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Effects of Vibrational Frequency Correlations on Two-Dimensional Infrared Spectrd
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The response functions needed for simulating and fitting two-dimensional infrared spectra are described
including the distributions of vibrational frequency, anharmonicity, and coupling between vibrators. A simple
method that does not involve explicit calculation is introduced to characterize the spectral line narrowing
properties of each of the quantum paths contributing to 2D IR. It is shown that the 2D IR spectra need to be
collected in both positive and negative frequency quadrants in order to optimize the information needed to
evaluate these correlations. Two experimental examples of heterodyned 2D IR (acetone in ethylene glycol
and acetylproline-NRin D,0O) are described where the 2D IR spectra are obtained for both the conventional
echo sequence of pulse delays and for the usually nonrephased signal. These two sets of spectra are quite
different for both examples, as predicted. The latter exhibits an echo only when there is some anticorrelation
between the relevant inhomogeneous distributions.

Introduction order Raman effects of liquid$, as well as for 2D IR
spectroscopy ® which we refer to as IRCOSY and forms the
subject of this paper. However, other forms of 2D IR, such as
the original double resonan@é3or pump/probe method$are

also heterodyned although the signals does not contain the
limaginary parts of the IRCOSY spectra. Fourier transform

is formally equivalent to the radio frequency pulse induced spectral interferometry of photon echoes of semiconductors was

exchange of spin coherences commonly used in NMR. The also reported?
network of spins whose spatial distributions and dynamics are  The heterodyned stimulated photon echo signal, which is at
measured in NMR experiments is replaced in 2D IR by a the basis of 2D IR, arises from overlapping the field generated
network of vibrators whose angular relations, spatial separations,by three phase locked IR pulses with a fourth IR pulse. The
and dynamics are measured. The spectra are obtained as in NMRrrigin of this freely decaying oscillatory echo field for a
by Fourier transformation along at least two of the time delay particular set of pulse delays between the three phase locked
axes defining the sequence of pulses and the free decay of thdR pulses is usually represented by a set of Feynman diagrams
generated field. With regards to exhibiting line narrowing and or paths signifying the excitation of and transfer between various
displaying the diagonal and mixed mode anharmonic couplings vibrational populations and coherences. The number of paths
these 2D vibrational spectra are in some semgtmized IR is limited by the rotating wave approximation. The pathways
spectra They have been ascertained to have significant potential giving rise to the echo are often referred to as rephasing dia-
for determining structure, structural dynamics, and structural grams. These are the processes that would result in the rephasing
distributions of complex molecul&s® In this paper, we will  of any induced dipoles that are present in the inhomogeneous
show that the 2D IR method also divulges essential character-distribution of vibrational frequencies. Other Feynman pathways,
istics of the correlations between structural fluctuations associ- corresponding to different time orderings of the pulses, do not
ated with different vibrators in the network. give the echo and have often been referred to as nonrephasing
The prefix of 2D, 3D, or multidimensional has been used to diagrams-é We shall show that the foregoing traditional picture
mean many different things. In the present work, “multidimen-  of echoes applies strictly only to two-level systems. A vibrator
sional” is taken to mean the same as it does in NMRere or set of vibrators is in principle a multiple level system
the terminology arose, namely, it is the complex spectrum of ¢onsisting of the set of vibrational quantum states of each of
two or more freely decaying fields spread out into two or more {he coupled anharmonic oscillators. The system is therefore
frequency dimensions conjugate to the experimentally control- ¢haracterized by a number of Bohr frequencies, two in the case
lable time intervals characterizing the pulse sequence. This isy 5 single oscillator, anti(N2 + N + 2)/2 for N oscillators,

the dgfmltlor) forla multiple pulse Flourgar tr?]nst;)r]rcn .methr(])d. assuming a third-order nonlinear optical process. We will show
Two-dimensional measurements related to this definition have j, yhis naper that it is essential to consider the correlations in

been r?po(;t_edlgg)zg\;lousht/_foz paramagnetlcfréas:%r;an(r:](_e f\pectrosfhe distributions associated with these Bohr frequencies to

copy of radicals, tor optical resonances ot dyesior higher predict the rephasing and hence line narrowing properties of
T This article was originally submitted for publication in the “Mitsuo the ‘.SyStem' This result is Wel!_known in frequency domain

Tasumi Festschrift”. nonlinear spectroscopy. We will show that the pulse se-
*To whom correspondence should be addressed. guence alone does not predict whether there will be an echo

