbone conformation of the dipeptide,
was reported.'>3%32 For a glycine dipeptide (Ac-Gly-NHMe), the coupling constants
J(®, y) were calculated and are shown in Figure 12.3. Once the coupling constant J
is measured experimentally by analyzing the 2D IR spectrum of a given dipeptide,
the map in Figure 12.3 can be of use to obtain information on possible dipeptide
conformations.

Acetylproline. As a simple model dipeptide system, acetylated proline amide
(Ac-Pro-ND,) in D,O solution has been studied by using the 2D IR photon echo

150
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FIGURE 12.3 Amide I vibrational coupling constant J of glycine dipeptide analog for vary-
ing dihedral angles ¢ and .
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method.33-3¢ Due to the five-membered pyrrolidine ring strain, the amide I local-
mode frequency of the acetyl-end peptide is about 30 cm™ red-shifted from that of
the amide-end peptide.”” Therefore, the amide I IR band appears as a doublet with
two amide I IR sub-bands separated from each other by about 30 cm™!. Interestingly,
its backbone conformation changes for varying solvents. For instance, the acetyl-
proline adopts a C,,, conformation when it is dissolved in nonpolar aprotic solvent,
because it is stabilized by an intramolecular hydrogen-bonding interaction.”® On
the other hand, if the acetylproline is dissolved in water or other protic solvents,
the water molecules actively participate in the intermolecular H-bonding interac-
tions with the two peptide groups so that its backbone conformation changes and
becomes close to the so-called polyproline II structure. Therefore, the 2D IR spec-
trum of the acetylproline in CDCl, differs from that in D,0. Now, the extent of
mode mixing depends on the conformation-dependent coupling constant J. Note
that the cross-peak amplitudes and shapes are determined by the coupling.

In Section 11.4, it was shown that the parallel-polarization ZZZZ-echo spec-
trum for coupled anharmonic oscillators consists of two diagonal peaks, four off-
diagonal peaks at®, = ®,,,, another four off-diagonal peaks at®, = ®,,,. Similarly,
the perpendicular-polarization ZYYZ-echo spectrum would show those peaks with
different amplitudes. If the overtone and combination anharmonic frequency shifts
are sufficiently large to make all the off-diagonal peaks frequency-resolvable, one
can directly compare one cross-peak in the ZZZZ-echo spectrum with that in the
ZYYZ-echo spectrum to determine the angle between the two transition dipole vec-
tors of normal modes. From Equations 11.29 and 11.30, the cross-peak at ®, = ®
and ®, = ®,,, in the ZZZZ-echo spectrum is given as

g

Elo,,0,)= —\ugel (20820, o, +1)T(®,,0,< 30 >.8,,,.< 823 >),
(12.10)
whereas that in the ZYYZ-echo spectrum is
- 1 2 2
El(m,,mr)zﬁ‘ug‘{,] .| (30820, ., ~1)T(@,,,.< 8} >,®,,.<8Q7 >).
(12.11)

Thus, if these two cross-peak amplitudes are separately measured and their ratio is
estimated from them, it is possible to obtain the following simple relation,

4cos?0,, .., + . (12.12)

)
0, =0, ) 3cos? egel’gq—l

From this relationship between the cross-peak amplitude ratio and the angle 9, .,
between the two transition dipole vectors, one can estimate 6,,, ., value in principle,
which provides critical information on the dipeptide backbone conformation. This
procedure was used to determine the solution structure of acetylpronine with a lim-
ited success. Often, it is difficult to use the above strategy using Equation 12.12
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to determine 6, ., because the cross-peaks in the 2D amide I spectrum are not well
separated in freqency domain due to spectral congestion. Thus, crude estimations of
the cross-peak amplitudes from the spectrally congested 2D spectrum could poten-
tially lead to an erroneous conclusion on the dipeptide conformation. Nevertheless,
as shown in Chapter 11, there are alternative ways to determine 0 values, and
they should be of use in the future.

Alanine dipeptide. There are two different alanine dipeptide systems that contain
two peptide bonds each. The first is the trialanine (Ala-Ala-Ala) with free amine and
carboxyl groups at the two terminals,'> > % and the second is Ac-Ala-NHMe that
is an alanine capped by an acetyl group at the amino terminal and by an N-methyl
amino group at the carboxyl terminal.®’ %2 Due to the two charged groups in the
trialanine at neutral pH, it is believed that the intrinsic peptide backbone conforma-
tion is affected by the intramolecular electrostatic interactions. On the other hand,
Ac-Ala-NHMe is not.

In order to determine the solution structure of trialanine, the 2D IR pump—probe
experiments on the trialanine and its two isotopomers (Ala*-Ala-Ala and Ala-Ala™-Ala)
in combination with classical MD simulation studies were carried out.”® ® Here, the
asterisk in Ala"-Ala-Ala for example means that the amino acid with * has a *C-isotope
labeled carbonyl group. From the measured anisotropy values of these three triala-
nines, it was possible to estimate the angle ¢,, (= 106°) between the two amide I tran-
sition dipole vectors. Also, from the least-square fit to the experimentally measured
2D IR pump—probe spectrum, the coupling constant J between the two amide I local
modes was obtained to be 6 cm™'. Then, by using the maps of the coupling constant in
Figure 12.3 as well as of the angle between the two transition dipoles with respect to ¢
and y angles, it was shown that the secondary structure of trialanine does not change
upon isotope substitution and that the average ¢ and y angles are about —60 and 140
degrees. Later, carrying out MD simulation studies with GROMOS96 force field and
SPC water, the relative populations of P}, and right-handed o-helical (o) conforma-
tions were found to be about 80 and 20 percent, respectively.'3

The alanine dipeptide analog (Ac-Ala-NHMe) and its isotopomers were also inves-
tigated in detail by using the 2D IR photon echo method. The two amide I modes
were found to be fairly localized due to relatively small coupling constant of ~1.5
cm™. The polarization-controlled experiments discussed in Chapter 11 were carried
out, and the results suggested that the allowed angle 6,,, ,, is either 52° or 128°. This
indicates that the most probable conformation is polyproline II with Ramachandran
angles, ¢ = —70° and y = 120°.5"- 2

Dicarbonyl metal complex. Dicarbonylacetylacetonato rhodium complex (RDC),
which is a square-planar compound with two equivalent CO groups and a bidentate
acac (OC(CH;)CHC(CH,)O) ligand coordinated to the rhodium metal center, has
been found to be an excellent model for coupled oscillator system. The CO stretch-
ing vibrations in this organometallic compound have very large dipole strengths so
that the photon echo signals are comparatively large, which rendered detailed inves-
tigations with various nonlinear vibrational spectroscopic techniques.” Furthermore,
due to the strong coupling between the two CO stretching vibrations, symmetric
and asymmetric CO stretching normal modes are formed and the frequency differ-
ence was found to be about 70 cm™', which indicates that the magnitude of coupling

8e1.8¢2
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constant J is 35 cm™. In Section 9.8, a detailed theoretical description of this kind of
coupled anharmonic oscillators in the degenerate case was presented and discussed.
Particularly, the RDC system corresponds to the strong coupling limit, because
J>(Ag+ A2 > <3 >,

In such a case of strongly coupled degenerate anharmonic oscillators, the energies
of the three doubly excited states were found to be

W, =2, - 20T 8 o)
2
W, =2m, - A,
Ay+A
We =20, - =05 -2 (12.13)

For this case, one can expect that the experimentally measured 2D spectrum should
be similar to Figure 9.8. For the RDC molecule in hexane, the 2D IR (rephasing,
nonrephasing, and purely absorptive) spectra were measured, and they are shown in
Figure 12.4.7 One can immediately find that the schematic spectrum in Figure 9.8 is
indeed quite similar to the absorptive 2D IR spectrum, which results from the addi-
tion of equally weighted rephasing and nonrephasing spectra, in Figure 12.4(c).
From the experimentally measured spectra in Figure 12.4, the anharmonic fre-
quency shifts of the overtone states were found to be 11 and 14 cm™ for the symmet-
ric and asymmetric CO stretch normal modes, respectively. The combination band is
red-shifted by 26 cm~! with respect to the sum of the fundamental frequencies, due
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FIGURE 12.4 Real parts of 2D IR spectra of RDC (dicarbonylacetylaceto Rhodium) com-
plex. The rephasing (S,), nonrephasing (Syx pz), and absorptive (rephasing + nonrephasing)
photon echo spectra are shown in (a), (b), and (c), respectively. In (c), the four peaks 1, 1’, 2,
and 2’ are positive, and all the other cross-peaks are negative in magnitude. (From Khalil,
M., Demirdoven, N., and Tokmakoff, A., Journal of Physical Chemistry A, 2003, 107, 5258.
With permission.)
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to the coupling between the carbonyls. The line widths of the two CO stretch bands
are about 2.6 cm™', which is significantly smaller than the anharmonic frequency
shifts, that is, (Ay + A )2 > /< 0Q? >. The two diagonal peaks, denoted as 1’ and
1, in the absorptive 2D IR spectrum in Figure 12.4(c) correspond to the asymmetric
and symmetric fundamental peaks, respectively, and they can be described by the
following expressions:

E (0, T,0) = 2l P P 050260 (B, < 807 >,8,,,,< 807 >)

g’

EDZ((DNT’O‘)I) = Z[M’gezp’ezg”‘gezu’ezg]Se}eZeTr(a‘)ezg’< 69% >’(7‘)ezg’< 89% >)’ (1214)

where e, and e, states are the vibrational excited states of the symmetric and asym-
metric CO stretch normal modes, respectively. The negative peaks 3 and 3’ in the
off-diagonal region are excited-state absorptions from the symmetric and asymmet-
ric mode excited states, e, and e,, to their overtone states, respectively. They are
associated with the following terms, respectively,

=[P P e Py ]sesezeTr(‘T’ﬁel < (BW, =8Q)* >, ®,,,,< 8 >)
- [Mezf3uf3ezuezg"l’gez ] e3e2eTr(a)_fje2 ,< (8W3 - 892)2 >, a)ezg?< SQ% >) . (1215)

Due to the overtone frequency shifts, A,and A, these two peaks appear in the off-
diagonal region. The other two cross-peaks 2 and 2’ are produced by coupling, and
they are associated with the following expressions, respectively,

[ gy P, P, 100,67 (O, < 823 >.,, . < 32} >)
[ g, B b, e, 1 €3, (@, < 8QF >, @, ,, < 8Q3 >). (12.16)

Again, due to the anharmonicity of the combination band, A, the conjugate cross-
peaks 4 and 4’ can be found in the 2D IR spectrum, and their contributions are
described as, respectively,

- [uelfzufzglue]gugel]§e3e2eTl"((T)fzgl < (OW, -8Q,))* >,0,,,< 0Q? >) and
~ [y ey s, 1 €5€2€TT (@ 1, < (BW, —8Q, ) >,0,,,< 8Q3 >). (12.17)

Later, signatures of vibrational coherence transfer processes were investigated by
using the time(7')-resolved 2D IR spectroscopy.®® From the measured absolute value
2D IR rephasing spectra as a function of waiting time 7, a few interesting peak ampli-
tude changes were observed. The coherence transfer between the two fundamental
vibrations can affect the amplitude of all the peaks. Time evolution of the sym-
metric and asymmetric superposition state (off-diagonal density matrix) appears as
modulated cross- and diagonal-peak amplitudes in the rephasing and nonrephasing
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spectra, respectively, where the modulation frequency corresponds to the frequency
splitting between the two fundamental modes, ~70 cm™'. Population transfers between
the two excited states lead to the growth of relaxation-induced cross-peaks. Finally,
the slow population relaxation to the ground state induces simultaneous decays of
all resonance peaks, and the timescale was estimated to be about 60 ps. Most of the
salient features of 2D vibrational spectroscopy of a coupled oscillator system have
thus been studied for this simple model system, RDC.

12.3 POLYPEPTIDE SECONDARY STRUCTURES

Proteins in nature contain varying extents of secondary structure polypeptide seg-
ments. Therefore, small polypeptide that adopts a specific secondary structure has
been considered to be a valuable model system for studying vital factors influencing
protein stability and folding. In order to establish the secondary structure-2D vibra-
tional spectrum relationship, steady-state 2D IR spectroscopic studies of secondary
structure proteins have been performed. In order to enhance frequency resolution
and to study site-specific local backbone conformation in a given chain of polypep-
tide, isotope-labeling techniques have been extensively used, where 2C=0 in a given
peptide bond is replaced with either 3C=0 or 3C="0. In this section, 2D vibrational
spectroscopic investigations of the amide I vibrations of four representative model
polypeptides, o-helix, B-sheet, B-hairpin, and 3,,-helix, will be briefly discussed.
Right-handed o-helix. Two-dimensional IR pump—probe spectroscopic study of
amide I band of Fs helix in D,O was carried out.* The Fs peptide is an alanine-
based 21-residue system with three arginine residues, and it has been known to have
a high propensity to form a right-handed o-helix. Its amide I absorption spectrum
appears to be a broad and featureless single band with peak maximum at 1637 cm™!
at 4°C. Due to the overtone anharmonic frequency shift of amide I oscillators, the
2D IR pump—probe spectrum exhibits positive and negative peaks. Despite that there
are some differences in the parallel- and perpendicular-polarization 2D IR pump—
probe spectra, the 2D peak shape is featureless.%> Nevertheless, it was possible to
show that there is sizable inhomogeneity associated with conformational disorder.
The time-resolved 2D measurements indicated that the conformational fluctuation
is in a picosecond timescale. To gain more information on the underlying dynamics
of the o-helix in water, MD simulations with employing the electrostatic potential
calculation model discussed in Section 12.1 were carried out and conformational
fluctuations, frequency-frequency correlations, and delocalization extents of amide I
vibrational excited states were studied.®® If the polypeptide forms a stable and struc-
turally uniform o-helix, the average amide I local mode frequencies for all the pep-
tide bonds are approximately constant.%> % However, each individual amide I local
mode frequency () fluctuates in time due to the hydrogen-bonding and electrostatic
interactions with surrounding water molecules. Despite that the coupling constants
(/,,,») also fluctuate due to thermally driven conformational fluctuations, their fluctua-
tion amplitudes, that is, standard deviations, are comparatively small, suggesting that
the off-diagonal Hamiltonian matrix element (coupling constant) fluctuations and
off-diagonal disorders can be ignored in this case of the amide I vibrations of poly-
peptides. Furthermore, the cross-correlations between any two amide I local mode
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frequencies (< 0w, ()0, (0) > for m # n) were also found to be negligible so that the
independent bath approximation in Equation 8.23 was confirmed to be acceptable
in that case.

To extract structural information from the measured 2D spectrum, the 2D IR
technique was applied to site-specifically isotope-labeled o.-helical polypeptides.
Since the amide I vibrational frequency of '3C=0-labeled peptide is red-shifted by
about 30 to 40 cm™ from that of normal amide I frequency, such an isotope-labeled
amide I peak is separated from the main (unlabeled) amide I band. In order to sepa-
rate the isotope-peak even farther from the main band, '*C="80 labeled amino acid
was also used and incorporated into a chain of polypeptide or protein. In that case,
the amide I frequency shift is as large as 65 cm™. Since the precise isotope-peak
frequency and line shape are known to be sensitive to the local structure around
the isotope-labeled residue, Fourier-Transform Infrared (FT-IR) study itself could
provide useful information. However, a far more detailed picture was obtained from
the 2D IR photon echo studies for a series of doubly isotope-labeled alanine-rich
a-helices, Ac-(A),K(A),K(A),K(A),K(A),Y-NH,.®” Particularly, the 2D spectra of
[0,11], [12,13], [11,13], and [11,14], where the notation for these compounds: [alanine
residue with 3C='°0, alanine residue with C="30], were measured. The two iso-
tope-labeled peaks that are frequency resolved from each other as well as from
the unlabeled amide I band were identified in the 2D IR spectra. The cross-peak
between the '3C='%0 and C=30 stretching modes showed that their amplitudes
decrease in the following order: [12,13] > [11,14] > [11,13]. The off-diagonal anhar-
monicity values for [12,13], [11,14], and [11,13] were also estimated to be 0.9, 3.2, and
4.5 cm™, respectively. The observed trend in the cross-peak amplitudes is in agree-
ment with the trend of coupling constants, thatis, 1/, .., (6.5cm™) >/, , 5l (=4.4cm™) >
[/l (3.4 cm™).56 To shed light on the site-specific conformational inhomogeneity,
a series of singly 3C="80-labeled 25-residue a-helical polypeptides was also studied
by using the 2D IR spectroscopic method.%® The labeling site is at residue numbers 11
to 14 in the middle of the helix. Elongation of the diagonal isotope-labeled peak was
observed, indicating that there is sizable inhomogeneous contribution. Furthermore,
amide I frequencies at the residues 11 and 14 have large inhomogeneous distributions
in comparison to those at 12 and 13. This indicates modifications of the intra-helical
hydrogen-bond network by the nearby lysine residues, which have positively charged
side chains and are spatially close to the residues 11 and 14.

Antiparallel and parallel B-sheet polypeptides. Another well-known and widely
studied protein second structure is extended (3-sheet conformation, where multiple
interstrand hydrogen-bonding interactions stabilize the 3-sheet. Due to these strong
H-bonds, the coupling constants between two amide I local modes of H-bonded
peptides are fairly large, whereas those between two neighboring amide I modes in
a given strand are comparatively small.®*-7? In addition, it was found that there are
non-negligibly large coupling constants between peptides in neighboring strands.
Thus, the amide I normal modes are delocalized over many strands along the chain
of H-bonds. Furthermore, the corresponding frequencies of such delocalized amide
I normal modes are dependent on the number of strands constituting the (-sheet
and become red-shifted as the number of strands increases and reaches to a certain
asymptotic value.®
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FIGURE 12.5 Antiparallel (a) and parallel (b) B-sheet structures. The corresponding amide I
vibrational transition dipole vectors are also shown in this figure. In the case of the antiparal-
lel B-sheet, the amide I local mode transition dipole vectors are aligned in a zig-zag fashion

along the vertical H-bond chain, whereas those in the parallel B-sheet are all parallel to one
another.

An ideal antiparallel 3-sheet structure is shown in Figure 12.5. Also, the orienta-
tions of the transition dipole vectors (thick arrows) of amide / local modes are shown
on the right-hand side of this figure. Note that individual amide I transition dipole
vector is not parallel to the C=0 bond but slightly tilted by 10 to 20 degrees from the
C=0 bond axis. Figure 12.5 also depicts the molecular structure of parallel 3-sheet
and the orientations of the corresponding transition dipole vectors of amide I local
modes. Except for differences in small tilted orientations, the two [3-sheet structures
are quite similar in terms of primary spectroscopic properties (see Chapter 1 for a
detailed discussion on the hierarchy of spectroscopic properties) such as the most
strongly IR-active mode frequency and its dipole strength.”! Consequently, the amide
I IR spectra of these two B-sheet structures have been found to be very similar, but
that of antiparallel B-sheet exhibits not only a strong amide I peak at ~1620 cm™
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FIGURE 12.6 Transition dipole vectors (long gray arrows) of the two major amide I normal
modes in antiparallel and parallel B-sheet polypeptides.

but also a weak peak at ~1680 cm~!, which was considered to be a characteristic
feature of antiparallel B-sheet polypeptide. These two amide I vibrations of anti-
parallel B-sheet polypeptide were denoted as @, - and ,-modes, respectively, since
the corresponding normal mode transition dipole vectors p, and v in an antiparallel
B-sheet are perpendicular and parallel to the directions of the constituent strands,
respectively. Note that the transition dipole of amide I normal mode is a linear com-
bination of the transition dipoles of amide I local modes.

Thep, (w) of the antiparallel B-sheet, which is shown as a large gray arrow in
Figure 12.6a(b), is produced by the sum of properly weighted amide I local mode
transition dipoles (short black arrows in the same figure). Here, the weighting fac-
tors are the eigenvector elements of ®, - and ®-modes. In the case of the antiparallel
B-sheet, the frequency of @, -mode is lower than that of ®-mode, that is, ®—®, =
~50 cm™, and Iy, |is larger than | due to the tilting angle of 10-20 degrees men-
tioned above. In a real antiparallel B-sheet, however, in addition to these two major
amide I normal modes, there are other amide I normal modes whose transition dipoles
do not vanish, which in turn complicates the amide I IR spectrum. Nevertheless, it
was found that the characteristic - and ®;-modes are important and dominant in
determining the line and peak shapes of the linear and 2D IR spectra. Considering
only these two representative modes whose frequency difference is sizable, one can
easily understand the general features observed in the 2D IR photon echo spectra of
antiparallel B-sheet as will be discussed below.

Next, let us consider the amide I vibrations of parallel B-sheet polypeptides.
Similar to the antiparallel B-sheet polypeptide, a strongly IR-active ®,-mode is
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present, and its transition dipole vector |, is perpendicular to the constituent strands
(Figure 12.6¢). It was also possible to show that there is a strongly IR-active w,-mode
in this parallel B-sheet, but a critical difference from the antiparallel B-sheet is that
the ®,-mode frequency is not significantly different from the ®, -mode frequency
for the parallel B-sheet. This is related to detailed alignments of amide I vibrations in
this sheet and turns out to be important in spectroscopically distinguishing these two
different B-sheet polypeptides by using the 2D vibrational spectroscopic method.

Poly-L-Lysine at high pH and temperature greater than 30°C has been known
to form an extended antiparallel B-sheet conformation, and it was chosen for 2D
IR spectroscopic investigation.”> The ®, - and ®;-mode frequencies were found to
be 1611 and 1680 cm™, which indicates that the number of strands is significantly
larger than 5. Its parallel-polarization 2D IR spectrum El. (»,,®,) was measured
and exhibits a Z-shape 2D spectrum.” Note that the two diagonal peaks and two
additional cross-peaks make the 2D spectrum look like Z. The perpendicular-po-
larization 2D IR spectrum, E&,(®,,0,), was also measured, but its 2D peak shape is
quite similar to that of El,(®,,0,), as expected.

Although the linear and parallel-polarization 2D IR spectra of antiparallel and par-
allel B-sheet polypeptides appear to be slightly different from each other, the difference
2D IR spectroscopy, which is defined as AE,,(0,,0,) = 3E4(m,,0.) - El (0, 0,),
can provide incisive information for distinguishing the two. In Figure 12.7, the dif-
ference 2D IR spectra of model antiparallel and parallel B-sheets are plotted. Since
the difference 2D IR spectroscopy is useful for selectively eliminating the diago-
nal peaks, all the spectral features in Figure 12.7 originate from cross-peaks. The
cross-peaks in AE,,(0,,0,) of antiparallel B-sheet are significantly larger than those
of the cross-peaks near the diagonal line. On the other hand, the cross-peaks in
AE,.(®,,0,) of the model parallel B-sheet are much weaker than the cross-peak
appearing near the diagonal line. The seemingly different AE,,(®,,®,)’s for the
two B-sheets can be easily understood by using the results discussion presented in
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FIGURE 12.7 Difference 2D IR spectra of antiparallel and parallel B-sheet polypeptides.
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Section 11.6. It was shown that the cross-peak amplitudes are determined by the cor-
responding two dipole strengths and the factorsin*0,, ,,,, where6,, ., is the angle

between the transition dipole vectors of the two modes.”" That is to say, the cross-
peak amplitude is approximately described as

AEpp (0, = 0,0, = 0,) = AEpp (0, = 0,0, = o) < |, Pl 2sin26, . (12.18)

In the case of the antiparallel B-sheet, the frequency-splitting amplitude between the
®, - and ®-modes is very large andsin? 0, = 1. Therefore, there should be cross-
peaks that are located far from the diagonal line even in the difference 2D IR spec-
trum. In contrast, the frequency splitting amplitude between the , - and ®-modes
for the parallel B-sheet is small so that the corresponding cross-peaks appear very
close to the diagonal line in the difference 2D IR spectrum. This explains why the
cross-peak amplitudes in the difference 2D IR spectrum of the parallel B-sheet is
comparatively weak. This simple example demonstrates that the 2D spectroscopic
method, which has an additional capability of measuring the angle 6,,, ., between
two different vibrational transition dipole vectors, can be of critical use in spectro-
scopically distinguishing two different secondary structure proteins, even though it
is not always easy to do so with linear spectroscopic techniques.

B-hairpin. B-hairpin secondary structure motif is critical for 3D structure forma-
tion of protein. Furthermore, spectroscopic studies of its thermodynamic stability and
conformational fluctuation dynamics have been considered to be important and help-
ful in understanding protein folding and unfolding dynamics and mechanisms.’? 74-80
In order to understand the effects of interstrand hydrogen-bonding interactions and
couplings on the vibrationally excited amide I states of B-hairpins, quantum chem-
istry calculation and equilibrium MD simulation studies were carried out. It was
shown that the 2D IR spectrum of B-hairpin is largely determined by the amide I
normal modes that are delocalized on the peptides in the two antiparallel strands.
Tryptophan zipper 2 (Trpzip2: SWTWENGKWTWK), which is a 12-residue peptide
with a type I’ turn using the ENGK sequence, was studied by using the 2D IR meth-
0d.”® In particular, a series of 2D IR spectra were recorded for varying temperature
to study the thermal denaturation process. From the temperature-dependent amide
I IR spectra, its melting temperature was estimated to be about 60°C.8! The amide
I IR band of Trpzip2 is peaked at 1636 cm™ and has a shoulder band at ~1676 cm™,
and they can be assigned to the ®, - and w-modes, similar to the case of antiparallel
[B-sheet with just two strands. From the three representative 2D IR spectra at temper-
atures 25, 63, and 82°C, it was found that the Z-shape pattern in the 2D IR spectrum
persists throughout that temperature range. This indicates that the interstrand hydro-
gen bonding interactions in Trpzip2 remain, even at a high temperature of 82°C.

Later, to further study site-specific denaturation and residue-sensitive local solva-
tion dynamics and structural changes, a 2D IR spectroscopic investigation of site-
specifically isotope-labeled Trpzip2 peptides was carried out. The *C-isotope-labeled
peptide was introduced in the terminal (Trp2) or turn (Gly7) region of the hair-
pin, and these two isotopomers were denoted as L2 and L7, respectively, whereas
the unlabeled B-hairpin as UL.”” Although the isotope peak in the L2 amide I IR
spectrum appears as a shoulder band at ~1600 cm™, that in the L7 IR spectrum is
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frequency resolved from the main band and appears at ~1590 cm™'. From the amide
I IR spectra, it was possible to deduce the fact that the two peptides (Trp2 and Gly7)
in the Trpzip2 have different dephasing environments or solvation structures. The
observation that the lineshape of UL is quite similar to that of L7 in the frequency
range from 1620 to 1700 cm™ suggests that the amide I IR spectrum of -hairpin is
largely determined by the amide I normal modes delocalized on peptide groups in
the two strands, and not by those on the turn region. Thus, the isotope-labeling at
Trp2 significantly reduces the extent of delocalization of amide I normal modes. The
2D IR spectra of L2 and L7 showed cross-peaks between '3C-labeled and unlabeled
modes, which indicate couplings between the amide I local mode of labeled peptide
and those of nearby unlabeled ones. Furthermore, the slope of nodal lines, o(7),
separating the v =0 <> v =1 (stimulated emission and ground-state bleaching contri-
butions) and v = 1 <> v =2 (excited-state absorption) transitions were experimentally
measured. It turned out that the amide I frequency of Trp2, a terminal residue, has
larger inhomogeneity than that of Gly7, a turn-region residue. This is consistent with
the picture that the terminal region of B-hairpin is structurally flexible in comparison
to the turn region, which has been known as the end-fraying phenomenon.

3,0-helix. There have been some attentions on the 3,-helix as one of the secondary
structural motifs. With hydrogen bonds between the C=0 oxygen of the jth amino
acid and the N-H hydrogen atom of the (j4+3)th amino acid, 3,,-helix has been known
to play important roles in protein structures and functions.??%7 A transmembrane
channel-forming antibiotic contains a large portion of 3,,-helical conformation and
also the 3,,-helical conformation was considered to be an intermediate structure in
folding or melting of o-helix.?¢ 8.3 Although a number of spectroscopic investi-
gations exist that identify 3,,-helix formation of synthetic model oligopeptides in
nonaqueous solutions, a lack of sufficient time resolution of the previous techniques
such as electronic and vibrational CD and 2D NMR prohibited discriminating
o-helix and 3,,-helix at an early stage of the helix formation process. In this regard,
the 2D IR spectroscopy was considered to be a useful tool for extracting unambigu-
ous information on transient 3,,-helix formation.?®°! For three model octapeptides,
that is, Z-[L-(aMe)Val];-OrBu, Z-(Aib)s-OrBu, and Z-(Aib)s-L-Leu-(Aib),-OrBu,
(Z, benzyloxycarbonyl; (aMe)Val, C*-methyl valine; Aib, oi-aminoisobutyric acid;
O1Bu, tert-butoxy) in organic solvents, 2D IR experiments were performed. Although
the amide I IR spectra of these model octapeptides appear as a broad featureless
singlet, the [r/4, —w/4, ©t/2, 0] 2D IR spectrum of 3,,-helix (three octapeptides in
CDCl,) shows a doublet peak above and below the diagonal line. The readers may
find it useful to see Section 11.7 for this polarization-controlled experimental geom-
etry. Particularly, the 2D IR amide I cross-peak pattern was found to be highly
sensitive to the difference between 3,,- and o-helical structures because these two
conformations have quite different vibrational coupling constants.!* When the octa-
peptide Z-[L-(aMe)Val]s-OfBu is dissolved in 1,1,1,3,3,3-hexafluoro-2-propanol,
the 2D IR spectrum changes in timescale of days. The cross-peak pattern-changes
in time and sensitively reflect the 3,,-to-o-helix conformational transition process.
These experiments demonstrate that the 2D IR spectroscopic technique can be used
to study transient structural changes in the helix-coil or coil-helix conformational
transition.
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12.4 GLOBULAR PROTEINS AND MEMBRANE-BOUND PROTEINS

By focusing on the amide I vibrations in proteins, 2D IR experiments for conca-
navalin A, ribonuclease A, lysozyme, and myoglobin were performed.”” A notable
difference among the four proteins is the relative fraction of B-sheet structure. The
first three proteins contain 46, 32, and 6 percent antiparallel B-sheet and 0, 18, and
31 percent o-helix. Among them, only the concanavalin A has two almost-flat six-
stranded antiparallel B-sheets so that its 2D IR correlation spectrum is qualitatively
similar to that of poly-L-Lysine, which has been known to form extended antipar-
allel B-sheet structure. As the extent of B-sheets decreases from concanavalin A
to lysozyme, the characteristic Z-form 2D peak shape disappears with concomi-
tant frequency blue-shift of the main peak from 1635 to 1650 cm™'. Furthermore,
the 2D peak shape becomes more symmetric in frequency domain as the B-sheet
content decreases. The frequency splitting between the ® , -mode frequency and the
®,-mode frequency is related to the extent of delocalization of the two characteristic
amide I normal modes of B-sheet or to the number of strands involved in the forma-
tion of the antiparallel B-sheet. This was confirmed by comparing the 2D spectra of
concanavalin A and ribonuclease A. Such experimental results show that the 2D IR
spectra of amide I bands of proteins offer a sensitive measure of underlying (3-sheet
content and detailed structural variables.

