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Correlation Effects in the Two-Dimensional Vibrational Spectroscopy of Coupled Vibrations
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Correlated energy shifts in the spectral broadening of coupled vibrational transitions are shown to have clear
signatures in infrared two-dimensional dispersed vibrational echo (DVE) spectroscopy. A model that includes
correlation effects through a correlation coefficiep} for a bivariate distribution is used to describe two-
dimensional experiments on the coupled carbonyl stretches of RE(GE)YO,) (or RDC) in chloroform.
Signatures of correlated (8 p < +1) and anticorrelated{1 < p < 0) broadening in DVE experiments
manifest themselves in the depth of modulation of the signal and the magnitude of the echo peak shift. For
the case of RDC, the broadening is highly correlajee-(0.9) and can be explained in terms of the solvent-
induced modulation of the Rh electron density.

. Introduction parameter$®-2° The influence of correlated disorder on the

. . nonlinear optical response of molecular aggregates was also
Nonlinear spectroscopies have proven to be successful at__ . 2
o : X . studied by Chernyak et &k

characterizing the spectral broadening of electronic and vibra- The sensitivity of nonlinear spectroscopies to correlation
tional transitions in solution arising from inter- and intramo- effects in other gtructurall disordF:ared S stgms has been noted
lecular interaction$.Such methods have advanced to the point for some time Photocher¥1ical hole-burr):in measurements on
where systembath interactions can be described over multiple 324 . g me
. 3 . - . dye molecule® 24 and difference-frequency-mixing theories
time scale@: Increasingly, such methods are being applied to

the study of systems with multiple coordinates in which the demonstrated the effect of the correlation of inhomogeneously

interactions between these coordinates and their environmentsbro""dened transitions on the spectral line widths. The influence

are of interest. This is particularly the case with two-dimensional of correlated disorder on photon echo experiments in semi-

; . .~ conductor quantum wells has also been shown to be signifi-
(2D) spectroscopieswhere coupling between system coordi- cant?6-28 More recently, Yang and Fleming have discussed how
nates is observed as the formation of cross-peaks in a 2D : Y 9 )

spectrun® 8 and spectral broadening is characterized by the nonlinear technlqugs can help describe mtgrmolecular energy-
2D line shapé-13 transfer processes in disordered systems with correlation in the

The sensitivity of 2D spectroscopies to couplings between transition energie® Also, the signatures of diagonal and off-

coordinates implies that they will also be sensitive to static and diagonal disorder in the 2D IR spectroscopy of coupled
X plI¢ X y ; ) vibrations have been describ&lCorrelated fluctuations be-
dynamic correlations in their energies. In particular, for two

coordinates interacting with one another and a bath. one Cantween fundamental and overtone vibrational transition frequen-
. . ) . g ) cies have been addressed for fifth-order Raman spectroscopy
imagine interactions that would lead to certain types of

S ) . . well3t
correlated fluctuations in their energies. The energies of the two asln t?ﬂs aper we investioate correlation effects in the spectral
coordinates could fluctuate either in a purely random manner, pap 9 P

in a correlated manner where the fluctuations of both states arebroadenlng Of. two coupled vibrational coordinates using dis-
. . - . . persed vibrational echo (DVE) spectroscopy. The results
equivalent, or in an anticorrelated manner in which they are

precisely opposite. Such correlation effects can be explainedIOresented here are modeled using the nonlinear response from

by the disorder in the energies of the coordinates or the couplingtWO coupled vibrations which are ensemble averaged over a

between them. In this paper, we show that the 2D infrared (IR) blvarl_a_te dlstrlbutlo_n that incorporates correlapon_between the
L I transition frequencies. The degree of correlation in the energy
spectroscopy of coupled vibrations based on vibrational echo

experiments is sensitive to these correlation effects and caniggtﬁsicci’;rt:e_lfxv: g)ibﬁtilr%résn;; %Lﬁ;tg'r%dstggwngI:Oah;c\)/geclj‘z;%r::t
therefore be used to gain detailed insight into the microscopic ) P

- o . S -~ “signatures of the degree of correlation: the depth of the
mechanisms of vibrational couplings and vibrational solvation . . -
dynamics. modulation of beats on the signal and the magnitude of the echo

