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Theoretical descriptions of two-dimensional (2D) vibrational and electronic spectroscopy are presented. By
using a coupled multi-chromophore model, some examples of 2D spectroscopic studies of peptide solution
structure determination and excitation transfer processin electronically coupled multi-chromophore system are
discussed. A few remarks on perspectives of thisresearch area are given.
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Introduction

Two-dimensiona (2D) optical spectroscopy utilizing multi-
ple ultrafast coherent laser pulses have been used to study
protein structure and dynamics,*”’ femtosecond solvation
dynamics,® hydrogen-bonding dynamics®*? solute-solvent
complexation,™® and excitation migration processin a photo-
synthetic light harvesting complex.'* Due to dramatic advent
of recent laser technology, femtosecond laser systems oper-
aing in infrared and visible frequency range have been
commercialy available so that we have seen awide range of
gpplications utilizing such ultrafast nonlinear spectroscopic
techniques.

Most of the conventional linear spectroscopies, though
they are still extremely useful for studying structural and
dynamic properties of complex molecules, can only provide
highly averaged information. Therefore, novel spectroscopic
techniques with much higher information content has been
sought and tested continuously. In NMR spectroscopy, such
efforts led to developing a variety of 2D NMR techniques
such as NOESY (Nuclear Overhauser Enhancement Spectro-
scopy) and COSY (correlation spectroscopy) methods among
many others, and they have been extensively used to study
structural and dynamical properties of proteinsin solution.”>

In Figure 1, a direct andogy between 2D vibrationa
spectroscopy and 2D NMR is depicted. In the case of 2D
NMR, one can measure the nuclear spin-spin coupling con-
stant that carries information on the 3D molecular structure.
Similarly, the 2D vibrationd spectroscopy can provide
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Figure 1. An analogy between two-dimensiona NMR and two-
dimensional optical spectroscopies.

information on the vibrational coupling constant between
two spatially separated vibrational modes and the 2D elec-
tronic spectroscopy has been found to be useful for estimat-
ing the magnitudes of electronic coupling constant between
two optical chromophores. Despite that the interaction
mechanism between two different vibrational (electronic)
degrees of freedom differs from that between two nuclear
spins, the coupling strengths in both cases are sensitively
dependent on the 3D molecular structure (Fig. 2).

Although the optica analogs of 2D NMR do not provide
an atomic resolution structure of complex molecules, optical
domain multi-dimensional spectroscopy has certain advant-
ages because of the dramatic gain in time resolution (~sub-
picosecond scale) possible and because of the ability to
directly observe and quantify the couplings between quantum
states involved in molecular dynamical processes. For the
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Figure 2. NMR spectroscopy can provide structure information by measuring the coupling constant between two nuclear spins. Similarly,
the two-dimensional vibrational spectroscopy is useful in extracting quantitative information on the vibrational coupling constant between

two local oscillators.

2D vibrational spectroscopy, an elementary and highly
simplified schematic diagram in Figure 3 shows the reason
why 2D vibrational spectroscopic technique can provide
detailed information on the 3D structure of a given complex
molecule. The existence of cross peaks can be direct evidence
on the vibrational coupling induced by the spatial proximity
between the two different vibrational chromaophores in this
case. Similarly, if two optica chromophores are close to
each other, the electronic coupling between the two induces
an electronic exciton formation and produces cross peaks in
the 2D dlectronic spectrum.’®® Therefore, experimental
observation of cross peaks in a measured 2D electronic
spectrum can be considered to be direct evidence of the
electronic coupling between two chromophores. In the
present paper, we will mainly focus on our recent theoretical
studies of 2D vibrationa aswell as el ectronic spectroscopies

Figure 3. A schematic figure showing that the existence of cross
peaks in a two-dimensional vibrational spectroscopy is direct
evidence on the spatia proximity of the two vibrationa chromo-
phores.

of coupled multi-chromophore systems.

It should be mentioned that the main god of this articleis
not to review the entire experimenta and theoretical works
reported in this research area but to provide brief accounts of
works mostly presented by the author’s group. Therefore, for
those who are interested in reading other reviews, references
2-7 and 18 could be of great interest. The present paper is
organized as follows. In Sec.ll, a general description of
ultrafast vibrational or electronic excitation and probing
methods utilizing femtosecond laser pulsesis discussed. The
linear and nonlinear response functions for any arbitrary
multi-level systems are theoretically described by using the
correlation function theory. In Sec.1V, the theoretical model
Hamiltonians for coupled multi-chromophore systems con-
sgting of ether two-level chromophores or anharmonic
oscillators are discussed and a variety of auxiliary functions
such asfreguency-frequency correlation functions, transition
dipole matrix elements, etc. are summarized. A variety of
2D vibrationa spectroscopic studies of the prototype mono-
peptide system, dipeptide, a~hdlix, S-hairpin, and extended
multiple-stranded /sheet polypeptides are discussed in
Sec.V. A recent application of 2D electronic spectroscopic
method to studying excitation migration process in a photo-
synthetic light-harvesting complex is briefly discussed in
Sec.VI. A few future applications and perspectives of 2D
optical spectroscopy and a concluding remark are given in
Sec.VII.

Ultrafast Excitation and Probing Methods

In order to classify each different coherent multidimen-
sional spectroscopic technique, it is necessary to describe
how they differ from one another at the level of optical
excitation and probing methods.

A. Ultrafast excitation methods. There are numerous
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time-domain methods to vibrationally or electronically ex-
cite molecules in condensed phases. Depending on the
molecular nonlinear response of interest, one can probe the
relaxation of the diagonal (population state) or off-diagonal
(coherent state) density matrix elements selectively.® Thus,
the ultrafast excitation methods can be divided into two
classes. Note that the former type of experiment is to
measure time-dependent population relaxation process by
gimulating emission with an ultrafast laser pulse or by
detecting spontaneoudly emitted field intensity. The latter
type of spectroscopy is useful in measuring vibrational or
electronic decoherence rate. In Figure 4, we specificaly
consider five different vibrational excitation methods.

(E1) Absorption of aresonant IR photon

(E2) Stimulated Raman excitation by electronically non-
resonant optical fields

(E3) Stimulated hyper-Raman excitation by electronically
non-resonant optical fields

(E4) Absorption of a resonant circularly polarized IR
photon

(E5) Stimulated Raman excitation by electronically non-
resonant (circularly polarized) optical fields.

One of the most straightforward methods to create a
vibrational coherence dtate is to use a resonant infrared
pulse. The IR-field-matter interaction is, within the electric
dipole gpproximation, —u«E(t) so that the force exerted on the
jth vibrational degree of freedom is —(du/JdQ)E(t), where u
is the electric dipole moment. Due to the finite spectral
bandwidth of femtosecond IR pulse, E(w), which is the
Fourier-transform of the temporal envelope of the IR pulse,
the excitation process involves arange of vibrational excita-
tions of modes of which frequencies are within the envelope
of the pulse spectrum, E(w) . The second method (E2) isto
use stimulated Raman process to vibrationally excite the
electronically ground state molecule. By using an ultrafast
optica pulse whose frequency is eectronicaly non-resonant,
Raman-active vibrational modes can be excited when the
corresponding vibrational frequencies are within the spectral
bandwidth of the short pulse. In this case, the effectlve field
matter interaction is approximately given as —|E(t)” , where

i L

(E1)LPIR (E2) Stimulated (E3) Stimulated (E4) CPIR (ES5) Stimulated
Raman (LP hyper-Raman Raman (CP
optical field) (LP optical field) optical field)

Figure 4. Five representative vibrational coherence state gene-
ration methods. Horizontd lines are vibrationa quantum states on
the electronic ground state. Dashed horizontal line correspondsto a
virtual state involved in the Raman or hyper-Raman scattering
processes. The methods E4 and E5 involve circularly polarized IR
and electronically non-resonant optical fields, respectively.
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aisthe molecular polarizability, so that the force exerted on
the jth vibrational degree of freedom is (do/dQ;) IE(t).
Various stimulated Raman scattering experiments involve
such kind of vibrational excitation processes. The third
method (E3) involves higher-order field-matter interaction,
the hyper-Raman process, so that the effective field-matter
interaction in this caseis —,BEl(t)Ez(t)Es(t) where fisthe
first molecular hyperpolarizability and three injected fields
are denoted as Ej(t). Then, the jth mode experiences the
force, (dfldQ) El(t)Ez(t)Eg(t) when the molecule is
exposed to these eectronically off-resonant fields. Often, the
vibrational selection rule of the hyper-Raman process differs
from that of the Raman process so that the stimulated hyper-
Raman excitation method can be of use to excite different
vibrational degrees of freedom in comparison to the conven-
tiona impulsive stimulated Raman scattering method. The
first three methods utilize linearly polarized beams, but one
can employ circularly polarized (CP) beams and measure the
difference between the left-CP and right-CP signals to
extract information on the molecular optical activity. As
theoreticaly proposed recently, time-resolved optical activity
measurement can be achieved by using CP light beams in
the sum-frequency-generation or four-wave-mixing spectro-
scopic schemes.?% These novel spectroscopic methods can
be of effective use in studying ultrafast dynamics of chiral
moleculesin condensed phases. The fourth and fifth methods,
E4 and E5 in Figure 3, utilize CP IR and CP optica pulsed
fieldsto create avibrational coherence state.

B. Ultrafagt probing methods Time-dependent evolution
of thus created vibrational coherence states can be probed by
employing suitable ultrafast probing methods. Much like the
ultrafast excitation (vibrational coherence state generation)
process, one can use the same types of coherent transition
processes. In Figure 5, the energy level diagrams associated
with the five spontaneous or stimulated emission detection
methods are shown.