Although 2D NMR spectroscopy and X-ray crystallography have proven to be
extremely useful to determine protein structures in an atomic resolution, they cannot
be easily used to study membrane-bound proteins. In this regard, the 2D IR spectro-
scopic method should be an alternative tool that is capable of providing structural
and dynamic information on the membrane-bound proteins. For CD3( peptide seg-
ment from residue 31 to 51, where the CD3{(31-51) peptide is the transmembrane
domain of the T-cell receptor, 2D IR spectroscopic studies were carried out.”>~%*
Particularly, eleven different isotopomers of CD3{, where each peptide at different
sites was labeled with 13C=80, were considered for linear IR and 2D IR studies.
The CD3( peptide is known to form a tetrameric bundle in the membrane, and the
helices are kinked at residue 39-Leu.”> ¢ Therefore, such site-specifically isotope-
labeled CD3{ isotopomers are interesting systems for detailed understanding of site-
dependent inhomogeneity of amide I frequencies and vibrational dynamics along
the transmembrane peptide backbone. Using the 2D IR spectroscopic techniques
with notably enhanced frequency resolution, it was possible to measure the amide
I bandwidths and frequencies of the isotope-labeled peaks for those isotopomers.®?
Average frequency is highest in the middle and lowest at the two ends, even though
the distribution of amide I local mode frequency along the helix is not symmetric.
The experimental 2D IR diagonal line width for the amide I band of inner residues
is 25 percent narrower than that of the residue near the water-membrane interfaces.
This is consistent with the expectation that the vibrational dynamics of residues in
the middle is likely to be different from those near the membrane surface, due to
the water solvation dynamics and conformational inhomogeneity of peptide back-
bone segments near the interfaces. Nevertheless, these two variables, line width and
frequency of isotope-labeled peak, do not monotonically change as the distance of
the isotope-labeled residue from the surface increases. Note that an isotope labeling
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does not induce any peptide structure change, unlike electron spin resonance labels
or fluorophores introduced in the middle of protein sequence. Thus, the vibrational
dynamics of individual amide I modes were successfully probed with 2D IR spec-
troscopy combined with the isotope-labeling technique.

Another interesting 2D IR experiment was performed for 27-residue human eryth-
rocyte protein Glycophorin A (GpA: KKITLIIFG,,VMAGVIGTILLISWG,,IKK),
which is a transmembrane helix dimer.”” Specifically labeling *C='0 or 3C="%0
to G, and Gy, in a given GpA sequence, one could generate various combinations
of isotope-labeled GpA dimers, that is, homodimers and heterodimers. The isotope-
labeled amide I band of the homodimer system with 3C='0-labeled at Gly,, was
found to be asymmetric and consists of two underlying bands with a frequency dif-
ference of 8.6 cm™. This is direct and clear evidence of coupling between the two
amide I modes localized on the two Gly,, peptides. The cross-peaks between the
BC="80-labeled G, in one of the two monomers and the *C=!90-labeled G4 in the
other were observed, whereas there appears no cross-peaks between *C=90-labeled
Gy, in one monomer and *C="80-labeled G, in the other. These observations indi-
cate coupling and spatial proximity between G, peptide groups in the two mono-
mers. In addition, from the polarization-controlled experiments, the angle 6 between
the transition dipoles of the 3C="80-labeled G,, amide I local mode in one monomer
and that of the 3C='%0O-labeled G, in the other was estimated to be 110°. This could
be translated into the helix crossing angle, and it is 45°, which is consistent with
NMR results for the same helix dimer.

12.5 NUCLEIC ACIDS

A collection of IR spectra of nucleic acids in solution was presented in a review
article, where linear vibrational spectroscopy was shown to be a powerful tool for
investigating structural fluctuations and transitions, hydrogen bonding interactions,
and global structures of nucleic acid bases, base pairs, and various nucleic acids.*®
Effects of hydrogen bond-induced base pairing, base stacking, coordination of metal
ions, and solvation on nucleic acid structure were studied by examining marker band
frequency shifts in the IR spectra. In order to understand the natures of delocalized
normal modes and vibrational properties of base pairs and DNA oligomers, a series
of theoretical investigations were performed.*-192

In addition to the linear vibrational spectroscopic investigations, heterodyne-
detected 2D IR photon echo technique was used to elucidate the strengths of vibra-
tional couplings and the nature of delocalized normal modes in DNA double helix
in heavy water, particularly for a dG;Cs duplex.!%% 194 In addition to four diagonal
peaks in the frequency range from 1580 to 1720 cm™, a number of cross-peaks were
observed in the measured parallel-polarization echo spectrum. Among the strongly
IR-active modes in that frequency range, guanine and cytosine C=0 stretching vibra-
tions mainly contribute to the 2D IR spectrum. From the fits to the linear and 2D IR
spectra, the interstrand coupling between the guanine and cytosine C=0 stretching
modes was estimated to be —7.4 cm™. Also, the intrastrand couplings between cyto-
sine C=0 stretching modes and between guanine C=0 stretching modes are 2.3 and
9.7 cm!, and interstrand coupling between guanine C=0 stretching mode at the jth
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base pair and cytosine C=0 stretching mode at the (j+1)th base pair is —5.0 cm™.
Anharmonicities of guanine and cytosine C=0 stretching modes were found to be
14 and 9 cm™, respectively.

To elucidate the nature of vibrationally delocalized modes in various DNA double
helices, extensive quantum chemistry calculation studies of nucleic acid bases, base
pairs, and base pair stacks in H,O and D,O were performed.**-1°2 Once basis modes
and coupling constants are identified and calculated for each base, it becomes pos-
sible to quantitatively describe vibrationally delocalized excited states by using the
LCBM-Exciton (Linear Combination of Basis Modes-Exciton) theory for coupled
multi-anharmonic-oscillator systems discussed in Chapter 8.

Although a few limited experimental studies have been reported, in principle
one can apply the 2D IR technique to study polymorphic natures of DNA dou-
ble helices. DNA structure has been known to depend on a number of different
factors such as base composition, water content, pH, counter ions, and so forth.
Three representative antiparallel double-stranded helical geometries of DNA are
the right-handed A- and B-forms and the left-handed Z-form, and their structures
are different from one another by interlayer distance, twist angle between two
neighboring base pairs, and other geometric parameters. Motivated by the success
of simulating 1D and 2D IR spectrum of the B-form DNA, extensive quantum
chemistry calculations to obtain coupling constants, basis mode frequencies, and
the associated transition dipoles for A- and Z-form DNA double helices were per-
formed to numerically simulate the corresponding 2D IR spectra of X(GC), and
X(AT), (for X=A, B, or Z). Here, the number of constituent base pairs is denoted as n.
Detailed aspects characterizing these three different DNA conformations were
discussed and would be of use in further elucidating the natures of delocalized
vibrationally excited states in such complicated molecular systems as well as in
studying conformational transitions between different polymorphic DNA struc-
tures in the time domain.

12.6 HYDROGEN-BONDING DYNAMICS
AND CHEMICAL EXCHANGE

Solvents play a critical role in chemistry and biology by actively participating in
solvation and energy dissipation and alter thermodynamic and kinetic properties of
reactions significantly.'® Among many different solute-solvent interactions, hydro-
gen bonding is one of the most crucial ones.!% Thus, the timescales of H-bond form-
ing and breaking processes are keenly related to thermal equilibrium and dynamics
of reactive systems in solvents capable of forming H-bonds.?¢ The lifetime of a given
H-bond depends on its strength, and typically it is about picoseconds at room tem-
perature. Due to this ultrafast nature of H-bond making and breaking processes, only
those femtosecond nonlinear optical spectroscopies can offer a means of probing
rapid dynamics and chemical evolutions along H-bond reaction coordinates. This is
a good example of chemical exchange processes in condensed phases so that the 2D
IR spectroscopy can be a useful tool to directly probe dynamic aspects of hydrogen
bond and other weak noncovalent bond such as van der Waals interaction.
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NMA-methanol solution (Chemical exchange 1). Time-resolved 2D IR pump-
probe spectroscopy of hydrogen-bond chemical exchange dynamics of NMA
(N-methylacetamide) in methanol solution was investigated and showed that the
two-species model works well in this case (see Chapter 10).!°7 Here, the two species
are NMA with a single H-bonded MeOD molecule and that with two H-bonded
MeOD molecules at the NMA’s carbonyl oxygen atom.!% 19 These two species are
denoted as NM, and NM,, respectively. In Figure 12.8, the equilibrium reaction
between the two species is shown, that is,

k

NM, —k—fNMz. (12.19)
The H-bond formation and dissociation rate constants are denoted as k;and k,, respec-
tively. It should be noted that the amide I frequency of NM, is about 20 cm™! larger
than that of NM,, because the latter has two H-bonds at the carbonyl group.” 107 108
Note that a single H-bonding interaction between the amide C=0O group and H-bond
donor (e.g., water, MeOH) can induce a red-shift of the amide I frequency by about
20 cm™!. Consequently, the amide I IR spectrum of NMA in MeOD is a doublet, and
the low- and high-frequency peaks correspond to the amide I transitions of NM,
and NM, species, respectively. Thus, this system is a good example of the chemical
exchange processes of anharmonic oscillators, which were discussed in detail in
Section 10.3.

Later, detailed heterodyne-detected 2D IR photon echo study for the same com-
posite system with improved time-resolution was performed (see Figure 12.8).!7 At
time zero, the 2D IR spectrum exhibits two diagonal peaks, where the upper positive
peaks are from the sum of stimulated emission and ground-state bleaching contri-
butions from the two species, and the lower negative peaks are from the excited-
state absorption contributions. The two diagonal peaks are diagonally elongated,
indicating the presence of short time inhomogeneous solvent environment around
the NMA. As the waiting time 7 increases up to 5 ps, the slopes of the nodal lines
decrease to zero, which suggests that the local solvent configuration looks like a
homogeneous medium in a timescale longer than 5 ps. However, the more impor-
tant observation is that the cross-peak amplitudes in the upper-left and lower-right
regions increase in time 7. This is clear evidence of chemical exchange processes
between the two species. Since the amide I vibration is a relatively weak anharmonic
oscillator, the corresponding schematic picture directly related to this experiment is
Figure 10.4. Consequently, one can immediately find that the cross-peak amplitude
rising patterns can provide quantitative information on the conditional probabilities
discussed in Section 10.3 and in turn on the H-bond formation and dissociation rate
constants. Furthermore, carrying out the same experiments for varying temperature,
one can directly measure the reaction enthalpies and entropies associated with the
H-bond making and breaking processes.

Acetonitrile-methanol solution (Chemical exchange 2). Another chemical
exchange system studied experimentally was CH;CN in methanol.''® Again, the CN
nitrogen atom can form a single H-bond with CH;OH molecule. The FT-IR absorp-
tion spectrum of the CN stretch in CH;CN/CH,OH solution was found to be a doublet
at a low temperature, —17°C, with the frequency splitting of 8 cm™'. This indicates
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that there are two different CH;CN molecules having either zero or one H-bonded
CH,OH molecule around the CN group.

H,C—C=N-----H—OCH, ==H,C—C=N + CH,OH
b

Thus, this system is very similar to the NMA/CH;0OH solution, except that the
amide I vibration is replaced with CN stretching vibration. Nevertheless, the chemi-
cal exchange effects on the experimentally measured 2D IR spectra are quite simi-
lar, and the interpretation of the experimental data with the theoretical procedure
discussed in Section 10.3 is straightforward. Here, it should be noted that the CN
vibration has relatively large overtone anharmonic frequency shift, which is about
19 cm™'. Thus, the positive peaks associated with ground-state bleaching and stimu-
lated emission contributions representing transitions between v = 0 and v = 1 states
are well separated from the negative peaks associated with excited-state absorp-
tion from v = 1 to v = 2. Consequently, this molecular system is a good example of
chemical exchange processes of strongly anharmonic oscillators (see Figure 10.3 in
Section 10.3). The waiting time 7-dependent changes of cross-peak amplitudes were
successfully interpreted in terms of conditional probabilities. An interesting point
in this case is that, unlike NMR spectroscopy, since the v =0 — v = 1 transitions
are separately displayed from the v = 1 — v = 2 transitions, the hydrogen-bonding
dynamics of the ground and first excited states of the CN group can be studied sepa-
rately. The chemical exchange rate constants for the ground-state molecular system
were denoted as k5 and kg, where A and B are the two different species with one
and zero hydrogen-bonded methanol, respectively. Those for the first excited state
are denoted as k,; and k3,. The hydrogen-bond dissociation rate constants k,; and
kg at 22°C were estimated to be 1.07 X 10! s~ and 1.27 x 10! s~!, respectively. The
hydrogen-bond formation rate constants could be estimated by using these quantities
and relaxation rate constants.

12.7 SOLUTE-SOLVENT COMPLEXATION AND MICRO-SOLVATION

One of the fundamentally important issues in chemistry is the nature of organic
solutes in condensed phases and the role of solvents. The homogeneous dielectric
continuum concept for solvent is a simple, but quite often unrealistic, approach to
the description of solvent roles in chemical reaction dynamics. In simple liquids, due
to the isotropic and spherically symmetric properties of intermolecular interactions,
the radial distribution function can provide detailed information on the local solva-
tion structure, thermodynamic properties, and diffusive dynamics around a solute
molecule. Unlike simple liquids, intermolecular interactions between typical organic
solutes and solvents are anisotropic, and their strengths can be comparable to or even
larger than thermal energy. Consequently, solute—solvent complexes can exist for
finite times, and its dynamic behaviors are without a doubt important in understand-
ing chemical reactions involving such molecules.

In this regard, experimental and theoretical 2D vibrational spectroscopic studies
on phenol/benzene/CCl, solution showed how such phenomena can be investigated
and what quantitative information can be extracted from experimental data.!!!-!!3
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Here, the phenol molecule is the solute, and the solvent is a mixture of benzene and
CCl,. It was known that the phenol can form a complex with a benzene molecule via
dispersive interaction, quadrupole—dipole interaction, and so forth. To create equally
populated phenol-benzene complex and free phenol in solution, a mixed solvent,
benzene+CCl,, was deliberately used. Here the free phenol represents the case when
phenol is in a solvation state without forming van der Waals complex with benzene
molecules. The corresponding chemical equilibrium is given by

Dlmmlﬂ ©/ ©

Here, the anharmonic oscillator under spectroscopic investigation is the O-D
stretching mode. The IR spectrum of O-D stretch of phenol-D in the mixed solvent
is again a doublet, and the low- and high-frequency peaks at 2631 and 2665 cm™ cor-
respond to the O-D vibrational transitions of the phenol-benzene complex form and
the free phenol form, respectively. From a number of quantum chemistry calculations
using Hartree-Fock, density functional theory, and Mgller-Plesset methods, the most
stable complex was found to be the T-form structure shown above.''? Furthermore,
the electron correlation effects on the intermolecular interaction are very important
so that the Hartree-Fock or density functional theory cannot provide quantitatively
reliable potential energy surface in this case.

Again, this molecular system is a good example for chemical exchange of strongly
anharmonic oscillator because the overtone anharmonic frequency shift is as large as
91 cm!. The two species are in equilibrium state so that the time-dependent 2D IR
spectra would reveal the underlying chemical exchange processes through the cross-
peak amplitude changes. The integrated volumes of the two diagonal and two cross-
peaks were estimated as functions of the waiting time 7, and such experimental data
were successfully used to determine the complex formation and dissociation rate
constants. The experimentally measured complex dissociation time was found to be
8 ps. To numerically simulate the 1D and 2D IR spectra, the vibrational Stark effect
theory was used to obtain the OD frequency trajectory from MD simulation results.
In addition, the transition dipole of the OD stretch were also found to be strongly
dependent on the electric field along the OD bond, indicating that the non-Condon
effect should not be ignored. The comparisons between theory and experiment were
found to be excellent. However, the more important conclusion drawn from the com-
parative investigation was that the 2D IR spectroscopy of such a complex system can
provide detailed information on a local solvation environment and micro-solvation
domain formation.!? Direct evidence on the heterogeneity of solvation environment
around a phenol was obtained by examining configurations from the MD trajecto-
ries A plausible picture on the dynamic process revealed by this 2D spectroscopy is
that the phenol solute undergoes random jumps from one micro-solvation domain
to the other, which are reflected by the OD stretch frequency changes. By counting
the numbers of benzene and CCl, molecules in the vicinity of a phenol, it was found
that the local number fraction of benzene molecules is quite different from the mole
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fraction of bulk benzene/CCl, mixed solvent. This suggests that the mixed solvent
forms microscopic domains on the molecular level. Furthermore, it was shown that
the OD stretch FFCF is directly related to the correlation function of a fluctuating
number of benzene molecules in the immediate vicinity of the solute phenol.!!?

12.8 INTERNAL ROTATION

Rotational isomerization around a chemical bond is an important process in the
chemical reaction dynamics and reactivity and biological activity of proteins and
biomolecules. One of the simplest model systems is ethane, which is a textbook
example molecule on isomerization through internal rotation. However, due to the
rotational symmetry, ethane could not be used for 2D vibrational spectroscopic
investigation. Instead, a 1,2-disubstituted ethane derivative, 1-fluoro-2-isocyanato-
ethane (FICE) was chosen for 2D IR spectroscopic study of its rotational isomeriza-
tion reaction in solution.!'#

Since the FICE contains two different substituents, there are four different confor-
mational isomers. FT-IR spectrum of isocyanate (-NCO) group in FICE/CCI, solu-
tion shows two peaks at 2265 and 2280 cm™! that correspond to the NCO stretching
vibrations of gauche and trans conformers. These two conformers are in equilibrium
due to internal rotations as

F NCO F Ho
\ ’\ \\\\H kf \C_C!\\\
o C C —_— \\\l \
H\\ l \H ky H H NCO
H
Gauche Trans

Time-resolved 2D IR spectra were directly used to estimate the internal rotation
time constants. Note that this problem is also a chemical exchange process. The inte-
grated volumes of diagonal and cross-peaks were used to extract kinetic constants,
and the isomerization time constant was found to be 43 ps. Then, by carrying out
density function theory calculations of the barrier heights of FICE, n-butane, and
ethane, it was even possible to approximately estimate the isomerization time con-
stants of n-butane and ethane under the same conditions, which are about 40 and 12
ps, respectively.

12.9 TRANSIENT TWO-DIMENSIONAL IR SPECTROSCOPY:
PROTEIN FOLDING AND UNFOLDING

Protein folding, a conformational change of protein as it folds from an ensemble
of disordered denatured structures into a compact native structure, has been an
important experimental and theoretical research subject. Protein folding or unfold-
ing experiments use a variety of spectroscopic means aimed at measuring kinetics
such as rate constants of increasing or decreasing spectroscopic signatures directly
reflecting protein’s structural changes. From the beginning of the new development
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of 2D vibrational spectroscopic technique, protein folding study with this novel
method has been considered to be one of the most important applications. However,
a number of complicating issues such as (1) sensitivity (small signal-to-noise ratio)
problems, (2) lack of proper model systems, (3) difficulty of selecting representative
marker bands, and so forth made experimental studies quite difficult in reality. Two
examples are discussed below.

Ubiquitin unfolding dynamics. Temperature-jump induced by an intense nano-
second pulse with wavelength of 2 um, which excites OD stretch overtone of the
D,0 buffer solution, can trigger protein unfolding processes when the system is
initially prepared at a temperature near their melting points. Time-dependent dis-
persive vibrational echo spectra of ubiquitin protein on nanosecond to millisecond
timescales were recorded to elucidate the associated unfolding mechanism.!’> Here,
the dispersive vibrational echo spectroscopy is a technically simpler nonlinear IR
experiment than the 2D IR photon echo spectroscopy, and its spectrum is identical
to the projected 2D IR spectrum onto one frequency axis.! 6 17

From the temperature-dependent dispersive vibrational echo spectra, the ther-
mal melting temperature of ubiquitin in D,0 was estimated to be about 61°C. The
melting curve based on the singular value decomposition analysis of the tempera-
ture-dependent dispersive vibrational echo spectra was nicely fitted with a sigmoi-
dal curve, suggesting a simple two-state unfolding kinetics. As the temperature
was raised, a concerted blue-shift of the strongly IR-active amide I mode of which
transition dipole is perpendicular to the B-sheet strands was observed. In addition,
the cross-peak ridges were shrunken, indicating unfolding of B-sheet structure in
ubiquitin. To follow the temperature-jump-induced unfolding process, an initial
temperature of 58°C was chosen, and the temperature increment induced by the
nanosecond 2 um pulse was about 12°C. The dispersive vibrational echo spectra
after temperature-jump were recorded from 20 ns up to 9 ms, and the relative inten-
sity changes at 1621, 1658, and 1677 cm™ were measured to extract information
on the unfolding mechanism. Note that a different frequency region of dispersive
vibrational echo spectrum represents different types of amide I vibrations that are
critically dependent on protein structure. It was found that there are two stages on
the course of unfolding, which are separated by timescale. The short-time (tens
of microseconds) nonexponential component was attributed to increased config-
urational flexibility and partial disruptions of antiparallel B-sheet and B-hairpin
structures. Nevertheless, it was conjectured that for such a short time the global
structure of ubiquitin is still rather close to the nativelike one. The long-time
(millisecond) component was then interpreted as a concerted unfolding, exhibiting
two-state kinetics.

Transient 2D IR spectroscopy of model B-turn peptide. In order to probe struc-
tural changes of proteins, it is necessary to introduce external perturbation to place
the system onto a new nonequilibrium state virtually instantaneously in comparison
to the timescale of the folding or unfolding process. One of the most popular tech-
niques is the temperature-jump method discussed above. Another popular trigger-
ing method is to use a photochemical reaction. In this regard, a disulfide bond has
been known as a good UV-vis photo-cleavable site with dissociation energy of about
65 kcal/mol.
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By introducing a disulfide bond into a short model peptide (see the molecular
structure below), a cyclic disulfide-bridged peptide containing three peptide bonds
and two ester groups was synthesized.
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An intense UV-vis pulse can break the disulfide bond to generate linear peptide
in a nonequilibrium state. Its subsequent structural change in CD,CN solution was
monitored by using 2D IR spectroscopic technique.''® Note that the model cyclic pep-
tide studied has a single intramolecular hydrogen bond since the tetrapeptide struc-
ture mimics a B-turn motif. Due to this hydrogen-bonding interaction, the amide I
local modes of the hydrogen-bond donor and acceptor peptide groups are coupled,
which produces corresponding cross-peaks in an equilibrium 2D IR spectrum. After
ultrafast photo-cleavage of the disulfide bond, the model peptide unfolds and the
hydrogen bond breaks. To obtain the difference 2D IR spectra as a function of the
waiting time 7, two sets of 2D IR spectra had to be recorded simultaneously, one
with the ultraviolet pulse switched on, and one with the ultraviolet pulse switched
off. Among various peaks reflecting structural changes of the peptide, only the inten-
sity change of the transient cross-peak, which is the characteristic one reporting the
hydrogen-bond breaking, was monitored in time 7. From the MD simulation of the
same system, it was found that the hydrogen-bond breaking induces a concomitant
opening of the B-turn on a timescale of 160 ps. This experiment is a good example
demonstrating the ability of transient 2D IR spectroscopy to directly probe ultrafast
changes of local contacts between small groups in biomolecules.
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13 Applications of
Two-Dimensional
Electronic Spectroscopy

As molecular systems of interest become increasingly complicated, such as photo-
synthetic complexes, molecular aggregates of quantum dots, or nanoparticles, and
so forth, conventional optical spectroscopic methods such as time- or frequency-
resolved absorption or spontaneous emission spectroscopy can provide only limited
information on the secondary spectroscopic properties such as electronic couplings
between chromophores, 3D structures, and excitation and coherence transfers
between chromophores or quantum states. For those electronically coupled multi-
chromophore systems, the 2D electronic spectroscopy based on heterodyne-detected
photon echo technique has been found to be of use for extracting far more detailed
information from two-dimensionally displayed spectra recorded with respect to the
waiting time 7''-* In the case of electronic systems, except that each electronic chro-
mophore can be approximately modeled as a 2LS in contrast to an effectively three-
level anharmonic oscillator, one can use the same theoretical method developed for
the amide I vibrations of proteins to numerically calculate the 2D electronic spectra
of coupled multi-electronic-chromophore systems.

Electronic photon echo spectroscopy has been extensively used to study ultra-
fast solvation dynamics and inhomogeneous distribution of electronic transition fre-
quency of chromophore in condensed phase. Furthermore, a fifth-order electronic
spectroscopy was theoretically proposed to address the question “Can we separate
homogeneous and inhomogeneous contributions to optical spectra?”’ and shown to
be of use in elucidating underlying dynamic inhomogeneity of solute transition fre-
quency in detail.’ Instead of a simple 2LS, a variety of coupled multi-chromophore
complexes, such as photosynthetic protein, semiconductors, DNA, and so on can be
studied by using the 2D electronic spectroscopy. Particularly interesting processes
would be exciton formation and annihilation, exciton coherence transfer, population
relaxation, electron transfer, and the like. These chemical or physical changes of
photo-excited states affect diagonal and cross-peak amplitudes and frequencies in
time 7, which reveal detailed spatial correlation and wavefunction overlaps between
excitonic states. A few critical examples will be discussed in this chapter.

13.1  APPLICATION TO FENNA-MATTHEWS-OLSON
LIGHT-HARVESTING COMPLEX

Photosynthetic light-harvesting complexes containing a few to hundreds of chro-
mophores, such as chlorophylls or bacteriochlorophylls and carotenoids, are impor-
tant systems that have been investigated by using the heterodyne-detected 2D photon

283



284 Two-Dimensional Optical Spectroscopy

echo method.! > %7 Electronic interactions between constituent chromophores and
chromophore-solvent dynamics play important roles in light absorption of solar radi-
ation, directional excitation transfers from antennae complexes to the reaction cen-
ter, and dramatic enhancement of trapping efficiency of solar energy.® Unfortunately,
linear spectroscopy cannot provide sufficiently detailed information to deter-
mine the corresponding electronic Hamiltonian, where the diagonal Hamiltonian
matrix elements represent site energies of constituent chromophores and the off-
diagonal elements are electronic coupling constants. Various models for light-
harvesting complexes have been developed, but their validities have been tested by
comparing theoretical calculation and simulation results with a few different linear
spectra such as absorption, linear dichroism, circular dichroism, and so forth. Despite
some successes of such attempts, due to the limited information, contents extract-
able from linear spectra, exciton dynamics and couplings could not be described
in a quantitative manner. In this regard, 2D electronic spectroscopy was shown to
be highly useful to extract incisive information on the spatial relationship of the
excitonic states. Furthermore, excitation transfer processes within the complex or
between two neighboring light-harvesting complexes in real time can be efficiently
studied by using this technique.

The first 2D electronic spectroscopy experiment and theory for a coupled multi-
chromophore system was reported in 2005, where the Fenna—Matthews—Olson
(FMO) pigment protein complex from green sulfur bacterium Chlorobium tepidum
was considered for the experimental study.! The FMO complex is an energy transfer
bridge connecting a large peripheral light-harvesting antenna, the chromosome, to
the reaction center. Although the FMO complex consists of three protein subunits,
the entire photophysics is fully determined by a single unit, and there are seven bac-
teriochlorophylls (BChl) in it.

Since these seven BChI’s are electronically coupled to one another, the correspond-
ing seven one-exciton states (e, — e;) are delocalized over a few BChl’s.6 In addition,
there are spatially delocalized 21 two-exciton states (f; — f5;). Thus, even without
including population or coherence transfer processes, there are quite a number of
pathways (polarization diagrams) that contribute to the 2D echo signal.®-° Those third-
order photon echo polarizations will produce different signal electric fields with vary-
ing phases and temporal amplitudes. The measured signal field is thus a consequence
of complicated wave interferences between the signal electric fields. Furthermore,
due to the population and coherence transfers in the manifold of seven one-exciton
states, the diagonal and cross-peak amplitudes and shapes change in time 7.