The influence of correlated broadening on spectroscopic peak shift Ex.periments on a metal dicarbonyl in chloroform
o . . .~ show clear evidence for strongly correlated spectral broadening
transitions has been most thoroughly investigated for electronic

chromophore agareqates. Pioneering work in the treatment ofOf the two carbonyl-stretching transitions. These results parallel
site enel? diso%?iergon J-.a re atesg has shown that correlated ~ recent work of Fayer and co-workers who have also applied

. gy gareg o . D DVE spectroscopy to investigate correlated inhomogeneous
disorder profoundly affects the absorption line shapes of linear b P

) _17 . roadening?

and cyclic aggregatéd4:1” Knoester suggested that linear
absorption spectra do not contain sufficient information to
determine the magnitude of site disorder and the degree of
correlation independently; Knoester therefore proposed a two- Two-dimensional dispersed vibrational echo (2D DVE)

color pump-probe spectroscopy as a method for probing these spectroscopy is a resonant third-order method that monitors the
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II. Experimental Section
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evolution of vibrational coherences as a function of two Ill. Theory
i i i 8,34 ird- i
independent time periods andzs.**The third-order nonlinear Here we derive an analytical form for the total third-order

signal ES(k) is generated by the interaction of the sample nqpjinear signal for the 2D DVE experime®(1,ws) from two

with a sequence of three-pulsed infrared laser fiéldky), B> coupled vibrational modes. The nonlinear response is obtained
(ko), andEs(ks) that radiate the signal into the phase-matching 1, ensemble averaging the individual contributions to the total
directionks = —ki + k; + ks. Vibrational coherences initially  nirg-order nonlinear polarization over a bivariate distribution

created by the first field are acted on by the remaining fields fynction that includes the effects of correlated frequency shifts
after a delayr;, leading to either the rephasing of the initial {5 the two coordinates.

coherence, further excitation of the vibration, or the transfer of  corelation of Spectrally Broadened Transitions. For a
the coherence to a coupled vibration. The frequency componentsyarticular molecular vibrational transitiom, its frequencywm

of the signal radiated from the sample duringrepresent the a1 be defined as

second dimension in the experiment and reflect the final coherent

state of the system. For two coupled vibrations, the signal must 0, =0+ Aw, 1)

be described in terms of a six-level system consisting of the

ground state and singly and doubly excited states. These stateghere »?, is the ensemble-averaged transition frequency and
lead to a response expressed as a sum over 14 different nonlineap ,, is the frequency shift for an individual transition relative
processes that satisfy the phase-matching conditighTwo- to the mean. The shifhw, is a random variable that character-
dimensional dispersed electronic and vibrational photon echo jzes the spectral distribution. It is generally time dependéht;
experiments such as these have been used to study electronigowever, here we will work in the slow modulation limit, taking
dephasing in dye moleculésthe interaction between carriers  Ag,, to be static. When we introduce a second transiticeven

in semiconductord]?¢3%and vibrational inhomogeneous broad- it the statistics for\wy are treated as being random, microscopic

ening® interactions between these coordinates may lead to a correlation
The experimental apparatus is described in detail in the between individual transition shiftAw, and Awn. We can
literature3® Briefly, we used 90 fs mid-IR pulsed & 4.9 mm; formulate the statistical interdependence betwken andAwn,

n = 2050 cnT?) generated by difference frequency mixing of through a Normal joint probability distribution function (PDF)
the signal £ = 1.3 mm) and idler{ = 1.9 mm) outputs of a  that can be written as
BBO optical parametric amplifier in an AgGa@rystal. The

IR beam was split into three pulses and focused into the sampIeG(Awm'Awn) - x

(wo = 150 mm) in a standard “boxcar” configuration using a o1 — p20 o

10-cm parabolic mirror. The timing between the first pulse and r; : 5

the time-coincident second and third fieldswas controlled ex 1 {Awm _5 Aw Ao, I Aw, @
2

with a 0.1um stepper motor. The nonlinear signal emitted from
the sample was collimated by a second parabolic mirror,

dispersed into its Fourier componenisin a 190-mm grating  \yhereg; is the width of the transition frequency distribution
monochromator, and then detected after exiting the exit slit by 5.5,nd the central frequency? and p is the correlation

a single-element HgCdTe detector. A 2D data set was con- cqeficient, which is defined as the normalized covariance of
structed by collecting signal amplitude data in 2@érimtervals the random variableAw, and Aw,:42
in wz and 30 fs steps im. The polarization of each field in the

experiment was controlled with wire-grid polarizers. The data Aw, Aw,0
presented here were taken in the all-parallel polarization p=——""—"
geometryR,;;»