The first method (P1) is to measure the spontaneousy
emitted IR field by homodyne or heterodyne-detection
method. The P2 method uses the stimulated Raman scatter-
ing process. Suppose that a vibrational coherence state is

\E_J
y ¥ Y W Y
(P1) (P2) (P3) (P4) (P5)
LP IR Stimulated Stimulated CP IR Stimulated
Raman with LP hyper-Raman with Raman with CP
optical field LP optical field optical field

Figure 5. The upward solid arrow represents transition induced by
external-field-matter interaction, whereas the downward dashed
arrow is spontaneously emissive field-matter interaction. The
fourth and fifth probing methods, P4 and P5, involve detection of
circularly polarized component of signal electric field.
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created by preceding field-matter interactions. Then, an
electronically off-resonant optical field can be inelastically
scattered by this vibrational transent grating and the
measured signal intensity or amplitude contains information
on the evolution of the vibrational coherence state, i.e.,
linear or nonlinear vibrational response of the molecular
system. The third method (P3) is to use higher-order (hyper-
Raman) scattering process to probe dynamic evolution of the
vibrationa coherence state. The other two methods, P4 and
P5, are self-evident.

C. Dedigning a coherent multidimensional spectroscopy.
Using one of the schemes in Figure 4, one can create a 1D
transient grating (TG) in a given optical sample. Depending
on the probing method in combination with a chosen exci-
tation method, one can measure a variety of different mole-
cular properties such as dipole, polarizability, or hyper-
polarizability correlation functions. For instance, let us con-
sider the coherent Raman scattering spectroscopy utilizing
femtosecond laser pulses. For the jth vibrationa coherence
state its relaxation can be approximately described as
g’ "snat, where ¥ is the vibrationa dephasing constant.
After afinite delay time, the transient dynamics of this 1D
grating can be measured by using one of the time-domain
probing methods in Figure 5. Typica one-dimensional
spectroscopy such as absorption, Raman scattering, and
other related techniques, is to measure the oscillation fre-
quency and dephasing rate of this transient grating, i.e.,
linear polarization.

Then, by combining two or more excitation pulsesthat are
separated in time, it will be possible to create temporally
(and/or spatialy) multi-dimensiona vibrationa (or €l ectronic)
TG's. Unlike the 1D TG, the signal field generated by the
nonlinear polarization reflecting dynamic evolution of the
multi-dimensional TG is produced by the interference be-
tween electric fields created by different nonlinear optical
trangtion pathways. The two- and three-dimensional spectro-
scopies are essentially to measure the tempora evolution
and relaxation of thus created two- and three-dimensional
transient gratings. In practice, one measures the two- or
three-dimensional signa, Sti, t2) or Sty to, t3), in time
domain and its multi-dimensional Fourier transformation
gives the corresponding 2D or 3D spectrum.

As outlined above, there are different ways to create
coherent states. Consequently, there could be a number of
different ways to create 2D TG However, only a few of
them have been experimentally explored so far. In Scheme
1, we show some combinations of excitation and probing
methods. If the first three methods in Figure 4 are only

El(w)
E2(0)
E3(B)

O

El(w) P1(w)
E2(r) % P2(c)
E3(B) P3(B)

Scheme 1
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Scheme 2

considered, there are 9 digtinctively different ways to create
a2DTGi.e,

Then, the corresponding nonlinear response function is
defined as

2) _(I?
R (tzvtlvtO)_( ([[P(ty), Atp], B(ty)]o(to)) 1)

where the thermal equilibrium density operator was denoted
as plty)
In the case of three-dimensional spectroscopy, there are 27
different ways to create 3D transient grating (see Scheme 2).
The third-order nonlinear response function describing
molecular response to a specific sequence of field-matter
interactionsin the above schemeis defined as

R¥(ta o, tu.to)
i3
= (l (¥ (L), D(t)],A(t)], O(t)10(to)) 2

where ¥, ®, A, and ©® are molecular operators, such as
dipole (), polarizability (o), first hyperpolarizability (£)
etc.

For example, the photon echo spectroscopy generaly
involves three or four laser pulses that are separated in time
and its field-matter interaction sequence is given as E1-E1-
E1-P1.24% The final pulse in the case of the heterodyne-
detected photon echo experiment acts like a time-gating
pulse. Thus, the photon echo technique belongs to the case
of 3D TG experiment in general. However, if, during the
second delay time tp, the system is on the population state
(diagonal density matrix),there are two coherence state
evolution periods so that the photon echo method can be
considered to be one of the coherent 2D spectroscopy, i.e., a
reduced 2D vibrational spectroscopy.®

Now, the next step toward the complete theoretical
description of the coherent multi-dimensional spectroscopy
is to obtain the corresponding nonlinear response function,
which isrequired in the calculation of nonlinear polarization
and signa eectric field.

Linear and Nonlinear Response Functions

In the present section, we will provide theoretical expres-
sions of linear and nonlinear response functions given in
Egs.(1) and (2). Note that the nth-order polarization can be
written as?®

PPt =N [ dty [ty j:dth<”>(tn,---, tot;)
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x E(r t—t ) E(r t—t,—t,_y) X---xXE(r t-t—--t,—t;) (3)

where N is the number of chromophores. The measured nth-
order signal fleld am litudeis related to the nth-order polari-
zation as E™:iwP™ . Now, by using the eigenstate repre-
sentation and taking into account the system-bath interaction
properly, the linear and nonlinear response functions can be
obtained and written as?’%

R = (1)t X Pt

X { A apOpa€XP(— Dty )Fpa(ty)—C.C} 4)
) _(Iy?
R7(tyt) H(tz)ﬂ(tl)% P.(to)

X [q)abAbcgcanp(_i a)batz_i a)catl) Géla)(tzltl)

-A bcI)bc@canp(_| @ bt2 Ia)catl)Gb )(t27 1)] +cC.C (5)

i3
ROyt t) = (l Oty A(t,) A(ts) 21 [Ha(ts,tz,tl)—c.c.(] ,)
o= 6

where the auxiliary functions are

Fra(ty) = @B] =], 07, [ drid(m) ™

Gheltyty) = p{‘“ dflj d7,6(7—7%)

+ ng dz J.Orl A5l (7—7p) + I;z dz ng dz,Gp( 7+ Tz)}}
®

Gre(tyt,) = p{‘“ dflj d5éu(7—7)

to+t T, t tot
+ Ioﬁ “dr Iol A58 7—7p) + _[02 dT1_[0ﬂ * A7y 71—72)}
©)

Hy(tatt; 2 Pa(to)Aaq @'t c,Opa EXPLim st 0ty 0pty

tﬂ.t2+t3
tH,

X eXp{ J‘“ dle dz’zfdd(‘rl,rz) I J'tﬂt dTZé(:c(TllTZ)

trtpty o tt
—J.OI+ "dg J.O d76( 71, 7) —J.tf dg d764(71,7)

tt, toto+ts tirto+
+ +
Ll dz J.O d7yCa(71,7) J.t ",

tortotts
J. t+tp

ttyty
dg J.OI+ dzpgen( 71'72)}
(10)

Hy(tatoty) = 2 Pa(ty)@ai®ec¥ cphpa EXPLiotaH 0t wpty
abed

tt, Ty * tty+ts
X X —J' dr, I dz 7,7 —J'
p{ , 98k 26l 7T~ [y,

torto+ty 7) tot,
—Itl dz; Ll d7(72,7) _Io

d 2 J:ZIFIZ d z'zfcc( 7, 1'2)

torto+ty
dg I tht, d7,64( 71, 7)
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toty trto+t trto+tg toto+ts
+ _[0 dTlLl d7plan(70,%) + L N dTl_[ dTZé:cb(TlvTZ)}

(11)

H3(t3,t2,tl) = Z Pa(to)gadAdcchbcDba exp{imcbt3+imcat2+imdat1}
abed

1 * ttr+ts S *
X exp{_J.;l d Tl Jz- dTZfdd( Tl’ TZ)_J.tlﬂ- dTl IZ drzfcc( Tlv TZ)

t t2+t3 1 oty
JAI+ 1 L , 9557, ) r dz 1_[ " A (7,7

tto+ts tﬂ-t2+t3 tto+ts
+ Oldflj A7, 71, 7) + I 1_[ defcb(Tl’Tz)}

tyty
(12)

H4(t31t21t1) = Z Pa(to)\yadq)dc/\cb@baexp{_i(Ddat3_i(0cat2_imbatl}

tﬂ'tz"'ta 7 tot &)
X exp{ _[ dz |, thd‘fzéfdd(flxTz)—_[tlI+ ’ dTlItl d7,6(71,7)

tﬂ-t2+t3

J. dz .[o d260( 71, 7) I 1J.tt1+t2 d%6u( 71, 7)

J'tﬂtzth3 1J'0 A7 6an( 70, )= J.tftz dTlJ. drzécb(TbTZ)} - (13

Here, P,(ty) is the Bolzmann probability of finding the
quantum state |a> at time to a temperature T. The complex
conjugate is denoted as c.c.. 6(t) is the Heavyside step
function. The transition matrix element, for example O, IS
defined as Bpa = <b|@®Ja>. The entire response functions are
determined by the complex auto- and cross-correlation
functions of the fluctuating transition frequencies defined as

ST, T) =(0Wa(71) 000 T,)) - (14)

The linear and nonlinear response functions can be
expressed in terms of the correlation functions of the bath
degrees freedom that are coupled to the molecular vibra-
tional or electronic trangition.

Coupled M ulti-Chromophore M odel

Both polypeptides and molecular complexes with a
number of vibrationa or electronic chromophores that are
coupled to each other eectronicaly can be successfully
modeled by using the Frenkel exciton model, where each
monomeric chromophore is either a two-level system or an
anharmonic oscillator system. In the case of the amide |
vibrationa modes, each individual amide | loca oscillator
can be approximated as an anharmonic oscillator with just
three low-lying vibrationa states. Note that most of the 2D
vibrational spectroscopic techniques based on the four-
wave-mixing method such as 2D IR pump-probe and photon
echo involve vibrational transitions up to the second excited
states that are either overtone or combination states. Thus,
one can assume that a vibrational chromophore in this case
is a three-level system with the overtone anharmonicity
correctly taken into consideration. On the other hand, for
coupled multi-chromophore system such as photosynthetic



Coherent Two-Dimensional Optical Spectroscopy

light-harvesting complex or J-aggregates, where the associ-
ated optical trangition is electronic in nature, one can assume
that the monomer is nothing but a two-level system. How-
ever, due to the electronic couplings among the two-level
monomeric chromaophores, the entire multi-chromophore
system consists of not only the one-exciton states but also
the two-exciton states. Nevertheless, the model Hamiltonians
for these two different classes of complicated molecular
systems are little different from each other.