On the left column of Figure 13.1, the experimentally measured 2D spectra at
waiting times 100, 200, 300, 600, and 1,000 fs are shown. Seven vertical and horizon-
tal lines in each spectrum correspond to the one-exciton state energies. At 7= 100 fs,
there are positive diagonal peaks, but due to the spectral congestion the seven diago-
nal peaks are not fully frequency resolved. However, the lowest diagonal peak associ-
ated with g <& e, transitions is separated from the other diagonal peaks in frequency,
and it is produced by the stimulated emission and ground-state bleaching terms:

e €

< lg><gl> < lg><gl>. 13.1
ug elgg K gelgg (3.1
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FIGURE 13.1 2D photon echo spectra of FMO light-harvesting complex. The waiting time
varies from 100 to 1,000 fs. The five spectra on the left are experimentally measured ones,
whereas those on the right are numerically simulated spectra. (From Cho, M., et al., Journal
of Physical Chemistry B, 2005, 109, 10542. With permission.)
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By carefully examining the experimentally measured absorption spectrum,
diagonal peak intensities in the 2D spectrum, and theoretical calculation results,
it was found that the second, third, and fifth one-exciton states have comparatively
large dipole strengths. Nevertheless, the broad diagonally elongated peak centered at
around 12,400 cm™ in the 2D spectrum at 7'= 100 fs is produced by the stimulated
emission and ground-state bleaching contributions as

<M%|g><gl>+<u%lg><g|> 13.2)
Jj=2

In addition to the diagonal peaks, there appear broad cross-peaks in the lower diago-
nal region even at short time 7 = 100 fs. This indicates that the seven BChl’s are
coupled to one another. From the fact that the cross-peaks are positive, one can infer
that they are from the SE and GB contributions involving two different one-exciton
states, for example, for j # k

e, €k
< lg><gl> and < lg><gl>. 13.3
uﬁ g><g pu<——2gT7jg g§><g (13.3)

Here, the cross-peaks in the lower diagonal region are the cases when E; < E;. The
first diagram in Equation 13.3 involves coherence oscillation (quantum beat) durlng
T asexp(—i{E, — E;}T/h), and such a coherence decays quite fast. The cross-peaks
in the upper diagonal region appear to be weak, because the excited-state absorption
contributions largely cancel out the SE+GB contributions.

As T'increases, all the cross-peak amplitudes increase with concomitant decreases
and shape changes of diagonal peaks. Particularly, the cross-peaks in the lower
diagonal region increase dramatically in time 7. At 7 = 1000 fs, the cross-peak
(A) amplitude becomes almost comparable to that of the diagonal peak G. From
the cross-peak position, which is around at®, =®,,, and ®, =®,,, the time-re-
solved measurement of the amplitude of the cross-peak A provides kinetic infor-
mation on the downhill population transfer from the fourth one-exciton state e, to
the lowest one-exciton state ¢,. The polarization diagram that is associated with
this cross-peak is thus given as

ee

4
Gu,(T<p X lg><gl>. (13.4)

This diagram shows that the population on the e, state undergoes a transition to that
on the e, state during time 7. The increasing pattern of this cross-peak amplitude is
thus determined by the conditional probability G,,(T) of finding e, state population
at time T later when the system was initially on the e, state. Of course, there can be
more contributions to this peak as long as the corresponding coherence oscillation
frequencies during T and ¢ periods are close to ®,,, and ®,, .. Some of them could be
negatively contributing excited-state absorption terms.
Another notable cross-peak is the B-peak atw,=0,,,or®, , and®, =®

€48 es8 ‘?28
Figure 13.1. Its amplitude increase is approximately described by the populatlon
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transfer from e, and ey states to e, state. Thus, one should consider the following
diagrams to quantitatively describe its 7-dependency,

ee, €65
G, (T)< lg><gl> and Gy(T)< lg><gl>.
2w <PaGegli==18><g w51 < Sgegl—=1g><¢

(13.5)

In addition, one can expect that there should be a population transfer from e, to
e, state as T increases. Indeed, the 2D spectrum at 7 = 1,000 fs exhibits such a
cross-peak at®, =®,,, and ®, = ®,,. Although only a few cross-peaks have been
discussed above, the entire 2D spectrum with respect to 7 results from complicated
kinetic networks of the population transfer processes among the seven one-exciton
states. Note that the excitation transfer processes and their effects on the 2D elec-
tronic spectra can be considered a seven-species chemical exchange system.

Another interesting observation is that the amplitude of the lowest-energy diago-
nal peak at®, =0, , and ®, = ®, , remains the same. This can also be easily under-
stood by noting that its time-dependency is determined by the survival probability
G,(T). Because the ¢, state is the lowest one-exciton state, once it is excited, the
population does not change much because any population transfers from this e, state
to other states are uphill transitions, which are small.

As emphasized above, the 2D spectrum is a product of complicated interferences
between different nonlinear optical transition pathways, but to facilitate analysis of
these experimental results, a rather simple theoretical description would be useful and
provides the basis for an intuitive understanding of the 2D spectra. To this end, it was
necessary to properly parameterize the diagonal and off-diagonal matrix elements,
which are the BChl’s site energies and coupling constants, respectively, to numerically
simulate the time-resolved 2D spectra of the FMO complex (see the spectra on the right
column of Figure 13.1).9 The general trends and spectral changes in the experimentally
measured spectra were successfully reproduced by the theoretical calculations. Here, the
short-time approximations to the photon echo response functions, which were discussed
in detail in Section 5.3, were used, and the modified Redfield theory for the population
transfer rate constants was used to obtain the conditional and survival probabilities.'

Later, for the same FMO protein complex, another refined 2D electronic spectros-
copy experiment was carried out to shed light on coherence transfer processes and
underlying excitation migration mechanism within the complex.? Since the spectral
bandwidth of a femtosecond laser pulse is sufficiently broad enough to cover the
transition frequencies of all the seven one-exciton states, the first field-matter inter-
action can generate an ensemble of multiple electronic coherences, which are super-
position states of the electronic ground state and one-exciton states. Then, the second
field-matter interaction generates (1) ground-state bleach (hole), (2) populations on
the one-exciton states (diagonal density matrix elements), and (3) electronic coher-
ences (off-diagonal density matrix elements in the one-exciton block). The diagrams
representing these three cases are, respectively,

e, e, e
<p - lg><gl> <p - lg><gl>, and <p lg><gl>.
82¢; g e; g e;

(13.6)
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These third-order polarization components evolve differently during the waiting
time 7. Time-dependencies of the ground-state bleaching state and the one-exciton
population were discussed above, but the coherence evolution and its transition to the
other coherence could only be studied by measuring ultrafast (tens of femtosecond)
changes of the 2D spectra and by examining quantum beats of the diagonal and off-
diagonal peaks in the 2D spectra. Here, a diagrammatic representation of the coher-
ence transfer from ngk topl?) for example is

eje

€ €
Gyua(M<p e lg><gl>. (13.7)

Again, the conditional probability function describing the above coherence transfer
process was denoted as G;; ;,(T). From a series of measured 2D spectra with respect
to 7, it was shown that the amplitudes of the lowest-energy diagonal peak and the
corresponding cross-peak oscillate in time, that is, quantum beating. One can imme-
diately find that they originate from diagrams like

€
<K lg><gl>. (13.8)
8g ¢

The power spectrum of oscillating lowest-energy diagonal (at ®, = ®,, and ®, = ®,,,)
peak amplitude showed six different frequency components. This is because, for
Jj =1, there are six different diagrams like Equation 13.8 with k = 2 ~ 7. Note that
the off-diagonal density matrix element, which describes the time—evolution of the
electronic coherence between the jth and kth excitons, is approximately given as
p(T) o< exp{—i(E, — E,)T/h} (note that the superscript “(2)” in p{’(T) means that it
is a second-order perturbation-expanded density matrix with respect to field-matter
interaction Hamiltonian). This suggests that an experimental measurement of the
quantum beating pattern of a diagonal peak provides information on the excitonic
state energies directly. Furthermore, it was found that the quantum beats of the diag-
onal and cross-peaks persist even longer than population relaxation times, which
is in stark contrast with the notion that the coherences are destroyed quite rapidly
in comparison to population relaxation times. It was therefore suggested that chro-
mophore-bath interactions are correlated for different chromophores, that is, a piece
of evidence on the breakdown of the independent bath approximation.

In addition, the ratio of the diagonal to antidiagonal widths of the lowest-energy
diagonal peak oscillates with the same frequencies of its peak amplitude, but the
fluctuation of the diagonal width is anticorrelated with that of the antidiagonal
width. This was found to be strong evidence of excitonic quantum coherence. More
specifically, direct evidence on coherence transfer was observed by examining the
oscillating behavior of the cross-peak between excitons 1 and 3, which is one of
the most clearly frequency-resolved cross-peaks. Although from the corresponding
power spectrum, all frequency components coupled to either exciton 1 or 3 were
identified, the cross-peak amplitude and beating did not appear at time zero. This
indicates that the 1-3 coherence was generated at finite time later, that is, coher-
ence transfer from some other coherences to the 1-3 coherence. An interesting sug-
gestion from the analysis of quantum coherences involved in energy transfer was
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that the generated superposition states are efficient in directing the energy transfer
in such a light-harvesting complex, which is analogous to a single quantum compu-
tation. This is in contrast with an incoherent hopping mechanism. A further study
is required whether a real light-harvesting complex absorbing incoherent sunlight
instead of femtosecond coherent laser photons is affected by such effects. In addi-
tion, a more refined chromophore-bath interaction model should be developed to
address the issue on bath-mediated correlation effects on line broadening and exci-
ton population and coherence transfers.

13.2  APPLICATION TO SEMICONDUCTORS

Two-dimensional electronic spectroscopy has also been applied to semiconductors
for studying exciton dynamics, exciton-exciton coupling, and exciton-continuum
state coupling.> ' 12 Optical excitation of a direct-gap semiconductor produces
electron-hole pairs, which are called excitons because electron and hole pair can
result in a bound state due to the Coulomb attraction between the two oppositely
charged particles. In the case of GaAs (gallium arsenide) semiconductor heterostruc-
ture, excitonic resonance appears at a low temperature because the exciton binding
energy is just about 10 meV. In order to study exciton dynamics of which timescale
varies from femtosecond to picosecond, a variety of ultrafast spectroscopic means
have been used.

The first 2D optical spectroscopy experiment on a semiconductor was performed
for GaAs semiconductor quantum wells consisting of 10 periods of 10 nm GaAs well
and 10 nm Al-GaAs barrier at 8§ K. The heavy-hole and light-hole valence bands
were formed, and the two are energetically separated from each other by about
6 meV. In the upper panel of Figure 13.2, the absorption spectrum exhibiting a heavy-
hole exciton band, a light-hole exciton band, and continuum band is shown. The
spectrum of excitation pulse is also shown in the same figure. Normalized 2D mag-
nitude spectrum shows four well-resolved peaks (see the lower panel in Figure 13.2).
Here, it should be mentioned that the x- and y-axes in the 2D spectrum correspond to
®, and o, unlike the other 2D spectra shown in this and the previous chapters. First
of all, the cross-peaks in this spectrum originate from coherent coupling between
the heavy-hole exciton and the light-hole exciton or spatial overlaps of these two
excitonic states. Interestingly, the upper left cross-peak intensity appears to be stron-
ger than the two diagonal peaks. It turned out that the excitation-induced dephas-
ing, which is related to incoherent many-body effects, and excitation-induced shift
play important roles in couplings. Here, the excitation-induced dephasing means that
the effective dephasing rate of the off-diagonal density matrix element for a 2LS
contains a term that is linearly proportional to the number density of oscillators.
Similarly, the excitation-induced shift means that the resonance frequency is shifted
linearly with respect to the number density.

Another notable feature in the 2D spectrum is the presence of two vertical
ridges. If the continuum states can be modeled as a collection of inhomoge-
neously distributed 2LSs, the peaks would appear diagonally elongated, not verti-
cally elongated. From the model simulations, the excitation-induced dephasing
was found to play a critical role here, since the characteristic vertically elongated
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FIGURE 13.2 Absorption spectrum of GaAs quantum wells (upper panel). Also, the excitation
pulse spectrum is shown in this figure. 2D magnitude spectrum is shown in the lower panel.
(From Borca, C. N, et al., Chemical Physics Letters, 2005, 416, 311. With permission.)

cross-peaks appear only when the excitation-induced dephasing is included. This
experiment demonstrates that the 2D spectroscopic method can give a critical
insight into the microscopic nature of the many-body interactions in semiconduc-
tors. From the measurements of the real and imaginary parts of the 2D spectrum,
it was even possible to distinguish two different mechanisms, that is, excitation-in-
duced dephasing and excitation-induced shift. The former affects the off-diagonal
density matrix amplitude (decoherence), whereas the latter changes its oscillation
frequency (spectral diffusion). From these investigations, it was found that the
excitation-induced dephasing of the heavy-hole exciton is different from that of
the light-hole exciton. This and related experiments demonstrate that the peak-
shape analysis of semiconductor 2D electronic spectrum is extremely useful to
elucidate the underlying physics of the exciton dynamics induced by many-body
interactions, which cannot be easily studied by any other spectroscopic means.
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14 Two-Dimensional
Second-Order Response
Spectroscopy

In Chapter 4, a response function theory for general second-order response spec-
troscopy was presented and discussed. Here, it will be shown that they can be used
as 2D measurement techniques. An essential element for 2D spectroscopy is that
radiation—matter interactions cause doubly resonant transitions, and two coherence
evolutions should be recorded experimentally. Thus measured 2D signal in time-
domain is then doubly Fourier—Laplace transformed to obtain the corresponding 2D
spectrum in frequency domain. The second-order response measurement techniques
such as time-resolved doubly resonant sum frequency generation, fifth-order Raman
scattering, IR-IR-vis four-wave-mixing spectroscopy, and so forth are a few exam-
ples that will be considered in this chapter. Note that they all involve two coherence
evolutions during the nonlinear optical processes.

_ Denoting effect operator, two cause operators, and conjugate external fields as
B, A and A,, and F|(t) and F, (¢), respectively, and using the second-order time-
dependent perturbation theory, we showed that

B(t)=<Bp, (1) >= J.O dr, JO dty O 4 (Lt (= 1)F (=1, 1), (14.1)
where the second-order response function is
iY « . .
Onua, (0211) = | o | 0(1:)8(1) <[[B(; +1). A1) AO)p(=e) > (14.2)
Expanding the two commutators in Equation 14.2, one can rewrite it as
. \2
l A ~ A
Opa,a, (B251) = (%) 0(1,)0(t){< B(t, +1,) Ay (1)) A (0)p(—oo) >
=< Ay(t) Blt, +1,) A(0) (=) >
=< A(0) Bty +1) Ay(1y) p—=2) >
+<A(0) Ay(t) Blty +1,) p=o2) >).

(14.3)

Detailed expressions for the effect operator and effective radiation—matter interac-
tion Hamiltonian should be properly chosen to describe a given experimental result
or nonlinear optical process of interest.

293
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In the present chapter, we will focus on a few different 2D second-order response
spectroscopic techniques. Although there are a number of possible and potentially
useful second-order 2D spectroscopic methods in general, only a few simple cases
will be discussed in detail. Nevertheless, one can easily explore other possibilities
and experimental feasibilities by using the general theoretical framework presented
and discussed in this book.

14.1 TWO-DIMENSIONAL SUM FREQUENCY GENERATION

One of the most widely used second-order nonlinear optical spectroscopic meth-
ods is the sum frequency generation (SFG), including second-harmonic generation.!
SFG has been extensively used to study molecular dynamics, chemical reaction,
molecular orientation, and various material properties of molecules and composite
systems on surface or at interface. The SFG and difference frequency generation
(DFGQG) signals are nonzero for those samples having no centrosymmetry, and they
are the lowest-order nonlinear optical processes. The SFG signal from molecules in
an isotropic medium such as solution vanishes because the rotational average of typi-
cal third-rank tensorial response function over randomly oriented molecules usu-
ally vanishes. However, it was shown that polarization-controlled SFG or DFG of
molecules in solution can be detected when each optical chromophore is chiral and
when the solution sample is not racemic.”® This suggests that the SFG technique is
a useful nonlinear optical activity spectroscopy.

A general theory of SFG was discussed in Chapter 4. Two electric fields prop-
agating in the directions of k; and k, interact with the matter, and two consecu-
tive absorptive interactions induce a sequence of optical transitions from g to e to f.
Then, thus created coherence p(f? corresponds to a collection of oscillating dipoles
and radiates electric field whose frequency is the sum of the E, and E, field frequen-
cies. Thus, the two cause operators and the effect operator are all p, and the two
conjugate external fields are E, and E,:

AF (D)= p-e Ey(tyekrior

AFy (1) = p- e, E, (1) elorion

B=n (14.4)

Here, we considered the transverse electric field component travelling in the direc-
tion of k; (for j = 1 and 2) not—k , since they are involved in absorptive radiation—
matter interactions in the present case.

The second-order SFG polarization is the expection value of the above effect-
operator over the second-order perturbation-expanded density matrix, and its
diagram representation is

pE, pE,

fe e
<K |g><g|>. (145)
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The SFG polarization is then given as

Py (r,t) = ef<k1+k2>'f-f<wl+w2>'J dtZJ dt; 0y, (1,1)) : €,8 By (1 — 1) E (1 —1, — 1))
0 0

X gil@r+m)ntion (14.6)

where the third-rank tensorial all-electric-dipole response function is defined as

N2
O (3511) = (;J 0(1,)0(1)) <[[m(t; + 1), p(t)], W(0)]p(—e2) >. (14.7)

Although the second-order response function above describes all the possible sec-
ond-order optical processes, we will specifically consider the case when the two
excited states |e> and |f> are real quantum states, not virtual states, and when the
two incident beams radiations with frequencies of ®, and ®, are doubly resonant
with transitions between g and e states and between e and f states, respectively.’
In this case of the doubly resonant SFG, for E; > E, > E,, we have®, + 0, =@,
and @, = (n . Then, among the four terms in Equatlon 14. 3 only the ﬁrst plays an
1mp0rtant role and resonates with the external fields. From the Maxwell equation
with SFG polarization given in Equation 14.6, one can find that the radiated SFG
field is given as

o . - -
E g (r,1) = —i, eirkariorodiy p m,, : eZeIJ. dtzJ. dn ﬁGl(t%tl)
0 0
X E,(t —1,)E (t —t, — 1,) /(@027 O )24 (O1=Bep)tt (14.8)
where the line-shape function G, is

G,(t,,t)) =< exp, {_;J'OzdrUfg(r)}exp [—;J.OldTUgg(_T)} >z (149

This line shape function can often be approximately written as

G\(1,.1) = exp{—yﬁ‘tz Ve li} (14.10)
or
oo 1,
Giltyt)) = expy =S AGty =S AL o (14.11)

The former (Equation 14.10) corresponds to the Markovian limit (optical Bloch
approximation) expression and gives 2D Lorentzian peak shape, and the latter
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(Equation 14.11) is the case of short-time approximation to the line-broadening func-
tion g(f) or of large inhomogeneous broadening limit and gives 2D Gaussian peak
shape.

Note that the SFG field in Equation 14.8 is a function of experimentally control-
lable frequencies ®, and ®, . Thus, the homodyne-detected SFG intensity or the het-
erodyne-detected SFG amplitude is essentially a 2D function in frequency domain.
A straightforward application of the doubly-resonant 2D SFG is to study optical
chromophores adsorbed on surface with anisotropic orientational distribution. In
this case, the rotational average of the third-rank tensor oM M., should be properly
performed. We will not, however, provide any further discussion along this line,
because this subject has been extensively studied before, not just experimentally, but
also theoretically. In this chapter, we will focus on the case of chiral molecules in
solution.’

14.2 TWO-DIMENSIONAL SUM FREQUENCY
GENERATION OF SOLUTION SAMPLE

For solution samples, three-wave-mixing techniques have not been widely used
because signals vanish or are quite small. Note that the only rotationally invariant
isomer, which is a third-rank tensor, is the Levi—Civita tensor. Note that €y,, =¢€,,, =
€vy = —€xzy = —€yxz = —€4x = 1. Thus, the case when the three beam polarization
directions are mutually orthogonal to one another will be specifically considered in
this section. By using the theoretical results in Section 3.3, the rotational average of
the all-electric-dipole transition strength, [ 1, 15 can be rewritten as, in terms
of transition dipole matrix elements in a molecule-fixed frame,

(g e L = %eijk Z%w [Mﬁvf’ ]h [M% ]u [Mﬁ‘ﬁ ]V~ (14.12)
ALV

Here, the indices i, j, and k represent the axes in a space-fixed frame, and A, |1, and v
are those in a molecule-fixed frame. Equation 14.12 can also be rewritten as

— 1 1
(g b 1 = gsqm% ‘(u% i uﬂz) = Eir (ug X )‘ugg. (14.13)

This suggests that, when the three transition dipole vectors pg, u_’}j ,and ué‘g in a
molecule-fixed frame do not lie on a common plane and when the angles between
p} andp)! and betweenpyf andpl are neither 0 nor m, pif - () x w2 ) does not
vanish. This is an important selection rule for the nonzero SFG signal from mol-
ecules in an isotropic medium. In addition, from the property of the Levi—Civita
epsilon, €, ,the SFG signal field polarization direction should be orthogonal to
both of the two incident beam polarization directions as well as e, L e,. This is
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an experimental requirement for the doubly-resonant three-wave-mixing measure-
ments. Hereafter, without any loss of generality, we will consider the [XYZ] tensor
element of [P .1, |, Which is given as

1
[ b Loz = - (3 x ). (14.14)

6

From Equations 14.8 and 14.14, one can find that the rotationally averaged SFG
signal field is finally given as

0, . .
E$9 (1,0, +0,,0,) = —?Sewkwkz)-r—,(mﬁm)’ A Xueg)J. dtzJ. dtl Gl(t2’tl)

XE,(t—1,)E,(t —t, —t,) e/ (@1102-0p)nti(@=0e)n (14.15)

Hereafter, we shall focus on the time-resolved measurement utilizing ultrashort laser
pulses. The first two pulses are assumed to be centered at t = -7 —T and t = —T in
time domain. This means that the delay time between the two pulses is T and that the
electric field amplitude after time T from the second pulse is measured at t = 0 by
using a heterodyne-detection method. Then, in the impulsive limit, the electric field
amplitude thus measured is linearly proportional to the corresponding line-shape
function as

ESFG t,T,7)=— 10, s giksr-iogy M u (IL% X”’%)GI (t+T,7)ei(@r+orOp) T+(OI-B)T
6h?

(14.16)
In order to measure the above signal field, one can use a local oscillator field
E, o (r,t)=E},(H)e"*+o and its pulse envelope E,,(¢) is also assumed to be close
to a Dirac delta function at # = 0 to achieve time-resolved measurement of the SFG

field amplitude and phase for varying time 7. Then, the measured signal is Fourier—
Laplace transformed as

ESC(®,,0,) = L ) dTJO dTESIS (T, 1) exp(i®, T + i®_T). (14.17)

For the sake of notational simplicity, let us define two frequency variables as

(Dr = (’01 +(D‘t' (1418)
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Using the two dephasing models in Equations 14.10 and 14.11, one finds that the 2D
SFG spectra are

SFG —
EXYZ (O)T ’ (DT) -

1 _ _
6h2 (Mfe QZ )L(mﬁﬁ’y.ﬁ’wex’vee) (14'19)

ESFG (“)T’“) )=

('*% Xueg)r(wfg’A S0, A7 ) (14.20)

i
6h2
The 2D Lorentzian and Gaussian peak shape functions were defined in Chapter 7,

but for the sake of completeness, they are rewritten here:

1
(0, —®, +iY)N®0 -0, —i,)

L(® .Y 5.0, Y,) = (14.21)

— T (mt_a)e )2

(0 —0)* ) 2i — O (14.22)
{p[ el

The above results, Equations 14.19 and 14.20, were obtained for a three-level system.
However, for a coupled multi-chromophore system, there are manifolds of singly and
doubly excited states, and in that case the 2D SFG spectrum can be written as a sum
of all independent contributions as

6h222p~g Mfexueg)r(w A% ‘Deg,A) (14.23)

ESFG " (0,,0,)=

This result indicates that the resultant SFG spectrum is the product of wave interfer-
ences. Hereafter, the factor /672 in Equations 14.19 and 14.23 will be omitted for
the sake of notational simplicity. In the following sections, we will consider a few
simple coupled dimer systems to show what information can be extracted from the
2D SFG spectrum.

14.3 TWO-DIMENSIONAL SUM FREQUENCY GENERATION
OF COUPLED TWO-LEVEL SYSTEM DIMER

In Section 9.1, the model Hamiltonian for coupled 2LS dimer was presented and
discussed in detail. It was shown that there are two singly excited states e, and e,
and a doubly excited state f. Therefore, there are two different SFG diagrams in this
case, and they are

RE, pE, rE, pE,

f3 e f% eg
<M£Ig><gl> d <M = lg><gl>. (14.24)

an
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The SFG fields associated with the two polarizations in Equation 14.24 interfere
with each other to produce the total SFG field. Fourier-Laplace transformation of the
time-resolved heterodyne-detected SFG signal gives us the 2D SFG spectrum, that is,

B (@700 = =inf (W < B )T (04.45.0.,.42, )
=il (Xl U (0085. 00082, ) (1425)

where the 2D Gaussian peak shape approximation was used.
Now, the next step is to calculate the transition dipole matrix elements in Equation
14.25. From Equations 9.11 and 9.12, one can find the following relationships,

) —

Mo, =Wy, and pg =pg. (14.26)

The transition dipoles in the above equation are all associated with one-quantum
transitions. However, the more important factor determining the SFG of solution
sample is the transition amplitude from the doubly excited state to the ground state,
ny (=<0, 0]A™|1,1>). This two-quantum transition dipole matrix element can be
calculated by considering the following expanded electric dipole operator,

m= 0+ + R The, + 1, Ty e+ (14.27)

where |1/. and &j are the electric dipole and molecular polarizability operators of
the jth chromophore. T, is the second-rank dipole-dipole interaction tensor (see
Equation 9.2). The third and fourth terms on the right-hand side of Equation 14.27
are the induced dipole operators, and they are responsible for making the two-
quantum transition dipole matrix element p.}; nonzero. Inserting Equation 14.27 into
<0,01MI1,1>, one can find that .} is approximately given as

P =d Ty, +d, Ty, (14.28)

where d, =<0,0/u11,0>, d, =<0,010¥10,1>, o;=<0,01&¥1,0>, and &, =< 0,
0 I&é” 0,1>. Note that these four transition matrix elements are all defined in a
molecule-fixed frame. The physical meaning of Equation 14.28 is that the electric
dipole transition of one chromophore in the doubly excited dimer can stimulate a
transition of its neighboring chromophore through the transition dipole-dipole inter-
action. These two transitions occur simultaneously to allow the two-quantum transi-
tion from fto g.

Inserting Equation 14.28 into 14.25 and using the relationships in Equation 14.26,
we get

B9 (0, 0,) = —i(d,Tpe, + d, Ty (d, xd){T(0 4, 43,0, A2, )

€18’ eey

~T(® A% B,ys A2, )} (14.29)
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This is an interesting result for the 2D SFG of a chiral coupled 2LS dimer in
solution.’ First of all, the SFG signal does not vanish when the three vectors, (1)
dl’i‘lzoa2 + dQ’i‘z]al, (2) d,, and (3) d,, are not on a common plane in a molecule-
fixed frame. Chiral dimer and molecular complex are good examples. Secondly,
because the dipole—dipole interaction tensor is proportional to 1/R* with R being
the intermolecular distance, as the two chromophores become separated far apart,
the overall signal amplitude or intensity decreases as 1/R? in the case of the hetero-
dyne measurement or as 1/R® in the case of the homodyne measurement. The above
selection rules suggest that the doubly resonant three-wave-mixing measurement
technique is possibly an optical activity spectroscopy probing molecular chirality
originating from the dimer conformation and electronic coupling. Thirdly, it should
be noted that the two terms in Equation 14.29 have the same transition strength
with opposite signs. Thus, if the dimer is a homodimer and if the coupling constant
is small, we have ®©,, =®,,,, and the two terms on the right-hand side of Equation
14.29 cancel out exactly. This is why the SFG signal vanishes for completely uncou-
pled chromophores in solution, when each chromophore is modeled as a 2LS and
the incident beam is resonant with its transition. A lack of complete cancellation
(destructive interference) of the two resonant optical transition pathways is required
for the nonzero SFG signals from a coupled 2LS dimer. Here, it is noted that both
the electronic coupling constant and the induced transition dipole in Equation 14.28
are functions of inter-chromophore distance R. As R increases, both decrease as
approximately 1/R>.

The 2D SFG technique has a certain advantage in frequency resolution, in com-
parison with the other linear spectroscopies. The absorption spectrum is for example
given by a sum of two terms associated with g <> ¢, and g <> ¢, transitions as

K, (@) <lp,, P flo-0, )t In,, I f(0-0,,) (14.30)

where f(0— (T)elg) is an appropriate line-shape function. Note that the two terms in
Equation 14.30 are positive and add together to produce the absorption spectrum.
Therefore, if each spectral bandwidth is comparable or larger than the frequency-
splitting magnitude (TJMl , the absorption spectrum will appear as a singlet. This is
the so-called spectral congestion problem, and thus 1D absorption spectroscopy
is inevitably a low-resolution technique. However, even in that case of spectrally
congested dimer system, the present 2D SFG method is better in frequency resolu-
tion than 1D method. Since the two peaks in the 2D SFG spectrum have opposite
signs, the spectrum will appear as a positive—negative couplet, and its frequency
splitting magnitude, that is, peak-to-peak frequency difference, is related to the
coupling constant J. If J is much larger than the spectral bandwidth, the positive-
peak to negative-peak frequency difference becomes simply identical to 2J.
However, if J is comparable or even smaller than the spectral bandwidth, the
peak-to-peak frequency difference could be largely determined by the dephasing
constant or bandwidth (see the peak shape analysis of 2D pump—probe spectrum
given in Section 6.3).
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EXERCISE 14.1

Even for a dilute solution of 2LS chromophores, one can create a large fraction
of chromophores in their excited states with an intense laser pulse. Then, is it
possible to radiate second harmonic field by a simultaneous de-excitation of two
excited-state chromophores? If not, why? If yes, what are the requirements?

