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Effects of Intermolecular Vibrational Coupling and Liquid Dynamics on the Polarized
Raman and Two-Dimensional Infrared Spectral Profiles of Liquid N,N-Dimethylformamide
Analyzed with a Time-Domain Computational Method
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A time-domain method for calculating polarized Raman and two-dimensional infrared (2D-IR) spectra that
includes the effects of both the diagonal frequency modulations (of individual molecules in the system) and
the off-diagonal (intermolecular) vibrational coupling is presented and applied to the case of the amide |
band of liquidN,N-dimethylformamide. It is shown that the effect of the resonant off-diagonal vibrational
coupling and the resulting delocalization of vibrational modes is clearly seen as the noncoincidence effect in
the polarized Raman spectrum and some spectral features (especially as asymmetric intensity patterns) in the
2D-IR spectra. The type of 2D-IR spectra (concerning the polarization condition) most appropriate for observing
this effect is discussed. On the basis of the agreement between the observed and calculated band profiles of
the polarized Raman spectrum, the time dependence of the transient IR absorption anisotropy is also calculated.
The method of evaluating the extent of delocalization of vibrational modes that is relevant to the features of
these optical signals in the time and frequency domains is discussed. The nature of the molecular motions
(concerning the liquid dynamics) that are effective on the diagonal frequency modulations is also examined.

1. Introduction experiment$2-27 in which the magnitude of the NCE decreases

I o as the coupled molecules become separated from each other
_ Tounderstand the vibrational spectra of liquid-phase systems, ;1 gilution. It should be noted at this point that similar spectral
in a quantitative way, it is important to correctly consu_j(_ar the features are also seen in the spectra of polypeptides and
effects of surrounding molecules. Such effects are classified into proteins?-46 where some vibrational modes of peptide groups

two types! One is the diagonal effect, which is the local (such as the amide | mode) are strongly coupled.

environmental effect on the vibrations of individual molecules. The development of ultrafast IR lasers h nabled m .

This effect is present both in concentrated liquids (including m nte fethe OF;f et for u r?if f dﬁseﬁ I?/isbf t? nel ealsirl: €

neat liquids) and in dilute solutions, and in the latter case, it is ents ot the etiect ot resonant ofi-diagona ational coupling
also in the time domain as the ultrafast decay of transient IR

generally regarded as a “solvent effect”. In principle, it is . . 48 <1 .
possible to represent this effect with fields on the locations where absorptlon anisotrop¥.“® This may be regarded as a time-
domain counterpart to the NCE in the frequency doméfh.

the individual molecules are present. For the vibrational modes B f the off-di I vibrational lina. the vibrational

having sufficiently large dipole derivatives and mechanical (and S€¢ause ot the 0" ) |a%on3 Vlh raf.lonzTRcloup |ng,| € vibrationa

electrical) anharmonicities, the vibrational frequencies of indi- excitations initially made y the first IR laser pu.se.mlgrate to
other molecules as time evolves, and the IR excitations become

vidual molecules are controlled by the electric fields from the . . . ; .
surrounding moleculek:® The other is the off-diagonal effect, progressively depolarized if those molecules are oriented in
different directions. The decay on the order of 70 fs has been

which is the direct vibrational coupling between molecules. This . . T
effect is called off-diagonal, since it is represented by the off- obserzeﬂ for the OH stretching mode of liquid water (neat liquid
H,0).47:

diagonal terms of the vibrational Hamiltonian of the coupled-
oscillator systems. This direct vibrational coupling gives rise ~ The development of ultrafast IR lasers has also made possible
to spatial delocalization of vibrational modes in the resonant the progress of two-dimensional infrared (2D-IR) spectros-
case, where the intrinsic frequencies of the interacting vibrational Copy>*>%%> 2D-IR band profiles are considered to be sensi-
modes are sufficiently close to each other as compared withtive to the anharmonicities and the off-diagonal vibrational
the magnitude of the coupling. The effect of this delocalization coupling34355357 meaning that information on the structures

is clearly seen in the frequency domain as the noncoincidenceand dynamics (i.e., distances and orientations of the groups
effect (NCE)?~27 which is the phenomenon that the isotropic involved in the vibrational coupling and their time evolution)
and anisotropic components of the Raman band and the infrareds contained in those 2D-IR band profiles. Experimental and
(IR) band of the same vibrational mode appear at different theoretical studies have been performed to characterize the 2D-
frequency positions. The NCE of significant magnitude is seen IR band profiles related to the structures and interactions in
for many vibrational modes with large dipole derivatives, for condensed-phase systeffis36.50-66

which the vibrational coupling is caused by the transition dipole  In previous theoretical studies on the 2D-IR spectra of coupled
coupling (TDC) mechanisth!®2! The fact that the NCE of  molecular systems (liquids and peptid&s)s-5° the calculations
such modes arises from the resonant off-diagonal vibrational have been carried out by transforming the formulas to those in
coupling is supported by the isotopic and chemical dilution the frequency domain (the sum-over-states picture). However,
the diagonal frequencies of individual molecules and the off-
* Phone and Fax:+81-54-238-4624. E-mail: torii@ed.shizuoka.ac.jp. diagonal vibrational coupling terms are both modulated by liquid

10.1021/jp060014c CCC: $33.50 © 2006 American Chemical Society
Published on Web 03/21/2006