A. Model Hamiltonian for coupled multi-chromophore
systems. In order to describe nonlinear optical properties of
molecular complexes and aggregates, the Frenkel exciton
Hamiltonian has been extensively used.* Denoting a:; and
an to be the creation and annihilation operators of an
electronic excitation at the m" chromophore, the zero-order
Hamiltonian can be written as

N N
Z hoanan + X Y Wopdnan + Hy,  (15)

m n#m

where the excited state energy of the m" chromophore,
electronic coupling constant between the m" and n™ chromo-
phores, and the phonon bath Hamiltonian were denoted as
hw,,, Jm, and Hp, respectively. If each monomeric
chromophore is an anharmonic oscillator instead of a two-
level system, the zero-order Hamiltonian should be written
as
N N
2 N0 Bram + 2 Y Mm@

m=1 m n#m

N N
+ Z Z hAmna:na:aman + th (16)
m n

Note that the third term on the right-hand side of Eqg. (16)
describes the quartic anharmonicities.

The chromophore-bath interaction and the changes of
inter-chromophore distance and orientation induce fluctu-
aions of site energies and coupling constants. Thus, the
genera system-bath interaction Hamiltonian iswritten as

= 2 3 M Q)3 (17

where gm(Q) is an operator of bath coordinates, Q, anditis
assumed that the expectation values calculated over the bath
elgengtates, (0,,(Q)),, are zero—note that if (g, (Q)),
values are finite they can be included in the zero-order
Hamiltonian. For mzn, the couplings to bath degrees of
freedom can induce excitation transfers between different
chromophores in the site representation. The total Hamil-
tonian can therefore be written as

H=Hy+Hs + Hg. (18)

B. Transformation into delocalized exciton representa-
tion. For any general four-wave-mixing spectroscopy, we
need to consider three well-separated quantum state mani-
folds: the ground state, N one-exciton states, and ~N? two-
exciton states. The one- and two-exciton eigenvalues and
eigenvectors can be obtained by diagonalizing the one- and
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two-exciton Hamiltonian matrices obtained in the site
representation, and these two matrices are denoted as H;
and H, . Then we have

U™A,U = hd
VLV = hW, (19)

where the one- and two-exciton eigenval ues are the diagonal
matrix elements of NQ and MW, respectively. The one- and
two-exciton states are therefore linear combinations of
singly or doubly excited states wavefunctions, i.e.,

&) =3 Ul
o= 5l z vioim,ny, (20)
m=1 n=m+1

where |m) = a;|0> and |mn) = a’a'|0y. The eigenvector
elements of the j™ oneexa ton and the k' two-exciton states
were denoted as U, ' and an' respectively. The matrix
elements of V¥ correspond to the elements of the k™ row of
the matrix V7.

Due to the chromophore-bath interaction, the correspond-
ing matrices H( ) and H(SB) in the site representation can be
transformed as, in the delocalized exciton state represen-
tation,

hES(Q =U He@u
hES(Q) =V ASQV. (21)

The diagona matrix elements, [:(SB)(Q)]JJ and [:(SZB)(Q)]kk,

describe the energy fluctuations induced by chromophore-
bath interaction of the ™ one-exciton and the K" two-exciton
dtates, respectlvely The off-diagonal matrix elements of
_(Slg(Q) and _(;(Q) will induce exciton relaxations within
the one- and two-exciton state manifolds, respectively.

C. Exciton state ener gy fluctuations. Now, the energy of
the j" one-exciton state, fluctuating due to chromophore-
bath interactions, can be written as

N9y(Q) = hG; + EGQ)L =G + 1% X Uln(QUy
(22)
Usually, the fluctuation amplitudes of the coupling con-

gants, gm (for m=n), are smaller than the fluctuation
amplitudes of site energies (diagonal elements), i.e.,

(qﬁqm>>><qﬁp> for al m, n, and p, and n=p. (23
Therefore, Eq. (22) can be simplified as

hQy(Q) = Qi + hX Urytm(Q) (24)
Note that the fluctuation of the j'" one-exciton state energy,
the second term in Eq. (24), is given by alinear combination
of each dite energy fluctuation term, hgum(Q), and the
weighting factors are determined by the square of the
corresponding eigenvector elements. Similarly, the K" two-
exciton state energy iswritten as
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hW(Q) = hWige + N[ES *(Q) e

= hWkk + hZZ VJm][H p(Q)]mnvnj

~hvw<k+hz z V2L 0ur(Q) + G(Q)} . (25)

m=1 n=m+1

Note that the energy fluctuation at the m™ site, described by
N0,,m (Q), modulates both the one- and two-exciton state
energies and the relative weighting factors are determined by
the associated eigenvector matrix elements. From Egs. (24)
and (25), one can deduce the fact that the fluctuation of the
j™" one-exciton transition frequency isintrinsically correlated
with the fluctuation of other one- or two-exciton transition
frequencies. Because of this instantaneous correlation
mediated by the electronic couplings, the one- and two-color
photon echo pesk shifts® can be used to study the spatial
extent of exciton delocalization aswell asthe spatial overlap
between different one or two-exciton state probability
densities.

D. Transition dipoles. Once the eigenvectors of the one-
and two-exciton states are determined, the exciton transition
dipole matrix elements can be expressed as linear combin-
ations of transition dipoles of each chromophore, i.e.,

Hg=(0lEi8) = > Upd,

Mo =(EIT) = > T WU U @9

m=1 n=m+1

where dn is the transition dipole vector of the m" chromo-
phore, i.e, d,=(0lzm), where & is the electric dipole
operator. These transition dipole matrix elementsin Eq. (26)
are used to calculate various 2D spectroscopic response
functions of coupled multi-chromophore systems, such as
polypeptides and light-harvesting complexes.

E. Frequency-frequency correlation functions. For a
multi-level system, we need both the auto- and cross
correlation functions of the one- and two-exciton transition
frequencies to eventualy calculate the 2D spectroscopic
nonlinear response functions. Using the approximate expres-
sons in Eg. (24), one can obtain the time-correlation
between any given two one-exciton transition frequencies as

(3240820 = X X UL U G Dr(0) @27

where  3(Q) = (Q)- Qi and (1) = exp(iHpt/h)
ek (Q)exp(—alht/h) If the energy fluctuatlon a the mi
chromophore is gsatistically independent of the energy
fluctuation at the n chromophore, i.e.,

{Arm(D%n(0)) = S Ay A (0)) (29)
then, Eq. (27) smplifiesto

(B X(0)) = XU UiGrr(DGmi(0)) - (29)

We further assume that the site energy fluctuation correla-
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tion functions (Q,,n(t)qmm(0)) are dl identical so that we
have

(Arm(Dmm(0)) = C(1)  (for @l m). (30)

In order to express C(t) in terms of spectral density, C(t) is
expressed as asum of the real and imaginary parts as

C(t) = a(t) +ib(t) . (31)

Introducing the spectral density o(w) representing the
spectra  distribution of the chromophore-bath coupling
constants,? one can rewrite the real and imaginary parts, a(t)
and b(t), as

a(t) = J': dwp(w)coth;(—_l_a) cosat (32)
b(t) = jo‘” dwp(w)a’sint . (33)

Note that the absolute magnitude of the spectral density is
determined by the solvent reorganization energy as A =
h j dwwp(w) ** and A is one-quantum energy averaged
over the spectral density. Since the initial value of C(t),
which is the mean square fluctuation amplitude of the
transition frequency of an isolated chromophore, isacritical
quantity, it is especially denoted as

Co = C(0) = (@’ coth[he/2kg T1),,

= [ dwp(w)cothlhal2kg e . (34)
0

By using the approximation of Eq. (30), Eq. (29) is further
simplified as

32,(052,(0) = (¥ U Uz Jc) (3)

We next consider the correlation functions between any
given two two-exciton transition frequencies and they are
found to be

N-1 N N-1

(WOMWOY =Y 3 3 2 VY2

m=1n=m+l r=1 s=r+l1

X {{Amm(® + Ann(D}{ G (0) + 9(O) )

(Z > >{P<k>+P<k>}JC(t> (36)

m=1 n=m+1

where the second equality was obtained by invoking the
approximation in Eg. (30), and

m-1
PU="S W7+ 3 (W, (37)
j=1 j=m+1

In addition to the correlation functions between two one-
exciton trangition frequencies and between two two-exciton
transition frequencies, the cross-correlation functions be-
tween 5Q;(t) and dW,(0) are required in calculating the
nonlinear response functions. They are
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(8(1) 5Wk(0)>
N N-1

=3 2 UZ(V)° (G40 (0) + G(O) 1)

m=1r=1 s=r+1
N (K)
= 21 UZPY C(t) . (38)
m=

In this subsection, invoking the two approximations, Eqgs.
(28) and (30), we showed that all auto- and cross-correlation
functions of fluctuating one- and two-exciton frequencies
can be written in terms of the frequency-frequency corre-
lation function of a single chromophore, C(t).

F. Delocalization and spatial overlap of excitons. Three
different correlation functions of one- and two-exciton state
frequency fluctuations have different physical meanings and
are related to ether the gpatial delocalization of the
corresponding exciton or the spatia overlap between the
excitonic state probability densitiei First of al, the mean
square quctuailon amplitude of the | one-exciton transition
frequency, (69 ) isgiven as

(59
TERUn ey (39)

Noting that the inverse participation ratio (IPR) of the |
one-exciton state N; is defined as N, = [Z U,ﬂ_l, we find
m

that the ratio <5£2j2)/C0 can be of useto obtain the extent of
delocalization of the jth exciton dtate in space. As Nj
increases, the assomated line width, which is approximately
proportional to <5£2 », decreases. This is a well-known
exchange-narrowing effect found in a J-aggregate.® In order
to measure this auto-correlation function, (5€(T)d<;(0)),
one can use the photon echo peak shift measurement
method. It was found that the photon echo peak shift decays,
with respect to T, as***

Re[<5£2- (T)OQ; (0))]
J7(50H™

where the center frequencies of the femtosecond laser
beams, wn and ws, are tuned to be identicd to the average
trangition frequency of the one-exciton |g> state.