14.4 TWO-DIMENSIONAL SUM FREQUENCY GENERATION
OF COUPLED ANHARMONIC OSCILLATORS

In Section 9.6, the model Hamiltonian of coupled anharmonic oscillators was pre-
sented. After diagonalizing the corresponding Hamiltonian matrices, one can obtain
the eigenfunctions and eigenvalues of singly and doubly excited states. In this
case, there are two singly excited states e, and e, that are delocalized over the two
oscillators, and also there are three doubly excited states f; — f3, which are either
combination or overtone states. Due to the presence of three doubly excited states,
the number of diagrams contributing to the 2D SFG signal field is six:

RE, pE, pE, pE,
fl? el; f]é ezg
<p lg><gl>, <p lg><gl>,
RE, pE, ME, pE,
fzé el§ fzg 923
1! lg><gl> <p lg><gl>,
RE, pE, RE, pE,

e
<u@|g><g|>, and <p&lg><gl>. (14.31)

From Equation 14.31, we have

Esro (w,,0,)= iug (p“/‘]e] )F Aflel)

s M 2

L (Mflfz ”e_g)r( s A ezg’Aezez)
2

( f fzfz "lé”A"'lel)

_iuls'fz (Mfz"l @ 115')F
_lugfz (Mfzfo 25’ ) r

2
fzfz 2”Afz"z)

T (@

—7 2
lugfz (Hﬁc’l fzg’ f3fx "l ’Af’lel)

TR M 2
iy, (Mfﬁ X, g)l"(w,%g,Af%f? o, A7, ) (14.32)
All the transition dipole matrix elements for a general coupled multi-chromophore

system were already presented in Equation 9.81. The one-quantum transition dipole
matrix elements are identical to those of a coupled 2LS dimer. In order to obtain the
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expressions for the other transition dipole matrix elements involving transitions to
and from the doubly excited states in Equation 14.32, one should have the eigenvec-
tors of the three doubly excited states. With the basis set of the doubly excited states,
{12,0>, 10,2>, |1,1>}, the eigenvector elements of the jth doubly excited state f; were
denoted as ¢;; , ¢, and ¢;; (see Equation 9.76). To approximately calculate the transi-
tion dipole matrix elements between g and f; states and between e; and f; states, it
is useful to expand the electric dipole operator in terms of the coordlnates of local
oscillators as

1
p=p® g tpe, o

1
(2)

+=
" q M

(2)

2
¢ 612+M()

12 @9 T (14.33)

where ¢, and g, are the two local oscillator coordinates andp!’ = (0w/dg,),,
p'? = (0’w/dg?),, and nY = (9?/dg,9q, ), The second-order expansion terms in
Equatlon 14. 33 have been referred to as the electric anharmonicity.
Then, in addition to the two transition dipole matrix elements p.M and p.M the
remaining matrix elements required for the calculation of Equation 14.32 are found
to be

- O - 0
2¢,, c0s 0+ ¢, sin e)p,l + (c13 cos0+ \/Ec12 sin G)p.z

=(v2¢,, cos®+c,, sin 9) p+ (c23 cos0++/2¢,, sin 9) p

fzfl

=(~2¢, sin® +c,, cos G)MEI) + (—c13 sinB++/2c,, cos G)p.(;)

\6631 cos 0+ c;; sin 9) pl+ (033 cos + \/5032 sin G)M(l)

(1% ( V2c,, sin® + c,, cos 9) pi+ (—c23 sin @ ++/2c,, cos O)M‘;)
2€2
( V2¢;, sin B+ c,; cos (-)) 4 (—6‘33 sin@+/2c,, cos 9) p’

M _—

2) (2) (2)
Mfzg = 621”1 Tl Oy,

M[Zg = cﬂp,]z) + Cszl’*(Z) + nguﬁ? (14.34)

One can calculate the first and second derivatives of dipole moment with respect to a
given local oscillator coordinate by using a variety of quantum chemistry calculation
methods with employing a finite difference method. However, the second derivatives

such asp!? are strongly dependent on detailed structures of chiral molecules like
dipeptides so that one should carry out quite a number of numerical calculations
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for varying conformations. Thus, the following approximate relationship between
p{? and first derivative was found to be quite useful:

o’ o o o o
(841842J~(BCI1JT(aChJ-'-(a‘Il jT(a‘b), (14.35)
where the transition polarizability denoted as (aa/aqj)o, which is a second-rank ten-
sor, can be readily calculated. Here, T is again the dipole-dipole interaction tensor.
Note that p.(z) is a complicated function of the transition dipole vectors and polariz-
ability tensors of the two local oscillators as well as of relative distance and orienta-
tion between the two.
Using the above transition dipole matrix elements, one can obtain the transition
strengths for the six terms in Equation 14.32, which essentially determine the amplitude

of each individual peak in the experimentally measured 2D SFG spectrum. For the
coupled anharmonic oscillators, one can find the following three relationships,

— M M

Mgfl (Mfl"l p""lg) - Mgf] (Mf]fz X l"32(?)
M e oM [aM M

Mls'fz (Mfzel Mf’lg) - Mgfz (Mfzez X M6215’)

M M M= _ M M
i '(p‘fﬁ Xl ) p.gf3 (p‘fsez X p,ezg). (14.36)

Therefore, there will appear three positive-negative couplets with frequency splitting
of w, ,. Furthermore, the three terms in Equation 14.36 are found to be

€€

M'Kfl (Mflf’l leg) =4 ( 11”‘1 K +C12M(2) +CI3MS)) (Mll) XM(I))
my, '(H_lgel X”Xg)z A, (c21|.l,§2) +Cpls )"'6’23”(2)) (Mgl) XM(zl))
lULM,( Mo M):A(C D 4o n® 4 <2>)( M 5 (1))
ofs \Mpe X P 3\ C31lY M2 33 W X Py, (14.37)

whereA \/_ 2(cy, 2)00595m6 €3 €OS 20. From this result, one can deduce a
set of selectlon rules for doubly resonant 2D SFG spectroscopy of coupled anhar-
monic oscillators. First of all, at least one of the three quantities, p!” - (u!"” x pi"),

p - xpd), and pl?) - (" x wi), should be nonzero. Secondly, the corre-
spondlng coefficient, such as A,c,, that is the coefficient of p!” - (u{" x u{") in the
expression for p™ o (M%e. X p,({‘fg) should be nonzero. Let us consider the zero cou-
pling limit, that is, uncoupled anharmonic oscillators. In this case, one can show
that A; = 0 for all j (= 1 ~ 3). As a result, nonzero coupling is a requirement for the
doubly resonant 2D SFG. Thirdly, in addition to nonzero transition dipoles of the
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two local oscillators, the second-derivatives of dipole moment with respect to the
vibrational coordinates, such as p,ﬁz), u(zz), and ug), should be finite, that is, nonzero
electric anharmonicities.

In the case of the coupled 2LS dimer discussed in Section 14.3, the doubly excited
state is just a product of excited state wavefunctions of the 2LS chromophores.
However, due to the potential anharmonicities of the coupled anharmonic oscillators,
the transition dipole matrix elements between g and f; states can be nonzero even in
the limiting case when the second derivatives of the electric dipole with respect
to vibrational coordinates, which are p\”, n{”, and \>, are vanishingly small. In
Equation 14.37, the two-quantum transition dipole matrix element representing the
amplitude of transition between f; and g states is, in this case of vanishingly small

electric anharmonicity, given by
<filmlg>=<filnq +nqlg>=n" < flqlg>+ny’ < filg,1g>. (14.38)

The above quantity vanishes if the ground- and doubly-excited states are harmonic
oscillator wavefunctions. In reality, they are nonzero due to the potential (mechani-
cal) anharmonicity. Using the Rayleigh-Schrodinger perturbation theory and treating
the anharmonic potential as perturbation Hamiltonian, one can express the doubly
excited state f; as a linear combination of product states of harmonic oscillator wave-
functions. However, the two-quantum transition dipole contributions from mechani-
cal anharmonicity may not be important in the 2D SFG or DFG, because w." and
pY are orthogonal to w{" xp{" vector. However, any deviation from the above
approximation, Equation 14.38, can make the mechanical anharmonicity-induced
contribution to 18 non-negligible.

In the previous section, an enhancement of frequency resolution via 2D SFG mea-
surement for a coupled 2LS dimer was discussed. Similarly, one can expect the same
frequency-resolution enhancement of 2D SFG for coupled anharmonic oscillators.
The IR absorption spectroscopy is essentially determined by the two independent
one-quantum transition processes between g and e, and between g and e, states.
Thus, even in the case when the 1D spectrum is spectrally congested, the 2D SFG
spectrum of coupled anharmonic oscillators could exhibit six different frequency-
resolved peaks. Particularly, there will appear three positive-negative dual peaks
(couplets), where the frequency difference between the positive and negative peaks
in a given couplet is related to the transition frequency difference between the two
singly excited states e, and e,. Furthermore, the relative energies of f; states can be
determined by examining the 2D SFG spectrum. Noting that the frequency splits in
the manifold of singly excited states and those of doubly excited states are highly
sensitive to the detailed structure of the coupled system, the time-resolved 2D SFG
spectroscopy of coupled multi-chromophore system in solution can be a useful tool
for studying structure and dynamics of complex molecules. For such a multilevel
system, the expression for the 2D SFG spectrum in Equation 14.23 can be used to
numerically calculate or to find a proper way to interpret the experimentally mea-
sured spectrum.
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EXERCISE 14.2

The second selection rule for doubly resonant 2D SFG of coupled anharmonic
oscillators is that the coupling J should be nonzero. Why do all A; values in
Equation 14.37 vanish in the zero coupling limit?

14.5 TWO-DIMENSIONAL
DIFFERENCE FREQUENCY GENERATION

In the previous sections, only the 2D SFG spectroscopy was considered for both
coupled 2LS dimer and coupled anharmonic oscillators. However, it is a straight-
forward exercise to develop a theory for the 2D DFG spectroscopy. DFG is another
three-wave-mixing process involving two electric dipole interactions with external
field. Similar to the SFG, the first interaction of matter with E, electric field propa-
gating in the k,-direction induces an absorptive transition from g to f, and the sec-
ond one with E, electric field component traveling in the direction of —k, induces
a stimulated emissive transition from f to e. Here, it is assumed that E‘/r >E > Eg.
Then, thus created coherence pg) radiates a coherent electric field whose frequency
is the difference of the E, and E, field frequencies. In this case of DFG, the effective
radiation—matter interactions and effect operator are

AF ()= p-e,E, () ekrrion
AZFVZ (t) = M . e;E; ([) e—ikg-r+iw21
Bow (14.39)

The polarization that is associated with this DFG is then diagrammatically repre-
sented as
pE; pE,
eq [
<p lg><gl>. (14.40)

Using the second-order response function theory with the above cause- and effect-

operators with conjugate external fields, one can find that the second-order DFG
polarization is given as

PDFG(r,t)ze"<krk2>'r-’<°’1-wz)'J‘ dlzJ‘ dty &y, (12,1 €5, E5(1—1,)
0 0

XE (t—t,— tl)ei(mpwz)rﬁiw]tl X (14.41)
Note that the second-order DFG polarization propagates in the direction of k;, —

k, and oscillates with frequency of ®, — ®,. Instead of electronically nonresonant
DFG, which has been extensively used to generate different color radiation and also
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to study electronic and optical properties of molecules on surface or at interface, we
shall consider the doubly resonant DFG,

= L : . [ = o1
Eppo(t) = —i e'tirormi@rodiy, m m ), : ese, J dtzj d s G, (15,1)
0 0
XEy(t—t)E (t—t,—1) e/ (@102 )t (01=Bep ) (14.42)

where the line-shape function G,(t, #,) is identical to Equation 14.9 except that e and
fare exchanged.

Now, similar to the SFG, one can use this DFG method to study molecular chiral-
ity too. Focusing on the X YZ-tensor element of the DFG response function, one can
find that the 2D DFG spectrum within the 2D Gaussian peak shape approximation
is given as

~ 0 _ _
BOS (@00 =~ sl (wlf < )T (8,,.02.0,.8% ). (1443)

For the coupled 2LS dimer and coupled anharmonic oscillators, by following the
same procedures in Section 14.4, detailed theoretical expressions for the doubly res-
onant 2D DFG spectra can be obtained. This task will be left for the readers.

EXERCISE 14.3

Obtain the expressions for the 2D DFG spectra of coupled 2LS dimer and of
coupled anharmonic oscillators, which should be similar to Equations 14.25 and
14.32. Provide a discussion on selection rules from the resulting expressions.

14.6 IR-IR-VIS SUM FREQUENCY GENERATION AND
DIFFERENCE FREQUENCY GENERATION

In Section 4.5, the electronically nonresonant IR-IR-vis (IIV) four-wave-mixing
process was described in terms of the corresponding second-order response func-
tion¢,,, (1,.1,) defined in Equation 4.57." ' The first two IR beams induce doubly
resonant-enhanced vibrational transitions of electronically ground-state molecules.
Then, the visible beam whose frequency is far from any of electronic transition fre-
quencies is used to induce a Raman scattering process to generate coherently emitted
ITV four-wave-mixing signal field.! 1>-1* One practical advantage of this ITV-SFG or
ITV-DFG over the other 2D vibrational spectroscopic techniques is that the detected
signal field is visible and electronically nonresonant. Therefore, the signal field is not
reabsorbed by the molecular system, whereas the photon echo signal field is reab-
sorbed by the sample so that it usually requires a narrow sample thickness and low
optical density. In this particular case of IIV-SFG or IIV-DFG, the two cause operators
are electric dipole operators and the effect operator is the dipole induced by a single
radiation—matter interaction with electronically nonresonant visible electric field.
The model system considered here consists of three vibrational states, g, e, and
f, with a single virtual state. Here, the virtual state is needed just as an intermediate
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state for the Raman process. As shown in Section 4.5, the two radiation—matter inter-
actions and effect operator that are relevant to the IIV-SFG are given as

AlFl @)= e B (1) eikriT-io0R!
A2F2 (l) =W eleEle (t) ekiroT-ioRot

B = Ming (r’ t) = Evis (t) eikm ~r—im\,,'sr' (1444)

On the other hand, for the IIV-DFG, the corresponding interaction Hamiltonians and
effect operator are

AIE @)= [LRN Iy (1) eKiriT-iop!
AFy (1) = - €5y B (1) e~ kim2m o

é = Mina (f, t) = eviSEvi.\' (t) eik\,,;gl‘—i(x)v,-lyt. (1445)
Since the theoretical result for the IIV-DFG is essentially identical to that for the IT'V-

SFG, we shall focus on the IIV-SFG process only.
The diagram representation of the IIV-SFG polarization is given as

ME g, PER,

f e
<aE lg><gl>, (14.46)

which is

PIIV—SFG (1, 1) = e/ Kiri+kiRa+Kis) T=I (ORI +O 2+ Oy )1

XEvis(t)J.O dtzJ.O dty Qo (t.1):€,,€ o E gy (= 1)

X E gy (t— L, -t ) e (ORIFHOR)HORIN | (14.47)
The second-order response function 9, (¢,.1,) is

N2
Doy (t2517) = (%) 0(1,)0(1)) <[[a(t, +1,), (1)), M(0)]p(—e0) >. (14.48)

For a three-level system with E,> E, > E,, we have © 4, + ®p, =® ., and @, = O,,.
Then, considering the doubly resonant term in the second-order response
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function components, one can find that the IIV-SFG signal field is approximately
given as

o, ., . . = =
Ey_spc(r,0)=— hzs eloriof o o, eviseIRZelRlEvis(t)J.O dt, J.o dt, G,(t,,1,)

XEjy(t —1,)Epi (t—1, —1;) @i (ORITORI=0 )y H (ORI ~Bg )Nt (14.49)

Assuming that the two IR pulse amplitudes peak at # =—T — T and r =T and that they
are impulsive, we have

0, . . .
Ey_spo(r,1) o< — h; e rming Qprlh My, : €€ o€ B (DG (1 +T,7)

X ei(m1R1+m,R2—(T)fg)T+i(m1R]—cT)?g)1:. (1450)

This signal electric field is allowed to interfere with an independent local oscillator
whose frequency is identical to that of the signal field. Here, the local oscillator field
is also assumed to be impulsive. Then, the measured signal is Fourier—Laplace trans-
formed to obtain the corresponding 2D IT'V-SFG spectrum. Using the 2D Gaussian
peak shape approximation, we get

im, . _ _
E v _spc (@7, 0)=— e Qo folhe, - evisemzemlr(wfg > A%f s Wy Az, ) (14.51)

This result can be easily generalized to a multistate system. For N-coupled multi-
chromophore systems, where each chromophore is a 2LS (3LS), there are N singly
excited states {e;} and N(N — 1)/2 (N(N + 1)/2) doubly excited states. In that case,
Equation 14.51 should be rewritten as the sum over all possible contributions,

~ 10, . _ _
_ s § § : 2 2
E ;v _src(07,0,)=— hz‘ (LON LTV L eviseIR2eIer((Dj}<g7A_f)(ﬁ< W, 0 Aejej )
j ok

(14.52)

Note that the measured 2D spectrum results from interferences of different pathways
contributing to IIV-SFG at amplitude level. Now, from Equation 14.52, it becomes
possible to deduce the selection rules for IIV-SFG. Firstly, the two vibrational modes
(transitions) should be IR-active. The last vibrational transition from fto g is a Raman
transition process so that it should be Raman-allowed. Unlike other three-wave-
mixing processes, the IIV-SFG is a four-wave-mixing process so that it is readily
applicable to isotropic solution sample.

The next step is to calculate the rotational average of the IIV-SFG field over ran-
domly oriented molecules in an isotropic medium. Assume that the three incident
beam propagation directions are almost parallel to the Z-axis in a space-fixed frame
and that they are linearly polarized in the direction parallel to the X-axis. Then, if
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the X-component of the IIV-SFG field vector is detected, the 2D IIV-SFG spectrum
is found to be

E~')1([V_SFG (wTa(DT) = h

i, B )
j ok
- 15712 er((»m’ Jife> weg’A )

XD BB, + BB, + O )

my,myp ,m3 ,my=x,y,2

X [agfkufke,-ue‘;g]%mzmgmy (14.53)

Here, the transition polarizability and dipole matrix elements in the square
bracket [...]" in Equation 14.53 are those in a molecule-fixed frame. The IIV-SFG
spectrum displayed in the 2D frequency space spanned by ®, and ®; could exhibit
cross-peaks, and their amplitudes are critically dependent on electronic structure via
both electric and mechanical anharmonicities. Particularly, these anharmonicities
are secondary spectroscopic properties and highly sensitive functions of molecular
conformation.!" > 16 Thus, establishing relationships between cross-peak amplitudes
and various anharmonic properties is invaluable for quantitative analysis of experi-
mentally measured 2D IIV-SFG spectrum to eventually extract information on mole-
cular structure and dynamics of complex molecules in condensed phases.

We next consider the transition dipole and polarizability matrix elements for
weakly anharmonic oscillators more in detail. Without loss of generality, it is
assumed that the first transition from g to e corresponds to the vibrational transi-
tion of g,-mode. The second transition from e to f state corresponds to the vibra-
tional transition of g,-mode. Then, the ground state, singly excited state, and doubly
excited state can be written in terms of the vibrational quantum numbers of the two
modes as

lg>=10,,0,>

le>=11,,0, >

|f>:|11,12>. (1454)

Here, n, and n, in | n, n,> are the corresponding vibrational quantum num-
bers. For anharmonic oscillators, by using the first-order Rayleigh-Schrodinger
perturbation theory, it is possible to expand the anharmonic wavefunctions in
Equation 14.54 as

|01,02>=|01,02 >(0>+|01,02 >(1), (1455)
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where the zero-order term | 0, 0, > © is just the product state of harmonic oscillator
wavefunctions, and the first-order correction term | 0,, 0, > is given as

O<KIV,, 10,0, >0

)
|K >, (14.56)
—hog

10,,0, 0=

K#101,0,>(0)

Here, the summation is over all possible product states of harmonic oscillator wave-
functions, except for | 0,, 0, > ©. Similarly, the combination state fis expanded as

1,1, >=11,,1, >® +11,,1, >D, (14.57)
where
() )
11,1, >0 = Z <MW1 L >0 S0, (14.58)

M1, 1,>(0) o, +0,—0,)
In Equations 14.56 and 14.58, V,,, is the anharmonic part of the potential function,
that is,

1 3V 1 oV
V e —_— .d - e B —— . . cee
(@) 3l E (aq,.aqjaqk ]O 99,9, + 1l E [aqiaqjaqkaql jo 949,949, t

ijkl

k

= Waqact Y viladga+ (14.59)

i<j<k i<j<ksl

Now, the transition dipole matrix elements determining the transition strength of the
IIV-SFG process are associated with one-quantum vibrational transitions that are
allowed for harmonic oscillators, that is,

. | h
<elflg>=pP <elg lg>=p ©<1,,0,1¢,10,,0, >0 = | ——pfV
2m,m,

<flile>zpP < flgle>=pd ©<1,,1,1g,11,,0, >0 = /ﬁu?l (14.60)
2%2

where p = (dp/dg;), and m; and o, are the reduced mass and angular frequency of
the jth oscillator.

Next, let us consider the two-quantum transition polarizability matrix element ® >
defined as & =<8 &l f >. Again, in order to calculate this matrix element, it is nec-

essary to expand the polarizability operator in terms of vibrational coordinates as

N 1
d=a+ Y g+ Y g+ (14.61)
J Jk
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where ! = (da/dg ), and &'}’ = (92/dq,0q, ). Then, e, is given as the sum of two

distinctively different terms,!”

@y =<0,0,1&l1;,1,>= e + qnech (14.62)

where a4 and @ are the contributions associated with electric and mechanical
anharmonicities, respectively:

A
o = ©<0,0,1gig, 11,1, >0 @) =S —0—ay (1463
W, m,,
and
mech — (1)
aech _chaj (14.64)
j
with
¢;=0<0,,0,1¢,11;,1, > + M<0,,0,1¢; 1,1, >0, (14.65)

Note that c; values vanish for perfect harmonic oscillators. Inserting the first-order
wavefunction corrections|1,,1, >® and ¥< 0,0, | into Equation 14.65 above, we
get

3)
h Vigj

4 Jmomw, mo;(©,+0,-o;)

(14.66)

Cj

Here, the definition of v3; was given in Equation 14.59. In Equation 14.64, two
important terms are those for j = 1 and 2 because the diagonal cubic anharmonic
coefficients v{}) and v}3) are usually larger than any other coefficients v}3) (for j # 1
and 2).!" However, if there is a mode j with large V% (for j # 1 and 2) and/or if the
sum of ®; and , is close to its frequency ®; as®; = ®, + ®,, it acts like a promot-
ing mode that makes the resonant-enhanced anharmonic coupling between the two
modes 1 and 2 sizable.!” For example, if the two modes are the same, that is, o, =
,, so that the doubly excited state is just its overtone state, the resonantly enhanced
anharmonic coupling induced by the other promoting mode whose frequency is
approximately twice of the target mode frequency is known as the 1:2 Fermi reso-
nance coupling.!® Now, the above results on mechanical couplings suggest that the
anharmonic couplings between the two modes via v(;)g?q, and v{})q,q? or the pres-
ence of promoting modes that are involved in an anharmonic coupling between g,
and g, modes are critical in making the mechanical anharmonicity-induced II'V-

SFG process.
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Combining the results for the electric and mechanical anharmonicity contribu-
tions to the two-quantum transition polarizability matrix element, we have

h v(3)

~ (2) gy M) (1) 12j @)y D (D

o, = 0 I Pyt E 2m.o (0, + 0, — o )a_/ Ry
2,\/m,w,m,0, F Wy 2 J

(14.67)

Note that this quantity determines the amplitude of the cross peak atw_ =, and
®, =0, +m, —A,,,where A, is the combination anharmonic frequency shift. In
summary, the cross peaks in a given 2D ITV-SFG spectrum are produced by two dif-
ferent coupling mechanisms. The first coupling mechanism originates from nonzero
electric anharmonicity, which originates from nonlinear dependency of polarizabil-
ity operator (or electric dipole operator) with respect to vibrational coordinates. The
second coupling mechanism is from the mechanical anharmonicity. Two different
modes are coupled to each other due to finite potential anharmonicity. Sometimes, a
third mode participates in an enhancement of the mechanical coupling between the
two, if the corresponding cubic anharmonic coefficient is large and the Fermi-type
resonance enhancement factor of (®, +®, —® )" is large. Thus, an experimental
observation of cross-peak at ®, = , and ®, = ®, + ®, means that the corresponding
two modes are coupled via one or both of the above coupling mechanisms.

EXERCISE 14.4

In the main context and Equation 14.66, we only considered cubic anharmonic-
ity for the possible mechanical coupling processes. Thus, the Fermi resonance
enhancement of the anharmonic coupling was discussed. However, if the quar-
tic terms in the anharmonically expanded potential function are included in
Equations 14.65 and 14.66, there will be more terms contributing to the mechan-
ical coupling. In particular, the Darling-Dennison resonance enhancement of
the mechanical coupling is expected to be very large. Discuss this possibility

and obtain the expression for &p¢".

An early IIV four-wave-mixing experiment was performed to measure the cross-
peak between CC stretch and CN stretch modes in CH,CN molecule.'> 13 Instead
of ITV-SFG, the IIV-DFG method in frequency domain was used to obtain the cor-
responding 2D spectrum, where the first IR radiation—matter interaction induces
transition from g to f, where the f state is the combination state of the CC and CN
stretch modes. To determine the absolute magnitude of the corresponding IIV-DFG
cross peak, ab initio calculations of all the required vibrational properties including
harmonic frequencies, reduced masses, transition dipole and polarizability matrix
elements p,;“ and a;”, cubic anharmonic coefficients, v;.i), and electric anharmonic-
ities of dipole moments, u(ji), were performed.'” Note that the IITV-DFG involves a
two-quantum dipole transition from g to f instead of two-quantum polarizability
transition. Thus, the second derivatives of dipole moment such as p.(ji) were needed
instead of aﬁ). It turned out that, in the case of the IIV-DFG cross-peak between
the CC and CN stretching vibrations, both electric and mechanical anharmonic

contributions, which are u;ﬁf" and u;";"", are comparable in magnitude.
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If two oscillators are not directly connected to each other via chemical bonds,
the contribution from mechanical anharmonicity-induced coupling can be small
in comparison to that from electric anharmonicity-induced coupling. The former
can be considered a through-bond coupling and the latter a through-space cou-
pling. If the electric anharmonic coupling is the dominant contribution, the signal
amplitude (intensity) is linearly proportional to > ([@{>]?). Noting thata? can
be approximately written as2a("T,,a" and thatT,,is inversely proportional to
1/R3, one finds that the signal amplitude (intensity) decays as 1/R3 (1/R%). Furthermore,
ag) approximated as above strongly depends on the relative orientations of the two
modes via 2a{"T,,&$". Thus, the IIV four-wave-mixing signal amplitude (intensity)
can provide information on distance and geometry of the two oscillators.

It is interesting to compare the present 2D spectroscopy probing molecular
second-order response with the third-order response 2D vibrational spectroscopy,
for example, 2D photon echo.”® In the latter case, the vibrational couplings at the
level of harmonic oscillator wavefunctions are important in producing nonzero cross
peaks. On the other hand, the IIV-SFG, for example, requires different types of cou-
plings originating from mechanical and electric anharmonicities. Thus, the extracted
information from the 2D vibrational spectroscopy based on the second-order
response measurement is distinctively different from that with the photon echo—
type 2D vibrational spectroscopy. Thus, the 2D second-order response spectroscopy
should be considered a complementary method capable of extracting another class
of secondary spectroscopic properties of coupled multi-chromophore systems and
polyatomic molecules.

14.7 OTHER IR-IR-VIS FOUR-WAVE-MIXINGS

The time-resolved IIV-SFG and -DFG spectroscopy utilizes two infrared pulses
to create consecutive vibrational coherences (or 2D vibrational transient grating),
and then radiated signal field by oscillating induced-dipoles is detected. Since the
third radiation—matter interaction can be effectively described by an electronically
nonresonant Raman process, the corresponding second-order response function is
in essence two-time correlation function, %W (t,,1,).1 18 The sequence of involved
radiation—matter interactions is thus IR-excitation, IR-excitation, and Raman tran-
sition. However, one can create such 2D vibrational coherences in the sample via
IR-excitation + Raman-excitation or Raman-excitation + IR-excitation.?% 2! In these
cases, the emitted signal field is in the IR frequency range, but still the entire nonlin-
ear optical processes are four-wave-mixing.