Calculation of Polarized Raman and 2D-IR Spectra J. Phys. Chem. A, Vol. 110, No. 14, 2008323

dynamics, so that the vibrational Hamiltonian is time dependent. the Hamiltonian is essentially invariant during a very short time
Those modulations are often in the fast modulation regime in period Az, which is taken as equal to the time step of the MD
the liquid phase, to the extent that the effect of the modulations simulations. We obtafiv3
is noticeable in the vibrational band profilest is therefore )
necessary to develop a time-domain method for calculating , (r ' 1 R
vibrational spectra (including 2D-IR spectra) of coupled oscil- Wé’q)(f A= ex;{— gAT H Q(r)] |1/)f)q)(r,to)[l=
lator systems controlled by the time-dependent vibrational N
Hamiltonian to correctly analyze those band profiles. The Z,' £,/ Cexpl-io(7) AT]@W’EE)(TJO)D@)
development of such a time-domain method is especially helpful =
to consider how we can evaluate the extent of delocalization of '
vibrational modes that influence the band profiles. Usually, the where w¢(z) is the vibrational frequency for the eigenstate
extent of delocalization of vibrational modes is evaluated by |&.0(numbered by) of H(z), and|&,'Cis the wave function
calculating the participation rafi6G’ on the basis of the  with the same amplitudes of molecular vibrations|&glbut
instantaneous normal mode picture (i.e., in the frequency with the molecular orientations evaluated at time- Az.
domain). However, it is necessary to examine how meaningful ~ Assumingfw > KT, the Raman spectrunﬁ)(w) is ex-
this quantity is in the presence of the fast modulations of the pressed as
vibrational Hamiltonian.

In the present study, a time-domain method for calculating R = ° (R)
2D-IR spectra that includes the effects of both the diagonal 'pa () Rej(; a exp@wt)@]ﬂapq(t)w}pq (t,O)ED )
frequency modulations and the off-diagonal vibrational coupling \yhere the large bracket stands for statistical average, assum-
is developed as an extension of the same type of method for g that the effect of vibrational population relaxation is
polarized Raman spectfaand is applied to the amide | band  pegjigible. The isotropic and anisotropic components of the

of liquid N,N-dimethylformamide (DMF). To see the validity  Raman spectrum are obtained from appropriate combinations
of the parameters and to form the basis for analyzing the 2D- Riw) with p, ¢ = 1, 2, 3. In the same way, the

(
IR spectra, the polarized Raman spectrum is calculated andOf Ipq. . R\ -
compared with the observed spectrum. In addition to the (one-dimensional) IR spectrulﬁ () is expressed as
problem on the method of evaluating the extent of delocalization, (R, _ oo (R)
we examine what kind of molecular motions (concerning the lp (@) = Ref(') dt exp{wt)[Dlu Oy, (tLO)]] (5)
liquid dynamics) are effective on the frequency modulations.
The type of 2D-IR spectra (concerning the polarization condi- Whereuy(t) is the dipole operator evaluated with the molecular

tion) most appropriate for observing the effect of delocalization orientations at time, and |szR)(t,to)Dis the wave function of

of vibrational modes is also discussed. the IR excitation at time, expressed as
. . | t
2. Theoretical Formulation ()= exp, |- ; ﬁodf HlQ(r)]Ing)(to,tO)D )

The time-domain method for calculating polarized Raman
spectra developed previoudlis briefly described as follows.  \where
The wave function of the Raman excitation at titrelated to
the pg element of the polarizability operatog, (Wherep, g= (R) N
1, 2, 3 corresponds to the y, andz axes of the system) is [y (to ) L= Z|n"||]]ﬂn|ﬂp(to)|0D (7)
expressed as m=

® is the wave function initially made by the IR excitation at time
|1/)pq (tO’tO)E| (1) t0-

W= exp,|— & [ deH' ()

In the present study, this method is extended to calculate 2D-
IR spectra. The diagrams involved in the optical processes of
2D-IR spectra considered in the present study are shown in

N Figure 1. The signals in the direction k§ = —k; + ko + ks
YRt to) = Z|mm|]n|apq(t0)|om 2) are considered, whele (i = 1, 2, 3) is the wave vector of the
= input laser pulses. It is supposed that the second and third pulses
interact simultaneously with the system after titn€>0) from
is the wave function initially made by the Raman excitation at the first pulse, and the signale after timets (=0) are detected.
time to, expressed by the wave functions of the ground 4@ife  Some of these optical processes contain two-quantum excited

where

and the one-quantunmv (=1) excited statgmijon the mth states, but only the coherences of the one-quantum transition
molecule (1< m < N), and the polarizability operatarpq(to) frequencies (between = n andn + 1) are formed duringd;
evaluated with the molecular orientations at titpeH(7) is and tz. For the first three diagramsR{—Rs, called type |

the vibrational Hamiltonian for the one-quantum excited states hereafter), the pulse & arrives earlier than that ¢ andks,

(defined below), whose diagonal and off-diagonal terms are both so that the coherences in the and t3 time periods are

dependent on the liquid structures and is therefore time- rephasing# 5752 (There are an additional three diagrams

dependent because of the liquid dynamics, which is calculated obtained by interchangirip andks.) For the other five diagrams

by the molecular dynamics (MD) method in the present scheme. (R,—Rg, called type Il hereafter) the pulse kf arrives earlier

N is the number of molecules participating in the vibrational than that ofk; andks, so that the coherences in theandts

band in question, so thay;f)?(t,to)tland H1Q(z) are represented  time periods are nonrephasing.