A new form of two-dimensional infrared spectroscopy (2D
IR) that is analogous to coherent multiple pulse NMi&s been
reported recently. Since then, there were applications to
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(a) In this paper, we will consider a three-pulse photon echo
& k, ks experiment where the generated field emitted in the phase-
T —4 T f—1 matched direction-k; + k, + ks is measured by a detector.
This field is made up of contributions from a number of
Feynman paths. For a system of weakly coupled vibrators, the
paths that survive the rotating wave approximati@re shown
(b) . . . in Figure 1b. Herea represents the excited state of the system
00 0o i when one of the vibrators, is in its v = 1 state. When the
ks 4! jo j 0/ ki system is doubly excited, it may involve an overtone state of a
K, T/ 0 0/ ji /j ; single vibratori or a combination state of two singly excited
T . / . / . vibratorsi andj. These two quantum states labeled collectively
k1 0: \ 0: \ 0i \ ask =i + j in Figure 1b correspond to overtone and
1 2 3 combination states far=j andi = j, respectively. When the
o\ . . interaction of the set of vibrators with pulsg occurs before
. |99 oo i i the interaction with pulsky, rephasing diagrams—3 contribute
ks T><1' Y i0 N kj to the signal. The coherence evolution involves frequencies of
-k, : ] ij N ij \ opposite signs during the and t period, as shown in the
ky N i0 N i0 N i0 exponential factors in eq 1 below. When the ordering of pulses
4 5 6 ki andk; is reversed, nonrephasing diagrams4contribute to
. . the signal and the frequencies of the two coherences involved
00 ™00 in the coherence evolution period have the same sign, as shown
-k, t\j 0 kj in eq 2 below. Note that bothand T are defined as positive.
ks T 1o k 0\ The timer is define(_j as th_e time_ separation bf_etween the peaks
Pk /i o /i 0 of ki and ko. The time T is defined as the time separation
Ve ; Ve g between the peaks & andks for rephasing diagrams-13, or

between the peaks &f andks for nonrephasing diagrams—.
Figure 1. (a) Intervals between pulses for the three pulse photon echo  The complex rephasindsr, and nonrephasindnr, fields

32?:c§tirendeinr1t trsgkm—ek;iylznzﬁpecﬁggr%?jv eC;’krl‘;rig(‘:SSl% dtc\’/itt)rr]:tosrgnal generated by an impulsively induced macroscopic polarization
- are given by

Diagrams 3 and 4-6 correspond to the so-called “rephasing” and
“nonrephasing” pathways, respectively. Diagrams8€ontribute only

when the pulses are overlapped. Single quantum states are represent . = h.ed e’ i i i 110) —
by i andj and two quantum states lky eER(t't'T) ;@'b'c'd'@ [F(01100ji0) + F(Gilji i0)

HHEH HEH |A|0t _|w|0[ |U.)|0‘[ H H —
as was the case with two level systems and that line narrowed F(Oliili +i,i) € le _ + @ibicldj@_ [F(Gi100}j0)
2D IR spectra can be obtained from “nonrephasing” pathways. £ (0iii|i + i) drifem 4 &bjcidj@“"%[F(Oi ljiljo) —
In previous work, we have shown how to incorporate the e A e OT—iwd
correlations of the frequency distributions of the fundamental F(iljili +j,i) e™ e ™7 —
and anharmonicity into the stimulated echo sigHai$of a @b cd @ F(Oiii|j + j,i) e '@ e AN
single oscillator, but in this paper, we consider the more general Ore i L 0T, (2w 00— A0t
questions relating to the echo fields and the 2D IR spectrum.  Bbcdle™ "F(Oifjilj +j,i) e ™ e " =37 —
We will illustrate by theoretical calculations the effects of these bed @Y Tl + i) e @iTe @At (1
correlations on 2D IR spectra obtained for different pulse Bbcd (Ot 1) @)
sequences. We will also present new experiments that illustrate
major differences between the 2D IR spectra measured with
the rephasing and nonrephasing pulse sequences and showthat =~~~ "% . oo e .
considerably more information will be obtained when hetero- ~ F(i0jii[i +1i,i) €™ "]e™"" 4 @bc,d,le™" "[F(i0]00]j0) —
dyned echo spectra are exgmlned over the complete positive F(iolii]i +j,i) eiAijOt]e—ia)jot + @ib-od-@_i“’ior[F(iOHj|iO) _
and negative frequency regimes. _ e

F(Olij|i + ) &g T —

Three Pulse Echoes and 2D IR @ibicfdf@‘i‘”‘o’F(ioui i +i.0) g 1R —w®=A0t _

Evitm.T) = 3 Bbcd e [F(i0]00ji0) + F(i0jiii0) -

1]