In Figure 14.1, the energy level diagram of the IIV-SFG is shown, where it is also
denoted as IR-IR-Raman method because of the corresponding time-ordered inter-
action sequence. The energy level diagram in the middle of Figure 14.1 describes
another type of IR-vis four-wave-mixing process. The first IR radiation—matter inter-
action induces a vibrational transition from g to e. Then, the two visible pulses with
wavevectors of k;, and k,,, which simultaneously propagate in time and overlap
at the sample in space, are used to create the second vibrational coherence between
g and f via a Raman process. Then, the vibrational coherence oscillating with fre-
quency o , radiates IR signal field. From the sequence of vibrational transitions
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FIGURE 14.1 Three different IR-visible four-wave-mixing spectroscopic methods. Depen-
ding on the sequence of radiation—matter interactions, one can create different 2D vibrational
transient grating in the sample.

involved in this case, it is named as the IR—Raman-IR spectroscopy. In this particu-
lar case, we find that the corresponding cause operators, conjugate fields, and effect

operator are giVCH as

AR (1) = - e gE (1) e*mr—iont
AF )= 0 B (O, (e Ror o e

B=p. (14.68)

Then, the diagram representation of this IR—-Raman-IR polarization is
aELE, pEyR

f3  e3
<p————lg><gl>. (14.69)

It is straightforward to obtain the expression for this polarization in terms of second-
order response function, and it is given as

— ai(kp+k,is1 Ky )T—i is1—® i P
PIR—Raman—IR(r’t)_ ei(kR+Kyis1-Kyig2 ) T=i(O R +0ys ~® xsz)tJ. dtzj dl‘] q)uuu(tz’tl)'emzemlem
0 0

XE o (t =) E i (t = 1) Efp (t — 1, — 1)) €O+t~ Oty
(14.70)

where the second-order response function is defined as

. \2
Puop (12,11) = (%) 0(1,)0(1)) < [[(1 + 1), a(t)]L,MO)Ip(=e0) > (14.71)
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The differences between the IIV-SFG (or IR-IR-Raman) and the present
IR-Raman-IR are (1) the time-orders of the last three radiation—matter interac-
tions, (2) the nature of created 2D vibrational coherence, and (3) the frequency
range of emitted signal field. However, the second-order response function for the
IR-Raman-IR ¢, (#,,7,) is very similar to that of IR-IR-Raman response function
Gy (t,,1)- Consequently, one can use the same theoretical procedure to calculate
the amplitude of the IR—-Raman-IR signal field so that any further discussion on
the relationship between the signal and transition matrix elements in terms of elec-
tric and mechanical anharmonicities for the IR—Raman-IR spectroscopy will not be
presented here. Nevertheless, from Equation 14.70, it is possible to obtain the cor-
responding 2D IR-Raman-IR spectrum, for a multilevel system,

~ iy -
E i raman-m (@7, 07) = — n Poor, @ o bheo * €4is2€is1 €15
Jok

XT(® 8% .8, .42, ). (14.72)

ejg’eje;

Since the selection rules for the IR-Raman-IR spectroscopy are different from
those for IR-IR-Raman spectroscopy, the vibrational properties extracted from the
IR-Raman-IR spectroscopy should be complementary.

EXERCISE 14.5

Considering both electric and mechanical anharmonic coupling mechanisms,
one can obtain the theoretical expressions for the 2D IR-Raman-IR spectra of
a three-level system, coupled 2LS dimer, and coupled anharmonic oscillators.
Can you provide discussions on the set of selection rules as well as on how the
2D spectra are related to detailed molecular conformation?

The third energy-level diagram in Figure 14.1 is yet another type of IR-vis four-wave-
mixing process. The first effective radiation—matter interaction between molecu-
lar polarizability and visible pulses induces a vibrational transition from g to e.
The second vibrational transition from e to fis then induced by a time-delayed IR
pulse. Finally, the vibrational coherence between g and fradiates the IR signal field.
Therefore, this particular experimental scheme will be called Raman—IR-IR spec-
troscopy. The corresponding cause operators, conjugate fields, and effect operator
are given as

AF®)=a-E,(E

2 I([) e Kyis2 THO5ot @ikyis) T—i s 11
vis

vis

Aze ) =p-egrER(®) eikrT-ioRt

B=p- (14.73)
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The diagram representation of this IR-Raman-IR polarization is

PE aELE,,

e
cneL lg><gls. (14.74)

From this, one can immediately find that the polarization is expressed as

— ai(Kyis1 Kyis2HK R ) T=i (051 =0 is2 +O R )t : *
PRaman—IR—lR(r’t) - el( vist Kois2 PRI T (04151~ (DIR)J' dtZJ. dt1¢uua(t2’tl)'elReviSZevisl
0 0

XER(t—t)E,,(t—t,—t)E

vi.\'l(t -t - tl) € (OR+Dyis1=0ris2) 12+ (i1 ~Wyis2 )l

(14.75)

where the associated second-order response function is defined as
l. 2
Oua(t2511) = (h) 0(1,)0(z,) < [[I(2, + 1), (8], (0)]p(—o0) > (14.76)

When fis one of the combination states, the last transition is a two-quantum process.
Except for a few minor differences, the underlying physics are identical to those of
the IR-IR-Raman spectroscopy. The 2D Raman—IR-IR spectrum for a multilevel
system can then be found to be

- i .
ERamanilR?lR(a)T’wT) - _Jzzugﬁ”’fke, aejg : elReT/iSZevisl
X r(a)fkg’A%kfk ’(I)"jg’Agjé’/ ) 14.77)

A detailed discussion on how to calculate the transition dipole and polarizability
matrix elements will not be presented here, but again this method can provide com-
plementary information on secondary vibrational spectroscopic properties of com-
plicated molecular systems.

14.8 FIFTH-ORDER RAMAN SCATTERING

Asdiscussed in Section 3.5, time-resolved coherent Raman scattering (CRS) spectros-
copy requires three incident beams in the most general case. Two pump pulses with
center frequencies ®, and ®, and wavevectors K, and k, are used to create transient
spatial grating in the sample with wavevector k; — k, and frequency ®, — ®,. After
a finite delay time 7, a third pulse with frequency ®,; and wavevector K, is injected
into the sample to stimulate a scattering process by the grating. The CRS signal field
with wavevector k; — Kk, + K, is then detected. The CRS is an optical process whose
signal amplitude is not linear with respect to the external field amplitude. However,
treating the first two radiation—matter interactions as a single effective interaction
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FIGURE 14.2 Fifth-order Raman scattering (FORS) spectroscopy. A critical difference of
the present FORS from the 2D IR-IR-Raman spectroscopy in Figure 14.1 is that the 2D vibra-
tional transient grating is created by two time-separated coherent Raman excitations.

between molecular polarizability and E?(r,f), one can still use the linear response
theory to describe this third-order CRS process with respect to the external electric
field intensity.

Now, let us consider fifth-order Raman scattering (FORS) with electronically
nonresonant beams,?? even though its fully resonant version was also theoretically
discussed in a literature.”®> The most general FORS experiment would be to use five
different beams. The first two pulses propagate in two different directions k, and k,,
but they are overlapped in time. These two pulses are used to create the first transient
grating in the sample. Secondly, after a finite delay time 7 later, the second and third
pulses that also overlap in the sample in time and space are used to create the second
transient grating, whose frequency and wavevector are then ®, — ®, + ®; — ®, and
k, — k, + k; — k,, respectively. Note that only those chromophores that interact with
all these four pulses are considered. After the second delay time 7, the fifth pulse
whose frequency and wavevector are ®s and ks, respectively, interacts with thus cre-
ated 2D transient grating to generate coherent FORS field (see Figure 14.2). From the
phase-matching condition, the frequency and wavevector of the FORS signal field
are @, = , — ®, + ®; — 0, + ®; and k, =k, — k, + k; — k, + Kk, respectively. Since
five electric dipole—electric field interactions are involved, it was called the fifth-
order spectroscopy.?> However, as will be shown below, in the case of electronically
nonresonant limit, the entire molecular response can be described by considering the
second-order polarizability response function. The cause operators, their conjugated
external fields, and effect operator for this coherent FORS experiment are given as

(1) A=aE@+T+rekron and F =Et+T+1)e ko
(2) Ay=a-Ey(t+T)eksrov and F,=Ej(t+T)e ker+ion

(3) B=a-Eq(t)eksrios (14.78)



318 Two-Dimensional Optical Spectroscopy

The FORS signal field is then linearly proportional to the fifth-order polarization
that is given as the expectation value of the above effect operator at time 7 only when
the matter experienced the sequence of radiation—-matter interactions described
above. Diagrammatic representation of the corresponding fifth-order polarization is
given as

aEE, oaEJE,

e
< aE; & lg><gl>. (14.79)

From the second-order response function theory, the FORS polarization is given as
Progs (1) = eiker=ion E5(t)'|. dtZJ. dt; Ooee (2,1 @ €5€,e5e%e,
0 0

XE(t—-t,+T)E;(t—t,+T)E;(t—t,—t, + T+ 1)
X E\(t—ty — 1, + T + 1) /(@102 03-01)03 gil01=02)1 (14.80)

Here, the FORS response function, which is a sixth-rank tensor, is given as
i 2
%aa(tz,tl)z(%) 0(1,)0(1)) <[[a(t, +1,),a(r)], (0)]p(—e0) >.  (14.81)

An early experimental attempt was to use femtosecond laser pulses to study intermo-
lecular vibrations of liquids such as CS,.27" In that case, the five pulses are degenerate
so that their center frequencies are all the same, that is, ®, = ®, = 0; = ®, = 0s= . In
this limiting case, the FORS polarization in Equation 14.80 is simplified as

Pyops (r,1) = esrior ES(t)J. dt2J. dt; Oga (1,1 ® esejesese,
0 0

XE{(t—t, +DE(t~t,+ DE(t—t, =t + T+ DE(t —t, —t, + T+ 7).
(14.82)

If the incident beams are all impulsive so that each pulse has broad spectral band-
width, a manifold Raman-active vibrational mode can be excited via these coherent
Raman processes. Two consecutive vibrational excitations are thus created, and the
resultant 2D vibrational transient grating scatters the fifth visible pulse toward
the direction of k,. Then, the scattering field intensity is measured with respect to
the two delay times T and 7. In this impulsive limit, the FORS polarization is simply
proportional to the second-order polarizability-polarizability-polarizability response
function as

Prors(1,1) o< €770 E ()0 (t+T,7T) @ eseesese,. (14.83)

Then, the radiated FORS electric field amplitude becomes

E rors (1) o< iOE5 (1) 000, (1 +T,7) ® esejeze5e,. (14.84)
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If the above FORS signal field is homodyne detected, the measured signal is given as
Srors (T, T) o< de LEP 1) Pocl 90 (T, ) @ €e5e5e5€5, 12, (14.85)

where the unit vector of the measured signal field vector is denoted as e,.

Unfortunately, however, the cascading contribution to the measured signal was
found to be large in the electronically nonresonant FORS case, and sometimes it is
even dominant so that a direct measurement of the FORS signal without any con-
tamination from the two third-order cascading background signal was found to be
extremely difficult in practice.?® 2 Nevertheless, there was a theoretical proposition
that the direct FORS signal field can be selectively measured by noting that the phase
of the cascading fifth-order signal field is different from the direct FORS signal
field.3® Secondly, if the incident beams are close to resonances with electronic transi-
tions, the cascading contribution to the fifth-order signal is likely to be smaller than
the direct fifth-order term.

Much like the time-and-frequency-resolved CRS spectroscopy, one can also
develop a nondegenerate FORS technique to study 2D Raman responses from high-
frequency intramolecular vibrations. Consider the case when one can experimen-
tally control the frequency differences Q, = ®, —®, and Q, = ®, — m,.If these two
frequencies 2, and Q, are close to vibrational frequencies of g, and g, modes, doubly
resonant vibrational enhancement of the FORS process becomes possible.

Using the new notations for the two frequency differences Q, and £, and from
Equation 14.82, one can find that the generated FORS electric field amplitude is
given as

E ;s (1) = i® E (I)J. dtZJ. dt; Opoe (1)) ® eseresese Ey(t—1, + T)E(t—1t,+T)
0 0

XES(t—t,—t, +T+DE (t—t,— 1, + T + 1) e/t n gihn | (14.86)

This result is formally identical to that of IIV-SFG, except that the second-order
response function ¢, (7,.1,) in Equation 14.47 is replaced with ¢, (7,,,).'% %2
In order to present a detailed theoretical description on the FORS, let us consider
the same three-level system considered above for the IIV-SFG. Assuming that the
incident beams are impulsive, one can approximately rewrite Equation 14.86 as

i . ; & )T+
EFORS(t) o< — hz-v Q0o ® eSeZeSe;elEs(t)Gl t+T,7) @/ Q=0 ) T+i(Q =BT

(14.87)
The heterodyne-detected signal, which is a function of both T and 7, is then Fourier-
Laplace transformed to obtain the corresponding 2D FORS spectrum. The 2D
Gaussian peak shape approximation gives us

~ i _ _
Epors(07,0,)=——Fa o0, ® eseze_ze;elr(wfgaA?y’,(’)eg,AZe)' (14.88)
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For a multilevel system, we have

10, ®eseiesese (@43 .0, .42,

Py Qg X e, Kejg O €5€,€3€,€, fig? BFisir Dejeo
J ok

(14.89)

Now, for the sake of simplicity, let us consider the XXXXXX-measurement, where
all polarization directions including that of the FORS signal field are parallel to the
X-axis in a space-fixed frame. In addition, considering the two coupling mecha-
nisms that originate from electric and mechanical (cubic) anharmonic couplings,’!
the 2D FORS spectrum of the cross-peak at®, = ®,and w, = ®, + ®, — A, can be
written as

E rors (07,0,) =—

=~ i /i _
Erors (07 =0, +0,,0, =) = —— ————=T'(04,A%,0,,,A%,
FORS \WT 1 2>Wr 1 B 2 1,0, 1,0, ( Jer = e )

)
1%
@y DOy 12 [ 1) (D (1)]
X [alz Qe ]XXXXXX+22m.(0.((01+(D2—0)4) e | o [ (14.90)
Jj J J

Here, it is again noted that the quartic anharmonic couplings were ignored in the
above derivation for the sake of simplicity, but, as mentioned in Exercise 14.4, the
Darling-Dennison-type resonance enhancement of mechanical coupling induced by
quartic anharmonicities could play an important role in some cases, depending on
the symmetry of molecule.

Overall, the results for FORS discussed here differ from the case of IIV-SFG
by the associated selection rules. In the present case, the vibrational modes 1 and 2
should be Raman-active. In addition, the two modes should be coupled to each other
via either electric or mechanical couplings. Again, the Fermi-type (and possibly
Darling-Dennison) resonance enhancement of mechanical coupling is also expected
in this case.
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15 Linear Optical Activity
Spectroscopy

Since optical activity is manifested by almost all natural products, a better understand-
ing of chiro-optical properties is critical for studies of the molecular basis of biological
activity.! By definition, optical activity (OA) is related to the differential interaction of
a chiral molecule with left and right circularly polarized radiation during quantum
excitation. This, however, does not mean that the optical activity of a chiral molecule
should always be measured by using left and right circularly polarized (LCP and RCP)
lights. Note that the LCP and RCP lights are linear combinations of two orthogonal
linearly polarized lights with a certain phase difference, that is, e, = (e, +ie,)/~/2 and
e, = (e, —ie,)//2. Therefore, any linearly polarized light can be written as a linear
combination of LCP and RCP. Thus, depending on the optical activity property of
interest, one can use LCP and RCP lights or just linearly polarized light. For example,
circular dichroism (CD) spectroscopy is to measure the differential absorption of LCP
and RCP lights by any object with a chiral structure (see the upper panel of Figure 15.1).!
It has been applied to structural analyses for a wide range of chemical and biological
systems in condensed phases. Optical rotatory dispersion (ORD) is to measure the rota-
tion angle of the transmitted electric field polarization direction in comparison with
the incident beam polarization direction (the lower panel of Figure 15.1). The CD and
ORD spectra are related to the imaginary and real parts of the linear optical activity
susceptibility, which is defined as the difference between the two linear susceptibilities
measured with LCP and RCP lights.

Typically, the optical activity is a notoriously weak effect since it involves an
interaction of magnetic dipole with external magnetic field. This renders the time-
resolved optical activity (CD and ORD) spectroscopy experimentally difficult,
even though the time-resolved CD or ORD spectroscopy is capable of providing
crucial information on the structural changes of biomolecules in the processes of
their functions. In the vibrational frequency domain, two important optical activity
measurement methods have been used. The first is an infrared analog of electronic
CD, which has been called the vibrational CD (VCD).> 3 The second is the Raman
optical activity (ROA), which is an optical activity version of Raman scattering
spectroscopy.” * 3 Much like the relationship between IR absorption and Raman
scattering, the VCD and ROA techniques are complementary to each other. In
addition to these two vibrational OA measurement methods, one can also use sin-
gly vibrationally resonant nonlinear optical spectroscopy to study chiral nature of
molecules in solution, as will be discussed later in this chapter. All these optical
activity measurement methods can be considered as a particular class of linear
response spectroscopy, and the corresponding linear response functions averaged
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FIGURE 15.1 Experimental schemes of circular dichroism and optical rotatory disper-
sion measurements. In the case of circular dichroism, the linearly polarized beam polariza-
tion is modulated to convert it into either LCP or RCP beams. Since chiral molecules can
absorb LCP and RCP beams differently, the differential absorption provides information on
molecular chirality and stereochemistry. The optical rotatory dispersion measurement uses
a linearly polarized beam. Since the refractive indexes for LCP and RCP are different for
chiral sample, the incident beam polarization direction rotates and then the rotation angle
is measured.

over randomly oriented chiral molecules in solutions will be presented and dis-
cussed here.

15.1 RADIATION-MATTER INTERACTION
HAMILTONIAN AND POLARIZATION

For a theoretical description of the relevant linear response function and the corre-
sponding optical activity susceptibility, we need to consider the following radiation—
matter interaction Hamiltonian,

H —p-E(r,n)—m-B(r,r)—(1/2)Q: VE(r,?)

rad—-mat —
= L, E,(,1)— m,B,(r,1) — (112)Q, V. E (. 1). (15.1)

Here, we again used the Einstein summation convention, where the repeated index
means summation over the index (j = x, y, z). Typically, the last two terms are two
to three orders of magnitude smaller than the electric dipole-electric field interac-
tion energy, which is the first term. Therefore, in Section 3.4, only the first term on
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the right-hand side of Equation 15.1 was taken into consideration for calculating the
light-absorption process.

The radiation—matter interaction Hamiltonian in Equation 15.1 was written in
terms of electric field, magnetic field, and gradient of electric field to describe
three different interactions. However, using the relationship between E and B via
the vector potential A in Coulomb gauge, that is, E = —(1/c)(dA/dt) and B=V x A,
and taking the spatial gradient of the transverse electric field, one can rewrite
Equation 15.1 as

Hrad—mat = _{uj + (m X R)] + (1/2)ijkk }E/ ([) eikr—iot
- {“1 +(mx l;), - (i/Z)ijkk }Ej (¢) e-ikr+ior
=~ {p+mxK)+(i2)k - Q}- eE(r)elkr—o

—{m+(mxK) - (i/2)k - Q} - e"E" (t)e-kr+ior, (15.2)

Consequently, the first-order expanded dipole operator with respect to the wavevec-
tor k, which is valid beyond the electric dipole approximation, can be defined as

PO =+ (mxk)+(/2)k-Q and pd =p+mxk) -2k -Q  (153)

wherek is the unit vector of k. The first radiation—matter interaction term in
Equation 15.2 describes an absorptive process, whereas the second describes a stim-
ulated emissive interaction. The electric dipole (or long wavelength) approximation
is based on the assumption that the last two terms in Equation 15.3, which are associ-
ated with the magnetic dipole and electric quadrupole operators, are negligibly small
because the molecular dimension (size) is much smaller than the wavelength of the
field. Thus, if one is interested in the optical activity properties that are determined
by the magnetic dipole—magnetic field and electric quadrupole—electric field interac-
tions, the polarization, which is defined as the expectation value of the electric dipole
operator, should be generalized as

PO (r,1) =< pup™(r,t) >+ < (m X ﬁ)p<">(r,t) >—(i/2) < (k- Q)p"(r,t) >

=RO(r, 1)+ m™(r,f) x k= (i/2)k - Q(r, ). (15.4)

Here, the wavevector K is that of the radiated electric field. The first term in the
above equation was only considered in the descriptions of a number of linear and
nonlinear spectroscopies in the previous chapters. The second and third terms
in Equation 15.4 are the contributions from the nonequilibrium magnetic dipole
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and electric quadrupole. The definition of polarization in Equation 15.4, which
includes the lowest-order contributions from the magnetic dipole and electric qua-
drupole, is valid for not only linear but also nonlinear optical activity spectroscopy
in general. If the density operator p(r,#) is the nth-order perturbation-expanded
one, Equation 15.4 is the nth-order polarization. Also, it should be noted that the
negative sign for the nonequilibrium electric quadrupole term in Equation 15.4
should be chosen because the last matter interaction is with vacuum field and is an
emissive process in nature. Within the linear response theory, the latter two terms
can also be calculated by using the corresponding linear response functions, as
will be shown below.

15.2 CIRCULAR DICHROISM AND OPTICAL
ROTATORY DISPERSION

There are a few different optical activity measurement techniques widely used, such
as CD, ORD, linear birefringence, chiral luminescence, ROA, and so forth. However,
only the CD and ORD will be considered in detail in the present section. The cir-
cular dichroism is to measure the differential absorption of LCP and RCP lights by
chiral molecules, whereas the ORD is to measure the rotation angle of a linearly
polarized beam by chiral molecules. CD is connected to ORD by the well-known
Kramers—Kronig transformation (see Equations 3.16 and 3.17).

Using the radiation—matter interaction Hamiltonian in Equation 15.2 and the
generalized linear polarization defined in Equation 15.4, one can obtain theoret-
ical descriptions of CD and ORD. Here, we consider the case when the electric
field created by the polarization induced by the above radiation—matter interaction
Hamiltonian in Equation 15.2 is detected. Now, there are three cause operators and
three effect operators to be considered (see Equation 15.2). Thus, up to the first-order
radiation—matter interactions with respect to wavevector k, one needs to consider
nine different contributions to the total linear polarization P®(r,7). However, since
the magnetic dipole—magnetic field and electric quadrupole—electric field interac-
tions are two to three orders of magnitude smaller than the electric dipole—electric
field interaction, only those contributions that are linear with respect to m or Q will
be taken into account. Then, only five combinations of cause-and-effect operators
are to be considered, and they are

(1) A=p, F=E@,), and B=p

(2) A=(mxk), F=E(r,t) and B=p
(3) A=(i2)k-Q,F=E¢f), and B=p
(4) A=p,F=E(r,r), and B=(mxKk)

(5) A=p,F=E@.,), and B=-(i2)k-Q. (15.5)



Linear Optical Activity Spectroscopy 327

The expectation value of the effect operator w% in Equation 15.3, which is the linear
polarization, is thus given as the sum of five distinctively different contributions as

pE mB (1/2) QVE

PO (r,r)=< MC% p(tg) >+< MC%P(IO) >+< MC%Z pto) >

RE rE

+<mxk c%p(rop— <(i/2)k-Qc§: pty) >

- j:dr (00 D+ 0,00 (1) + (12)0,0 (T)+ Oy, (1) — (200 (D)) - €E(r,1=T),  (15.6)

where the dipole—dipole linear response function ¢y, (t) was already defined in
Equation 3.79 and the other linear response functions in Equation 15.6 are defined as

Oy (T) = éem < [(T), m(0) X K]p(—c0) >
0,0(T) = %em <[(T), K- Q(O)]p(—e0) >
0 (1) = %em < [m(1) X k. p(0)]p(—=) >

Ogu (1) = %em) <[k Q(1), (0)p(—=0) > (157)

The energy level diagrams corresponding to the five terms in Equation 15.6 are
shown in Figure 15.2. The first three cases in Equation 15.6 or in Figure 15.2
describe the linear processes when the free-induction-decay (FID) field is generated
by an electric dipole—electric field interaction. On the other hand, the fourth and
fifth ones in Equation 15.6 are the cases when the generated FID is produced by the
magnetic dipole—magnetic field and electric quadrupole—electric field interactions,
respectively. Note that the FID is usually defined as the electric field radiated by a
collection of dipoles. However, as shown above, the FID field beyond the electric
dipole approximation should include contributions from the magnetic dipole and
electric quadrupole terms too. Equation 15.6 is a quite general expression for the
linear optical activity polarization, which is valid for either solution sample or sys-
tems on surface or at interface. In the present section, we shall consider the solution
sample containing chiral molecules.

Differential optical activity measurement. Hereafter, without loss of general-
ity, the beam propagation direction is assumed to be along the Z-axis in a space-
fixed frame so thatk = Z. Then, the X-component of the signal field produced by
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FIGURE 15.2 Five different energy-level diagrams associated with each term in Equation
15.6. The first three are the cases when the last radiation—matter interaction for generating
free-induction decay is between electric dipole and vacuum electric field. On the other hand,
the fourth and fifth ones are the cases when the free-induction decay is generated by the mag-
netic dipole-magnetic field and electric quadrupole—electric field interactions, respectively.

the above linear polarization is detected by employing either heterodyne or homo-
dyne detection method. In this case, the polarization directions of the LCP and RCP
beams are

e,cp =X +iV)2
eper = (X—iV)N2. (15.8)

Then, for the LCP and RCP beams, the corresponding X-components of the linear
polarizations are

Pp(r.r)= ﬁ j:dk [1 (). (0) + ity (O)]p(—o0) > E(r,t— 1)

i - .
N ﬁjo dT< (1L (¥). 1y (0) — inmy (0)]p(—e=) > E(r,t — 1)

2\/—( )j dT<[Uy(1),Qx(0) +iQy, (0)]p(—ee) > E(r,1 —T)

* ﬁ _[) d1<[my(T),lx(0) + ity (0)]p(—ee) > E(r,1 —T)

2\/— ( )J dt<[Qxz (D Ux (0) +ily (D)]p(=o2) > E(r,r =T)  (15.9)
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PEp(r,t)= ﬁ J.: dt< [y (1), 1y (0) =i, (0)]p(=s0) > E(r,t — 1)
+ ﬁ J.Owd‘t< [Ly (T),my (0) + imy (0)]p(—o0) > E(r,t —T)

e
i 235 (é).[o <[ (1), 0x2(0) = iQyz (0)]p(—o2) > E(r,t =)

i - .
g3 ), A< Imy (D ) =ity (O)]p(-) > E(r.1 =)

i |
20 (é) Jo dT<[Qxz (Vbx (0) =ity (Op(—e2) > E(r,t =), (15.10)

The next step is to perform rotational averaging of PX(¢) ’s for randomly oriented
chiral molecules in an isotropic medium. Note that the only rotationally invariant
second- and third-rank tensors are the Kronecker delta and Levi—Civita epsilon,
respectively. The rotationally averaged <[y (T),ilLy (0)]p(—e0) >term for example
vanishes due to 8y, = 0. In addition, the third and fifth terms in Equations 15.9 and
15.10 also vanish because the Levi—Civita epsilon is antisymmetric with respect to
any change of two indexes, that is, €z = €1y whereas the quadrupole tensor is sym-
metric, that is, 0,.= sz.6 Here, x, y, and z are the three Cartesian coordinates in a
molecule-fixed frame. The rotationally averaged polarizations are then

ﬁL)é‘P(r,t) = ﬁj.omdﬁf< [MX(T)’HX (O)]p(_oo) > E(r,t _ T)
i - .
+ m JO dt< [Mx (T),—lmx (O)]p(—oo) > E(r’t _ T)

i - .
+ NG -[o dt<[my(1),illy (0)]p(—e0) > E(r,1 —T) (15.11)

PEp(r,0) = ﬁ Jj dT< [y (T), 1Ly (0)]p(—2) > E(r,t — T)
i - .
+ mj.o dt< [HX(T),lmX(O)]p(—oo) > E(r,t _ T)

i © .
+ W IO dt<[my(1),—illy (0)]p(—o<) > E(r,t — T). (15.12)

In Equations 15.11 and 15.12, the first terms are identical to the usual electric dipole—
electric dipole response function discussed in Section 3.4. The second and third
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terms in these equations are related to the optical activity (CD and ORD). Equations
15.11 and 15.12 can be further simplified by considering a property of quantum cor-
relation function:

<[A(1), B(0)]p(—o=) > == <[B"(1), A"(0)]p(—0) >* (15.13)

where A(T) = e A(0)e~H¥" and B* (1) = e¥" B*(0)e~H#"", Then, Equations 15.11
and 15.12 can be rewritten as

PXp(r,0)= ﬁjo dT< [l (), iy (0)]p(—o0) > E(r,1 —T)

% J‘:dT Im[< [y (T), my (0)]p(—so) S]E(r,t — 1) (15.14)

Rr(r)= j:d« (1 (D, (0)]p(—o0) > E(r.1 )

_\/hfi J:d'r Im[< [Wy (T),my (0)]p(—20) >]E(T,t —T). (15.15)

Here, we used the following properties, W" =W, m"=-m, and <[y (1),my(0)]
X p(=e0) >= <[Hy (1), my (0)]p(=>2) >. The first term in the expression for P/, (r,1)
is_identical to that for P xp(r,t). Thus, the difference polarization defined as
APX (r,t) = PXp(r,t) — P&, (r,t) is determined by the magnetic dipole—electric dipole
(chiral) response function term, (i/1) Im[< [Wy (T),my (0)]p(—o0) >].