by anN-dimensional vector and & x N matrix, respectively. The 2D-IR spectrum for the type | processég—<Rs) is
The time-ordered exponential (denoted as.§%in eq 1 is calculated as the double Fourier transform33i(ts,t;) + S2-

evaluated as the product of short-time evolutions assuming that(ts,t;) — S3(tz,t1), where eact8)(ts,t;) is the time correlation
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Figure 1. Diagrams of the type IRi—Rs, rephasing) and type IR;—

Rs, nonrephasing) optical processes involved in 2D-IR spectra. The
number of vibrational quanta on the bra and ket sides is indicated in
the middle column of each diagram.

function corresponding to the diagraRy expressed as

1r()]p(t3't1) = %q)rp(t&tl) = E@Iﬂs(tl + t3)|wEIR)(t1 +t3t)0

O]ug(ty) 1y (003 [(8)
N
) (t,) = D; [

HZQ(r)] Ur(tl)uq(tl)\OElﬂanR’(tl +t;,0)3 D(9)

whereH?Q(7) is the vibrational Hamiltonian of the two-quantum
excited stated)(z) is the transition operator between the one-

i t1+t3
- = f dr x
K/l

TUs(tl + 1) exp+[

Torii
5rt)qp(t3't1) =
[0 T2ty + t) 9"ty + to,t) O e (t) 158, 0] (12)
9 (tat) = [0 uslt, + 1) x
exp|— £ e H9)] Uyt U () e, 01 (12)

Tu(t, +to) x

wSR)(tl,O)Dx

Ml + tat) | [(13)

N
7rz1p(t31t1) = S(s?ép(t&tl) = &‘H"'

i
exm{—gJ?““fH”uﬂuxu)

The “absorptive” 2D-IR spectrum is calculated as the sum of
the spectra of the type | (with inversion of the signef) and
type Il processes.

In the computational scheme of the present study, the
vibrational Hamiltonians are constructed in the following way,
from the liquid structures and dynamics obtained in the MD
simulations. The modulations in the diagonal termsi&? (the
shift from h\/E) due to the effect of the electric field from the
surrounding molecules are expressetl’4g

f 9 &
h (m ”m ’lm)Em

Yo

where ky, and f, are the diagonal quadratic and cubic force
constants for the vibration of theth molecule ), andEn, is

the electric field operating on theith molecule from the
surrounding molecules. The modulations in the diagonal terms
of H2Q are given as

AHIS =

= . (14)

km aQm 00,

2Q _ 1Q 1Q 5h? fn)?
AHZ i = AH2 + AHR — 0, S7 L P (15)

where ‘m + n” in the subscript stands for the state with one
guantum each on theth andnth molecules ify = n, called
“combination state”) or with two quanta on timeth molecule
(m = n, called “overtone state”). The third term is effective
only for the latter type of states and represents the effect of
mechanical anharmonicity on the energy levels of the two-
guantum excited states.

The off-diagonal terms dfi'? are determined by the transition
dipole coupling (TDC) mechanisf?°21.293lexpressed as

A MmO,

1Q_ _ RS, AL
2(k k)}* 90, ™oa,

mn— (m = n) (16)

quantum and two-quantum excited states, and the superscript

T stands for the transpose of the matrix. Note that to evaluate whereT,is the dipole interaction tensor between thi and
the time-ordered exponential in eq 9 in the same way as shownnth molecules, which is given as

in eq 3, the eigenstates bF(7) [of dimension equal tdN(N
+ 1)/2] should be calculated at every time step The 2D-IR
spectrum for the type Il processdu{Rg) is calculated as the
double Fourier transform of¥(tz,t)) + S(ts,t1) + SO)(ts,t1)
- S7)(t3,t1) - gs)(t3,t1), where

?Z]p(t@tl) =
[0ty + ta) 19§ty + t3,0)I0 se, () (t,) IO [](10)

2,

3rmnrmn ~Tmn I
5

N

17)

whererm, = rm — ry is the distance vector (of lengthyy)
between the two molecules, ahds a 3 x 3 unit tensor. The
off-diagonal terms ofH2Q are evaluated in the harmonic
approximation as
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1
—H
V2

2Q
l+mm+m —

2Q
I+nm+n —

H H?  (I=ml=nm=n)

(18)

The transition operatod between the one-quantum and two-
quantum excited states is also calculated in the harmonic
approximation, and is given as

1

72mn+ mU|mO= 0+ mU|I0= nje/0d  (I=m) (19)

The time dependence of the transient IR absorption anisotropy
is calculated by combiningy(®(tto)0in eq 6 with the
formulas described in our previous stutfyThe transient IR
absorption intensity at delay timefrom the pump pulse is
expressed as

N
Dyilt) = &mwuqawgma,omﬂ

where |1;"0is an eigenstate (numbered by in the overtone
band at timd. By using eq 19, and assuming that the overtone

(20)
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each molecule. To calculate the polarized Raman spectrum, the
polarizability derivativedo,,/dgm was also needed. By referring

to the result of the calculation at the MP3/643%&(2d,p) level,

it was assumed to be axially symmetric with the principal axis

. tilted by 29.8 from therco direction toward theyc direction.

To calculate the electric fiel&y, in eq 14 and to perform
MD simulations of the liquid structures and dynamics, the CH
and CH groups in DMF were modeled as united atoms. The
partial charges of the five interaction point{ CH) = 0.50%,

g(0) = —0.553, q(N) = —0.31%&, q(CHjs, trans to O 0.16%,
and(CHjs, cis to O)= 0.20@] were determined by fitting to
the electrostatic potential around an isolated DMF molecule
calculated at the MP3/6-31G(2d,p) level according to the
scheme shown in our previous stu@y.