In third order 2D IR experiments, three phase-locked IR @bjcidf@_i“"ofF(iOHjH +1i,) g 10 TgmiCo—o=A0t _
pulses with wavevectols, k;, andks are incident on the sample C0n L s iy i 0T, —i(0—AO)
in a sequence af andT as depicted in Figure 1a. The complex [bcdle ™ F(i0lijlj +j,j) e ™ e ™ 7 (2)
polarizationP(t;z,T) created for timeg after the third pulse
generates an in-quadrature electric fi&l(;z,T) that is then Here, the mean values of the fundamental frequencieaidre
heterodyned by a local oscillator (LO) pulse and measured the overtones are ai® — A, the combination tones are at
by a detecto?* The heterodyned signal is a measure of wi®+ w®— A% A andA;° are mean values of diagonal and
Re[E(t;7,T)]. When the time delay between the first two pulses, off-diagonal anharmonicities, respectively, ang’ = »® —
7, is scanned in an experiment, the complex 2D IR spectrum o;°. The implicitly time dependent polarization factéag;cidm]
Swy,w,) is obtained from the Fourier transform of the depend on: the polarization of the infrared pulses in the

RelE(t;z,T)], alongt andz, yielding frequency axes:; andw:. laboratory frame, indicated as b, ¢, andd; on the angles
Alternatively, one can scan the time delay between the secondbetween these directions and the transition dipoles, indicated
and third pulseT, and obtainr§w,wT). When bothr andT are asi, j, I, andm, involved in the four time steps; and on the

scanned, a 3D IR spectruSfw,w.,wt) can be obtained. orientation dynamiéd assumed to be independent of the
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vibrational dynamics. The terms in the last three lines in egs 1 (a) 0,
and 2 have one or more transition dipoles that are forbidden in I |

the harmonic approximation, such ias> j + j, which is zero rephasing nonrephasing

in the extreme weak coupling approximation whieand | » ’
represent different oscillators. These transitions have polarization > ’

factors with terms labeledf* for “forbidden” because the N %

orientations of their transition dipoles depend on the details of L7

how the oscillators are coupled. We will omit these forbidden T [of
terms in the following model calculations. THeijkljmn) ‘ AN
factors, where the three pairs of indices taken from left to right ’ o
correspond to the coherences created by the first, second, and e N
third pulses, contain the magnitudes of the transition dipole nonrephasing rephasing
moments and the dynamics during thd, andt periods, which m v

in general include population relaxation, dephasing, and spectral

diffusion. For exampleF(Qi|ji|i + j,i) contains the ensemble (b) (c)
averaged dynamical part of diagram 3 of Figure 1b wken —0 ®r
i + j and the product of transition dipole magnituggges i +;-
For simplicity, we will make the assumptions @f+i = x/_Zui
andui i+ = y; throughout the rest of the paper. If the magnitudes ] P a o}---- L %
deviate from these assumptions, the transition dipoles needed ' '

in the process can be easily included by inspecting the indices : !
of the F(ij |kljmn) factors. @ o @ o

In the case off = 0, the double Fourier transform of the  Figure 2. (a) Four frequency quadrants in a 2D IR spectrum. Rephasing
real parts of eqs 1 and 2 alorigand r gives a complex 2D terms are located in quadrants Il and 1V, and nonrephasing terms are
spectrumS(wy,w,). For example, the fourth term of eqs 1 or 2 fgﬁ;ﬁ;’i:}gqpﬂi‘;’:‘r'&tjs' gpgq”'é g;desgﬁg\l\i/rr:efsoinggal'fgﬁgs?:lzggenals. t'-i“e'
involves 0 (or.|0) qndjo coherences d}Jrlng theandt pgrlods. 1 (b) and nonrephasing term at= —1 (c). e
In the approximation of Bloch dynamics, where the vibrational
dephasing is in the motional narrowing limit and there exists a Rt T) = ize*iwi"r{ [Ab.c,d[F(i0li + i,0/i0) —

static inhomogeneous distribution of frequencies Rigkl|mn) &

factors in these terms become functions of the total dephasing F(i0fi + 1,00 +1,i) eiAiOt]efi(ZwiofAiO)Tefiwiot +
rates of the level pairs listed and the deviations of the frequencies ' I

from their mean values. Because Fourier transformation is linear, [&bcd R0l +,00) —

we can first Fourier transform the time response to the frequency F(@0li +j,01i +j,i) eiA“Ot]e_i(““O“L“’J'O_A”O)Te_i‘”jot +
domain and then average the complex 2D spectrum over the B’ibjc,dim':(ioﬂ +,0i0) —

inhomogeneous distribution. The contribution of these terms to o A i O— AT —ia %
the 2D spectrum is then F(i0li + .0l +j) €A 4
e @M @b ed (0l +1,0/0) € " —