Secondly, the normalized cross correlation amplitude,
(89 0Q)/C,, iswritten as

(6239
CO

T (T = ;= Deg) = (40)

Z mj mk (41)

The vector, Bj = (U3, Ug,...), where each element is the
square of eigenvector element, describes the probability
density distribution of the j™ exciton state in the site
representation. Thus, we have

(82,829/Cy = BB (42

which can be viewed as the gpatial overlap of the two
probability density distributions, B; and B, of the " and K"
exciton states. This suggests that (&2;0Q,)/C, isameasure
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of overlap between |1//J-|2 and |1//,J2 , Where i, for example, is
the wavefunction of the jth one-exciton state. Once
(3 0Q)IC, values are experimentally measured, it will
provide spatia information about a pair of excitonsthat have
different frequencies. Recently, Cho and Fleming showed
that the two-color photon echo peak shift measurement,
where the two different frequencies of the incident laser
beams are simultaneously resonant with the | and k™ one-
exciton states, can be used to measure this particular
quantity; i.e., >

REL(R, (D)
Sz (b b

Next, let us consider the cross-correlation between the j™
one-exciton state frequency fluctuation and the kK" two-
exciton state frequency fluctuation, (d&;(t)oW,(0)). We
find that

* i
To(T5 @1 = Weg, W3 = We,g) =

(BAOWY N
== 3 UnPl. (44)
0 m=1

In order fo updersxand the physical meaning of the quantity,
Z% 1Um, PY . let us define the projection operator,

= |mxm| , where |m> denotes the singly excited state of
the mi" chromophore. Then, one can prove that

Pl = (Pl (45)
where | f,) isthe K" two-exciton state wavefunction, i.e.,

o = Z 2 Ve Imyin) . (46)

m=1 n=m+1

Therefore, Pﬁ'? is the expectation vaue of P, over the
probability distribution of the k" two-exciton state, and is
considered to be the “amount” of the |m> wavefunction in
the K™ two-exciton state. In other words, Pk = (P(l ), P(zk), )
vector is the reduced (projected) probability density of each
site in the K two-exciton state. Therefore, Eq. (44) can be
rewritten as,

Za% B P (47)

which can be interpreted as the spatial overlap between the
probability density of the j one-exciton and the reduced
probability density of the k™ two-exciton state.

Finaly, the mean square fluctuation amplitude of the k™"
two-exciton state is found to be

<éé:/\0/2> _ sz D 1 (v(k)) (PY4+ pMy. (48)

This result suggests that <6W2k> is determined by the overlap
of the probability density of the k™ two-exciton in the |m,n>
basis and the projected (reduced) probability densities.

Now, we have described the nature of one- and two-
exciton states, |g> and |fi>, and aso presented the
expressions for transition dipole matrix elements. Then,
using the theoretical formulafor 2D spectroscopic nonlinear
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response functions given in Sec.lll and carrying out 2D
Fourier transformation of the relevant nonlinear response
function, one can caculate the 2D vibrationa or electronic
spectrum of any coupled multi-chromophore system.

Two-dimensional Vibrational Spectroscopy
of Polypeptides

In the case of 2D vibrational spectroscopy, due to the
doubly-vibrationally-resonant condition, two different IR
fields, for example, can be simultaneously in resonance with
two different vibrational transitions. Furthermore, in order
for the signal not to be zero, the vibrational coupling be-
tween two modes viamechanical or electric anharmonicities
should not vanish. This is possible when the two vibrational
chromophores interact with each other via through-bond or
through-space interaction. Therefore, the 2D vibrational
spectroscopy can be a useful method to examine whether the
two vibrational chromophores are sufficiently close to each
other.?° Thisis how 2D vibrational spectroscopy can provide
much more detailed information on three-dimensional
molecular structure.

Similar to the 2D vibrationa spectroscopy, the 3D
vibrationa spectroscopy when the three different vibrational
degrees of freedom are excited by the three beams with
different frequencies can provide through-bond and/or
through-space interaction network among the three modes
(chromophores). This method therefore is a useful tool for
measuring three-body interaction?® and analogous to multi-
dimensiona hetero-nuclear NMR spectroscopy.

However, in order for 2D vibrational spectroscopic techni-
ques to be of use in probing structures and dynamics of
proteins in solution, there are a number of issues to be
addressed as summarized in Figure 6. For a given target
vibrationa degree of freedom, the solvation can induce both
solvatochromic frequency shift and time-dependent frequency
fluctuation leading spectral line broadening. For example,
the hydrogen-bonding effects on vibrational properties areto
be understood for quantitatively establishing protein struc-
ture-spectra relationships in genera. In addition to the
solute-solvent interactions, the intramolecular vibrational
interactions between different local vibrational modes should
a so be understood. For instance, the amide | mode localized
a a given peptide bond in a protein backbone can interact
with a neighboring peptide vibration, which also induces
frequency shift and fluctuation as the protein structure
congtantly changesin time.

There exist quite a number of spectroscopic methods that
have been used to probe structure and dynamics of biomole-
cules (see Fig. 6). The conventional 1D IR absorption and
Raman scattering methods have been served as the most
vital tools for such purposes. Also, afew vibrational optical
activity measurement methods such as vibrationa circular
dichroism and Raman optical activity spectroscopies were
found to be quite useful and informative. In addition to the
2D vibrational (IR) spectroscopy Utilizing either IR photon
echo or IR pump-probe scheme, it was theoretically pro-
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Figure 6. A schematic diagram showing issues to be studied and
methods to be used to establish the structure-spectrum relation-

ships.

posed that 2D vibrational optical activity spectroscopy
utilizing circularly polarized beams would provide far
detailed information on structure of chiral molecules such as
proteins and other biomolecules.??

In this chapter, we will present brief reviews on the theore-
tical studies of vibrational dynamics of proteins, from a
single peptide molecule to various secondary structure poly-
peptides, in solution.

A. N-Methylacetamide: a prototype peptide model
system. Hydration effects on the molecular structure and
amide | mode frequency of a prototype peptide molecule, N-
methylacetamide (NMA), when it is solvated by afew water
molecules, were investigated by carrying out ab initio calcu-
lations for a number of randomly chosen NMA-water
clusters (see Fig. 7 for example).®® The linear relationship
between the structural distortion of peptide bond, i.e., C=0
bond length, and the amide | mode frequency was described
by using the theory presented in Ref. [36]. The harmonic
frequency shift of the amide | modein NMA-nD-O (n = 1-5)
complex was found to originate from the combination of the
molecular cubic anharmonicity and displacement of the
amide | coordinate when the NMA is hydrated.®® Using a
multivariate least square fitting method, the effective transi-
tion charges of six NMA sites were determined. Then, this
empirical model was successfully used to quantitatively de-
scribe solvatochromic frequency shift of the NMA amide |

i
B

Figure 7. An NMA-water cluster.

"
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Figure 8. Amide | mode frequencies of NMA-water clustersare on
the y-axis. The multivariate least square fitting results are on the x-
axis, and the correlation appears to quantitative (see Ref. [35] for a
more detailed description).

mode upon hydration.

Once the amide | mode frequency shift of NMA in NMA-
water clusters is quantitatively determined, one can use the
theoretical model to describe amide | mode frequency shift
and fluctuation of NMA in water in combination with MD
simulations of an NMA in H,O and D,O solutions. The
ensemble averaged amide | mode frequency shift was found
to be —78 cm™ in comparison to that of the gas-phase NMA
molecule, which was found to be in excellent agreement
with the experimental value of =81 cm™ (Fig. 8).> Similar
to the solvation correlation function of a polar solute in
water, the amide | mode frequency-frequency correlation
function exhibits a bimodal decaying pattern and both the
hindered trandational and the librational motions of the
water molecules directly hydrogen-bonded to the NMA
were found to play critical rolesin the pure dephasing of the
amide | mode.® The pure dephasing constant was estimated
to be 11 cm™. It was shown that the vibrational broadening
mechanism is mainly determined by the motional narrowing
process. The vibrational Stokes shift of the amide | mode
was estimated to be as small as 1.2 cm™. The amide | IR
absorption spectrum thus cal culated without any adjustable
parameters except for the lifetime of the first excited state
has a full width at half maximum of 26.9 cm™ and is found
to be in good agreement with the experiment. >4

Next, we used this method to numerically ssimulate 2D IR
pump-probe spectrum of NMA in liquid water, which was
experimentally studied by Woutersen et al.*® and Zanni et
al.*> We presented a theoretical description of two-dimen-
sional (2D) IR pump-probe spectroscopy of a three-level
system by taking into account the system-bath interaction
properly.*? Note that there are six different nonlinear optical
transition pathways depicted in Figure 9, where the ground,
first excited, and second excited vibrational states are denot-
ed as |0>, |1>, and [2>, respectively. The incoming and
outgoing (short) arrows represent the absorptive and emisive
field-matter interactions, respectively. The transient (excited
dtate) absorption contribution involves a transition from the

Bull. Korean Chem. Soc. 2006, Vol. 27, No. 12 1949

12>/ [2> j9 <Y 1> 1>
<0| 0>
[1> <1| [1> <1 [
<] [1> <1] |1> <1| |1>
|0> <0 |0> <0 |0><0| |0> <0 |0><0] 0> <0|
-0, ) Ds D, s @
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Figure 9. Six double-sided Feynman diagrams associated with the
2D IR pump-probe spectroscopy. The vibrational ground, first
excited, and second excited states are denoted as |0>, |1>, and [2>,
respectively. The first two pathways are excited state absorption
(EA) and contribute to the pump-probe signal negatively due to the
absorptive field-matter interaction. The third and fourth diagrams
are stimulated emission (SE) terms, and the fifth and sixth are
ground-state bleaching (GB). Note that the SE and GB pathways
involve transitions between the ground and first excited states.
Adapted from [42].

first excited state to the second excited state so that its
contribution to the pump-probe signal is negative. On the
other hand, the ground-state bleaching and stimulated
emission contributions to the signa are positive. Thus, the
quantum interference at the amplitude level is critical in this
nonlinear vibrational spectroscopy and the lack of perfect
destructive interference due to finite vibrational anharmoni-
cities is the key for interpreting 2D IR pump-probe signals
from an anharmonic oscillator system such as the amide |
vibration of NMA molecule.