The MD simulation for calculating the IR and polarized
Raman spectra and the time dependence of the transient IR
absorption anisotropy was performed for the liquid system of
128 molecules in a cubic cell, by using the above atomic charges
combined with the Lennard-Jones parameters taken from ref
80. The volume of the cubic cell was fixed so that the molecular
volume was equal te = 128.6 A8, which corresponds to the
density of 0.944 g c?.81 The temperature was kept at 298.15

band is spectrally separated from the combination band, we havex. The time stepAr was set to 2 fs. To obtain a frequency

N
Dyt) = [E\z |man(t)|ou12|mn|w3R>(t,0)mﬂ (21)

The anisotropy of the transient absorption is then given as

D,(t) — Dy(H)

SURTORFTNG 22
with
Dll(t) = Dpp(t) (23)
1
D) = 5 q zp)Dq,,(t) (24)

3. Computational Procedure

The parameters of molecular properties needed for construct-
ing the vibrational Hamiltonians were determined as follows.
The value ofky, was assumed to be 6.106010 5Epap 2me*
(=1.7329 mdyn A* amu?t), which corresponds to the vibra-
tional frequency 1715 crt in the gas phas€:’8 The ratiof,/
km = —2.11 x 10 %2ay 'm." Y2 was taken from the result of the
ab initio molecular orbital (MO) calculation (by using Gaussian
03"°) for an isolated DMF molecule at the MP3/6-BG(2d,p)
level. At the same theoretical level, the dipole first and second
derivatives were calculated fign/d0m| = (1.8125x 109)em 12
and |02un/dqn?] = (5.2511 x 10%ea 'mc! in magnitude,
being tilted by 24.1and 187.4, respectively, from theco (=rc
— ro) direction toward thenc direction. By using these values
of |0pm/dqm| and |3%un/dge?|, however, it was found that the
vibrational frequency shift and the magnitude of the NCE

resolution of~0.5 cnt?® for the calculated spectra, the time
evolution of |yRtt)0was calculated for about 65.5 ps
(32 768 time steps). The calculations were carried out for 1350
samples to obtain a good statistical average.

The MD simulation for calculating the 2D-IR spectra was
performed in a similar way, except that the number of molecules
was limited toN = 32 and the time evolution period was
shortened to about 32.6 ps, to carry out the calculations with
the available computational resources. As a result, the frequency
resolution of the calculated 2D-IR spectra~f cnT!. Note
that for half of this time evolution period (froma to t; + t3 in
egs 9 and 13), the vibrational Hamiltonian of the two-quantum
excited statesl??(zr) [of dimension equal td(N + 1)/2] should
be diagonalized. The 2D-IR spectra were smoothed with a
Gaussian function with the fwhm of 8 crh and averaged over
1080 (for type 1) or 540 (for type Il) samples. To check the
validity of the use of théN = 32 system, the polarized Raman
spectrum and some other spectral quantities were also calculated
for theN = 32 system and compared with the results forfthe
= 128 system.

The calculations were carried out on Hewlett-Packard zx6000
and other workstations with our original programs. Parts of the
calculations were also carried out on TX-7 computers at the
Research Center for Computational Science of the National
Institutes of Natural Sciences at Okazaki. The computation time
needed to calculate the 2D-IR spectra was equivaler2@00
(for type 1) and~6500 h (for type Il) of a single zx6000
(Itanium-2, 1.5 GHz/6MB cache) CPU time. Since the calcula-
tions involve diagonalization oH2(r), whose dimension is
equal toN(N + 1)/2, the computational time is expected to scale
as~0O(N8) or ~O(N7).

4., Results and Discussion

(related to these derivatives as shown in egs 14 and 16) were

calculated to be a little too large. We therefore reduced the
magnitudes to 85% of these values (1.54070 2em,"Y2 and
4.4635 x 107%a 'ms1). The good agreement between the

A. Noncoincidence Effect and Related PropertiesThe IR
and Raman spectra in the amide | region calculated for liquid
DMF (N = 128 system) are shown as solid lines in Figure 2a,b.

observed and calculated polarized Raman spectral featuresThe observed Raman spectrum taken from ref 18 is shown in
(discussed below) suggests that these reduced values constitutBigure 2c for comparison. It is seen that the frequency positions
a reasonable set of molecular parameters. In constructing theof the IR, isotropic Raman, and anisotropic Raman bands are
vibrational Hamiltonian, the interaction point of these derivatives clearly separated from each other, meaning that there is a large
was assumed to be located at the center of the®®ond of magnitude of NCE. The calculated magnitude of the NCE
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Figure 2. Calculated (a) IR and (b) polarized Raman spectra of the
amide | band of liquid\,N-dimethylformamide (calculated with eqs 5
and 4, respectively): solid lines calculated for tRe= 128 system
and dotted lines calculated for th¢ = 32 system. (c) Observed
polarized Raman spectrum taken from ref 18. The small peald 686
cm! arises from the amide | mode of the naturally pres&@-
(carbonyl)-substituted species, and that~at730 cm! from the
overtone stafé of the mode consisting of the-NC(methyl) symmetric
stretching combined with the OCN bending (of the normal species).