bcd %’ he AL Al Y (oA
DEF BAbGA Wiy _ D+complex conjugate, b GAFO) + 1.0 +ij)e A0+
o1 o iralley e gl e " I @bGAFO] +.0i0) € -
GO} + .00 + i) e A+

where — and + in F+ correspond to the rephasing and @,—bfcjdj[ﬂ:(iou +,01j0) gl _
nonrephasing terms, respectively, the ouier[]represents o (00— AO)
averaging over the inhomogeneous frequency distribution, and @.ibfcjdjEIFUOU 5,00 +ipe ™ T (4)

yij are the total dephasing rates of the level pairs listed. The ] ) ) )
rephasing terms are located in the second and fourth quadrant' N€ frequencies of the two coherences involved in the evolution
of the 2D spectrum (Figure 2a) of, versusw.. These two periodz (defined in Figure 1b, #8) andt have the same sign,

spectra contain identical information because they come fromjus‘t like the nonrephasing terms in eq 2, but the frequencies

terms that are complex conjugates. Likewise, the nonrephasing?rzr'zgntgil [_)l_irg;dé (Iin|\ll<(l)|lr\r/1?|)Ot\grarrrgzn:aﬁn;sgo&bxzzﬁegat?d
terms determine the spectra obtained in the first and third q ) ) y

_ A the same theory developed below. Because these diagrams onl
guadrant, and the two quadrants also contain identical informa- y b 9 y

! iale vib I the first th ¢ contribute when the pulses are overlapped and vibrational
tion. For a single vibrator, only the first three terms of eqs 1 ¢qperences often decay on a much longer time scale than the

and 2 for the generated fields are needed. pulse widths, we will consider impulsive excitations and omit
Note that when the pulse widths are finite, the nonlinear their contributions.

responses need to be convoluted with the pulse width in order

to give the complex field. During the time when the pulses are Qualitative Model of the Line Narrowing Properties of

overlapped, in addition to the rephasing and nonrephasing2D IR Spectroscopy

diagrams discussed above, diagrams with other time ordering We first outline a simple method,which does not involve

[7—8 in Figure 1b] will also contribute to the signal. The explicit calculation, whereby the line narrowing property of a

nonlinear responsB(t;z,T) from these diagrams is given by term like eq 3 can be quickly evaluated. It assumeishout

®)
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loss of generality in regard to this objeeé, that the inhomo- we assume that the system-bath coupling is governed by

geneous distribution is a Lorentzi@(x) = o/[7(x2 + ¢?)]. First, stochastic processes that follow Gaussian statistics. Omitting
the frequencies are written in terms of the deviatigremdy the forbidden terms, thE(ij |klmn) factors in eqs 1 and 2 can
from their mean values, so that = wi® + x andw; = o° + be written down immediately as

cy. In the special cases whexe=y andc is +1 or —1, the oi oi 1
results describe strictly correlated and anticorrelated distribu- F({ } ‘ii ’io) = F({ } ‘oo‘io) = pti4 expg— —(r+
tions, respectively, then the average in eq 3 oxeran be 10 10 2T,
performed analytically by applying the residue theorem. When 2T +t) — g:(0) £ g;(TN —g;(t) Fg,(r + T) Fgy(T+1) +
¢ = +1 both poles exhibited in the nonrephasing choice of signs

in eq 3 are above the real axis on the complex plane, as is one gir + T+ (5
of the poles fromG(x). The only pole below the real axis is at

Xx= —io, so all of the spectral terms contain the inhomogeneous _(fqi] .. .. oil 1.1

width of G(x) and are therefore not line narrowed. On the F({io} ‘II‘I + I,I) = ZF({iO} ‘II‘IO) ex;{— "
contrary, if the rephasing part of eq 3 is chosen, the pole 2T,

involving w; is shifted below the real axis resulting in aresidue g, , (t) F g (T) +2g, (1) £ g (z + T) £ g (T+ 1) F
that contributes a line narrowed spectrum. If we choose o ' ' ' '