Two-dimensional DVE experiments have been performed on Here [1..0denotes a joint average of the individual transitions
the anharmonically coupled symmetrg) @nd asymmetrica) over the ensemble. Equation 3 shows thaan take on values
carbonyl (-C=0) stretching modes of acetylacetonato-dicar- petween—1 and+1, where the magnitude of reflects the
bonylrhodium(l), Rh(COYCsH70), or RDC. In addition tothe  degree of correlation of the individual frequencies. For the
fundamental transitions o and s mOdeS, transitions of the ||m|t|ng case OfP =41, a Comp]ete linear dependence exists

singly excited states into their corresponding overtone and petween the variableAw, and Aw, described by
combination bands are also resonant with the pulse spectrum.

- o
2(1 - pz)\ Om2 On0On 0,

n

®3)

On0On

Hence, the 2D DVE experiment is sensitive to six resonances. (o

The FT-IR spectrum of RDC (Fluka) dissolved in spectroscopic- Aw, = iG—Awm (4)
grade chloroform (Aldrich) shows two fundamental transitions "

at w, = 2015 cnt! and ws = 2084 cnr! with FWHM line that, in the case where, = oy, leads to

widths of Aw, = 14.6 cnt! and Aw, = 9.3 cntl. The

anharmonic shifts determined from the FT-IR overtone and o, Fo,= a)ﬁ:F w% (5)

combination spectrum am,, = Ass= 11 cntt andA,s= 24

cm™%, respectively. These are in accordance with the previously The difference of the two transition frequencies for a particular
published results of pumpprobe experiment®¥. Here we refer molecule is constant whep = +1, whereas their sum is

to the resonances between one- and two-quantum states asonstant whep = —1. These limiting cases, illustrated in Figure
overtones and combination transitions, although these terms arel, are termed correlated and anticorrelated broadening. In this
used for transitions between zero- and two-quantum states inlimit, G(AwmAwy) reduces to a product of a univariate Normal
traditional vibrational spectroscopy. The experiments were Gaussian PDF and & function, showing that each value of
performed at room temperature with a 0.01 M sample held in Awn, dictates a single value adfw,. For any other value, the

a Cak, cell with a 0.2 mm path length corresponding to a peak magnitude ofo represents the degree to which the frequencies
optical density of 0.5. are correlated. Statistical independence requiresotia0, for
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Figure 1. Schematic representation of perfectly correlatee=(+1)
and perfectly anticorrelategp (= —1) broadening of the absorption
lines of two coupled vibrations.

which G(AwmAw,) becomes a product of two independent
univariate Normal Gaussian distributions.

Response FunctionsThe third-order nonlinear vibrational
response from a pair of vibrational coordinates requires the
consideration of the six lowest vibrational states for the coupled
system’-3536 For the current case, we used the optical Bloch
formalism, including orientational relaxation, for which the
nonlinear response as a function of the two-time variables
describing 2D DVE experiments is written for a given polariza-
tion conditionijkl as

A= S explif+ Ao, = Apot] X

mn=a,s

expli(wn + Aoty = Aqorg] x [(

mnm 2 2 iA
Yol ol — €7
mnm

Cii
Cii

mmnn

i T

mmn

2 2
CijkI rl;um,ol |lumn,m|m¢n+

Yen gt Hmnttmemn)] (6)
wherecﬁﬁf‘l is a tensorial orientational factor that is dependent
on the polarization conditiorigl and the vibrational interaction
pathwayvkyA. In the present 2D DVE experiments with parallel
excitation polarization 47,,2), Crr = 1/5 andcyy" = Corrr"