defined asvnce = waniso— Wiso (based on the first moments of
these bands) is 14.7 ¢y in agreement with the observed value
(14.6 cn71).18 The calculated absolute frequency positions of
the component banda g = 1690.2 cm?, wiso = 1673.3 cmi?,
andwaniso= 1688.0 cn1l) are shifted from that of an isolated
molecule by—24.8, —41.7, and—27.0 cnt?, respectively.
Considering that no electronic polarization effect is taken into
account in the calculatiohthese values are reasonable as
compared with the observed valuesafs, = —51 cnt! and
Awaniso= —36 cnT1).18 |t is also seen in Figure 2a,b that the
calculated isotropic Raman band is significantly narrower than
the calculated IR and the anisotropic Raman babds(fivhm)

= 8.3 cnT! as compared witlhig = 29.3 cnT! and Taniso =
34.2 cntl) and there is noticeable asymmetry in the band profile

Torii
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Figure 3. Time dependence of the transient IR absorption anisotropy
calculated for the amide | mode of liqui,N-dimethylformamide
(calculated with eq 22): solid and broken lines are calculated for the
neat liquid and isolated cases € 128), respectively, and dotted lines
are the corresponding plots for the= 32 system.

validity of the interaction mechanisms and the molecular
parameters contained in the calculation, the time dependence
of the transient IR absorption anisotropy is predicted by the
calculation based on eqs 2@4. The result is shown in Figure

3. It is clearly seen that the transient IR absorption anisotropy
decays very rapidly [from 0.4 to0.147 0.4 x e71) in about
0.54 ps] in the case of neat liquid, where the off-diagonal
vibrational couplings are fully operating, but the decay becomes
much slower when all the off-diagonal vibrational couplings
are switched off, e.g., in the case of an isotopically diluted
solution (called “isolated case”). The latter is equivalent to the
second-order time correlation function of the orientation of
individual molecules (with regard to the directions of their
transition dipoles). This result indicates that the rapid decay of
the transient IR absorption anisotropy on the order0f5 ps
arises from the off-diagonal vibrational coupling.

To see how this time constant is related to the rate of
delocalization of vibrational modes, the time evolution of the
extent of delocalization of the initially localized vibrational
excitations [denoted ad(t)] is examined. It is expressed®as

N N
d(t) = En;(;lznm(t)|4)ﬂ

wherez,(t) is the transfer amplitude of the vibrational excitation
from themth to thenth molecule, defined as
m]

The result is shown in Figure 4. It is seen that initially localized
vibrational excitations become delocalized over about 4 mol-
ecules in about 0.5 ps. In the case of the= 32 systemgd(t)

(25)

(26)

~ L[l Ho)

2ol = [Blexp,

of the former. The calculation is in reasonable agreement with pegins to saturate from about 1 ps W2 as the limiting value.

the experimen® (Tiso = 14 cnT! and Taniso = 30 cnT?l, see

For comparison, the results obtaifiddr the CG=0 stretching

Figure 2c for the band asymmetry) also on these points. The modes of neat liquid acetone and an acetone/dimethyl sulfoxide
difference in the bandwidth between the observed and calculated pmSO) binary liquid mixture (mole fraction of acetoRgetone
isotropic Raman spectra may be partly due to the neglect of = 0.2) are also shown in Figure 4. Considering that the magni-

the effect of vibrational population relaxation in the calculation.
The results obtained for thé = 32 system are shown as dotted

tude of the NCE is decreasing in the order of DMFacetone
> acetone/DMSOxcetone= 0.2), and that the calculated Raman

lines in Figure 2a,b. Itis seen that the calculated spectral featuresspectral profiles and the behavior of the transient IR absorption
are mainly the same as those obtained forNive 128 system,  anisotropy are not significantly different between the= 128
suggesting the validity of the use of this size of system for the and 32 systems of DMF, it may be said that the initial delocal-
analysis of the 2D-IR spectral profiles described in section 4D. jzation speed of the vibrational excitations is intimately related
Considering the agreement between the observed and calcuio the features of the optical signals in the time and frequency
lated Raman spectral features obtained above as indicating thedlomains. It is also suggested that the transient IR absorption
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Figure 4. Time evolution of the extent of delocalization of the initially
localized vibrational excitationd(t) as defined by eq 25, calculated
for the amide | mode of liquitN,N-dimethylformamide (solid and dotted
lines for N = 128 and 32, respectively). The plots for the=O
stretching modes of liquid aceton®l (= 128, broken line) and an
acetone/dimethyl sulfoxide binary liquid mixtumsh{a = 128 andXacetone
= 0.2, dot-dashed line) taken from ref 9 are also shown.

anisotropy decays in the time needed for the initially localized
vibrational excitations to delocalize over a few molecules.

B. Spectra in the Static Case and Participation RatioAs
a reference to the above calculation, to see the effect of liquid

dynamics on the band profiles, the spectra in the static case are

also calculated by freezing all the liquid dynamics. The result
is shown in Figure 5. Compared with the spectra in Figure 2, it
is seen that the effect of liquid dynamics is most noticeable in
the profile of the isotropic Raman band. In a similar way to the
case of the €O stretching band of liquid acetone shown in
our previous study,there is a small bump at1710 cn! on

this band in the static case as shown in Figure 5b, but it
disappears from the effect of liquid dynamics as shown in Figure
2b. In addition, the peak frequency position is slightly shifted
(from 1664 cn! in Figure 5b to 1668 cmt in Figure 2b) and
the band is narrowed (fromis, = 10.3 cnT! in Figure 5b to
8.3 cnTlin Figure 2b) by the effect of liquid dynamics. These
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Figure 5. (a) IR, (b) isotropic Raman, and (c) anisotropic Raman

changes are reasonably explained by the motional narrowingspectra of the amide I band of liquiiN-dimethylformamide calculated

effect. A similar narrowing effect is also seen in the IR (from
I'r = 35.2 to 29.3 cm?') and anisotropic Raman (froffniso

= 38.9to 34.2 cm?) bands. As described below in section 4C,
the time scale of the frequency modulation is about 0.14 ps
and in the so-called fast modulation regime.

in the static case, (d) the spectrum in the isolated and static case, and
(e) the frequency-dependent participation rat{@) as defined by eq

27: solid lines are calculated for tie= 128 system and dotted lines

are calculated for th&l = 32 system.