—1, the line narrowing occurs only in the nonrephasing Oa(t+T+ t)] (6)
spectrum. In summary, if the two residues in equations of the '

type 3 are on the opposite sides of the real axis, the spectrum i
s bp b ({ IO(')} ‘Oo‘jO) = uiu? exp[ AR I

is line narrowed, otherwise it is not. When the distributions are F

I I
correlated, the narrowed peak occursvgt + w, = w® — w; 2Ty T2
as shown in Figure 2a,b, but when they are anticorrelated, the ~ — g;(7) &+ g;(T) — g;(t) T gy + T) T gy(T + 1) £
peak is alongvi® — w, = — (w° — wy) as in Figure 2a,c. The 1
conventional terms “nonrephasing diagram” and “rephasing gi(r +T+H[ (7)

diagram” are no longer descriptive when the correlation coef- ) )
ficient differs from=+1. The occurrence of an echo is determined F({ Ol} ‘ii ‘i + j,i) = F({ |0(I)} ‘OO‘]O) ex;{—

by whether the inhomogeneous distribution present during the i0 2-|-1i+i

intervalt can rephase, which in turn depends on the correlation ¢ £
between the distributions involved in thandz evolution. The —+—| (8)
simple method outlined above can be applied to a system having 27, 2T11.

arbitrary correlation coefficients by choosing deviations that are 4T T+t
linear combinations ok andy,'” but we will not pursue this  F(0ilji|j0) = 1, exp —[—— + ——| — g;(z) +
H; /’tj i i 1)
approach here. 2T 277
To facilitate the comparison between the rephasing and non- T
rephasing parts of the spectrum, we will from now on focus on %i(T) = @ = @i+ T) = g(T+ ) + gz + T+ | (9)
the fourth and first quadrants and plot the fourth quadrant in its

mirror reflection about the abscissa, so that the diagonals of g(gjjji|i + j,i) = F(0ilji|j0) exd — t ot .t
spectra in the two quadrants are parallel to each another. As 2T1'+' 21 21/
discussed above and illustrated in Figure 2b,c, the shapes of “(10)
the rephasing and nonrephasing spectra very much dependon - T+t t

the correlation between the inhomogeneous frequency distribu-  F(i0lij[10) = 44 ex;{—(—i + —,) —gi(@) —
tions of the two coherences involved. When the same coherence 2T 2T

is involved in both the andt periods, there is strict correlation,

and only the rephasing part shows line narrowing. This cor-  g(T) — g;() + g;(r + T) + g;(T+1t) — gy(r + T+ 1)

responds to the two-pulse photon echo signals of a simple two-

level system and the usual concept that a photon echo is a line (12)

narrowing technique actually refers to the rephasing part of the

spectrum. When two different coherences associated with onefF(iQJij|i + j,j) = F(i0[ij [i0) exd — t_ - — L + L
ot/ % ot} ot

oscillator are involved, the degree of line narrowing in the
rephasing and nonrephasing spectra depends on the correlation (12)
between the fluctuations of the-2 and 0G-1 transitions, so Here the line shape functioffsare generally defined as
that the frequency correlation between the anharmonigignd . .
;i determines the spectral line shape. When coherences on Oa(t) = ﬁ) dr, j; " dr, B, (1,)0w,(0)0 (13)
different vibrators are involved, the frequency correlation
between the distributions of the two vibrators is revealed. where [Dwa(72)0wp(0)0 is the correlation function of the
Therefore, 2D IR spectroscopy has the capability to reveal the vibrational frequency fluctuationdw,(t) anddwp(t), about their
frequency correlations within the same vibrator or between mean values. The line shape functions included in this model
vibrators on different sites. It provides detailed information on areg;(t), gaa;(t), gia(t), andg(t), corresponding to autocorre-
the fluctuation of intra- and intermolecular potentials that is not lation functionsldwi(z2)0w;i(0)Cand D Ai(r2)dAi(0)Jand cross-
readily available from other techniques applicable in solutions. correlation functionSdwi(z2)0Ai(0)Jand Dwi(r2)dw;(0)C] re-
. . ) spectively. The fluctuation in the off-diagonal anharmonicity,
Nonlinear Responses Including Correlations OA;(t), is ignored here, although it can be incorporated in a
In this section, we model the dynamics of the system and similar way and we will discuss its effects in the next section.
include correlations. The vibrational relaxation between level Equations 5-12 along with (1) and (2) define the third-order
pairs is neglected, the population relaxation of itielevel is response functions of a set of pairwise correlated oscillators
taken into account phenomenologically by a decay fifeand assuming no fluctuations in the off-diagonal anharmonicity.
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These response functions can be used for simulation of manycalculations were done under the assumptionsTgfij—1 =
types of third-order infrared spectroscopy, including pamp  2(T{)"tand [[;)~1 = (T{)~1 + T4d)~L. These relations between
probe 2D IR experiments 14 two pulsé® or three puls& 2> T, are what one may expect from a harmonic oscillator linearly
photon echo experiments with integrated, frequency-reséf#d,  coupled to bath modes. We have also assumed that the diagonal
time-gated, or heterodyn&® detection; and transient grathg  anharmonicity has no fast fluctuations so tliat = 0. The
experiments. Terms in eq 4, suchR(g0li + j,0li + j,i), which parameters were set to the valuég,= 2.5 ps,A? = 16 cni’?,
only appear near = 0 are not considered in eqs-32. Inthe  and g, = 1.6 cn?, unless otherwise mentioned. The values
following, we will focus on 2D IR spectra obtained from  of T,i and A? are typical for G=0 vibrations. The fluctuation
heterodyned three pulse photon echo viltk= 0. oa, was taken to be one tenth’. Such fluctuations in the
anharmonicity are justified on the basis of spectroscopic results.
For example it has been found that the anharmonicity constant
In the case of a strict separation of time scales of homoge- of C=0 vibrations of acetophenone and benzophenone can
neous and inhomogeneous broadening, i.e. Bloch dynamics, thechange by as much as 40% in different solvents, ranging from
line shape functiong;(t), gaai(t), Gia,(t), andg;(t) become [t CCls, CH,Cly, CH,Br, to CHCL.2” A 30% difference in the
+ 0i%22), (Cat + 0a??/2), fioioat?/2, andcjoiojt?/2, respec-  anharmonicity of the €0 stretch is found for CED in a
tively, wherel'; is the motionally narrowed pure dephasing rate supersonic j@ and in an argon matri® A 5% or 15%
of the 0-1 transition for vibratori, I's; characterizes the (ifference in the anharmonicity of HF stretch is found for gas-
motionally narrowed part of the diagonal anharmonicity fluctua- phase HF in various hydrogen-bonded complé®&som these
tions, andoi and oy, characterize the widths of the Gaussian examples, we can expect that different solvent configurations
inhomogeneous distributions of the-Q transition and diagonal  coyld introduce a significant distribution of anharmonicities.
anharmonicity, respectively. The statistical correlation coef- The calculated absolute value 2D spectBwnw.)], for a