= 1/15351In eq 9,umo, mmm, @Ndunmm are the transition dipole-
moment matrix elements of the fundamentfl00— |100),
overtone (10— |200), and combination|{ 0 |11[) transi-
tions, respectively, for the vibratiam. For the summation, the
fundamental overtone and combination transitions of the asym-
metric vibration are labeled, and the fundamental overtone
and combination transitions of the symmetric vibration are
labeleds. The damping of vibrational coherences is described
as

Ajj=Ti;+ 2D, Q)
wherel” may have contributions from isotropic pure dephasing
and vibrational lifetime and reorientation of the molecule
through small-angle diffusion with a diffusion constebg;.
Anharmonic shifts of the overtonen(= n) and combination

(m = n) transitions relative to the fundamental are represented
by Amn In modeling the distribution, we have taken these
anharmonic shifts as constant values, implying that they are fully
correlated with the fundamentals.
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for which we obtain the following analytical expression:

Rzzzgrl'w3) = z ZC?Z?an‘uf X

mn=a,s

(An,o - pmnomanrl)

2
On

expiont, — i(w; — wf) X

o ’r)?

m

Om
Am,O + An,Opmna_

n

ex

7| exg —(1 — pi) -
2
An,o2 (w3 — Wg)z

2
207,

x { exp x

202

n

- i(ws - (Ug) + (An,o - pmngmo'ntl)

V2o,

(w3 - wg + Amn)2

207
(An,O - pmnamgnrl)
mn 2

n

- i(wS - (,z)g + Amr) + (An,O - PanmUnfl)
Vo,

Here,pmn= 1 for m=n, andpmn = p for m= n. On the basis
of the dipole amplitudes in other studies of RD@ge have taken
the transition dipoles for fundamentalands vibrations to be
equal and all the other transition dipoles between the one- and
two-quantum states to be scaled harmonically, jige,= uso
= U, Uasa = Uass — U, and/laa,a = Usss = \/Z

Equation 9 describes the total response for a six-level system
arising from two inhomogeneously broadened vibrational transi-
tions. The primary assumptions made about the dynamics of
the system are (i) correlated broadening described by a bivariate
Normal distribution with a correlation coefficiept (ii) constant
anharmonicity parameters, and (i) identical dephasing dynamics
of a particular transition for all members of the ensemble. Thus,
the dephasing of the overtone and combination bands have been
set equal to those of the corresponding fundamentals; more
generally, this is not required. Finally, the signal detected in a
2D DVE experiment is calculated in the short pulse limit by
taking the absolute value square of the total response function,
S(rl,a)g) O |R(r1,a)3)|2.

Figure 2 shows the calculated 2D DVE signals of two coupled
vibrations for the two limiting cases of the perfectly correlated
(p = +1) and perfectly anticorrelategh & —1) broadening.

erf

ex X

exp —iA X

erf )

The ensemble-averaged response function is obtained byA” other parameters in eq 9 have been held constant and are

integrating eq 6 over the joint PDF
Rtz = [ d(Awy) 7 dAo)C(Aw,An,) (T, T5)
(8)

To describe the 2D DVE signal, the total response is obtaine
by the Fourier-Laplace transformation along

d

R(tpwg) = j:odfs explwstm)R(y,75)

chosen to reflect the dynamics of the symmetric and asymmetric
carbonyl stretches of RDC in CHE lfor which gi = Aj > A,.
Figure 2 shows distinct signatures of correlated and anticorre-
lated broadening, which are reflected in the dispersed signal
by polarization beats along at roughly the splitting between
the fundamental transitions. For a given fundamental detection
frequencyws, these oscillations originate from the interference
between two types of subensembles that differ in their field-
induced vibrational interaction pathways: (i) those for which
the initially excited vibrational coordinate was the same as the



8028 J. Phys. Chem. A, Vol. 105, No. 34, 2001 Demirdoven et al.

()
§
(b) =
(33
B
N
~—
8
25 3.0
(c) E
L
8
(d) o
—
3
Figure 3. (a) Experimental 2D DVE signals of RDC in CHCAnd
196%0 o n T Py T (b) a calculation obtained from the nonlinear least-squares fit to the
: S 0 ('55) 0 25 30 experimental dataof, = 11.9 cm!, 0s= 7.5 cnr'l, /A, = 1.8 ps, and
o“P 1/As = 1.8 ps). See the text for details.