The spectrum in the isolated (and static) case is shown in Molecule in thesth mode, andv; is the vibrational frequency

Figure 5d. Taking the width of this band (19.4 chas a

of the &th mode. The result is shown in Figure 5e. It is seen

reference, the isotropic Raman band is narrowed and the IRthatthe vibrational modes around the band center are delocalized
and anisotropic Raman bands are broadened by the effect ofover ~30 molecules in the case of té= 128 system, but

the resonant off-diagonal vibrational coupling. Note that there

over ~10 molecules in the case of thd = 32 system.

is no NCE in the isolated case, so that the band profiles of the Considering the behavior ait) shown in Figure 4, as well as
IR, isotropic Raman, and anisotropic Raman spectra are the samdhe fact that the frequency-domain picture corresponds to the

when we (additionally) freeze the liquid dynamics.
The extent of delocalization of vibrational modes in the static

long-time behavior of the system, the dependence of the value
of n(w) on the system size is related to the saturatioml(®f

case is evaluated by calculating the frequency-dependentafter 1 ps for theN = 32 system. As discussed in the last part

participation ration(w) defined a&7°

N N
&( Zcﬁf)*la(w - wg)ﬂ
N
&lé((u - wE)D

wherecye is the normalized vibrational amplitude of tineth

n(w) = (27)

of section 4A, the features of optical signals in the time and
frequency domains induced by resonant off-diagonal vibrational
coupling are considered to be related to the initial delocalization
speed of the vibrational excitations. This means that the
participation ratio may not be a good measure of the extent of
delocalization of vibrational modes with regard to the relation

with those features of optical signals in the presence of fast
frequency modulations.

C. Modulations of Various Quantities. To see the nature
of the modulations induced by the liquid dynamics in more
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detail, time correlation functions are calculated for various
guantities. The time correlation functi@ (t) of the modulations

of the vibrational frequencies of individual molecules is defined
as

CBIC(0)

N
Ct)= &Zéwﬁ?(wawmmﬂ (28)

where

B ) = oV(t) — Ehzwu (29)

Cr(/Cr(0)

andw®(t) is the (uncoupled) vibrational frequency of tinth
molecule [equal to theth diagonal element of the vibrational
Hamiltonian,H:3(t)] at time t. The result is shown in Figure
6a. It is seen that the time dependence&pft)/C,(0) aroundt

= 0 is approximated as t (u/2)t?2 + O(t% with u; > 0.
Employing the stationary nature of the frequency modulatféns,
we have

N (d 2 N
B &Z(&éwsﬁ)(t)) ‘t—om& Z(éw%)(o»zﬂ (30)

meaning that the time scale of the frequency modulation is
obtained from the value af;. From the fitting to the plot of
CL(t)/CL(0) in thet = 0.00-0.08 ps range, we hawe = 50.1
ps2 Taking the inverse of the square rootef®® we obtainry
= 0.14 ps as the time scale of the modulation wﬁ?(t).
Combining with the value ofA; (=4/C_(0)) = 8.3 cn’l, we
have 2rct:As = 0.22, which is significantly smaller than unity,
meaning that the frequency modulation occurs in the fast
modulation regimé?*

By contrast, the time correlation functio@y(t) of the
vibrational frequencies(t) of the eigenstates ¢1(t) defined
as

ciso(t)/ciso(o)

Caniso(t)lcaniso(o)

M)

T T T T T 1
0.0 0.1 0.2 0.3

N
Cu(®) = &L;awg(t)éwg(o)ﬂ (31) Time / ps

Figure 6. (a) Normalized time correlation function of the modulations
with of the vibrational frequencies of individual moleculds,(t)/C.(0)

defined by eq 28, (b) normalized time correlation function of the

modulations of the IR intensities of the eigensta@&s(t)/Cir(0) defined

N
— _ by eq 33, (c, d) the same type of time correlation functions calculated
6a)5(t) wf(t) &L;wfﬂ (32) for the isotropic and anisotropic Raman intensities, and (e) time

correlation function of the “mode identitykM(t) defined by eq 35,

calculated for the amide | mode of liguidiN-dimethylformamide: solid
is almost invariant and is essentially equal to unity (not shown) lines are calculated for thel = 138 system a%d dotted lines are

if we number the eigenstates in the sequence of their vibrational 5\ 1ated for they = 32 system.

frequencies. Instead, the nature of individual eigenstates changes

as time evolves because of the avoided crossings among theméth eigenstate from the average value. The time correlation
To see this in a quantitative way, we have calculated the functions of the isotropic and anisotropic Raman intensifgs,
following time correlation functions. The time correlation (t) and Caisdt), are defined in a similar way. The changes in
function Cir(t) of the IR intensities is defined as the nature of the eigenstates are also seen in the correlation

N function of the “mode identity’M(t), expressed &%
Cr(®) = &;ﬁ'm(oaﬁg%ﬂ (33)