gments fi andc; are defined asdw;-0Aoion), andwis oo inratori are shown in Figure 3. In the homogeneous
wjl(oio}), respectively. Under these assumptions and setting . _: : ;
limit, the rephasing and nonrephasing parts of the power

T= 0, theF(j|kljmn) factors in eqs 512 become spectrum have the same shapes and intensities and are unaffected
; i by correlation (Figure 3a). The 2D line shape is symmetric with
Oi . _ Oily.1. _ 4 1 . . K . . K
FIY .~ ([00]i0) =F|y .11 |ii[i0] =u " exg — ——=(@+1) — respect to the horizontal axis with the wings extending more in
i0 i0 A o ; o g
1 thew, direction than in thew; direction. This line shape results
L(r+1) — %af(t?t)z] (14) from summing two 2D spectra which are displaced by the

Nonlinear Responses using Bloch Dynamics

diagonal anharmonicitx&io in the w; direction and are opposite
o o in sign. The line widths of the two 2D spectra as determined
L QPP P (| 1 by egs 14 and 15 are the same along dhedirection but
F({ iO} ‘" ‘I + I’I) B ZF({ iO} ‘" ‘IO) exp{ (2T1i+i + different along thew, direction because the-2 transition in
1 general possesses a faster dephasing rate thar-thg@nsition
I“Ai)t + fiaiaAit(t Fr)— §0Ai2t2 (15) due at least in part to the different population decay contribu-
tions. As the inhomogeneous width increases, the line shape

Oi ) 1 1 and intensity differences between the rephasing and nonrephas-
F({ iO} ‘00‘10) = uu, exp[— (—. + ri) -~ (
1