Figure 2. Simulated 2D DVE spectra of RDC in CHCfor the two . . .
limiting cases of (by = —1 and (d)r = +1 using eq 9. Slices from system may evolve on two different transitions durlng the two

the simulation alongvz = 2084 cnt! shown in (a) and (c) illustrate  time periods. Therefore, the rephasing ability for certain field

the magnitude of the echo peak shift for= —1 andr = +1, interaction sequences depends on the phase relationship between
respectively. The remaining parameters used in the calculation arethe phase acquired in one coherence durip@®~: , and the
identical for both simulationsg = 11.9 ¢, 05 = 7.5 cnT™, 1/As = phase reversed in another during e, This in turn will
1. =1. . : '

8 ps, and s 8 ps) depend on the correlation between the frequency of the two

coherencesm andwy. If perfect correlation existso(= +1),

detected coordinateng = and (ii) those for which the other
b= w3) (W the phase acquired during can be exactly rephased during

coordinate was initially excited and the later pulses in the echo . ) ;
leading to a large peak shift. In the case of zero correlaon (

sequence transferred coherencevtd® - h lationship exists b he coh d
In the case of perfect correlation, the beats almost completely = 0): N0 phase relationship exists between the coherences, an

modulate the signal along, and a slight frequency dependence _rephasing is suppre_ssed. _For qnticorrelated broadenin_g_, the
to the oscillation period is observed near each of the funda- INVErse frqugncy-shn‘t relqtlonshlp between the two transitions
mentals. Thews-dependent beat frequency is observed as '€2ds to additional dephasing duringand enhanced suppres-
diagonally tilted beat contours in the 2D signal. In the case of SIon Of the peak shift in the echo experiment. However, for
purely anticorrelated broadening, the overall-signal decay times 2nticorrelated broadening, we expect that rephasing, and the
remain approximately the same; however, the depth of the @cCOmpanying peak shlft, will be recovered with a dispersed
modulation of beats is dramatically reduced to the point of ransient-grating experiment.
vanishing in the tail of the decays. Additionally, in the case of
correlated broadening, a peak shift of the signal away frgm
= 0 is observed, whereas no peak shift is observed in the Figure 3a shows the 2D DVE spectrum of the carbonyl-
anticorrelated case. As seen from eq 9, the amplitude andstretching region of RDC in chloroform. The signal alonds
lifetime of the beats strongly depend on the correlation deeply modulated with a period of ca. 450 fs, corresponding to
coefficient and do not necessarily reflect the lifetime of the the frequency separation of the fundamentals (70%¢nA large
individual coherences. This point should be considered when peak shift of the signal maximum away fram= 0 is observed
deriving dynamical information from experimental photon echo for both fundamentals, and a frequency dependence of this peak
decay constants on multilevel systems. Similar issues may ariseshift results in the tilted shapes of the contours. These are all
in photon echo peak shift (SPEPS) measurements on multilevelclear signatures of strongly correlated spectral broadening. The
systems, where the magnitude of the peak shift will reflect decay of the signal from the asymmetric and symmetric
correlation effects such as the strength of coupling between vibrations occurs on different time scales. In addition, we note
stateg!344 that only two features are resolved along, implying that

The influence ofo on the magnitude of the echo peak shift signals radiated from the fundamental and overtone transitions
during 7, reflects the manner in which correlated broadening overlap, so that; ~ A;. Signals radiated from the combination
influences the rephasing ability of vibrational echo experiments band are discerned as the twisting of the signal contours in the
on multilevel system&! In traditional echo experiments on two-  wings nearws = 2060 and 1990 cri.
level systems, slowly varying or inhomogeneous contributions  Figure 3b gives a fit of the experimental spectrum to the
to the dephasing dynamics during are rephased durings. expression in eq 9 using a nonlinear least-squares-fitting routing
The degree of rephasing influences the magnitude of the echobased on a modified Levenberiylarquart algorithm and a
peak shift. For echo experiments on multilevel systems, the finite-difference Jacobian. The obtained best-fit parameters are