By using the correlation function of the fluctuating amide
I mode frequency of NMA in D20, which was obtained by
combining both ab initio calculations with MD simulation
results, the time-resolved 2D pump-probe spectra as a
function of pump-probe pulse delay time (T) were calcul ated
and are plotted in Figure 10.

It was found that the vibrational dephasing becomes
homogeneousin 2 pstime scale, which isabit faster than the
experimental result (~ 4 ps). We aso showed that the degree
of dant of 2D contours, ore(T), is inversely proportional to
the correlation function of the fluctuating amide | mode
frequency, i.e, Uopp(T) = <5w(T)5w(0))/<5a)2> , where
orp(T) is the dope of the tangentia line shown in the first
panel of Figure 10 and daXT) isthe fluctuating amide | mode
frequency.® Consequently, we showed that the 2D IR pump-
probe spectroscopy can provide a direct information on the
vibrational frequency fluctuation dynamics reflecting time-
dependent change of peptide-water interaction in time and
on the magnitude of dynamic inhomogeneity. Although the
2D vibrationa spectra shown in Figure 10 are specifically
2D IR pump-probe ones, one can adso use the same
argument to interpret the 2D line shape change of the 2D IR
photon echo spectrawith respect to the waiting time T.

Although the carbonyl oxygen atom of the NMA in water
was found to maximaly form H-bonds with surrounding
water molecules, that in liquid methanol can have two
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Figure 10. Time-resolved 2D IR pump-probe spectraof NMA in water. The waiting time T varies from 0.2 to 4.0 ps. Adapted from [42].
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Figure 11. NMA molecule in methanol can have two different
solvation structures. The two differ from each other by the number
of hydrogen-bonded methanol molecules to the NMA carbonyl
group. These two species are in thermal equilibrium and they can
be separately identified in the IR absorption spectrum. The rate
constants of hydrogen-bond association and dissociation processes
can be estimated by measuring the time-dependent cross peak
amplitudesin the 2D IR spectrum.

different solvation structures differing from each other by
the number of H-bonded methanol molecules (see Fig. 11).
All other methanol molecules surround these two speciesin
solution. Due to the presence of these two different solvation
structures in MeOD, the amide | IR band exhibits a doublet

feature.>*° From the MD simulations, it was found that the
low-frequency amide | band is associated with the amide |
mode of NMA with two H-bonded methanol molecules at
the carbonyl oxygen site (the structure on the right-hand side
of Fig. 11), whereas the high-frequency amide | band iswith
that having one H-bonded methanol molecule (that on the
left-hand side of Fig. 11). Using an empirical correction
method and carrying out ab initio calculation studies of
NMA-(CH30H), clusters and MD simulations,*® we were
able to quantitatively describe the solvatochromic vibrational
frequency shift induced by the hydrogen-bonding interaction
between NMA and solvent methanol. The amide | mode
frequency digtribution was found to be notably non-
Gaussian and it could be decomposed into two Gaussian
bands that are associated with two distinctively different
solvation structures (Fig. 11). The ensemble-averaged linear
response function, which represents the relaxation of the
amide | transition dipole-dipole correlation function, is
found to be oscillating, which is the origin of the doublet
amide | band in frequency domain. Numerically calculated
infrared absorption spectrum was directly compared with
experiment and the agreement was found to be quantitative.
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Figure 12. Time-resolved 2D IR pump-probe spectra of NMA in methanol. The waiting time varies from 0.25 to 4.5 ps. Adapted from [10].
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By using the Onsager’s regression hypothesis, the rate con-
gtants of inter-conversion process between the two solvation
structures in Figure 11 were obtained. Then, the nonlinear
response functions associated with the 2D IR pump-probe
spectroscopy were simulated and successfully compared
with experimental result by Woutersen et al.® and DeCamp
etal.”

As can be seen in Figure 12, as the waiting (population
evolution) time increases from 0.25to0 4.5 ps, the cross peak
amplitudes at (apu = 1630 cm™, @y = 1650 cm™) and (awp, =
1650 cm™, @y = 1650 cm‘l) increase. As theoretically
described in detail in Refs. [10, 11], this time-dependent
cross peak amplitude changes are directly related to the H-
bond formation and dissociation dynamics and they can be
quantitatively described by the conditional probability
functions obtained by solving the relevant kinetic equations.

B. Dipeptide: N-acetylproline amide. Structure-spectrum
relationship of a dipeptide that is the smplest model for
polypeptides has been extensively studied by using a variety
of spectroscopic methods such as IR absorption,*# vibra-
tional circular dichroism,* non-resonant and resonant Raman
scattering,* and 2D IR spectroscopies. Among various poly-
peptide vibrations, the amide | band has been known to be
highly senditive to the secondary structure of polypeptide.
There are a number of literatures and works that aim at
determining solution structure of small peptides such as
danine dipeptide, acetylproline amide (AP), etc.. These
experimental studies utilizing IR, Raman, VCD, CD, and
NMR methods show that the solution structure of these
dipeptides are not random cail but close to the left-handed
threefold helical polyproline Il (Py) structure. Han et al.*
carried out quantum chemistry calculation studies of aanine
dipeptide with a few solvated water molecules and showed
that the water bridge connecting the two carbonyl group in
the dipeptide plays a critica role in stabilizing the dipeptide
in its P structure. However, some experimental studies
suggest that such solvent-mediated H-bonding interaction
may not be the determining factor for stabilizing Py-form
dipeptide in water, but rather the intramolecular steric repul-
siveinteraction playstherole.®

To elucidate the essentia role of H-bond network forming
solvents, we studied the N-acetylproline amide by using a
few different spectroscopic methods. Before we discuss
these works, it should be mentioned that Hochstrasser and
coworkers have extensively studied the same dipeptide (AP)
dissolved in either water or chloroform, employing the time-
resolved 2D | R photon echo spectroscopic method.**>! They
showed that the vibrational coupling constant measured with
such 2D IR method can be a good constraint that is of useto
determine the solution structure of AP,

The AP (see Fig. 13 for its structure and notation of the
two dihedral angles) contains two peptide bonds and their
amide | loca mode frequencies are separated from each
other by about 30 cm™ so that the amide | modes are
relatively localized on one of the two peptide groups.>
Nevertheless, the two anharmonic amide | local modes are
coupled to each other and they form two dightly delocalized
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Figure 13. Molecular structure of N-acetylproline amide. The two
amide | loca mode transition dipole vectors are shown in this
figure as arrows. The two dihedra angles ¢ and i determine the
backbone structure of this dipeptide.

amide | normal modes. Therefore, cross peaks reveaing the
existence of coupling were experimentally observed. In the
case of the aqueous AP solution, the two peptide groups
form hydrogen bonds with water molecules in the first
solvation shell. On the other hand, the chloroform solvent
molecule cannot make a direct hydrogen bond with the AP
peptide groups and thus the two peptide groups tend to form
a direct intramolecular hydrogen bond to make its Cre
gtructure to be the global energy minimum conformationina
non-polar aprotic solvent. Therefore, the three-dimensional
conformation of AP strongly depends on solvent, particular-
ly on the hydrogen-bonding ability of the solvent molecules.
Zanni et al.®® were able to determine the absolute 3D
conformations of AP in liquid water as well as chloroform
by separately measuring the cross peak intensities of both
parallel- and perpendicular-polarization photon echo signals.
In order to study the ensemble averaged structure of APin
solutions independently from the above mentioned 2D IR
spectroscopic studies, we have carried out both experimental
and theoretical studies. In order to determine its agqueous
solution structure, IR and VCD spectra of both L- and D-
form AP solutions were measured. MD simulations with two
different force fields (ff99 and ffO3 parameters in AMBER7
and AMBERS programs, respectively) and density functional
theory calculations for trans- and cis-rotamers of AP were
performed to numerically simulate those spectra.>
Comparisons between experimentally measured and com-

1550 1600 1650 1700 P" 1550 1600 1650 1700

Frequency (cm’1) Frequency (cm’)

Figure 14. The N-acetylproline amide adopts polyproline Il
structure in water. Experimentally measured IR and VCD spectra
(open circles) are directly compared with simulated ones (solid
Curves).
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Figure 15. a-helical polydanineis put into TIP3P water molecules
for molecular dynamics simulation study.

putationally simulated spectradirectly suggest that the APin
water adopts a polyproline I1-like conformation (see Fig. 14)
and that the force field parameter ff03 in AMBERS suite of
program is more redlistic and reliable in predicting mole-
cular structure of AP in water than the ff99 in AMBERY.

C. a-Hédlix. Chain length- and site-dependencies of amide
| loca maode frequencies of o~helical polyalanines were
theoretically studied by using our theoretical model that can
be used to quantitatively predict both the local amide | mode
frequencies and coupling constants between two different
local amide | modes.>® Using this theoreticadl model and
performing MD simulation of an a~helical polyalanine in
liquid water (see Fig. 15), we investigated conformational
fluctuation and hydrogen-bonding dynamics of the a-helix
in water by monitoring the amide | frequency fluctuations
and by analyzing the line shapes of the polarization-con-
trolled 2D spectra.