N
M() = Eﬁ;max““”{ |E¢t|§om2}ﬂ (35)

where

N The results are shown in Figure 6b. It is seen that all these
‘55(2'R)(t) = %’R)(t) — &ZS(‘EIR)D (34) quantities are modulated in subpicosecond time scales. This is
= the picture of the effect of liquid dynamics on the vibrational
properties obtained on the eigenstate basis, which corresponds
is the instantaneous difference in the IR inten%@)(t) of the to the picture obtained on the molecular basis shown in Figure
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Figure 7. (a) Solid line: spatial distribution of the molecules that
modulate the electric field effective on the frequency of the amide | %% 1680~ Abs.
mode,J(r) (average ofln(r) defined by eq 36 ovemn = 1—N). Broken 00 ]
line: radial distribution functiong(r), calculated for liquidN,N- :
dimethylformamide il = 128). (b) Solid line: frequency distribution ' 1640~

of the motions (concerning the liquid dynamics, i.e., intermolecular -1 T 1

degrees of freedom) that modulate the electric field effective on the SR el =Rl IR

frequency of the amide | mod&(Q) (average ofGy(RQ) defined by @ lem’

i‘?](:]st:r?ta?]\leegg n:or%n;; nl:l()).del?sroken line: density of states of the Figure 8. (a—c) The real and imaginary parts and the absolute value
) 2D-IR spectra of the type | optical processes withzhezpolarization

. . . . calculated for the amide | band of liquliN-dimethylformamide and
6a. In other words, the modulations appear in the vibrational (y—f) the corresponding spectra in the isolated case. The latter spectra
frequencies in the picture on the molecular basis and in the are multiplied by the factor of 0.4 (i.e., the peak intensities in the latter
vibrational transition intensities and the nature of the modes in spectra are actually higher by the factor e2.5 than those in the
the picture on the eigenstate basis. It is also true, however, thatformer). The color code for the relative intensities is indicated on the

the behavior of the correlation functions in Figure—@bis lower left corner.
somewhat dependent on the system size, meaning that theY,imin ~g A. It is also possible to evaluate the frequency

should pe ||jterpreted car(_afull)_/. . o distribution of those field-modulating motions in the same FMM
Considering that the vibrational frequencies of |nd|y|dgal picture, by calculating the functioBn(<) defined a%
molecules are supposed to be controlled by the electric field
from the surrounding molecules as shown in eq 14, the nature N [OE, )2
G, (Q) = & o(Q — QS)D
=

of the liquid dynamics that modulates the vibrational properties (37)
is examined in some detail with the concept of the field-
modulating modes (FMMs).Within this picture, the spatial
distribution of the molecules that modulate the electric field on whereQsis thesth instantaneous normal mode of the intermo-
the mth molecule (effective in the frequency modulation of its lecular degrees of freedom (consisting of translations and
amide | mode) is expressed as rotations{ R n} 1=j=6,1<n=n), andQs s its vibrational frequency.
The result (the average @&(2) overm= 1 — N, denoted as
& 6 [dE |2 G(Q)) is shown in Figure 7b (solid linéf. Compared with the
I = Z —| o(r — rnm)D (36) density of states (dotted line), it is seen that the intermolecular
=1 =1\ 0R vibrational motions in the 56200 cm! region are likely to
modulate the electric field to a greater extent than those in the
where E, is the electric field on thenth molecule in the lower frequency region.
direction parallel to the dipole derivative of its amide | mode, D. 2D-IR Spectra. The calculated 2D-IR spectrum of the
andR, stands for the normalized translationpH 1—3) and type | processes with thezzzpolarization is shown in Figure
rotational { = 4—6) coordinates of thath molecule. The center ~ 8a—c. The two frequency axes: and w3 correspond to the
of the G=0 bond, which is the interaction point in constructing time intervalst; and ts, respectively. The two peaks (in the
the vibrational Hamiltonian as described in section 3, is taken opposite signs) along thes axis in the real part of the spectrum
as the location wherg, is evaluated, and also as the reference correspond to the = 0 — 1 and 1— 2 transition frequencies.
point in themth molecule for calculating,m The result (the The bands are elongated along the diagonal of the spectrum
average ofl(r) overm= 1 — N, denoted ad(r)) is shown in because of the distribution of the transition frequencies.
Figure 7a (solid line). Compared with the radial distribution To see the effect of the resonant off-diagonal vibrational
functiong(r) (dotted line), it is recognized that the electric field coupling and the delocalization of vibrational modes in the 2D-
operating on a specified molecule (timth molecule in eq 36) IR spectral profiles, the spectrum in the “isolated case”, where
is modulated mainly by the motions of the molecules in the all the off-diagonal vibrational couplings iH1Q(zr) and H2(z)
first solvation shell (within~6 A) and additionally by those  are switched off, is also calculated and shown in Figuref3d

S
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formamide and (b) the corresponding spectrum in the isolated case.
The latter spectrum is multiplied by the factor of 0.257. The color code
for the relative intensities is indicated on the lower left corner. o 1640 —
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The most notable difference is that, in the real part of the 470 880 1640 AT20 1680 -1840
spectrum, the peak of the positive band is located on the diagonal o lem”