IV. Results and Discussion
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given in the figure caption. The fit yields a correlation coefficient (d®) coordination compound, and the Rh atom is exposed to
of p = 0.9+ 0.1, implying a highly correlated broadening of solvent molecules in the primary solvation shell along the two
the two carbonyl-stretching transitions. The dephasing times of axial positions. We suggest that the correlated broadening in
the asymmetric and symmetric modes are approximately 1.8this system arises from solvent density fluctuations from these
ps, which appear to be unreasonably long in comparison to theaxial directions, which modulate the electron density of the Rh
3-ps time scale over which the signal vanishes. Equation 9 showsatom. This in turn will modulate the strength of the-dr*

that the observed exponential decay constant of a givenbonding between Rh and CO groups in a manner that sym-
frequencyws is affected by the actual dephasing constants, the metrically influences the individual CO anharmonicities. The
extent of correlation, and the relative magnitude of the broaden- ensemble averaging of either effect will appear as a correlated
ing for transitionsm andn. This point was also demonstrated distribution of the transition frequencies. Although different,
in a related theoretical study by Cundiff.Thus, obtaining these mechanisms do not exclude the intramolecular effects of
information on dephasing dynamics by fitting a simple expo- CO coupling with a thermally populated RIC stretch that has
nential to the experimental data may be misleading. Correlation been used to explain temperature-dependent dephsing.
effects and the relative magnitude of the broadening for different  The model presented here also predicts unique signatures of
transitions must be considered. Our best-fit results are in parallelcorrelation effects in the cross-peaks of 2D vibrational spectra.
with this prediction. The predicted widths of the frequency While the nature of the broadening of fundamental transitions
distribution for the asymmetric and symmetric vibrations are is reflected in the diagonally elongated ellipticity of the diagonal

11.7 and 7.4 cml, respectively. Thus, the value ofA is ca. peakstt12 the correlation of fluctuations will be reflected in
3 for these transitions, which approaches the slow modulation the shape of the cross-peaks. Strongly correlated broadening
limit in accordance with our treatment. will appear as diagonally elongated cross-peaks, whereas

The model presented here allows the ensemble-averagedanticorrelated broadening will appear as antidiagonally elongated
correlation coefficienfo of the frequency modulation of two  cross-peaks. Uncorrelated fluctuations between the two transi-
transitions to be determined. The magnitudepafill depend tions will lead to a symmetric cross-peak.
on the particular details of the coupling between the two  In summary, our analytical formalism of the total nonlinear
vibrations and specific solutesolvent interactions at the  third-order response function of two coupled vibrational motions
microscopic level. In the case of RDC, we have described using a correlated-broadening model is successful in reproducing
elsewhere the interaction potential between the two carbonyl the experimental features of 2D VDE signals such as decay and

groups in terms of a bilinear coupling const&fpiand a diagonal  line width parameters, tilted contour shapes, and most impor-

cubic anharmonicitygi.3 tantly the frequency-dependent peak shift. Our results show the
1 1 ability of 2D spectroscopies to quantitatively capture the

V(Q,Q,) = éhlei + zhwng +V,,Q,Q, + correlated dynamics of coupled coordinates as well as provide

insight into the microscopic picture of soluteolvent interac-
l(g QS +g Q3) (10) tions. Although this model successfully reproduces all of the
g LIl | Y2222 main features of the 2D signal, the assumption of inhomoge-
neous broadening is an oversimplification of the actual dynamics
whereQ is the reduced local vibrational coordinate representing of the system. A more general approach to the study of room-
the stretching motion of one carbonyl group. In such a model, temperature solvation would build correlation effects into
if there is a distribution of bilinear coupling parametef(off- solvation models that allow for arbitrary time scales for system
diagonal disorder), anticorrelated broadening will be observed path interactions. Such an approach using spectral densities for

since the coupling strength dictates the splitting between the the energy gap between all pairs of states is the focus of ongoing
vibrational eigenenergies. On the other hand, when the anhar-ygrk.

monicity parametergj; are distributed (diagonal disorder), a

correlation coefficient must be assigned to describe this joint  Acknowledgment. This work was supported by the National
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