The instantaneous normal mode analysis method was first
used to obtain densities of states of the amide | one- and two-
exciton bands and to examine the extent of delocalization of
the ingtantaneous amide | norma modes. Also, by intro-
ducing a novel concept of the so-caled weighted phase-
correlation factor, the symmetric natures of the delocalized
amide | norma modes were elucidated and aso it was
shown that there is no unique and simple way to classify the
amide | norma modes of the a~helica polyalanine in water
to be either A-mode-like or E;-mode-like. From the ensem-
ble-averaged dipole strength spectrum and density of one-
exciton states, the amide | IR absorption spectrum was
numerically calculated and its asymmetric line shape was
theoretically described. Considering both transitions from
the ground state to one-exciton states and those from one-
exciton states to two-exciton states, we calculated the 2D IR
pump-probe spectra (see Fig. 16) and directly compared
them with experimental results presented by Hamm and
coworkers.>®

Amide | IR, VCD, and 2D IR spectra of various isotope-
labeled a~helical polyaanines in water were theoretically
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Figure 16. (a) Theoretically smulated amide | IR absorption band
of orhelix in water. 2D IR pump-probe spectra Sy(awp, @w) and
S, (apu, @) areplotted in figures (b) and (c), respectively. Note that
the polarization directions for Sy(wp, @) measurement are all
parallel to laboratory Z-axis, where the beams propagate along the
Y-axis. In the case of S (wp, @») Measurement the pump beam
polarization is perpendicular to the probe beam polarization.
Adapted from [54].

calculated by combining semiempirical quantum chemistry
calculation, Hessian matrix reconstruction, fragmentation
approximation, and molecular dynamics smulation methods.>®
The solvation-induced amide | frequency shift was found to
be about —20 cm ™. Properly taking into account the motional
narrowing effect on the vibrational dephasing and line
broadening processes, we showed that the simulated IR,
VCD, and 2D IR spectra are quantitatively in good agree-
ment with experimental results. Depending on the relative
positions of the 3C and/or *C="0 labeled peptides in a
given a-hdix, the IR absorption line shape, IR intensity
distribution, positive-negative VCD pattern, and diagonal/
off-diagonal 2D IR echo spectral features were found to
change dramatically. It was shown that these different spectro-
scopic observations can be described in a consistent manner
by using the present simulation method and coupled exciton
model outlined in Sec.lV. Therefore, properly designed iso-
topomers and their IR, VCD, and 2D IR spectrum analyses
can provide incisive information on the (local) three-dimen-
sional polypeptide structure and dynamics.

D. fHairpin. The fhairpin secondary structure motif
has been extensvely studied because its formation and
dynamics are in many cases critical in understanding protein
folding and unfolding dynamics. The instantaneous normal
mode analysis of a fhairpin in water was performed by
using snapshot configurations sampled from the equilibrium
MD trgectory. In order to fully take into account the
motional and exchange narrowing processes and cross
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Figure 17. A snapshot picture of a S-hairpinin liquid water. The 2D IR photon echo spectrum of the model S-hairpin is shown infigure (a).
If those peptides in the two anti-parallel f-sheet strands (in the turn region) are only considered in the numerical smulation of 2D IR
spectrum, the resultant spectra are shown in figures (b) ((c)). It turns out that the entire 2D spectrum (@) is largely dictated by the amide |

modes delocalized on the two fsheet branches. Adapted from [57].
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Figure 18. Different vibrational coupling constants required in the numerical simulation of vibrational spectra of anti-parallel f-sheet
polypeptides. The simulated IR absorption spectra of Mo anti-parallel f-sheet polypeptides, where M is the number of strands involved in
the anti-parallel f-sheet and each strand contains 10 peptide bonds, are plotted in thisfigure. The frequency splitting amplitude is denoted as
A. Notethat A increases as the number of strands, M, increases. Adapted from [58].

correlations of fluctuating exciton state energies, we used
time-correlation function formaism for the linear and
nonlinear response functions associated with IR absorption
and 2D IR photon echo spectroscopies.®” Numerically
simulated IR absorption and 2D IR spectra were found to be
largely determined by the amide | normal modes delocalized
on peptides in the two anti-parallel f-sheet strands (see Fig.
17). When the five peptides in the turn region are *C=°0
labeled, the isotope peaks appear to be broad and featurel ess,
whereas the fstrand region with six isotope-labeled
peptides produces a well-resolved isotope peak in the IR
absorption and both diagona and cross peaks in the 2D IR
spectra.

E. Anti-paralld and parallel fsheet polypeptides. In
Ref. [58], the theoretically calculated amide | local mode
frequencies and vibrational coupling constants in various
multiple-stranded anti-paralel Fsheet polyalanines were
presented and used to shed light on the spectroscopic proper-

ties of these peptides with respect to the size, i.e., numbers of
gtrands as well as of peptide bonds in a single strand. The
amide | loca mode frequency was found to be strongly
dependent on the number of hydrogen bonds to the peptides.
Vibrational couplings among amide | local modes in the
multiple-stranded /sheets were shown to be fully charac-
terized by eight different coupling constants (see Fig. 18).%
Furthermore, the intra-strand coupling constants were found
to be much smaller than the inter-strand ones. By calculating
the inverse participation ratio and phase-correlation factor,
the extent of two-dimensional delocdization and vibrational
phase relationship of amide | norma modes were elucidated.
We showed that the A-E; frequency splitting magnitude was
shown to be strongly dependent on the number of strands but
not on the length of each strand. A reduced one-dimensional
Frenkel exciton model was therefore used to describe the
observed A-E; frequency splitting phenomenon.

On the right-hand side of Fig. 18, the amide | IR bands of
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Figure 19. Molecular structures of anti-parallel and paralled £
sheets. The 2D difference spectra, defined as S¥(T) = SZ(T) -
37%YT), for these two S-sheets are plotted.

My anti-parallel f-sheet polyaanines, where M is the
number of involved strands, are plotted and the frequency
splitting magnitude D increases as M increases. It was found
that can be successfully fitted by using the following
stretched-exponentialy rising function,®®

AM) = A(e0) = (A(e) = A(2)exp{—k(M = 2)“}.  (49)

In the case of this model system, the parametersin Eq. (49)
were estimated to be A(e0) =57 cm™, A(2) =20cm™, k=
0.47, and o = 1.17. Although the mode anti-parallel f-sheet
polyaanines considered were ided, there is likely a similar
relationship between the frequency splitting magnitude and
the number of strands in red anti-parallel f-sheet poly-
peptides.

The anti-paralld and parallel f-sheets are two of the most
abundant secondary structures found in proteins. Despite
that various spectroscopic methods have been used to distin-
guish these two different secondary structures, the linear
spectroscopic measurements couldn’'t provide incisive infor-
mation for distinguishing an anti-parallel f-sheet from a
parald f-sheet. After carrying out quantum chemistry
calculations and model smulations, we showed that the
polarization-controlled 2D IR photon echo spectroscopy can
be of critica use in distinguishing these two different £
sheets.® Particularly, the ratios between the diagonal peaks
and the cross peaks were found to be strongly dependent on
the quasi-2D array of the amide | loca mode transition
dipole vectors. Although the parale- or perpendicular-
polarization 2D IR photon echo spectrum of the model anti-
paralle [-sheet peptide was found to be different from that
of the paralld (-sheet peptide, the spectra difference is
negligibly small. However, it turns out that the relative
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amplitudes of the cross peaksin the 2D difference spectrum,
which is defined as S(T) = S““4(T) — 3°4(T), of an
anti-parallel fsheet are significantly larger than those of the
diagonal peaks, whereas the cross peak amplitudes in the 2D
difference spectrum of a paralld fsheet are much weaker
than the main diagonal peak amplitudes (see Fig. 19).

We found that, assuming the excited state absorption
contributions to the 2D difference spectrum are not strongly
overlap with the ground state bleaching and stimulated
emission contributions in the 2D difference spectrum, the
cross peak amplitude, when the jth and kth modes are
strongly coupled, is approximately determined by the pro-
duct of the two corresponding dipole strengths and angle
factor, i.e.,®

SN = S74M) - 354N = figdfsin’gy . (50)

Here, the transition dipole matrix elements associated with
the vibrationa transitions of the jth and kth modes are
denoted as 4 and . The angle between the two transition
dipole vectorsis denoted as 4 (= ,?lk,?ljd,?llﬂ?l]b . We showed
that the low frequency A-mode has atransition dipole vector
that is perpendicular to that of the high-frequency E;-mode,
when the S-sheet forms an anti-parallel structure. Thus, the
cross peak amplitude in the 2D difference spectrum is very
large (see Fig. 19). In contrast, there are no such high-
frequency modes of which transition dipole vectors are large
in magnitude and perpendicular to that of the low-frequency
A-mode, for parald S-sheet peptide, i.e., weak cross peaks
in the 2D difference spectrum. This clearly shows why the
2D spectroscopic method is a better tool to determine the
global energy minimum structure of polypeptide that cannot
be easily determined by other linear vibrational spectro-
scopic methods such as IR or Raman.

Two-dimensional Electronic Spectroscopy
of Coupled Multi-chromophore Systems

As a molecular system becomes increasingly complex,
such as photosynthetic complexes, molecular aggregates of
gquantum dots or nanoparticles, etc., conventiona optical
spectroscopic methods such as time- or frequency-resolved
absorption spectroscopy or spontaneous emission spectro-
scopy are of limited useto extract direct information both on
the molecular properties such as electronic couplings among
chromophores and on structures. In this regard, the 2D elec-
tronic spectroscopy based on heterodyne-detected photon
echo spectroscopic technique can provide far more detailed
information and be a useful method for efficient data collec-
tion. Despite that there exist quite a number of 2D IR
spectroscopic investigations of peptides and proteins over
the last decade, only a few experimenta and theoretical
studies with 2D electronic spectroscopy have been report-
ed.”1*181% Nevertheless, except for the fact that the elec-
tronic chromophore can be approximately modeled as atwo-
level system instead of an anharmonic oscillator, one can use
the same theoreticad method used for polypeptides to
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numerically calculate the 2D eectronic spectra of coupled
multi-chromophore systems.