Inserting Equations 15.14 and 15.15 into the Maxwell equation (Equation 3.80)
and following the same procedure described in Section 3.4, one can obtain the
absorption coefficients of a given molecular system for LCP and RCP lights. Then,
the difference of the two absorption coefficients obtained, which is the definition of
the CD, is found to be

41w

n(w)c

AR (©) = (4 (©) = Y pep (@) = A" (o), (15.16)

( )c
where the optical activity susceptibility, which is a complex function, is

242i
h

Ay(w) = j: dr Im[< [t (1), (0)]p(—o0) >]eio. (15.17)

For a 2LS, after rotational average, one can find that the CD spectrum can then be
calculated by

821w
3n(w)c

Ak (@)= 5 il IReL | defe B0 4 B O)ein], - (1518)
0
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Here, it is noted that the rotationally averaged quantity Im[(p,, ), (m,,), ] is identical
to (1/3) Im[p,, -m,, ]. As can be seen in Equation 15.18, the CD intensity is deter-
mined by the corresponding rotatory strength Im[p,, -m, ]for a given transition.'
In addition to the CD, the ORD spectrum is related to the real part of the optical
activity susceptibility in Equation 15.17, and it is in principle connected to the CD
spectrum by the Kramers—Kronig transformation. One can further develop a theory
for vibrational CD using the results presented here.

EXERCISE 15.1

The ORD spectrum is related to the refractive index difference defined as
An(®) = n, (®)—ng(m). More specifically, the ORD spectrum A@(w) is defined
as AQ(w) = An(®)wL/2c. Then, find the relationship between An(w) and the real
part of the optical activity susceptibility in Equation 15.17.

Cross-polarization optical activity measurement. In the above, we considered
the case when the CD spectrum is measured by taking the difference between the
absorbances with LCP and RCP beams or pulses, which is the conventional method.
However, it is possible to measure the chiral susceptibility associated with the mag-
netic dipole—electric dipole response function by properly controlling the incident
beam and detected FID polarization directions.” Instead of circularly polarized
beams, let us consider the case when the incident beam is linearly polarized along
the X-direction and the beam propagation direction is along the Z-axis. Then, after
rotational averaging of the linear polarization over randomly oriented molecules, one
can find that the X- and Y-components of the linear polarization vector are given as

Py(r,t) = é L dT< [y (T),Ly (0)]p(—e0) > E(r,t —1T)

) o
B, (r,r>=—ﬂ0 dTIm[< [y (1), my (O)]p(—o0) SIEMt=T).  (15.19)

Note that f’X (r,t) and 13Y (r,t) are responsible for generating free-induction-decay
fields. Here, the electric dipole—electric quadrupole response function contribution
vanishes in the Y-component of the polarization vector. Consequently, if one selec-
tively measures the Y-component of the FID field that is generated by the linear
polarization f’y (r,t) whose direction is perpendicular to the incident beam polariza-
tion direction, it will be possible to measure the magnetic dipole—electric dipole
response function or the corresponding chiral susceptibility containing information
on both the CD and ORD of chiral molecules in solution.”

The polarizations I3X (r,t) and 13y (r,t), of which Fourier transforms are related to
the absorption and refractive index and CD and ORD spectra, respectively, are the
sources of radiated FID fields, and they should obey the Maxwell equation. For the
transverse component of the emitted signal electric field E (Z,¢) propagating along
the Z-direction, the Maxwell equation is given as

0? _4rn 02

1
VE (Z,t)-——E_(Z,1)=
(Z.1) (Zn="7 2

PO(Z,1). ,
o (Z.0) (15.20)
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Since there are X and Y components of the signal electric field and polarization vec-
tors, we have

E (Z.t)= EX(Z,n)X + EY (Z,H)Y (15.21)
PY(Z,1)= P (Z,HX + PV (Z,1)Y. (15.22)

Inserting Equations 15.21 and 15.22 into 15.20, we get the coupled Maxwell
equations,

1 02 4w 02 ('
V2EX(Z,1)— C—zﬁESX (Z,1)= o Ldr [0, (t = DI EX (Z,7) (15.23)
VZEY(Z,t)—iﬁEY(Z,t)
: ctorr
4m 0> [ [ , , .
=2 _[ dt[,, (1 =Dy E; (Z,r)—J dt[¢,, - DI EXN(Z,D) | (15.24)

Here, the shorthand notations of the response functions, [0, (—7T)]y and
[®yn (= Dlyy, were used, and their definitions are

[0y = Dlyy = %< [y (£ = 1),y (O)]p(—o0) > (15.25)

[On (t =Dy = %Im[< [ky (£ =), my (0)]p(=o2) >]. (15.26)

Equation 15.23 is just the Maxwell equation of the absorptive (lossy) medium, and
the susceptibility ,,, (®) associated with the dipole-dipole response function was
discussed in detail in Section 3.4. The electric field EX(Z,1), obtained from Equation
15.23, is the usual FID field radiated by a collection of oscillating electric dipoles.
In order to solve the coupled Maxwell equation in Equation 15.24, we first obtain
the solution for EX(Z,m)in frequency domain. Taking the Fourier transform of
Equation 15.23 and using the slowly-varying-amplitude approximation, we have

EX(Z,®) = EX(0,0)exp(ik’Z) (15.27)

where

EX(0,m)= Jth(t)e"(‘“""f” (15.28)
0

K () = ?[1 + AT ()], (15.29)
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Here, X, (®)is just the linear susceptibility associated with the electric dipole—
electric dipole response function. To obtain the Y-component of the radiated signal
electric field EY (Z,t) at position Z, which corresponds to the optical activity FID
field, we again invoke the slowly varying amplitude approximation to the tempo-
ral envelope and also assume that the energy transfer among waves is significantly
large only after the waves travel over a distance longer than their wavelengths. Then,
inserting the solution for EX (Z, ) into Equation 15.24 and taking Fourier transform
of Equation 15.24, we have

., 0 2?2
ks B (Z.0)= T;D Hun(@EX (Z,0), (15.30)
where
Wy () = J.o dl‘[¢um(t)]yye"‘°’. (15.31)

In order to obtain Equation 15.30, we assumed that 1+ 47y, (®) >y, (®). Noting
that the relationship between the optical activity susceptibility Ay (w) given in Equa-
tion 15.17 and ), (®) in Equation 15.31, is,

Hm (@) = —%Ax(m), (15.32)

one can find that the emitted optical activity FID field after passing through the
sample with length L is given as

BN (L= Y200k
n

Ax(@)EX(L,m). (15.33)
w)c

This result shows that the spectrum of the Y-component (perpendicular component)
of the emitted electric field is linearly proportional to that of the X-component of
the transmitted electric field and the major frequency-dependent part of the above
connection formula is the optical activity (chiral) susceptibility Ay(®). Therefore,
the circular dichroism spectrum can be retrieved from the measurements of the
X- and Y-components of the generated signal field E () as

AR, (0) = T 1A ()] = 242 Im[ E; (L) } (15.34)

n(w)c L EX(L,m)

The above result is particularly useful since the X- and Y-components of the FID field
can be selectively measured by using a properly chosen linear polarizer whose polar-
ization direction is either parallel or perpendicular to the incident beam polariza-
tion direction. The electric field spectra, which are complex functions with respect



334 Two-Dimensional Optical Spectroscopy

to frequency, can be characterized by using heterodyne-detection method such
as Fourier transform spectral interferometry based on a modified Mach-Zehnder
interferometer.

EXERCISE 15.2
Derive Equations 15.30 and 15.33.

Next, from the relationship in Equation 15.33 between the optical activity sus-
ceptibility and two experimentally measured X- and Y-components of the FID
field, one can obtain the circular dichroism (AA) and optical rotatory dispersion
(Ao) spectra as

_ Ak, (L _ 242 | El ()
MOI=75308 72303 Im{ E;((m)} (15.35)
A L 1 EY
= % - \/ER‘{ EXEE));:| (15.36)

Note that the optical rotation angle is defined as the half of the phase change between
LCP and RCP after passing through the sample with length L.

15.3 RAMAN OPTICAL ACTIVITY

The vibrational CD is an IR analog of the electronic CD. The electronic CD is
related to the magnetic dipole induced by angular motions of electrons, whereas the
VCD is to that by angular oscillations associated with nuclear motions. Thus, the
vibrational CD signal is a few orders of magnitude smaller than the electronic CD
signal. The Raman analog of the vibrational CD is called the ROA.* LCP and RCP
beams are used to induce inelastic Raman scattering processes, and the difference
between the two Raman spectra obtained with LCP and RCP lights corresponds
to the ROA spectrum. In Section 3.5, for a theoretical description of the coherent
raman scattering (CRS) process, it was necessary to consider the first-order induced
dipole given as w,,,(r,f) = a- E(r,f). However, such approach is valid only within
the electric dipole approximation, and it ignores the magnetic dipole—magnetic field
and electric quadrupole—electric field interaction-induced dipole contributions to the
total first-order induced dipole. Including the latter two contributions, though they
are two to three orders of magnitude smaller than e - E(r,?), we have the more gen-
eral first-order induced electric dipole operator, which is

R, (r.0)=a-Er,H)+G B+ %A L VE(r,1). (15.37)

The second term in Equation 15.37 is the electric dipole induced by the interaction
between molecular magnetic dipole—-ROA tensor and external magnetic field. The
third is that induced by the interaction between molecular electric quadrupole—ROA
tensor and gradient of external electric field.
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The next step is to calculate the material polarization. In addition to the expecta-
tion value of the above induced electric dipole operator, one needs to consider the
expectation values of induced magnetic dipole and electric quadrupole operators
over the density matrix, as can be seen in Equation 15.4. The induced magnetic
dipole and induced electric quadrupole operators are, respectively, given as

m,,,(r,t)=G-E(r,1) (15.38)
Quu(r) = A-E(r.) (15.39)

The jth vector element of the above induced electric and magnetic dipoles and the
Jjkth tensor element of the induced quadrupole are

W, (r.0)= OB (r,0)+ G By (r,1) + (112) A,V E (x,1)

mi(r,1)= éjkEk (r,1)

1 -
Qf(r,1) = EA,-szz(r,t). (15.40)

Here, G and A are different from G and A, but they are also magnetic dipole—
ROA and electric quadrupole—ROA tensors.® Note that G and G are second-rank
tensors, whereas A and A are third-rank tensors. In the far-from-electronic-
resonance limit, where all the incident beams are nonresonant with any of elec-
tronic transitions of optical chromophores, these four different ROA tensor opera-
tors are defined as

Lo le><elmg mgle><elu
aﬁ(w)— E o BB o
0, +0

e#g

my, |e><e|u g le><elm,
aB(‘D)— Z B P 2

+
o 0, +0

0(|e><e|Q O, le><ely,
aBy(w)_ 2“ BY Br M

e~ O, +0

z:Q0¢>,Ie><eluY W, le><elQu (15.41)

Ay (@)= o,, +®
eg

e*g

Now, from the generalized induced electric dipole, magnetic dipole, and electric
quadrupole in Equations 15.37-15.39, the effective radiation—matter interaction



336 Two-Dimensional Optical Spectroscopy

Hamiltonian is written as
1
H,ioma = P (1) -E(r,1) —m,,, (r,1) - B(r,1) - EQM (r,1)-VE(r,1)

=—a:E2(r,1)— G : E(r,nB(r,r) - G : B(r,n)E(r,?)
—(112)AE(r,))VE(r,t) — (1/2) A (VE(r,1))E(r, 1). (15.42)

Note that the last four terms on the right-hand side of Equation 15.42 correspond to
the fifth and sixth conjugate pairs given in Scheme 3.1.

In the present section, we focus on the time-domain coherent ROA spectroscopy
utilizing ultrashort laser pulses, instead of the frequency-domain ROA. Let us con-
sider the case that two pump pulses with center frequencies ®, and ®, and wavevec-
tors Kk, and k, are used to create the transient grating with wavevector K-k, in the
sample. After a finite delay time 7T from the first pair of pulses, the third (linearly
polarized) pulse with frequency ®; and wavevector k; is injected into the sample to
stimulate a Raman scattering process. The scattering signal field with wavevector
k,-k,+k; is then detected. Unlike the case of the normal CRS discussed in Section
3.5, one might use LCP and RCP beams for the m,-pulse or use special beam polar-
ization configuration to selectively measure the ROA of chiral molecules in solu-
tion. Conventional ROA spectroscopy uses LCP and RCP beams to measure the
LCP- and RCP-Raman spectra independently, and the difference is taken as the ROA
spectrum. However, there are other possibilities to measure the ROA properties by
deliberately controlling the incident beam polarization directions and by selectively
measuring particular polarization component of the radiated coherent Raman optical
activity (CROA) signal.

The electric field used for a CROA experiment is given as

E(r,r)=eE (t+T)e*imio+e,E,(t+T)eker®i+ e, Ey (1) e™s™ 0¥+ c.c.. (15.43)

In the present case, the first two radiation—matter interactions in a CROA measure-
ment can be effectively written as

H ={-a:ee,E5t+T)E(t+T)—G:e;bE;(t+T)B,(t+T)

rad—mat
—G:bie,Bi(t+T)E, (1 +T)— (il2)A’ ek e, E;(t + T)E,(t +T)
+ (i12)A K ese, Es(t+ T)E,(t+ T)} eikika)r—it-oo)r (15.44)
Equation 15.44 shows that, at least, one needs to consider five different cause opera-
tors. From Equation 15.4, the CROA polarization is then given as the sum of induced

electric dipole, induced magnetic dipole, and induced quadrupole contributions as

Prron (1,1) = P (6,0) + M, (0,0 X K — (i12)k, - Q0 (1, 1), (15.45)
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where, specifically for the CROA, we have

Ping (1) = (OL €+ G- b, + éA : kgeg)Ez (t)eiksr-ios
m,,,(r,7)= G- e, E;(t)elksr-iox
1 A . .
Qind (r3 t) = 5 A . e3E‘3 (t)elk34r—1m3f. (1546)

From the effective radiation—matter interaction Hamiltonian in Equation 15.44
and the CROA polarization in terms of induced electric and magnetic dipoles and
induced quadrupole in Equation 15.45, one can find that nine cases in total should
be taken into consideration to fully calculate the CROA polarization and signal. The
corresponding cause opearators, conjugate external fields, and effect operators are

(1) A=a-E(r,), F=Ey(r,t), and B=a Eyr,7)
(2) A=G-B,(r,1), F=E,(r,t), and B=a E,(r,0)
(3) A=G-E,(r,1),F=B,(r,/), and B=a E,(r,)
(4) A=(/2)A:VE,(r,f),F=E,(r,t), and B=a E,(r.7)
(5) A=(1/2)A -E,(r,t), F=VE,(r,), and B=a E;(r,7)
6) A=a-E,(r,), F=E,(r,f), and B=G By(r,1)
(7) A=o-E,(r,t), F=E,(r,t), and B={G-E,(r,)}xk,
8) A=a-E,(r,), F=Ey(r,t), and B=(1/2)A:VE,(r,1)

©) A=a -E,r,0), F=E,(r,/), and B=—-(12)k; {A-E,(r,n)}. (1547)

The other cases that are not listed in Equation 15.47 can be ignored since they are
at least second-order with respect to small quantities, such as magnetic dipole—
magnetic field and electric quadrupole—electric field interactions.

Using the linear response theory with the cause-and-effect operators with con-
jugate fields in Equation 15.47, one can find that the expectation value of the above
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induced dipole, which is the CROA polarization, is given by
aE’E, GE’B, GBJE,

Prroa(r,t)=< aE3C% p(ty) >+ < aE3% p(ty) >+< a&% p(t,) >

(12)AESVE, (112)A(VE))E, aE.E,

+< aES% p(ty) >+ < aE, C%: p(ty) >+ <GB, % p(ty) >

aEE, aE’E, aE’E,

+< (GE3) X l% C%p(to) >+<(i/2)AVE, %p(ro) >—<(il2)k,- (AE3)C§1 p(ty)>.

(15.48)

The corresponding energy-level diagrams are shown in Figure 15.3. Then, the CROA
polarization, which includes magnetic dipole and electric quadrupole contributions,
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FIGURE 15.3 Nine different energy-level diagrams for polarizations contributing to the
coherent Raman optical activity.
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is given as
Prroa(r, 1) = eikikatks)r=ilo—ortas)r f, (t)J dHOuo(DE ¢ +T—T)E,(t+T —7)

0

+ 0 (DE;t+T-DB(+T -0+ 0 (DB, +T-DE (t+T-71)

+(k/2)Pu (DE;(t+ T —DE (t +T — 1) = (k;/2)0 7 (DE;t +T —DE (t+T —17)
+ 0o (DE;(t+T—DE(t+T -1+ g, (DE;(t+T - DE (1 +T - 1)

+ (k3/2)0 4o (DE;(t+T —TE,(t+T — 1)

— (k/2)0 3, (DE; (t +T =D E, (1 + T — 1) el @027, (15.49)

The polarizability-polarizability response function in Equation 15.46 was already
discussed in Section 3.5, and it is insensitive to molecular chirality at all. Now,
the polarizability—magnetic dipole ROA tensor response functions ¢.;(T), ds,(T),
¢,5(7),and 0, (7), the polarizability—electric quadrupole ROA tensor response
function ¢, (T), ¢ 4, (7), 0,5 (T), and ¢4, (1) are defined as

ua(D) =+ 6D < (D) €,,,0(0): €50 () >

o (D)= 6 <[a(D): €,¢,,G(0): €3y Ip(—=) >
0,(9)= 1 (D) <[a(1): €,6,,G(0): By, Jp(-==) >
s ()= 20D < [a(D): ¢, A O) 3K e, o) >

0.5 (1)= %9(1) <[a(1): e,e;,iA(0) k,ese, Jp(—o0) >
001 =100 <[G(D): €.b, a(0): e p(-==) >
0= 1 80 <IG(D): (K, xe,)e,a(0): €ie, Ip(—) >
011 =1 0(0) <[IAD e ke, a(0): ele, Ip(—) >

05, (1) = éem <[iA(1)iK, e e;,(0) : eje,Ip(—e) > (15.50)

Here, e, denotes the unit vector of the CROA polarization direction.
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Except for the first term in Equation 15.49, the remaining eight contributions
involve either magnetic dipole—-magnetic field or electric quadrupole—electric field
interaction. Thus, the coherent Raman spectroscopy measuring the polarizability-
polarizability response function or susceptibility requires only the first term in
Equation 15.49. Depending on detailed beam polarization states and detection meth-
ods, one or just a few terms in Equation 15.49 are only experimentally measured.
However, the result in Equation 15.49 with definitions of relevant response functions
in Equation 15.50 is quite general so that it can be used to calculate the CROA polar-
ization and its signal electric field for any arbitrary beam polarization states and
detection schemes.

One of the possible experiments for measuring the ROA signal in time domain
is to use a circularly polarized pulse for one of the three incident beams to measure
the LCP and RCP CRS signals. Then, the difference signal will correspond to the
CROA, since the all-electric-dipole polarizability-polarizability response function
contributes to the LCP and RCP signals equally and they cancel out when the differ-
ence signal is taken. Depending on which pulse among the three incident pulses is
controlled to be circularly polarized, there are a series of different circularly polar-
ized-CROA measurements.

EXERCISE 15.3

Consider the following specific beam configurations. The three beam propaga-
tion directions are parallel to one another as, k, =k, =k; = Z. The second and
third pulses are linearly polarized beams and the polarization directions are
along the X-axis as e, =e; = X . The first pulse is however either LCP or RCP,
that is,e, =e;p = ()A(+if)/\/§ ore, =epp = (}}—il?)/\/i. Now, let us assume
that the X-component of the CROA polarization is detected. Then, obtain
expressions for ﬁL’gP,CROA(r,l) and I'S‘RXC,LCROA (r,t) and those of the corresponding
electric field amplitudes EX-p_cpoa (1) and EXp_cros (). What determines the dif-
ference electric field defined as AE&;, (1) = Efcp_croa(t) — Edcp_croa () ? Suppose
that the time-integrated signal field intensities I, p_cpos (t) and I gcp_croa (2) are
measured via a homodyne-detection method. Obtain the expression for the dif-
ference signal defined as Al o4 (t) = Ircp_croa ) — L .cp—croa (), Which is by defi-
nition the CROA signal.

Alternative ways to measure various ROA terms in Equation 15.49 are to use spe-
cifically designed polarization-controlled measurement methods. In this case, all
the incident beams and detected signal fields are assumed to be linearly polarized.
Thus, the beam polarization configuration should be properly chosen to nullify the
first term in Equation 15.49, which is associated with the all-electric-dipole-allowed
polarizability-polarizability response function. For randomly oriented molecules in
solution, the three fourth-rank tensorial isomers that are rotationally invariant are
8, ,0/,1,»0,,0,,,,» and 8, ;. 8, ., where [, for j = 1 ~ 4 are Cartesian coordinates in a
space-fixed frame. Therefore, the rotationally averaged tensor elements of ¢, with
even number of X, ¥, or Zindices in[§gq 14,11, > SUCh a8 [gq Ly s [Poalxvxys [Paa Ixvwxs
and so on, do not vanish. On the other hand, those having an odd number of X, Y,
and Z indexes, such as [®yq, 1xyyy » [Poe Jxxrx> and so forth, vanish. Therefore, if one can
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selectively choose the incident beam polarization directions and detect an appropri-
ate vector component of the CROA polarization, the dominant contribution from the
polarizability-polarizability response can be eliminated. This is similar to the cross-
polarization detection scheme designed for the linear optical activity FID measure-
ment, which was discussed previously.

EXERCISE 15.4

Instead of using circularly polarized radiations, one can use linearly polarized
beams to selectively measure the CROA signal. As an example, consider the
following beam configuration. The first two pulses propagate along the Z axis,
that is,k, =k, = Z. They are linearly polarized ase, =e, = X.Now, the third
pulse propagates along the X-axis as k; = X, and its polarization direction is
parallel to Z-axis, that is, e; = Z. Now, placing a linear polarizer between the
optical sample and the detector, only the Y-component of the CROA field is
detected. That is to say, e, = Y. This is one of the cross-polarization detection
schemes because e, is perpendicular to the other beam polarization directions,
particularly to e;. In this case, show that the all-electric-dipole-allowed polar-
izability-polarizability contribution, which is an achiral component, to CROA
polarization vanishes. Then, obtain the expressions for f’CYROA(r,z) in terms of
ROA response functions in Equation 15.50. By measuring the corresponding
CROA signal field E¥,, (t), one can determine the real and imaginary parts of
the CROA susceptibility separately. Finally, obtain the expression for the time-
integrated signal field intensity /., (?) in the present case of cross-polarization
detection scheme and compare the result with A/, (f) obtained by using a cir-
cularly polarized pulse in Exercise 15.3.

15.4 IR-RAMAN OPTICAL ACTIVITY SPECTROSCOPY

In Section 3.7, the IR-vis SFG (IV-SFG) spectroscopy was shown to be particularly
useful for studying vibrational dynamics of molecules on surface or at interface,
where the system has no centrosymmetry. In the case of the IV-SFG, the dipole-
polarizability response function ¢, (7) is required for the calculation of the signal in
time domain or the corresponding susceptibility in frequency domain. The IV-SFG
experiment was usually performed by scanning the IR field frequency (®;), and the
homodyne-detected signal of the IV-SFG field was recorded with respect to @ to
obtain the surface vibrational spectrum. One can carry out a DFG experiment with
two electronically nonresonant beams. If the difference of the two field frequencies,
®; —®,, is identical to one of the Raman-active mode frequencies, one can expect
vibrational resonance enhancement of the DFG process, and then an electric field
with frequency of @, — ®, is emitted by the transient grating in the optical sample
on surface or at interface. This Raman-IR DFG spectroscopy is similar to the CRS
of molecules in an isotropic medium, except that the Raman-IR DFG is to detect the
radiated coherent IR field from the Raman-excited state, whereas the CRS field is
produced by Raman scattering field.

In this section, it is shown that the IV-SFG, which is an all-electric-dipole-allowed
three-wave-mixing spectroscopy, is an allowed process even in the case of solution
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sample containing chiral molecules, if one takes into account the magnetic dipole—
magnetic field and electric quadrupole—electric field interactions or the effects from
the breakdown of Born—Oppenheimer approximation.”~!! Therefore, the IV-SFG of
chiral molecules dissolved in solution can be experimentally detected and is one of the
optical activity measurement techniques. We shall particularly consider the far-from-
resonance limit of IV-SFG, which will be called the IR-Raman spectroscopy because
it involves an IR-excitation and a Raman scattering measurement. It is interest-
ing to note that the IR optical activity such as vibrational CD is an IR-excitation +
IR-detection method. On the other hand, the vibrational ROA can be classified as a
Raman-excitation + Raman-detection. The present IR-Raman optical activity spec-
troscopy such as IV-SFG is thus a combination of IR and Raman processes. The
other possible combination, Raman-IR optical activity spectroscopy, will be dis-
cussed in the following section.

In order to theoretically describe the IR-Raman optical activity, it is necessary to
consider the interaction Hamiltonian between incident IR beam and matter, which
is given as

Hmd—mat i EIR(r9t) —m- BIR(rst) - (1 / Z)Q : VE[R(r’t)- (1551)

Now, the IR-Raman polarization is given as

PIR*Ramun(r’t) = lj‘ind(r’t) + IYlirm'(r’z‘) X l,;s - (l / 2)ks ! Qind (r’t)’ (1552)

where the wavevector of the IR-Raman signal field is denoted as k, (=k,, +k,;,) and
the induced electric dipole, magnetic dipole, and electric quadrupole are
P (T,0) = (a e, +G b, + éA 1K€ ) E,; (t)e™vist=iovt
m,,,(r,1)=G-e, E, (t)ekist=io
Q,, (r,n= %K ce B, (1)e®ist=ion (15.53)

Then, we need to consider seven different cases of cause opearators, conjugate exter-
nal fields, and effect operators, which are

(1) A=p, F=E,(r,5), and B=a E(r,1)
(2) A=m,F=B,(r,f), and B=a-E,(r,1)
(3) A=(1/2)Q,F=VE(r,r), and B=a-E, ()

(4) A=p,F=E, (1), and B=G-B,(r,1)
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(5) A=p, F=E,,), and B={G-E,(r,0)}xk,
6) A=p, F=E,(r,), and B=(1/2)A:VE,(r,7)

(7) A=m,F=E,(r.5), and B=-(1/2)k,-{A-E(r.0)}. (1554

Using the linear response theory with the above cause-effect combinations, one can
obtain the expression for the IR-Raman polarization as

RE mB,, (1/2)QVE

PIR—Raman(r,t) =< aEvi.v p(t()) >+< aEvisCEZp(IO) >+< aEwﬁ;ngp(to) >

RE rE;

+< GBW’& p(to) >+< é]E:vis X l;vis p(to) >

RE RE

+ < (il2)AVE p(ty) >—<(il2)k, - (AE ;) % pty) >

= ei(KR+Kyi) T—i(OR+®y;)t EW-S (t)j drt {¢au (T)E[R (t +7T - T) + ¢cxm (T)BIR (t +7T— ‘[)
0
kIR
+ 2 (I)(XQ(T)EIR (t + T - T) + (bGu (T)EIR(t + T - T)

k.
5” O (DERE+T —17)

+05,(DERE+T-T)+

k, .
—?¢KH(T)E,R(I+T—T)}G“"”. (15.55)
Here, the linear response functions in Equation 15.55 are defined as

Oo (D) = %9(1) <[a(1):e,e,;,m(0)- e, lp(—e) >
O (T) = %9(1) <[a(T):e.e,;,,m(0) bylp(—ee) >

oo (T) = %e(r) <[a(1): e,e,;,iQ(0): K ze 5 Ip(—o0) >
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O, (T) = %e(r) <[G(7):eb,;,(0)- e, lp(—o0) >

05, (9= 60 <[G(D)s (K, X €, )e,, (0)-€,5]p-=2) >
Oau(D)= 1 0(D) <A K 0, 1(0) € Jp(—=) >

07,0 = %9(1) <[iA(T)iKk,e,e,;, 1(0)- € Jp(—o0) >. (15.56)

The energy-level diagrams corresponding to the seven terms in Equation 15.55 are
shown in Figure 15.4. In Section 3.7, only the first term, which is an all-electric-
dipole-allowed term, was considered, because it is the dominant term for any aniso-
tropic molecular system on surface or at interface. However, since we are interested
in the case that chiral molecules are dissolved in an isotropic medium like solutions,
it is necessary to take the rotational average Pj,_p,... (t) for randomly oriented mol-
ecules, and then only certain tensor elements do not vanish. Equation 15.55, which
contains terms that are linearly proportional to magnetic dipoles or electric quadru-
poles associated with vibrational (nuclear) or electronic motions, is a quite general
expression valid for any arbitrary beam configurations, polarization states of radia-
tions, and temporal profiles of incident pulses.
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Orthogonal beam configuration (ZYX-measurement). Since the only rotationally
invariant third-rank tensor is the Levi—Civita epsilon, without loss of generality we
will consider the case when the Z-component of the P_g,,, () vector is detected
and the incident IR and visible beam polarization directions are parallel to X and Y
respectively, that is,

er= X and by = (lA(lR Xep)= -7
=Y
PIR*Raman (t)/lplkfkaman (t) l = 2 (1557)
This is the case when the polarization directions of IR, visible, and emitted sig-
nal field are mutually perpendicular to one another. Since the Z-component of
P raman (1) 1s detected with Y- polarized visible beam and X- polarized IR beam, we
shall call this particular beam configuration as the ZYX-measurement. For this mutu-
ally perpendicular beam configuration, the rotationally averaged Py,_p,,...(?) is deter-

mined solely by the first term in Equation 15.55, which is the dipole-polarizability
response function, as

[P ronen (], = Ev (r)j:dr[%(r)]m Eg(t+T-Teo%. (1558

Interestingly, all the other terms in Equation 15.55 vanish after rotational averaging.
From Equation 3.71, we have

OOl == D a0 Ol =~ {00 DL~ 0 O

my,my 3

+ [q)(xu (t)]vz,t - [‘bap (t)]z)'x + [q)otu (t)]:);} - [q)otp (t)]xzy } (1559)

where x, y, and z are the Cartesian coordinates in a molecule-fixed frame. From the
definition of the dipole-polarizability response function, Equation 15.59 can rewrit-
ten as, for a 2LS for example,

(Do (D]zpx = —6%90 H0nge Ly =100 1M ) + ([0t Ty = [0, 1 )M I

+ ([0 Ly = [0 1, [ ], H @780 — @iPei=s" 0} (15.60)
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Within the Born—Oppenheimer approximation, we have
[a‘ge ]mlmz = [(xge ]m2m1 fOr m, # m. (]561)

Thus, Equation 15.60 vanishes within the Born—Oppenheimer approximation. However,
due to the breakdown of the Born—Oppenheimer approximation, it was found that the
antisymmetric Raman tensor elements are finite, that is, [0, ],,,,,, — [0tz ],,,,, # 0O for
m, # m, and their magnitudes are dependent on molecular chirality. Consequently, the
ZYX-measurement of IR-Raman signal can be of use to distinguish two different chiral
molecules in solutions.