WiFh the same in_ten_sit_y as f[he negr&tbanc!in the isolated case Figure 10. (a, b) The real and imaginary parts of the difference between
(Elgure 8.d)’ while it is Sh.'ﬂ(.ed off _the diagonal to the_ UPPEr he 2D-II§ sf)ectra of the type | processes with #mzzand zxxz
triangle with an asymmetric intensity pattemhen the vibra- polarizations, calculated &,.,— 3 for the amide | band of liquid
tional coupling is operating (Figure 8a). The difference is also N,N-dimethylformamide and (c, d) the corresponding spectra in the
seen in the imaginary part of the spectrum as the asymmetry inisolated case. The former spectra are magnified by the factor of 3.4 as
the intensities of the positive bands in the spectrum (Figure 8b compared with the spectra in Figure-8a and the latter spectra are
vs 8e). These differences in the intensity patterns of the real further _magn[fle(_j by the factor of 2. The color code for the relative
and imaginary parts are also reflected in those of the absolute™ensities is indicated on the lower left corner.
value spectra (Figure 8c,f). In the isolated case, the plateau
corresponding to the peaks of the real and imaginary parts is
seen (Figure 8f), while a single peak is seen when the vibrational
coupling is operating (Figure 8c).

These differences in the band profile are considered to arise
from the specific situation realized in the presence of the

diagonal peaks in the 2D-IR spectra with the use of specific

polarization condition8%-60-610ne way is to take the difference

between the spectra with tzezzandzxxzpolarizations as,,;,

— 3522880 The 2D-IR spectrum calculated this way for the

type | processes is shown in Figure 10a,b. The corresponding

resonant off-diagonal vibrational coupling. As shown in egs 16 spectrum in the isolated case 1S shown n Figure 10c,d. It is
seen that some bands of significant intensities are present when

and 18, although there is strong vibrational coupling among the he vibrational ing i ina. but the sianal h
one-quantum excited states as well as among the combinatior{"® \IQ rat:?naﬂ::ou%m? IS ?peratllpg, put t.tehsgne;fscare r%uc
states, there is no direct coupling among the overtone states. ipveaxer when the vibrational coupling 1s switched oft. t-onsioer-

o . L that the spectral intensities in Figure 10c,d are magnified
other words, there is little frequency dispersion induced by the Ing . .
resonant off-diagonal vibrational coupling for the overtone by the factor of 17 3.4 x 2/0.4) as compared with those in

states. As a result, the transition frequencies intthand t3 F'g;”e 8q—fi:yve mgé/fregard thalt zsier;tlzlly 6::: thdgﬁspectral
time intervals in theRs diagram are anti-correlated when an eatures in Figure are canceled by taking the difierence

overtone state is involved. Adding the broadening due to the aSS_ZZZZ_ S ) ) )
distribution of the diagonal terms, we obtain the real-part Slnc_e QII the spectral features are “diagonal” in the |s_olated
spectrum with the negative band being broadened along the antic@se, it is reasonable that they are canceled by taking the
diagonal to a greater extent than the positive band, as shown indifference asS;;;— 35 In contrast, the existence of some
Figure 8a. It is possible to explain in the same way the band bands in the presence of the off-diagonal vibrational coupling
profile of the imaginary-part spectrum shown in Figure 8b. is con5|dere<_JI to be closely_ relgted to the rapid depola_lrlzatlon
The calculated “absorptive” 2D-IR spectrum (the sum of the of the IR excitations shown in Flgure 3. Because the anisotropy
spectra of the type | and type Il processes) with #rzz of the IR excitations becqmes rapidly reduced on_the order of
polarization is shown in Figure 9a. The corresponding spectrum ~1 PS, the relative intensity d&..(as compared with that of
in the isolated case is shown in Figure 9b. Considering that the Sxzz) i enhanced to some extent, giving rise to the spectral
absorptive spectrum is obtained for the purpose of removing féatures ofS;zz; — 3S. that look like a kind of “over-
the dispersive part of the spectrum, only the real-part spectrumcancellation” of the features &, This result indicates that
is shown. It is seen that the asymmetry in the intensity pattern We can clearly see the effect of the off-diagonal vibrational
as seen in Figure 8a is also recognized in Figure 9a when thecoUpling by observing the spectra 8f;;— 3S
vibrational coupling is operating. In addition, weak elongation ~ Another method that has been suggested for eliminating the
along the diagonal is also present. In contrast, in the isolated diagonal peaks in the 2D-IR spectra is to set the polarization as
case, there is no elongation of the bands along the diagonalS,qpwith p= (x + z)/\/i andg = (x — z)/\/ﬁ.61 The spectrum
because of the cancellation of the elongation effect betweencalculated for the type | processes with this polarization and
the spectra of the type | and type Il processes (Figure 9b). A the corresponding spectrum in the isolated case are shown in
detailed comparison of the spectral profiles between the type | Figure 11, parts a,b and c,d, respectively. It is seen that, in this
and type Il processes and with the spectrum of another set ofcase also, some bands of significant intensities are present when
optical processes (called type IIl) will be shown elsewhere. the vibrational coupling is operating, but the band intensities
It has been discussed that the effect of the off-diagonal are weaker when the vibrational coupling is switched off.
vibrational coupling is more clearly seen by eliminating the However, the contrast in the band intensities is more clearly
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The results in the present study clearly demonstrate that the

spectral features obtained with the polarized Raman, transient

IR, and 2D-IR spectroscopic methods may be analyzed with

both the diagonal frequency modulations and the off-diagonal

heal vibrational coupling taken into account in the presence of fast
liguid dynamics. It is expected that this theoretical method helps

to elucidate the nature of the dynamics and intermolecular
interactions and the behavior of the vibrational excitations in

relation to the spectral features for various liquid-phase systems

and other related systems such as polypeptides and proteins.
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