Some important characteristics of the 2D-spectrum
§3)(wT,T,wt) can be appreciated by redizing that the
experiment effectively compares the frequency of electronic
excitations (for afixed value of T) in the two time periods of
rand t. For an effective two-level system with considerable
gtatic inhomogeneous broadening, the transition frequency is
widely distributed, though each individua two-level system
has the same frequency in both time periods. Thus, this
inhomogeneity can lead to elongation of the 2D signa aong
the diagona (w: = a). However, if there are dynamical
processes, such as excitation transfer, solvent relaxation,
structural fluctuation, etc., they can scramble the optical
frequencies of the individual molecules. Which can in turn
make the correlation magnitude between the frequencies in
the coherence state evolution periods decreaseintime T, and
the 2D spectrum at sufficiently large T should become
symmetric. Transient behavior of the 2D line shape can
therefore provide information on the time scale of the
system-bath interaction-induced decoherence process. In
fact, the slope of the diagonally elongated peak decreases
fromla T=0to0a T= o if there is no truly datic
inhomogeneity, and was found to be linearly proportional to
the transition frequency-transition frequency correlation
function, i.e. ®

Oop_pe(T) = (SXT) S 05y , (51)

where o,n_pe(T) is the dope of the diagonally elongated
2D photon echo contour.

The time-domain signal S¥(z, T, t) can, in principle, be
obtained from experiment based on the heterodyne-detected
photon echo measurement, and its double Fourier trans-
formation in 7 and t leads to S¥(w;, T, m). In Ref. [18],
when there are excitation transfers among the excited states
we showed that the 2D photon echo spectrum is given by a
sum of five distinctively different contributions as

S(Qu, T, Q) = GB + SE(j — j) + SE(j — k)
—EA(j =) -EA(I =K (52)

where GB, SE, and EA represent the ground-state bleaching,
stimulated emission, and excited state absorption, respec-
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tively (see Eg. (33) in Ref. [18]). In the above equation, “( |
— K)” meansthat theinitially created population state on the
jth one-exciton state undergoes a transition to the kth state
during T, and summations over j and k should be performed.
Therefore, the last four terms in Eq. (52) include such popu-
lation transfer processes. In the case when the excitation
transfer processes are incoherent, one can solve the Master
equation for conditional probability functions, i.e.,

d
d_tij(t) = E( K Gy;(t) — (E( Klk)ij(t) . (53)

Here, G4(t) is the conditional probability of finding the
population on the kth exciton state at time t, when it was on
the jth state at time zero. The (j — K) transition rate constant
was denoted as Ky. As shown earlier, the trangition rate
constant between two one-exciton states is linearly propor-
tiona to the spatial overlap between |1//j|2 and |1,//lJ2 ,i.e,

It should be noted that (5€;0Q) is the correlation magni-
tude between the two fluctuating transition frequencies and
in principle is a measurable quantity by using the two-color
photon echo peak shift measurement method (see Eq. (43)).

Now let us consider off diagonal (cross) peaks and their
physica meanings. These peaks arise only when the elec-
tronic states of the individual molecules comprising the
complex interact (mix) and their amplitudes and locations
provide extra information on the molecular structure and
coupling strength of the coupled multi-chromophore system.
Although the detailed theoretical expression for the cross
peak in a given 2D spectrum is highly complicated due to
the multi-dimensiona line-broadening term, we found that
the amplitude of the cross peak S4(t) at (w: = Qj, w-= Q) is
approximately proportional to the product of the associated
conditional probability function and transition dipole
factors, i.e,

S(T) o= GO ey — (ol (55)

where 1 is the transition dipole from the ground to the k"
one-exciton state and ¢ from the k™ one-exciton state to the
f ™ two-exciton state and @y, = @y, . Eq. (55) shows that the
appearance and disappearance of cross peaks are directly

Figure 20. FMO light-harvesting protein complex consists of three protein subunits. Inside the S-sheet barrel, there exist seven BChl's.

Different color in the last figure represents its relative energy level.
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Figure 21. Numerically smulated 2D electronic spectrum of FMO complex is plotted in Figure (f), where the waiting time T is 1 ps. Five
different sets of nonlinear opticd transition pathways produce distinctively different 2D spectra (figures (a)-(€)). Adding these five spectra

givesthetotal 2D spectrum in figure (f). Adapted from [18].

related to the excitation transfer within the one-exciton state
manifold. This showsthat the 2D spectroscopy is apowerful
method to delineate the complicated kinetic network among
coupled chromophores.

FMO complex. Recently, Tobias et al. performed 2D
photon echo experiments on the Fenna-Mathews-Olson (FMO)
complex consisting of seven bacteriochlorophyll molecules
(seeFig. 20).

In Ref. [18], adetailed theoretical description of the time-
evolved 2D photon echo spectra and deduced excitation
transfer mechanism were presented. Using the theoretical
model developed for this FMO complex, we numerically
simulated the 2D spectraand plot the 1 ps snapshot spectrum
in Figure 21(f). In addition to the main diagona peaks that
are directly associated with the peaks in the absorption spec-
trum, severa cross peaks are clearly observed. The total 2D
spectrum is essentialy a sum of five different sets of non-
linear opticd transition pathways so that the quantum inter-
ference at the amplitude level is critical in understanding the
detailed 2D line shape. We cadculated these contributions
separately and plotted them in Figures 21(a)-(e). Adding
these five spectra to get the total spectrum in Figure 21(f)
means that these different quantum pathways constructively
or destructively interfere to produce the total 2D spectrum.
The cross peak amplitudes in the bottom half region of
Figure 21(f) were observed to increase in time and their
time-dependent changes were shown to directly provide

state-to-state popul ation transfer rates and pathways.

In Figure 21, we aso plot the representative energy level
diagrams. The Figures 21(a), (b), and (d) are associated with
the GB and SE contributions and they all are positive. If one
ignores the population transfer processes completely and
considers the GB and SE terms, the 2D spectrum would
appear approximately diagonally symmetric in shape. How-
ever, due to the existence of population transfer processesin
the one-exciton state manifold and of the EA contribution
(see Figs. 21(c) and 21(e)), the total 2D €electronic spectrum
in Figure 21(f) becomes highly asymmetric. Nevertheless,
the lower part of the spectrum in Figure 21(f) is largely
dictated by the SE involving population transfer from upper-
lying one-exciton states to lower-lying states. As T increases,
not only the cross peak amplitudes but also the amplitude
and detailed contour line shapes of diagona peaks changein
a very complicated way, but they can be quantitatively
described theoretically once the electronic couplings and site
energies are accurately determined.

Dimer. Although we have discussed a rather complex
molecular system, e.g., FMO light-harvesting protein, one
can learn a great deal of underlying physics of 2D spectro-
scopy by considering a simple excitonically coupled dimer
system. Here, again each monomer is modeled as a two-
level system so that for this dimer system there are two one-
exciton states |e;> and |e>>, and a single two-exciton state
|f>. When the population transfer between the two one-
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exciton states is relatively sow and when the two local
transition dipoles d; and dz have the same magnitudes, i.e.,
d=di=d;, one can egtimate the maximum (or minimum)

amplitudes of the diagonal and cross peaks, denoted by §0k,
as®

(1) Diagona pesk at (w; = (e g, W3 = We,g)

&, =2 20241 = 291121+ 2000807 (56)
@D Q3

1

(2) Diagonal peak at () = We,g, W3 = We,q)

_ 2z _27z|d|
% <5g§>{ U2 i)y 00D

(3) Off-diagonal peak at (@, =

2
§2 = m{<ﬂgqﬂs%> - </uge1‘ue1f :ufelluelg>}
1

lz@—{S(ZK + 3kC0SP + 4x’cos ¢)} (58)
JEQDER))
(4) Off-diagonal peak at (@, =

ﬁl = - { <,“ge1:uge1> </uge2auezf :ufe?;uezg>}
NEienion

ilgl—{B(ZK — 3kC0S¢ + 4xPcos ¢>)} (59)
J(0QD (5

Here, x is a measure of the delocalization of the excited states
and isdefined as

Weyg, W3 = (eg)

(e,g, 3= We,g)

K = cosfsing, (60)

where the mixing angle @ is determined as tan26 = 2Ji,/
(an — wy). The electronic coupling constant between the two
monomers is Ji» and the electronic transition frequencies of
the two monomers are wx and w». The angle between the two
monomer transition dipole vectorsis ¢.

Note that the cross peak amplitude §2 is given by the
difference between (15 15, ) and (tige te 1 e e, p) - THeL IS
to say, the two different transition pathways interfere to
produce the cross peak. However, these two terms exactly
cancel out only when the two monomers do not electroni-
caly interact. Therefore, the existence of cross peaks is
definite evidence of non-zero eectronic coupling. It is also
interesting to note that the cross peak amplitude can provide
critical information on the relative orientation of the two
monomers because it isafunction of ¢.

Overall, it was demonstrated that the 2D optical spectro-
scopy enables couplings, relaxation pathways and rates, and
gpatia relationships between exciton states to be measured.
Also, by tracking the cross peak amplitudesin time, one can
direct follow the energy flow on a molecular length scale
with femtosecond time resolution. Thus, two-dimensiona
electronic spectroscopy should provide insights into al
systems with electronic band structures.
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Per spectives and Concluding Remarks

Ultrafast 2D vibrationa and eectronic spectroscopies have
been paid alot of attention because they can provide detailed
and highly dense information on molecular structure of
peptides and proteins, molecular interactions and dynamics,
nucleic acid structures, and semiconductor dynamics. One of
the most important advantages of this spectroscopic techni-
que is its unprecedented ultrafast time-resolution so that it
will trigger a number of new researches and investigations
of chemical reaction dynamics and biochemical processes
involving transient species. Conventional applications of
time-resolved spectroscopy such as pump-probe method
mainly focus on measurements of life-times of an excited
state and of radiationless transition rates among different
quantum states. In order to elucidate the entire kinetic network
and rates, one should perform quite a number of independent
two-color pump-probe measurements by varying pump and
probe field frequencies separately. That can be quite tedious
and time-consuming. Furthermore, due to time-energy
uncertainty, it is not possible to achieve both ultrafast time-
resol ution and high frequency-resolution simultaneously. On
the other hand, since the 2D spectroscopy utilizes femto-
second laser pulses with broad spectral bandwidths, coherent
quantum states of which energies are within the pulse spectral
bandwidth can be created simultaneoudly and probed in time
by using yet another femtosecond laser pulses. In this
section, we will discuss various possible applications of 2D
spectroscopy and some perspectives, and finally present a
few concluding remarks.