Circularly polarized IR-Raman. In the above, the ZYX-measurement scheme was
shown to be useful to selectively measure the chiral dipole-polarizability response
function (or susceptibility), which is all-electric-dipole-allowed contribution to the
IR-Raman polarization. One can, however, selectively measure the other terms in
Equation 15.55 by controlling the polarization state of incident IR or visible beam to
be LCP and RCP and by measuring the difference signal.!% 12

EXERCISE 15.5

To carry out an IR-Raman OA measurement, one can use circularly polarized
IR or circularly polarized-vis beam. Firstly, assume that the IR beam propaga-
tion direction is along the Z-axis in a space-fixed frame, that is, k,R =Z,and
its polarization is modulated to be LCP and RCP, that is, e, = (X + lY)/\/E or
€rcp = (}2 % )\/2. The visible beam crosses with the IR beam at the center of
the optical sample containing chiral molecules, where the beam crossing angle
is 6. Furthermore, it is assumed that km = Zcos0+ Y sin®. Note that the visible
beam polarization plane is assumed to be on the Y-Z plane in a space-fixed frame.
In this particular case, what are the LCP and RCP IR-Raman polarizations?
Obtain the circular IR-Raman intensity difference defined as Al puman () =
1} o1 raman @) = L rep—1r—raman (1) S€coOndly, consider the case when the visible
beam is circularly polarized and the IR beam is linearly polarized. For the same
beam configuration, obtain the circular IR-Raman intensity difference in this
second case, and compare the result with the above case using the circularly
polarized IR beam.

15.5 RAMAN-IR OPTICAL ACTIVITY SPECTROSCOPY

The IR-Raman OA spectroscopy based on an SFG scheme was shown to be use-
ful in studying chiro-optical properties of molecules in an isotropic medium. The
surface-specific Raman-IR spectroscopy dicussed in Section 3.8 is also a potentially
useful optical activity measurement tool for chiral molecules in solution. Due to the
breakdown of Born—Oppenheimer approximation, the all-electric-dipole-allowed
contribution to the Raman-IR signal becomes nonzero because of the nonzero anti-
symmetric Raman tensor elements. In addition, properly controlling the incident
beam polarization states and taking into account the magentic dipole—magnetic field
and electric quadrupole—electric field interactions, one can selectively measure dif-
ferent chiral components of the Raman-IR polarization.
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The Raman-IR optical activity spectroscopy requires three distinctively dif-
ferent radiation—-matter interactions including that between oscillating dipoles
associated with Raman- and ROA-active vibrations and vacuum field. The first
visible beam, which is in nonresonance with electronic transitions, induces an
excitation of the molecular system, and the second radiation—matter interaction
with another visible field propagating in the direction of -k, produces a vibra-
tional coherence on the electronically ground state. Therefore, within the electric
dipole approximation, the first two radiation—matter interactions correspond to a
Raman excitation of a given vibrational mode whose frequency is close to the dif-
ference frequency ®, — ®,. Thus created vibrational transient grating can radiate
an IR field with wavevector k, — k,. Note that unlike the case of the Raman-IR
spectroscopy discussed in Section 3.8, we consider a solution sample containing
chiral molecules.

The effective radiation—matter interaction Hamiltonian that should be considered
to theoretically describe the Raman-IR optical activity is

H

rad—mat

={—a:e,e,E;(1E, (1)~ G : e,b,E5(1)B, (1)~ G : be, By (1 E, (1)

—(i12)A ek, EL(DE (1) + (i12) A K,ese, E (D E, () eiki-korioor  (15.62)

The first term on the right-hand side of this equation is responsible for Raman excita-
tion of a vibrational mode; the second and third terms involve interactions between
magnetic dipole—ROA tensors and external electromagnetic field; and the fourth and
fifth ones represent the interactions between electric quadrupole—ROA tensors and
external field.
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In this case of the Raman-IR optical activity spectroscopy, the following seven
cases are to be considered:

(1) A=a-E(r,),F=E,(r,t), and B=p

(2) A=G-B,(r,),F=E,(r,f) and B

I
=

(3) A=G-E,(r,5), F=By(r,t) and B=p
(4) A=(/2)A:VE(r,1),F=E,(r,1), and B=p
(5) A=(1/2)A-E,(r,t), F=VE,(r,), and B=p
(6) A=a-E,(r,0),F=E,(r,f), and B=mxk

(7) A=a-E,(r,/), F=E,(r,), and B=-(i/2)k,-Q.  (15.63)

From the linear response theory, one can find that the Raman-IR polarization is
given as

aEJE, GE;B, GBIE,

Proman-r (T, 1) =< pt) >+ <p p(to)>+<lk%p(to)>

(1/2)AE;VE, (1/2)A(VE})E,

+<|~‘~C%ip(to)>+<l’~%9(to)>

aEJE, aEJE,

+<mxKk, c% pty) > — < (i/2)k, - Q c%: pty) >

= il kyr-ito-o f dT{0, (VE; (1~ DE (1 =)+ 0,0 (DE3( ~ T)By (1~ T)

0, (OB - DE( =D+ L0 (DB~ DEG—D— 20, :(DE - DE( -

+ 0, (DE(1-DE (1 -T) - %‘PQQ(T)E;(I —DE (t-1)}el e, (15.64)
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Here, the polarizability-dipole response function ¢,,(7) was defined in Equation
3.145, and the other relevant linear response functions in Equation 15.64 are

000(D)= 6D <[(D)-€,,0(0): €3¢, Ip(—=) >

.0(9) = 6(%) <[W(D)-€,.G(0): €3b, p(—==) >
0,501 = 60 <[W(D)-€,.G(0): ble p(—=) >

0 (D)= 8 <[W(D)- €, IAO) sk e, Ip(—) >
0,5(0= 1 8 <[W(D)-€, IAO) Kyee (=) >
(1= 10(0) <[m(1)-(k, x,).0(0): €3¢, Ip(—) >

Oou (D) = %em <[iQ(T): k,e,,a(0): €3e, Ip(—=o) > (15.65)

The unit vector of the Raman-IR polarization was denoted as e, in Equation 15.65. The
energy-level diagrams associated with the seven terms in Equation 15.41 are shown in
Figure 15.5.

Similar to the IR-ROA spectroscopy, the ZYX-measurement scheme can be used to
selectively measure the first term in Equation 15.64. As anexample, if the beam config-
urationisspecifiedase, = X, k, =Z,e, =Y, k, = X, and Py . i O/ Pripnin-ie @) I= Z,
one can show that the rotationally averaged Py,,,.,z (f) is determined by the polariz-
ability-dipole response function, as

[Proanie ], = J.: d’c[d)w (Dl px E>(t—T)E (1 — T) (@027, (15.66)
From Equation 3.71, we have
1
[q)ua (t)]ZYX =- g { [(l)uog (t)]xyz - [(I)pu (t)]yxz + [(l)p(x (l)]vz)c

_[q)p.oa (t)]ZYX + [q)ucx (t)]z,xy - [q)u(x (t)]xzy } . (1 567)

Due to the breakdown of the Born—Oppenheimer approximation, the antisymmetric
Raman tensor elements are finite, that is, [0l,,1,,,,, = [0 1,m, # O for my # myso that
the ZYX-measurement of the Raman-IR optical activity signal can be measurably
large and would provide information on molecular chirality and its dynamics with

a time-resolved Raman-IR measurement.
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EXERCISE 15.6

To carry out an Raman-IR optical activity measurement, one can use circu-
larly polarized—visible-1 or circularly polarized—visible-2 beam (note that the
first two beams are visible fields whose frequencies are far from any of elec-
tronic transition frequencies). Now, assume that the first visible bearp propaga-
tion direction is along the Z-axis in a space-fixed frame, that is, k; = Z, and
its polarization is modulated to be LCP and RCP, that is, €, = (X +iY )/\/_ 2 or
€rcp = (X — lY)/\/_ 2. The second visible beam crosses with the first one at the
center of optical sample containing chiral molecules, where the beam cross-
ing angle is 0. Furthermore, it is assumed that k2 =ZcosO+ Ysin. The sec-
ond visible beam polarization plane is assumed to be on the Y-Z plane in a
space-fixed frame. In this particular case, what are the LCP and RCP Raman-IR
polarizations? Obtain the circular Raman-IR intensity difference defined as
AIRz/zm(/mfIR (t) = ILCPfRanumflR (t) - IRCPfRamtm—]R (t) Compare the results Wlth
the cases of circularly polarized IR-Raman measurements in Exercise 15.5.
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1 6 Nonlinear Optical
Activity Spectroscopy

In the previous chapter, optical activity spectroscopic methods based on linear
response measurements such as circular dichroism (CD), optical rotatory disper-
sion, Raman optical activity (ROA), and so forth were discussed. They have been
used to determine absolute configurations of chiral molecules including natural
products, drugs, proteins, and other biomolecules. For instance, let us consider
the circular dichroism whose intensity is determined by the so-called rotatory
strength, Im [p,,- m,]. It turned out that the sign of Im[p,, - m,] depends on
the absolute configuration of a given chiral molecule so that the CD spectrum
of R-form molecule exhibits spectral pattern opposite in sign to its mirror image
S-form molecule.! This renders the CD or any other optical activity spectros-
copy extremely useful for studying molecular chirality and 3D configuration.
Nevertheless, these linear optical activity measurement methods, even though
they are superior in frequency-resolution to the other linear spectroscopic meth-
ods, are a 1D technique.

A clear advantage of 2D optical spectroscopy is that the two-dimensionally dis-
played electronic or vibrational spectrum has significantly increased information
density.? Furthermore, it enables us to determine comparatively weak secondary spec-
troscopic properties of complex molecules. However, the 2D spectroscopy based on
photon echo or pump—probe methods cannot be used to distinguish two different chi-
ral structures, because the 2D optical transition amplitude is determined by products
of transition electric dipole moments, which are not sensitive to molecular chirality.
Thus, it is highly desired to develop potentially useful 2D optical activity measurement
techniques, which combine both advantages of optical activity and 2D spectroscopy.

There have been a few attempts to carry out time-resolved nonlinear optical activ-
ity measurements for chiral molecules by employing the pump—probe method with
circularly polarized pump beams.** Employing a polarization modulation technique,
one can control the polarization state of pump pulse and generate a train of alternat-
ing LCP and RCP pulses. Then, the difference between the measured LCP and RCP
pump—probe signals provides information on the time evolution of electronic and
magnetic properties of chiral molecules. In this chapter, theoretical descriptions of
2D optical activity spectroscopic techniques will be discussed.

16.1 NONLINEAR OPTICAL ACTIVITY MEASUREMENT METHODS

It is noted again that the optical activity is, by definition, related to the differential
interaction of a chiral molecule with LCP and RCP radiation. Therefore, the optical
activity signal, denoted as AS, can always be defined as the difference between two

351
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signals obtained with LCP and RCP beams as
AS =S8, = Si. (16.1)

Here, the subscripts L and R mean that the polarization state of an injected beam is
LCP or RCP, respectively. Instead of LCP and RCP lights to measure optical activ-
ity properties of chiral molecule, one can use left- and right-elliptically polarized
lights or purely linearly polarized light, depending on the optical activity property
of interest and measurement method. For instance, the CD signal is the differential
absorbance, that is, AA = A, — A,. Optical rotatory dispersion is to measure the rota-
tion angle of the transmitted polarization direction with respect to the incident beam
polarization direction. However, regardless of beam polarization state or detection
method, the underlying physics behind all these optical activity properties is the
same as defined above in Equation 16.1.

Furthermore, the definition of optical activity signal in Equation 16.1 is valid even
for nonlinear optical activity measurement experiments. For example, the circularly
polarized pump—probe (CP-PP) is one of the 2D optical activity measurement meth-
ods, and its signal is defined as the difference between the pump—probe signal with
LCP-pump and that with RCP-pump.’ The 2D circularly polarized photon echo
experiment is also a straightforward extension of 2D photon echo by replacing one
of the linearly polarized incident pulses with a circularly polarized one.6-® Thus, the
optical activity spectroscopies using the definition in Equation 16.1 will be referred
to as differential optical activity measurement techniques.?

Instead of the differential measurement scheme in Equation 16.1, one can carry
out linear or nonlinear optical activity experiments by selectively measuring the
spectroscopic response functions that are not rotationally invariant within the elec-
tric dipole approximation, for example, Syyyxy. As shown in the previous chapter,
the linear optical activity, such as CD and ORD, can be studied by measuring the
YX-tensor element of the generalized linear response function including both mag-
netic dipole and electric quadrupole terms (see Section 15.2). Note that the rotation-
ally invariant tensor elements of electric dipole—dipole response function are XX,
YY, and ZZ, because the only rotationally invariant second-rank tensor in 3D space
is the Kronecker delta. Thus, all the other tensor elements except for these three
should vanish if only the electric dipole response is considered. However, since the
magnetic field vector is orthogonal to the electric field, the YX tensor element of
the magnetic dipole—electric dipole response function, where Y and X particularly
denote the electric field vector elements, does not vanish and contains information
of the handedness of chiral molecules.

The same argument can be applied to nonlinear response measurements. In the
case of all-electric-dipole-allowed four-wave-mixing spectroscopy, the elements of
the fourth-rank tensorial response function, which contain rotationally invariant iso-
mers like 6, 8,,,, 8,,6,, and §,, 6, can be experimentally measured. For example,
the parallel-polarization and perpendicular-polarization photon echo signals, denoted
as EFZ% and EFF, are to measure the ZZZZ- and ZYYZ-tensor elements of the pho-
ton echo response function, respectively, when the incident beams and emitted photon
echo field propagate along the X-axis in a space-fixed frame. Thus, for example the
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ZZZY-tensor element of the all-electric-dipole third-order response function vanishes.
However, the same ZZZY-tensor element of the generalized response function beyond
the electric dipole approximation (or long wavelength limit) does not vanish for chiral
molecules, because the magnetic dipole and electric quadrupole contributions are finite
in such cases.®!! This can also be understood from the fact that the magnetic field vector
is orthogonal to the electric field vector in a given electromagnetic field. If the first elec-
tric field is Y-polarized for the ZZZY-measurement, its magnetic field vector is parallel
to the Z-axis so that there is a third-order response function component [ppm],,,,
that is rotationally invariant. Although the ZZZY-measurement for example involves
linearly polarized beams only, one of the linearly polarized beams should be perpen-
dicular to the other polarization directions. Thus, as shown in Section 15.2, it requires a
cross-polarization detection method where the incident beam polarization directions are
perpendicular to the polarization direction of the emitted signal electric field. From now
on, this scheme will be referred to as cross-polarization optical activity measurements.

In summary, we have discussed two different measurement schemes, differen-
tial and cross-polarization optical activity measurements, which are different from
each other by the beam polarization states. The former requires LCP and RCP
(or sometimes left- and right-elliptically polarized) beams to carry out an optical
activity measurement, whereas the latter requires linearly polarized beams with
a properly designed cross-polarization detection instrument. Although these two
methods appear to be different from each other, the measured quantities are essen-
tially identical” This will be proved in the following section. Then, a few examples
of 2D optical activity measurement methods will be discussed later.

16.2 ROTATIONAL AVERAGING OF HIGHER-RANK TENSORS

As emphasized throughout the book, the (n — 1)th-order spectroscopic signal with
respect to the electric dipole—electric field interaction can be conveniently expressed
in terms of the corresponding nth rank tensorial all-electric-dipole response function,
R®(t,t,,---1,). Controlling the polarization states of incident beams and measuring
a particular vector element of detected signal field, one can selectively measure one
or multiple tensor elements of the nonlinear response function. Now, let us denote
Sl(l',’])w,ﬁln the observable (signal) that is linearly proportional to the [/,,/,,--- 1] tensor
element of R*(t,,t,,--- 1,), where /;is one of the Cartesian coordinates in a space-fixed
frame. The polarization direction of the jth electric field involved in the jth field-
matter interaction is specified by /.

When the optically active system (molecule) is randomly oriented in condensed
phases, only the rotationally invariant tensor elements of R®(¢,,z,,---,) do not van-
ish. Let us denote as @™ the set of those rotationally invariant tensor elements within
the electric dipole approximation. For example, for a second-rank tensorial response
function, ®® consists of [x,x], [y,y], and [z,z]. Then, we have, for any arbitrary
nth-rank tensors,

S , #0  when [.0y,+-,1,] € @™ (16.2)

Iyl oo
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and

(n) _ (n) (n)
Sll Joyondy, T 2 r(ll,l2,"<,l/,){m].mz;--,mn}Sml,mz,u-,mn' (163)

sy iy,

Here, m; (for j=1~n) is one of the Cartesian coordinates in a molecule-fixed frame,

and 1“(7),2 PETI | (< the expansion coefficients that were discussed in Section

3.3. S,(r::)m , is the molecular property determined by the [m,,m,,---,m,] tensor
element of R(")(tl,tz, -t,) in a molecule-fixed frame. In order to obtain Equation 16.3,
we used the Weyl’s theorem.

It is well known that a rotationally invariant tensor can be expressed as a linear
combination of isotropic tensors. In 3D space, there are two fundamental isotro-
pic tensors, which are Kronecker delta, 3;, and Levi-Civita epsilon €. Note that
all higher rank isotropic tensors can be expressed in terms of Kronecker deltas and
Levi—Civita epsilons. These possible products are called isomers. As mentioned in
Section 3.3, when n = 4, the isotropic tensors are products of two Kronecker deltas
such as §;;8;;, 6, 6;, and 6, 8;,. Denoting the rth (sth) member of the set of isomers of

. (n) (n)
rank n in a space-fixed (molecule-fixed) frame as G, (].J.S,[ml,my”’mn}), we have

Alily ool }

(n) (n) (n) S(")
ll by il b My Amy g ey Y my g emy, (16.4)

my,ny .,

From Equations 16.3 and 16.4, we find that

(n) _ (n) (n)
Din zuml,mz.-~-,mn>_zc iyl s omy gy m, ) (16.5)

r.s

For n =2, there is only one isomer, that is,
@ _
o = 81] b (16.6)
For n = 3, there is also one isomer,

3)
6(11 b3}

=€ (16.7)
For n = 4, there are three isomers, that is,
(4) — 4) — 4) —
Olihbbly = 3 ,12513,14’%4;1 bsiz) =500, and G310 0} = 8 1,00, 13- (16.3)

For n =35, there are six independent isomers, and so on. Similarly, the isomers of rank
n in a molecule-fixed frame, u(”)m sy, )» Can be obtained by replacing the indexes
of the space-fixed frame in Equat10ns 16.6-16.8 with those of the molecule-fixed
frame.

Now, let us consider a general optical activity measurement spectroscopy. The jth
radiation is assumed to be either LCP or RCP radiation, whereas all the other radia-

tions are linearly polarized. The measured signals using these circularly polarized
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radiations will be denoted as S](”l) A Ldared and Sz(nz) A Rl respectively
R e s 150257 —1» +17
(note that the jth index in the subscripts is either L or R to indicate that the Jjth beam
polarization state is LCP or RCP, respectively). The nth-order optical activity signal
is defined as the difference between these two signals so that the differential optical
activity in such an nth-order spectroscopy is given as
ASI(lnl)z Sll Dy

Lj=1,C s

(n)
Lj—1,L L1 SI[ Lol jm1 R it ol (169)

This signal AS ,(",) -t c1. .., will be called the nth-order differential optical activity
R vyl Coljrps sty
signal.
In order to rewrite Equation 16.9, we need to consider the nature of circularly
polarized radiation more in detail. The LCP and RCP radiations can be written as
linear combinations of two linearly polarized radiations, that is,

e =(x+iy)//2 and e® =(x-iy)/\2 (16.10)
or
e =(x—iy)/2 and e®" =(x+iy)/\2. (16.11)
The LCP and RCP polarized transverse electric fields are given as
E, cp(r,)=eDE(@)e™ ™+ e D E" (1) e krrior (16.12)
E xop (T,1) = @ RE(f) ekr-ior 4 @R E* (£) g-kr+ior, (16.13)

The first term describing the traveling field in the direction of k is involved in
an absorptive radiation—matter interaction, whereas the second is in a stimulated
emissive interaction. Therefore, depending on a specific nonlinear optical transition
pathway, one should carefully consider either e®™ or e”. A few examples will be
discussed in detail later in this chapter.

Here, without loss of generality, the beam propagation direction is assumed to
be along the z-axis in a space-fixed frame. Now, the choice of the x-axis in a space-
fixed frame is arbitrary. We will assume that the x-axis is chosen in such a way
that [, 0; 1, x, L5001, ] € ®" . This means that Sl(]",)? At dpagedy is rotationally
invariant signal within the electric dipole approximation. Then the nth-order dif-
ferential optical activity signal can be rewritten as

AS!] b ool jo1,Colj1 - / (Sll Do ljm1 Xt ol _lSll Do Ljm1,y et oln )

1
() —icm
2 (Sh el iy TSI Dy eed oyl o )

=% \/_lSl] L2,y ol (16.14)
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Here, the upper signs should be chosen when the LCP and RCP beam states are given
by Equation 16.10, whereas the lower signs correspond to the case of Equation 16.11.

Note that the rotationally invariant terms S ,(l";z dy o on the right-hand side
of Equation 16.14 cancel out and do not contribute to AS () d Clp, . Now, the
next step is to show that S(”) e, is not rotatlonally 1nvarjlant within the
electric dipole appr0x1mat10n “In’order to prove this, we need to consider two dif-
ferent cases separately. The first group consists of the cases when the /; index is
found in a Kronecker delta, e.g.,8,, =3,,. Since[l,,},,---,[;_ l,x,llﬂ, 1, ]e ®”
, we find that [, (for k # j) should be x. Consequently, if /; is replaced with y,
(/S 77SEEN PR Y PRVCEEN A I ®" due to §,, = 0. The second group consists of the cases
when the /;index is found in aLev1—C1V1ta epsilonsuch as €11, = €,y .Again, because
[£.0,,-- ,l/ 1,x,lﬁl, -1, ]e @™, the other two indexes L, and l (for k #j and m # )
and x should be d1fferent from one another, that is,e, . =¢_ . =¢, =lor
€ ..,y=¢,,,=¢,,, =—1 Therefore, if / is replaced with y in these cases belong-
ing to the second group, the Levi-Civita tensor element vanishes, e.g., €, = 0.
Therefore, we proved that [[;,0,,-++,1; 1, 9,0}, 1,1 € D",

Now, we will apply this theorem to a few specific cases. For n=2, we have
A8 =) - 504 =215
ASE, = 82— 52 = +2iS2. (16.15)

Again, the upper signs should be chosen when the LCP and RCP beam states are
given by Equation 16.10, whereas the lower signs correspond to the case of Equation
16.11. The results in Equation 16.15 show that the circular dichroism signal is related
to the measurement of [x,y] or [y,x] tensor element of the linear response function
beyond the electric dipole approximation. In the case of AS;%, the first field-matter
interaction is with the linearly polarized radiation with polarization direction paral-
lel to the x-axis in a space-fixed frame, and the observable is the circular polariza-
tion component of the radiated signal field. On the other hand, the measurement of
AS(C%i means that the initial field-matter interaction is with LCP or RCP light, and
the x-polarized signal field is detected. The previous chapter showed that the cross-
polarization detection of the S §2\) signal can provide information on the complex opti-
cal activity (chiral) susceptibility, where the real and imaginary parts of the chiral
susceptibility correspond to the CD and ORD spectra, respectively.
For n=3, we have

ASD) =50, =S =2is,
ASC) =88 —S9 =+2i8%)
ASE,, =S, =S, =428 . (16.16)
The first case in Equation 16.16 corresponds to the measurement that the first two

field-matter interactions are with x- and y-polarized radiations and the circular
polarization component of the signal is detected. The second case is to use LCP
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and RCP light for the second field-matter interaction. The third case is to use
the circularly polarized radiation for the first field-matter interaction. In Exercise
15.5, the IV-SFG (or IR-Raman) spectroscopy of chiral molecules in solution was
considered. In particular, the incident IR beam was controlled to be either LCP or
RCP. The LCP and RCP IR-Raman signals were measured separately. Then, it was
shown that the difference signal can provide information on chiro-optical proper-
ties of chiral molecules. By using Equation 16.16, it is now possible to establish
a relationship between that experimental observable and the cross-polarization-
detected third-rank tensorial observable. This will be left for the readers.

It is now natural to extend the 2D four-wave-mixing spectroscopy to 2D optical
activity measurement. The associated response function is a fourth-rank tensor so
that the case when n = 4 should be considered in detail. From Equation 16.14, assum-
ing that the propagation direction of the circularly polarized beam is along the Z-axis
in a space-fixed frame and that the unit vectors of the circularly polarized beam are
given as Equations 16.10 and 16.11, we find the following relationships:

ASI(,‘,‘I)Z,I%C = 5;14,1)2,13,L - SI(IA,‘I)Z,ILR = i\/EiS[(fl)sz (16.17)
ASz(lz,‘z)z,c,z_3 = SI(IATIZ,L.I_; - ’5'1(:,11)2,&13 = i\/zisz(fz)z RUA (16.13)
AS/(IA,%JZ &b Sl(fl)‘,lz 5 Sl(fl)?,lz b i\/iisz(f;,/z b (16.19)
ASgtl)l by S;jl)l bl S 1(:1), by -I_-\/EiSS?JZ X (16.20)

For any arbitrary beam configurations, once the circularly polarized beam
wavevector direction is chosen as the Z-axis in a space-fixed frame, the differ-
ential optical activity signal can be written as a linear combination of terms on
the right-hand side of Equations 16.17-16.20. Furthermore, the above relation-
ships in Equations 16.17-16.20 show that a particular cross-polarization optical
activity measurement is inversely related to specific differential optical activity
measurement. For instance, the circularly polarized pump—probe (CP-PP) spec-
troscopy, where the pump—pulse is circularly polarized, can be related to a par-
ticular combination of two cross-polarization optical activity signals. Denoting
the heterodyne-detected circularly polarized pump-probe signal as ASCP-PP),
from the relations in Equations 16.19 and 16.20 we find that when the pump— and
probe—pulses are collinear,

ASI = S = S+ S = St =20 =S ) a6
Here, the reason why the second term in the last equation has a negative sign is
that the second radiation—matter interaction is between molecular dipole and
e E* (1) e-kr+ion (e B £ (1) e for the LCP (RCP) pump pulse.

Using the theoretical results established in this section, one can always find
relationships between differential and cross-polarization-detected optical activity
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measurements. Since, by definition, optical activity of a chiral molecule is induced
by the differential interaction of a chiral molecule with LCP and RCP radiation dur-
ing quantum excitation, we will follow this conventional definition of optical activity
to develop theoretical descriptions of a few 2D optical activity spectroscopies in the
following sections.

16.3 TWO-DIMENSIONAL OPTICAL ACTIVITY
PUMP-PROBE: TWO-LEVEL SYSTEM

The 2D pump-probe spectroscopy within the electric dipole approximation was
already discussed in Chapter 6. Generally, transient grating, dichroism, and bire-
fringence spectroscopies have been used to study wavepacket (particle and hole)
evolutions on the excited and ground potential-energy surfaces, ultrafast chemical
reaction dynamics, and lifetimes of the excited states. A single pulse or a pair of
pulses is used to perturb the molecular system and to create either population or
coherences on excited or ground state. An incident probe laser field that is delayed in
time interacts with the same molecular system, the corresponding third-order polar-
ization is created, and then the coherent signal field is detected. The transient grating,
dichroism, and birefringence measurements differ from one another by how the sig-
nal field is experimentally detected. They, in fact, correspond to the intensity, imagi-
nary (m/2 phase different) part, and real (in-phase) part of the third-order material
polarization (with respect to the phase of local oscillator field), respectively.