— + ing spectra increases, and correlation begins to affect the spectra.
21/ Figure 3b-d illustrates the situation for large inhomogeneous
1,05 1 20 broadening witH; = 1, 0, and—1, respectively. The 2D spectra
ri)t 0T T onzt + Ciiaiajﬂ] (16) plotted here contain contributions from egs 14 and 15, and their
individual contributions will be summarized below. The 2D line
oili... .. Oi . t t shape from eq 14 is strongly elongated along the diagonal axis
F({io} ‘" " +J.|) = F({io} ’00‘10) ex;{— T 2T + of the rephasing spectrum, showing an inhomogeneously
1 1 broadened width and is line-narrowed when slicing through the
L_ (17) antidiagonal. There is, however, no line narrowing in the
2T/ nonrephasing spectrum, and hence, the peak height is signifi-
cantly reduced. On the other hand, the 2D line shapes of eq 15
F(0ilji |j0) = F(0i|00}j0) (18) have additional dependence on the frequency correlation
between the 61 and 1-2 transitions and on the difference in
F(Giljili + j,i) = F(Oilii i + j,i) (29) the dephasing rates. For zero correlation, the axis of elongation
in the rephasing spectrum lies along the diagonal if the two
F(i0Jij[i0) = F(i0fii |i0) (ujzlyiz) (20) transitions have similar total dephasing rates. Positive and
negative correlations make the elongation axis lie at an angle
R R t t t counterclockwise and clockwise from that of zero correlation,
F(@i0lij|i + j,j) = F(i0lij|i0) exF{ o7, El] E ' respectively. The nonrephasing spectrum exhibits no line-
(21) narrowing as before, but the line width along the axis,
compared to that of the zero correlation case, changes from
For a single vibrator, only egs 14 and 15 and the first three being narrower to broader when the correlation changes from
terms of (1) and (2) are needed. The rephasing part for a singlePositive to negative. Figure 3tdl is the results of the composite
vibrator derived here is the same as that in ref 18 even thougheffects from egs 14 and 15.
a different method of derivation has been employed. For the case of two vibrators, we focus the discussion on the
We performed model calculations using eqs—24 along effects of cross correlation between vibrators, i.e., the effects
with (1) and (2) to illustrate the effects of correlations among of ¢, and choose the example of correlation coefficiditsf;
the various frequency distributions on the 2D spectra. All = 0. This implies that we have assumed that the fluctuations
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correlation between the two vibrators. In the rephasing spectra,
the cross-peaks are pronounced and line-narrowed for positive
correlation (Figure 4a) but broadened and diminished as the
correlation becomes zero and negative (Figure 4 parts ¢ and e).
On the contrary, in the nonrephasing spectra, the cross-peaks
are line-narrowed in the direction perpendicular to that in the
rephasing spectra for negative correlation (Figure 4f), but
broadened as the correlation becomes zero or positive (Figure
4 parts d and b). The results imply that the coupling strength
between vibrators cannot be determined merely based on the
cross-peak intensities in a rephasing spectrum where the low
intensities may result from negative correlations rather than from
small coupling. Measuring rephasing and nonrephasing spectra
separately is expected to provide more complete information
on coupling and correlation.

In addition to providing information on correlation, compari-
son of the rephasing and nonrephasing spectra also provides
information on the underlying vibrational dynamics. Figure 5
shows absolute value 2D spectra for two coupled vibrators
having different dynamics. The parameters are chosen such that
the transitions of the vibrator with higher fundamental frequency
are dominated by homogeneous broadening and those of the
lower frequency one are dominated by inhomogeneous broaden-
ing, but their linear spectra have the same widths and heights.
The diagonal peaks differ dramatically in their line shapes and
intensities, demonstrating that 2D spectra are highly sensitive
to the underlying dynamics that make up the linear spectra.

In general, the inhomogeneous frequency distribution of a
vibrator need not be a singly peaked function. For example, in
the presence of multiple conformations where vibrators in
different conformers exhibit different fundamental frequencies,
one can think of the system as a sum of multiple uncoupled
and independent vibrators, each having a distinct central
frequency and the associated inhomogeneous distribution.
Alternatively, one can think of the system as a single vibrator
with a multiple peaked frequency distribution function. Figure
6a shows absolute value 2D spectra for the case of two vibrators
with identical parameters except for fundamental frequencies.
Figure 3. Calculated absolute value 2D IR spectra for a single vibrator The separation in freque_nmes 1S I_ess than the.lme width, so t_hat
at w? = 1700 cnl. Rephasing spectra are plotted on the left and the two peaks_ merge 'nto_ a single peak in the rephasing
nonrephasing spectra for the same parameters on the right. TheSPectrum. In this situation, it is not straightforward to tell the
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dynamics is in the homogeneous limit for (a) with= 6.4 cm* and

o0; = 0, and dominated by static inhomogeneous broadening fer (b)
(d) with T = 1.6 cntt ando; = 4.3 cnT. Correlation coefficenf, =

1, 0, and—1 for b, ¢, and d, respectively. All spectra are normalized
by the peak maximum and plotted with 15 evenly spaced contour lines
spanning from 0 to 1. The actual intensity of the peak maximum of
the nonrephasing spectrum is 1, 0.42, 0.38, and 0.35 times that of the
rephasing spectrum for-al, respectively.

of the diagonal anharmonicities are not correlated to the
corresponding €1 transition frequencies. Figure 4 parts@
illustrates the rephasing and nonrephasing absolute value 2
spectra for two coupled vibrators witty = 1, 0, and—1,
respectively. The case af = 0 may be applicable to cases
such as the dipeptides that have been stddiashere the two
coupled vibrators are at different ends of the peptide and can
each independently interact with surrounding solvents. In this
example, we illustrate the situation for large inhomogeneous
broadening, assuming that the two vibrators have the same
dynamical parameters and transition dipole strength and their
frequencies are separated by 40énNe have assumed that
the coupling between the two vibratorsd%z 6 cn 1, giving

rise to an electrostatic contribution Aﬁ of 1.4 cnr! (see next
section for a relation betwegy andAj). The line shape and
intensity of the cross-peaks clearly depend on the frequency