A. Chemical reaction dynamics. One of the most impor-
tant applications of ultrafast 2D spectroscopy would be to
study chemical reaction dynamics in condensed phases
includ-\ing solutions, surfaces, and interfaces. The spatial
connectivity between any two different vibrational (or elec-
tronic) degrees of freedom (chromophores) via through-
bond or through-space interactions is the key information
that can be extracted from the time-resolved multidimen-
sional spectra. Thus, in general, by properly selecting two
vibrational (electronic) degrees of freedom directly associ-
ated with reactive species, one can in principle follow the
chemical reaction dynamics by monitoring the cross peak
amplitude changesin time.

Intramolecular vibrational energy redistribution: The
first phenomenon closely related to the chemica reaction
dynamicsistheintramolecular vibrational energy redistribu-
tion process. It was shown that ultrafast |R-Raman spectro-
scopy is a useful method for such an investigation, but its
difficulty in detecting the weak incoherent Raman scattering
signal is an obstacle limiting its wide applications for study-
ing IVR process of reactive species in condensed phases.
Ultrafast multi-dimensional vibrational spectroscopy detect-
ing the coherent eectric field might be of use in the future.
For instance, dual frequency 2D IR pump-probe or photon
echo methods can be used to following state-to-state IVR
pathways by examining the temporal evolution of cross
peaks. If the pump and probe field frequencies are indepen-



1958 Bull. Korean Chem. Soc. 2006, Vol. 27, No. 12

dently tunable and the probe pulse is sufficiently short
enough to cover a large range of vibrationa excited states,
the measured cross peak amplitudes can provide information
on the population transfer from the initially excited state to
probing states.

Solvent role in a chemical reaction: The role of the
solvent moleculesin chemical reactions has been the centra
research theme of physical chemistry. In addition, the
solvent plays a critical role in stabilizing protein structure in
its native conformation. However, there is till a lack of
experimental method to obtain direct information on how
each individual solvent molecule participates in a given
chemical reaction. Most of previous spectroscopic investi-
gations were to follow the dynamics and spectral changes of
probing solute mode to indirectly infer an unknown time-
scale and dynamics of interacting solvent molecules. Now, it
could be possible to use the ultrafast 2D spectroscopy to
simultaneously follow the dynamics of both solute and
solvent modes. Suppose that there is a characteristic vibra-
tiona chromophore in reactive species and that its vibra-
tiona properties such as frequency and dipole strength are
strongly coupled to a particular solvent vibrational motion.
These two mode frequencies are now denoted as @sxiue and
wsoivent. 1T the laser pulse frequencies, on and @, are tuned to
be resonant with wswiuwe aNd @soivent, 1.€., 1 = Osoiuwe AN @2 =
Wsoivent, ONY when the two characteristic modes are vibra
tionaly coupled to each other does the 2D vibrational
spectroscopic signdl, i.e., cross peaks, not vanish. The cross
peak at (an = Osoues 2 = Wsivent) IS therefore a direct
indicator revealing how the solvent mode is participated in
the course of this chemical reaction. Two-dimensionally dis-
played spectrain time will thus give a detailed picture on the
solvent dynamics during the chemical reaction. A few poten-
tially interesting chemica reactions are photo-dissociation,
photo-induced electron transfer, excited state isomerization,
proton transfer induced by a photo-dissociation or photo-
excitation, etc.

Chemical exchange: The 2D spectroscopy has been
shown to be exceptionaly useful in studying hydrogen-bond
formation and dissociation processes and van der Waals
complexation dynamics. An advantage of this application is
that this technique does not need any external ultrafast
perturbation such as T-jump, pressure-jump, concentration
change, etc. Note that the cross peak amplitude changes in
time are directly related to the population changes of
chemical species (reactants) initially pumped at time zero to
product species of which characteristic mode frequencies are
in different spectral (probing) window. However, thus far the
2D spectroscopic technique has been used to study relatively
weak intermolecular interaction such as H-bonding and
dispersion interactions. One can however use this method to
directly follow the chemica reaction dynamics by examin-
ing the cross peak, where the two chromophores are specifi-
cally belonging to reactants and products exclusively. Then,
maybeit will be possibleto follow the entire kinetic network
even for chemical reactions with multiple intermediates in
femtosecond time scale.
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B. Solvation structure and dynamics. Solvation dynamics
has been extensively studied over the last two decades.
Among different experimental methods, the fluorescence
Stokes shift measurement has been one of the most effective
methods. The other widely used method is the photon echo
peak shift (PEPS) measurement. PEPS was shown to be
useful not only to study ultrafast solvation dynamics but also
to quantitatively measure the inhomogeneous width. Neverthe-
less, it is still desired to have an experimental method
providing direct information on how the surrounding solvent
molecules participate in the solvation dynamics and in the
formation of the local structure around it. The IR pump-
probe and photon echo methods have shown to be useful for
such a purpose. However, these works have focused on the
vibrational dynamics of the solute only, that is to say, the
solute-sol vent interaction-induced changes of the vibrational
properties of the solute (not both solute and solvent) were
only observed.

Then, are there any experimental methods that can be used
to study solvation dynamics by watching the vibrational
dynamics of both solute and solvent? As emphasized in this
review, 2D vibrational spectroscopy can provide direct infor-
mation on the coupling between two spatially separated but
coupled vibrationa modes. Let's assume that the two
externa field frequencies, which are either IR frequency or
stimulated Raman vibrationa frequency, are adjusted to be
resonant with the two vibrational chromophores, when one
of the two belongs to the solute and the other to the solvent
(see the discussion in the above subsection). Then, the time-
dependent change of the cross peak amplitude will give us
direct information on the solute-solvent interaction, i.e.,
microscopic aspect of the solvation dynamics.

C. Vibrational interactions between adsorbed mole-
cules: Surface science. Vibrational dynamics of adsorbed
molecules on surfaces or at interfaces has been studied by
using IR reflection, IV-SFG (IR-vis sum-frequency-generation)
spectroscopy, etc.. However, previous experimental methods
are essentialy one-dimensiona spectroscopy so that only
one type of vibrational chromophore is under direct investi-
gation at a time. Therefore, 2D or 3D vibrationa spectro-
scopy specifically designed for molecular systems on surfaces
or at interfaces will be of critica use in studying vibrational
interactions among different chemical species on surfaces.
For instance, the IR-IR SFG or DFG (difference-frequency-
generation) method can be used to study vibrational coupl-
ing between two different adsorbates. Once the experimental
sengitivity issue is overcome, the IR-IR SFG (DFG) or other
surface 2D vibrational spectroscopies will open up a new
research area in surface science. Furthermore, one can use
surface 2D vibrational spectroscopy for the investigation of
inhomogeneous catalysis, surface melting, wetting, and
confinement-induced phase transition, etc.

D. Biological applications. One of the most important
applications of the ultrafast multidimensiona vibrationa
spectroscopy could be to biological science.

Sructure determination of protein: The 2D IR spectro-
scopy has aready been shown to be a useful method for
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determining local structure of peptides. Other types of 2D
vibrational spectroscopies and dua frequency IR photon
echo spectroscopies will serve as critical tools for this pur-
pose. In addition, one can combine vibrational and electronic
transition processes, e.g., triply resonant 2D vibrational
spectroscopy or  vibrational/electronic  four-wave-mixing
spectroscopy. The correlation between two modes that are
coupled to both vibrational and electronic transitions of the
chromophore, such as a peptide bond, is likely to be sensi-
tiveto the 3D structure of the polypeptide backbone.

Alternatively, the electronically resonant fifth-order Raman
spectroscopy and fifth-order three pulse scattering spectro-
scopy might be of use to get information on the 3D structure
of proteins. Suppose the two optica field frequencies are
simultaneously resonant with two electronic chromophores,
such as phenol ring in Tyr and peptide bond in a given
protein. Dual frequency 2D electronic spectroscopy could
give us quantitative information on coupling between these
two digtinctively different eectronic transitions, which enable
3D structure of polypeptides to be determined.

Protein folding dynamics. As emphasized in this review
and by others, the key advantage of the ultrafast multi-
dimensiona spectroscopy is its experimentally accessible
time-scale. Although the protein folding occurs in a wide
range of time scales, from picoseconds to seconds, solution
NMR cannot be used to study the early part of the protein
folding process due to its limited time resolution. In this
respect, the ultrafast multi-dimensional spectroscopy utilizing
IR or visible pulses has a clear advantage over the other
techniques. Recently, the nonlinear spectroscopy utilizing
circularly polarized beams was theoretically proposed and is
expected to be useful for studying protein folding dynamics
since it is an ultrafast optical activity measurement techni-
que.

Enzyme catalysis and protein-ligand binding process.
Another interesting application of the ultrafast multi-dimen-
sional vibrational spectroscopy is to investigate the sub-
drate-enzyme interaction. In order for a given enzyme to
catalyze the biochemica reaction, the substrate (or ligand)
should form a complex with the catalytic site of the enzyme.
Tuning the two external field frequencies to be in resonance
with the characteristic vibrational modes of the substrate and
enzyme, one can directly measure the formation and dissoci-
ation of the ES complex. Similarly, protein-DNA (or protein-
RNA) complexes, antibody-antigen complexes etc can be
other interesting targets to be studied with the ultrafast
multi-dimensional spectroscopy.

In this review, we have summarized our recent theoretical
investigation results demonstrating a wide range of appli-
cations of coherent multi-dimensional optical spectroscopy.
Itisbdieved that thisrelatively young spectroscopic method
has a great potential and is highly useful in studying
chemical and biological processesin real time.
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