For a 2LS, the previous description of the 2D pump—probe spectroscopy was based
on the electric dipole approximation so that its signal is insensitive to molecular chi-
rality. However, if one of the incident beams is controlled to be circularly polarized
and if the difference between the LCP and RCP pump—probe signals is detected, the
all-electric-dipole-allowed pump—probe signal vanishes. Therefore, instead of the
lowest-order radiation—matter interaction Hamiltonian, —w - E(r,f), the generalized
one including both magnetic dipole—magnetic field and electric quadrupole—electric
field interactions should be considered, which is

Hgmar = =+ (mx l,;) +(i/2)k-Q}-eE(r) eikr—ior
A+ (mxK)—(i/2)k - Q}-€ E (f)e kT, 1622)

Due to these two additional radiation—matter interactions, the pump—probe polariza-
tion can be expanded in a power series of m and Q as

Ppp (1) = P (1) + Ppp (1;m) + Pip (150) ++--. (16.23)

The higher order terms in the above series expansion are the pump—probe polariza-
tions that are proportional to m?, mQ, Q?, and so on.’ Thus, they are again two to
three orders of magnitude smaller than the second and third terms in Equation 16.23
in general, that is,

| PR (1) 15> | PR (t;m) =L PSR (£;0) 15> | PR 15> Py | (16.24)
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Although there are a variety of different ways to measure the above pump—probe
polarization in Equation 16.23, we shall specifically consider the self-heterodyne-
detected transient dichroism (see Section 6.2) signal defined as

S (@3 T) = Im“m dIE), (1) Pppm}. (1623)

Inserting Equation 16.23 into 16.25, we have

TD(O‘)]m’O‘)pr?T) S<0)(w T)+S(1)(O‘) T m)+S(1)(mpu’0‘)pr’T Q)

(16.26)

pur D pr> pu> D py>

In was previously shown that the all-electric-dipole-allowed transient dichroism

spectrum S7) (®,,,0,,;T) is approximately given as, for a 2LS,

(0) ((Dpu sa)p) ) T) o< [Mgel“eg”‘ge“‘eg] ® epreprepuequTD ((Dpu 7(0[1) ) T) (1627)

where the normalized 2D Gaussian peak shape function for this 2D pump—probe
spectrum is defined as

—mexp(—X D)

I (o ;T)= —{exp(=Y*(I)) +exp(-Z*(T)}.

pu ’ pr?

_ 2
(Q2+W2)l/2 QZ+W2_ H™(T)

Q24w?
(16.28)

The auxiliary functions such as X, Y(T), Z(T), and H(T) were defined in Equations
6.8 and 5.51. In Equation 16.27 above, we specifically emphasize the complex nature
of the unit vectors of beam polarization directions. In the previous chapters, the
cases when the incident beams and detected signal field are always linearly polarized
were discussed so that the unit vector e is always real. However, circularly polarized
beams are considered in this chapter and their unit vectors are complex, as shown
in Equations 16.10 and 16.11. One should therefore be careful about such complex
natures of e’s hereafter.

The next step is to calculate the transient dichroism spectra that are linear with
respect to either m or Q. First of all, let us consider S(TB((;)W, s T>m), which is
associated with the third-order polarization created by two electric dipole—electric
field interactions and one magnetic dipole—magnetic field interaction. Since one of
the three radiation—matter interactions should be replaced with magnetic dipole—
magnetic field interaction, there are twelve (= 4 x 3) diagrams. For example, one of
them is

mB

pu

e
<p,3<%lg><gl>. (16.29)
gse
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In addition to those twelve diagrams, there are four additional diagrams representing
the magnetic dipole contribution to the third-order polarization. One of these four
diagrams is

<mxK, lg><gl>. (16.30)
gc e

EXERCISE 16.1
What are the other fourteen diagrams, in addition to the two in Equations 16.29
and 16.30?

Taking into account all these sixteen contributions to S{;)(®

o @, T5m), which are
all linear in m, one can obtain the expression for S} (e NG

p,;T; m) as

S%; ((Dpu 5(opr; T, m) o< {[ugeueguge(meg X kpu)] + [M‘ge”‘eg(mge X kpu)”‘eg]

+ [Mge(meg X kpr)u‘ge”'eg] + [(mge X kpr)l-“eg”‘ge”‘eg]} ® ej)reprejmepur%‘és ((Dpu9mpr; T)
(16.31)

By following the same procedure and simply replacing the operator (mxﬁ) with
(i/2)k - Q operator, one can find that the quadrupole contribution to the 2D transient

dichroism (TD) spectrum, Sip(®,,,0,,;T;0), is expressed as

S;"ll;(wpu’wpr; T; Q) o< (l/2){ [Mgep'egp‘ge(kpu : Qeg)] - [Mgep‘eg(kpu : Qeg)p‘ge]}

+ [p“ge (kpr : Qeg )”’ge”’eg - [(kpr : Qge )p“egp“ge”‘eg] } ® e;repre;uepur%lgs (wpu B (Dpr; T)
(16.32)

Thus, the expanded 2D TD spectrum up to the first order in m or Q is finally
given as

STD ((Drlu awpr; T) o< ([Mge”’egugeueg] + { [p'geueguge(meg X kpu )]

(1 gebeg (M e XK e 1 [ ge (Mg XK Mo 1+ (M XK P bt 1)
+ (1/2){ [p‘geu‘eg”‘ge (kpu : Qeg )] - [p‘ge”‘eg (kpu : Qge )M‘eg] + [Mge (kpr : Qeg )Mge”'eg]

- [(kpr ' Qge)”‘eg”’ge“‘eg] } ® e;repre;uepur%lL)s (O)puampr; T) (1633)

This result is quite general for any arbitrary beam configuration. Usually, the pump
and probe beam propagation directions are not collinear so that the angle between
them is another experimentally controllable variable.

Hereafter, it is assumed that the pump and probe beam propagation directions are
approximately parallel to the Z-axis in a space-fixed frame, that is,

A

K, =k, =2 (16.34)
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The polarization direction of the linearly polarized probe (and local oscillator) beam
is parallel to the X-axis, as e, = X. The differential signal AS,,(® ;T) is then
defined as

pr pu , pre

ASTD (wl’“ W5 T)= S;SP e ((Dpu > pro ;T)— S]IflgP—pump (U)pu »Fpro ;T). (16.35)

For further theoretical considerations, we instead use the relationship in Equation
16.21 to rewrite Equation 16.35 as

ASTD((Dpu’(DpMT) [l{SXXXY pu? praT) S (0) O)pr;T)}a (1636)

pu>
where the superscripts XXXY and XXYX mean that the XXXY and XXYX elements
of all the four-rank tensors in Equation 16.33 should be taken into account. Now,
let us consider the XXXY and XXYX elements of relevant fourth-rank tensors for a
multilevel system first, and then apply the results to the present specific case of a
2LS. Now, the fourth- or fifth-rank tensors needed to be considered for a multilevel
system are [Papspopi ], [iapapn (0 X KT, [paps (my X Ko)p ], [ (my X K3)pop 1,
[(my X K)pspapl, [Rapspa (K- QL [raps(Ka - Qo)pal, [ra(ks - Q3)pap ], and
[(ky - Qu)pspropry]. Here, the subscripts 1-4 represent different transitions. As an
example, if 1 = eg, p, corresponds to p, that is the transition dipole matrix element
between g to e.

First of all, one can easily show that [pypspuy ] yxyy and [umsmy ] gy yy Vanish,
since the isomers of fourth-rank tensors that are rotationally invariant are 8,,8,,,
8,,,8,,,-and §,,8,,. This suggests that the all-electric-dipole term [ppspp ]
does not contribute to the present nonlinear optical activity signal, as expected. We
next consider the magnetic dipole contribution to AS;,, which is the sum of four
terms from the second one in Equation 16.33. Note that the X and ¥ components of
m X kpu(— m X Z) vector are m, and —my, that is,

mxk =mX-m.Y. (16.37)

pu Y X

Hereafter, for later uses, let us define two auxiliary functions fyyy, and fiyyy as
Py (4,3,2,1) = [ bt (my X Ry + [ (M, XK Ly
(1 (M XKW Ty 1M, XKD Ly (16.38)
Foore (4,3,2,1) = [t bty (my 3R )Ty + Dbty (m X R Ty

+[p, (my X 123”‘“2”'1 Lioxyx +[(my X 124)?"3”2""1 T - (16.39)

The numbers in fyyyy 4,3,2,1) and f¥yyx 4,3,2,1) represent specific quantum transi-
tion. For example, fyyyy (ge.eg.ge,eg) means that the four transitions are between g
and e states. In Equations 16.38 and 16.39, the wavevector of the radiation involved
in the jth radiation—matter interaction is denoted as k;.

In the present case, k k k . and k = k = k Then one can find that the tensor

elements [, p;p, (m, X kpu )]xxxy > “"4 M, (m, X kpu )Ml Ty » [y (M X kpu M 1y Ly
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and [(m, XK, Y, Ly are
[y, (m, X kpu My = ~I, M Ty

LY ps,,8,, +25,,5,, +25,, 5 MM

30 mymy - mamy mymy  myny mymy S maymy
my g Ny My =X,y,2

:_3170{2(94 '|~L3)M(|Lz 'MI)M +2(p, 'Mz)M(M3 'Ml)M +2(p, 'MI)M(M3 'Hz)M}

(s (m, X kpu I Ly = ML Ly

i
= % Z {46m|m2 8m3m4 - 8m1m3 8m2m4 - 8m,m4 8mzm3 }[M4"L3M2”’l ]r[:/zllmznl}m4

mymy My ,my=x,y,2

:;70{4(”'4 'M3)M(M2 'Ml)M —(IL4 'Mz)M(p,3 'Ml)M _(IM .MI)M(M3 'Mz)M}

N . i
[y (my XK o1y Ly = I MaRoWG Ly = %{_(94 M) ()"
HAG, )" M )" = (g )Y (M -y}
~ . i
[(my, XK, Mol gy = MG Ly = %{_(Mét )" (g o))"

- (M4 'Mz)M(p‘3 'M‘])M +4(M4 'M’l)M(p‘3 B Z)M}-
(16.40)

Similarly, those tensor elements [ p ., (m, xlA(pu Nxrxs [y (m, Xf(pu)lh]xxyx,
[, (my X kpu I Ty, and [(my X kpu I Ly are

[M4M3M2 (ml X kpu )]XXYX = i[”'4p“3|"'2M1 ]XXYY
M

i
= ? z {481;111112 5m3m4 - 6mlm3 5m2m4 - 5mlm_,, 5m2m] }[""‘4”’3""2M1 ]m|m2m37114

o
= A ) GV = ) MY = G M) 1))
[ (M, XK, O e = =1 ML L
= 20 ) OV ) 200 M) Gy i) 208 1) M)
[, (M X K, M1 Ty = T MGHGI T

=§{_(M4 'Ms)M(Mz 'MI)M — (W, ’P«Z)M(M3 'Ml)M +4(|‘~4 'Ml)M(M3 'Mz)M}
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[(m, X lA(,m IR gy = M GG Ty
i
= %{_(MA; 'M3)M (w, 'Ml)M +4M, -MZ)M(M3 ’l"l)M -M, 'l"l)M (s 'l"z)M}'
(16.41)

It should be noted that the transition magnetic dipole matrix elements are purely
imaginary for real wavefunctions so that we used the notation m, = iM,, where M,
is purely real.

The next step is to consider the electric quadrupole contributions. Similar to
Equations 16.38 and 16.39, we define two auxiliary functions as

f)g(xy 4,3,2,)= [M4M3|L2 (ikl : Ql )]xxxy + “‘*4”3 (ikz : Qz)l‘t] ]xxxy
+[M4(ik3 'Q3)M2”‘1]XXXY - [(k4 'Q4)|"3M2M1]xxxy (16.42)

fXQXYX (4,3,2,1) = [y, (K, - Q) I + [y (K, - Q)R Tiyyx
Iy (K Q)Mo Ty — (R, - QOB Tyyx - (16.43)

The upper or lower signs in each term are determined by the phase-matching con-
dition. For example, in the present case of pump—probe, the phase-matching con-
dition is +k; -k, +k; with k; = k, = k,, and k; = k.. Thus, one should choose
+, —, and + signs for the first three terms in the above equations. The tensor ele-

ments [M4|’-3M2(km “QDlor s [yly (kpu QI Ly > [y (kpr Q)M iy » and
[(k,, - Q)R | yxyy are found to be

[”‘4”‘3”‘2 (k] : Q] )]XXXY = kl [M’4”‘3M2Q] ]XXXZY

k
— 1L - — —
- 30 2 { emlm,,mS 8»12m3 8m2m4n15 8m|m3 £)n3n147n5 67n,m2 }

X [l‘l"étp’f%l‘l‘le ]x]nzzm3m4m5 = 0
[y (K, - Qo) Ly = Ko [y Qo Iy

k, M
= % 2 {_8m,m;m5 6m2m4 - emzmxmj 6m,m_,, + 8m3m4m5 6'”1”"2 }["L4M’3Q2M’1 ]mlmzzmm_,,m5

my my My iy Ms=X,y .2

k M M
=0 b {p X Q) [k (1 X (Q )} }
[y (Ky - Qooly Ty = K3 [y Qo Ty

k
-3 M
- % z {_8n1,m21;156m3m4 + €m2m3ms 8m|n14 + 8n12m41115 6»11m3 }[p‘4Q3p‘2p‘l ]m|m2m3m4m5

my my My iy Ms=X,Y .2

k M M
=£{[M4 '{p'l X(Qs - )" +1(Qs - 1y) - {py X} }
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[(K, - QMo Ly = kg [QuIs oMy Ly

k
— 4 M
- 37 2 {Smlmzms 51n3n14 + 8mlm}m5 8mzm4 + Sm|m4mi 8n12m3 }[Q4”‘3M’2M’1 ]mlmzm3m4ms

my My My iy M5 =X,y .2

= %{[(Q4 )l X 1Y Q) - Iy X 31V T (16.44)

The remaining tensor elements [M,m;, (K, - Q) ]yxs [ Ky - Qo) Tierx s
[y (K; - Q)pom Iy > and [(K, - Q)R Io1, 1y are given as

(g, (K- Q) = Ky [y 105 Q) Ty zx

k
— 1 M
- % 2 {8m1m3rn4 6»12m5 + 8»12m3rn4 6»1,77:5 + £7n3n147n5 6m,m2 }[l‘l"él"l”il‘l‘ZQl ]m|)nzn13m4m5

My My My My Ms=X,y,Z

k M M
=g e { X QN It (1 X Q1)) }
(s (K - Qo) Lk = Ko [ Qo Tk

k
=2 — — —
- 30 Z { 8m|m;m4 81"2"1; amzm;ml, 81n|m4 Sm3m4m5 5mlmz }

ny My My My Ms=X,Y,2
X[y Qa1 =0
l‘l‘4""3 2”’1 mymymsmyms

[y Ky - Qoomy Ty = K [, Qo Lk

k
— 3 M
- 37 2 {_Smlmzm4 6m;,m5 + szm_,}m4 8)11,1715 - 8m3m4m58m1m3 }[I'L4Q3M2”’l ]m|mzm3m4m5

ny My My My Ms=X,Y,2

k M M
= o b1 X (Qq )N +1Qs ) (1 X 11 }
[(K, - QIS Ty = K [Qu o1y Ly

k
- — M
- 30 2 {Smlmzm4 6m;,m5 + £m|m3m48m2m5 8mlm4m5 5)112;113 }[Q4|'L3M2”’l ])11|1n2)113m4)115

my iy My iy Ms=X,Y,2

k

=30 Qi 1) s X oY Q) - (i X )1 (16.45)

It is again noted that the Q matrix is symmetric with respect to two indexes, for
example, Q,, ., = O, but the Levi—Civita tensor is antisymmetric, for example,

ﬂlzml’
€ymymy = ~Emymymy L0US, 1N the summations of Equation 16.45, there are terms that
vanish due to rotational averaging.
Using the above general results for multilevel systems and from Equation 16.36,

one can obtain the differential signal, AS__ (® O T), for a 2LS. The first term in

D pu’
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Equation 16.33, which is J2 AV (0) ® ;T;m), is found to be

pu’
\/Elf)gl(x)’ (ge’eg7 ge,eg) = \/El{ [Mge”’eg”‘ge (meg X kpu )]XXXY + [l‘l'gel‘l'eg (mge X kpu )I‘l‘eg ]XXXY

+ [l‘l‘ge (meg X kpu )"l’geu’eg ]XXXY + [(mge X kpu )"l’eg”’gel‘l‘eg ]XXXV }

4 M
= \/—(uge )" (e, MY (16.46)

Similarly, \/Eisfg” (®,,,® ;T;m)is given as

\/—l-f;)l(YX (ge’eg’ ge’ eg) = \/El{ ["Lgeut’guge (meg X k[m )]XXYX + [M‘gc“"eg (mge X kpu )"Leg ]XXYX

+ [p’ge (meg X kpu )"Lgel‘l't’g ]XXYX + [(mge X kpu)“’eguge““eg]XXYX }
42

=—5 ) (B MY (16.47)

Here, m,, and m,, are purely imaginary as mentioned above so that m,, = iM
Furthermore, we have

eg*

m,=m, =—iM, =iM,,. (16.48)
The transition electric dipole matrix elements are purely realand p,, = R, Also, itis
noted that j is not commute with mand that .- m is a Hermitian operator

EXERCISE 16.2

Show that m,, = m’;g by using the integration by part method. Note that for
a single electron system the magnetic dipole operator is m = (e/2mc)(r X p).
Also, prove that the sum of the rotatory strengths for all states vanishes.

The transition electric and magnetic dipole matrix elements inside the brackets [---]¥
or (---)"are those in a molecule-fixed frame. Now, we introduce generalized defini-
tions of dipole and rotatory strengths,

Dé =[m,, -m,, 1"

R =Tm[p,, -m,]". (16.49)

Here, the dipole and rotatory strengths in Equation 16.49 are those of ground-state
properties, and they determine the all-electric-dipole-induced transition probability
and electric dipole/magnetic dipole—induced transition probability from g to e states,
respectively. In the cases of nonlinear optical spectroscopy, not only the transitions
between g and e but also those between e and other higher-lying (doubly) excited
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states should be taken into account. Then, the dipole and rotatory strengths of excited
states become important in quantitative descriptions of nonlinear optical activity.
Thus, instead of conventional notations for the dipole and rotatory strengths used for
linear optical activity, we shall use the new notations given in Equation 16.49.

Then, one can find that the magnetic dipole contribution to the 2D transient dichr-
oism spectrum, AS, (0) CO,,,;T), is given as

Tom)= iD" RTIE (0

ASTD (mpu S ¥ pro 5 ee” “ee pu ’ pr? T) (1650)

It is interesting to note that the entire transition strength is determined by the product
of dipole strength and rotatory strength. Therefore, the sign of the 2D optical activ-
ity TD peak is determined by the rotatory strength, which can be either positive or
negative.

In addition to the above magnetic dipole contribution, it is necessary to include
the electric quadrupole contribution. For this specific case of 2LS, due to the follow-
ing equalities

d-{bxal=—-a-{axb)=b-{axa}=0, (16.51)

one can show that the quadrupole contribution to the 2D optical activity TD spec-
trum vanishes for any 2LSs, that is,

AS,, (@, .0 T:0)=0 (for 2LS). (16.52)

From Equations 16.50 and 16.52, the 2D optical activity TD spectrum is finally given
as

AS (o o ;T)= \/EDgRgl"z“(m

pu’ " pr’ 15 ee” “ee” TD

o, :T) (for 2LS). (16.53)

pu’

One can also obtain a similar expression for the 2D optical activity transient birefrin-
gence spectrum by simply replacing the 2D peak shape function F;L)S (®,,0, :T)
in Equation 16.53 with FTB (0,0 ;7). Here, it should be emphasized that such
a vanishing quadrupole contribution to the 2D optical activity TD spectroscopy is
valid only for the case of 2LS.

EXERCISE 16.3
The 2D transient dichroism and birefringence spectra of a weakly anharmonic
oscillator were considered in Section 6.3 in detail. Considering the low-lying
three vibrational states, 10>, 1>, and 12>, and assuming p,| =+/2p\,, obtain
the corresponding expression for AS, (0) 0, _sT) and show its relationship
to Equation 16.53.

In this section we focused on the 2D circularly polarized pump—probe spectroscopy
of a 2LS. The rotational averages of fourth- and fifth-rank tensors involving magnetic
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dipole and electric quadrupole transition matrix elements were discussed in detail.
Although one can generalize the 2D circularly polarized pump—probe spectroscopy
for coupled multi-chromophore systems, such extensions will be left for the readers.
Instead, we next consider 2D circularly polarized photon echo spectroscopy, because
the photon echo method is the direct analog of 2D COSY (correlation spectroscopy)
NMR and has been found to be useful in obtaining various 2D vibrational or elec-
tronic spectra of complex molecules.

16.4 TWO-DIMENSIONAL OPTICAL ACTIVITY PHOTON
ECHO: TWO-LEVEL SYSTEM

A detailed description on the 2D photon echo spectroscopy of 2LS and anharmonic
oscillator was already presented and discussed in Chapter 7. Interesting 2D peak
shapes and transient behaviors of diagonally elongated peak shape were also dis-
cussed. However, only the electric-dipole-allowed transitions were considered to
describe the photon echo phenomenon, and that is quantitatively acceptable because
the magnetic dipole—magnetic field and electric quadrupole—electric field interac-
tions are quite small. Note that the incident beams used for typical 2D photon echo
measurements are all linearly polarized and the rotationally invariant elements of
the fourth-rank tensorial response function were only considered, for example, S,,,,,
S,vvz» and so forth. However, if one of the incident beams is circularly polarized and
the LCP and RCP photon echo signals are obtained, the difference signal will be
critically dependent on molecular chirality.? 12

Depending on which of the three incident pulses is controlled to be circularly
polarized, there exist several different ways to carry out circularly polarized photon
echo measurements. In this chapter, the case when the first incident pulse is circu-
larly polarized will be mainly considered in detail. By following the same arguments
presented in the previous section, one can generally expand the 2D photon echo
spectrum as a power series with respect to magnetic dipole and electric quadrupole
matrix elements, that is,
E,(0,T,0)=EY®, T,0)+E)(0,T,0:m+E)®,T0;0)+ - (1654
This equation is analogous to Equation 16.26 for the 2D TD spectrum up to the first
order with respect to m and Q. The first term in Equation 16.54 is the usual 2D photon
echo spectrum within the electric dipole approximation. The second and third
terms are then linearly proportional to the magnetic dipole and electric quadrupole,
respectively.

For a 2LS, it was shown that the all-electric-dipole-allowed photon echo spec-

N(()) . .
trum, E, (o, T,0 ), 1s given as

E;,(‘);(OJI,T,O)T): 2Ap, i, 1® eze3e2efl“((T)eg,Qz,(7)eg,Qz), (16.55)

where only the two resphasing diagrams were taken into consideration.
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_ In order to obtain the first-order magnetic dipole correction term, which is
E;lE) (o,,T,0_;m) in Equation 16.54, we need to consider diagrams like

e
<Wg lg><gl>
g e
mB,
e (16.56)
<My lg><gl>.
gg e
mbB,

The first is the stimulated emission diagram, where the first coherence is generated
by the magnetic dipole—magnetic field interaction. The second diagram corresponds
to the ground-state bleaching. Because only the first incident beam is assumed to be
either LCP or RCP, other diagrams with different time-orderings are not included.

Then, the magnetic dipole correction term E;IE) (o, T, ;m)is found to be

ER(®,.T,0:m)=2{[p ., (m, xk)]
+ [Mgep'eg (meg X 122 )l‘l‘ge ] + [l‘.’ge (me'g X 123 )”’eg"l‘ge]
+ [(mge X l;.y)l‘l‘eg"l’eguge] } ® eje3e2ejr((’6eg ’Qz ’a)e'g ’Qz)' (1657)

The first-order electric quadrupole correction term to the 2D optical activity photon
echo, E)(o,,T,0_;0), is then given as

Ep(0,T,0.:0) = if~[p, m i, (k- Q)]
+ [""gep’eg (kZ ! Qeg )l‘l'ge] + [M'ge (k'i ' Qeg )”’eg”‘gg]

—[(K, - Q) b, 1} ® €ee,e T (D,,,Q°,0,,Q°). (16.58)

Combining Equations 16.55, 16.57, and 16.58, we have the general expression for the
2D optical activity photon echo spectrum for a 2LS, which is valid for any arbitrary
beam configurations.

Now, for the sake of simplicity, it is assumed that the three incident beam propa-
gation directions are almost collinear, so that k i = Z for all j. Let us assume that,
except for the first pulse, the polarization directions of the second, third, and echo
fields are all parallel to the X-axis in a space-fixed frame. The differential 2D photon
echo spectrum is defined as

AE, (0,T.0)=E"(0,T.0)-Ex" (0, T,0)). (16.59)

PE

To obtain AE (@, T,0 ), one can derive proper expressions for both terms on the
right-hand side of Equation 16.59 separately and take the difference. However, alter-
natively, one can use the relationship in Equation 16.20 and find that AE,, (®,,T,® )
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is given as
AE, (0, T,0,)=—2EX (0,T,0.). (16.60)

Here, E jfgxy (,,T,m_)is the 2D photon echo spectrum obtained by using Y-polarized
beam 1 and X-polarized beams 2 and 3, and by detecting the X-component of the
radiated echo field vector. The negative sign in Equation 16.60 was chosen because
the first radiation—matter interaction is between the molecular dipole and e, -com-
ponent of the first beam. In order to calculate the XXXY elements of the three ten-
sors in Equations 16.57 and 16.58, one can use the results in the previous section,
particularly, Equations 16.46 and 16.52. We thus have

82

AER (0,,T, 0 ;m) = ?DineF((T)Eg,QZ,(T)Eg,QZ) (16.61)
AE))(0,,T,0_:;0)=0. (16.62)

Therefore, the 2D optical activity photon echo spectrum of a 2LS is found to be
solely determined by the first-order magnetic dipole correction term as

~ 2 _ _
AEPE(m,,T,mT)=Eg\/S_DgRgl"(mgg,Qz,m

1 ee” “ee

). (16.63)

eg’

Similarly, for a weakly anharmonic oscillator system, other than an additional peak
from the excited-state absorption, the overall amplitude and sign of the 2D photon
echo peak is determined by the product of dipole strength and rotatory strength of
the oscillator.

16.5 TWO-DIMENSIONAL OPTICAL ACTIVITY PHOTON
ECHO OF COUPLED TWO-LEVEL SYSTEM DIMER

One of the interesting model systems that can be studied by using this 2D opti-
cal activity photon echo method is a coupled 2LS dimer, where each monomer is
modeled as a 2LS. Detailed theoretical descriptions of 2D photon echo spectra
of such a coupled dimer were presented in Chapter 9, where short-time quan-
tum beats, long-time population transfers, and physical meanings of cross-peak
amplitudes were discussed. In this section, we will consider the 2D optical activ-
ity photon echo of the same dimer having one ground state (g), two singly excited
states (e, and e,), and one doubly excited state (f). Depending on the waiting
time 7, there are three different regimes. At very short time (T < T, perence)> the
coherence evolution appearing as oscillating peak amplitudes can be observed in
a series of 2D spectra recorded with respect to 7. At long time 7, the diagonal and
cross-peak amplitudes change in time due to the population transfers between
two singly excited states. However, just for the sake of simplicity, we will only
focus on the intermediate time regime, that is, Ty, onerence < T < T,,,- In this case,
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the diagonal and cross-peak shapes were found to be, within the electric dipole
approximation,

ES)(0,,T,0,) = 20, B Py 1 1656, T(0,,,< 807 >0, ,,< 3] >)
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Again, let us consider the specific case when the first beam is circularly polarized
and when the difference signal is taken to be the 2D optical activity photon echo.

Thus, the relationship AE, (o, ,T,®_)= —\/Eiﬁfgxy (w,,T,®_)between the differen-
tial measurement signal and cross-polarization-detected XXXY-signal can be used.
By following the same procedure used to obtain the 2D optical activity TD spectrum
for a 2LS, one can find that the two diagonal peaks in the 2D optical activity photon
echo spectrum are given as

AE, (0,,T,0,)= 81‘5505161 R, r(j,]
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Here, the electric quadrupole contributions to these two diagonal peaks vanish (see
Equation 16.62). The cross-peaks in the 2D optical activity photon echo spectrum,
which originate from the first-order magnetic dipole corrections, are
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Similarly, the first-order electric quadrupole corrections to these cross-peaks are
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From the definitions of the auxiliary functions f%, and f%,, in Equations 16.38
and 16.42, one can find that the magnetic dipole contributions to the two cross-

peaks are
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The dipole and rotatory strengths in Equation 16.68 are newly defined as

Df, =1k, m,1"
Rg‘:ek = Im[p, , -m, 1"

L’J — M
Dy =m, -n, 1" (16.69)
The dipole strength D¥  for j# k represents the transition strength associated with
the creation of exc1ted state coherence p . via two electric dipole—electric field
interactions, whereas Dfek does the same strength via both electric dipole—electric
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field and magnetic dipole—magnetic field interactions. Note that they should not be
considered transition probability because the product state is not a population but a
coherence. The dipole strength D’ is, however, the transition probability of finding
the population on the fth doubly excited state when the system was initially the popu-
lation on the jth singly excited state.

The electric quadrupole contributions to the cross-peaks are found to be
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where k = k.

Combining the magnetic dipole and electric quadrupole contributions to the
diagonal and cross-peaks, one can obtain the final result (Equations 16.65, 16.68,
and 16.70) for the 2D optical activity photon echo spectroscopy of coupled dimer
systems. One can easily generalize the above results for coupled multi-chromophore
systems as® 12
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The above theoretical expression for 2D optical activity photon echo is valid within
a few approximations used. Here, the short-time quantum beat contributions, which
originate from coherences created on the singly excited-state manifold, and the slow
population relaxations were ignored. However, one can easily incorporate such con-
tributions by considering the general theory of 2D photon echo spectroscopy dis-
cussed in Chapters 9 to 11 and by properly taking into consideration the rotational
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averages for magnetic dipole and electric quadrupole terms in the expanded nonlin-
ear response functions with respect to m and Q.
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