D,

existence of two vibrators. The ability to distinguish the
underlying spectral features can be improved by examining the
nonrephasing spectrum where a valley may appear between two
peaks. The reason for this improvement is that the nodal lines
in the real and imaginary parts of the complex spectra are
perpendicular to the diagonal in the nonrephasing spectra [shown
for one of the vibrators in Figure 6 parts b and c], giving rise
to destructive interference in the overlapping region between
vibrators. The nodal lines are parallel to the diagonal in the
rephasing spectra, resulting in constructive interference between
vibrators. This example shows that if the spectra are measured
in both quadrants the information content is made more evident.

Effects of Fluctuations in the Off-Diagonal
Anharmonicity

For this discussion, we will assume the vibrators as electro-
statically coupled separated systems. In the weak coupling limit
where the frequency separations between the uncoupled modes
are large compared with the individual couplingg, the off-
diagonal anharmonicity can be calculated from perturbation
theory asAj = 4AiBi%(wi — w;)?.32 The fluctuation of the off-
diagonal anharmonicity about its mean value is then given by
OA; = AJOAIAY + 2081 — 2(0wi — dw)l(w) — ))]. The
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Figure 4. Calculated absolute value 2D spectra for two coupled vibratorﬁ at 1700 cnt andw? = 1660 cnrt. The dynamical parameters are
identical for the two vibrators witll; = 1.6 cmm! ando; = 15 cntl. Frames a, ¢, and e are replhasing spectra with correlation coeftjcent,
0, and—1, respectively. Frames b, d, and f are the corresponding nonrephasing spectra.
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Figure 5. Calculated absolute value 2D spectra for two coupled vibratolﬂ?at 1700 cm=* andwj0 = 1660 cnt! with fi = 0 andc; = 0. The
dynamical parameters for the two vibrators Bre= 12.3 cnm?, g; = 6.1 cnv%, I} = 3.8 cnm?, ando; = 11.8 cn1™. Left: rephasing spectrum. Right:
nonrephasing spectrum.

inclusion of dA; introduces into egs 17, 19, and 21 additional power. The net effect is to introduce exponentially growing or
exponential factors that contain the line shape funct@gggt), decaying factors into eqs 17, 19, and 21, depending on the sign
giay (1), andga,,(1), corresponding to cross-correlation functions  of (w; — ). Therefore, the overall contributions from egs.
[Dwi(t2)0Aij(0)Band Dwj(z2)0A;(0)Cand autocorrelation func-  16—21 are not equivalent for cross-peaks appearing on the
tion [0A;(72)0A;(0)I If 6p; = 0 is assumed, these line shape opposite sides of the diagonal, resulting in asymmetry about
functions can be expressed as linear combinationgAxt), the diagonal in the 2D IR spectra. This effect may contribute
gan(t), gi(t), and gj(t) derived in the previous section times to the asymmetry that has been observed experimeritalte

the factorsAJ/A} or AYl(w) — o)) to the first or second  line narrowing properties discussed in the previous section



Vibrational Frequency Correlations on 2D IR

J. Phys. Chem. A, Vol. 106, No. 6, 200269

(a)1760 1760 o~
1740 0.8 1740 7
17201 Z— —1720 \
5.1?00' = b § 1700 2
<1680 8/ 1680 /
| = b {04 © i
1660 1660 ( _,____.f
1640 02 1640
1620
(b)17e0 |/ (!a i
I
1760
I .|'[/f\\\“|\
1740 A
)
1720 0 '
E
\91?00 4 i
o =
? 1680 S/
1660 \
1640 | ) \
1620 ]
1760 08 1760 0.4
1740 l 06 1740 0.3
1720 gy &0 5%
E A . i
51700 § 1700
5 [ . = 0.1
S 1680 02 4680 N, €
vl 5
1660 0 1660 y | ’
1640 \/J 02 1640 '\ }/ -0.1
1620 1620 ‘
1650 1700 1750 1650 1700 1750
oy (em™) o (em™)

Figure 6. Calculated absolute value 2D spectra for two independent vibratorS(Qé):aﬂmO cntt andwlp = 1686 cnt* with identical dynamical
parameterd’ = 6.4 cnT?, oi = 6.0 cn’l, andf; = 0. The real and imaginary 2D spectra for the vibratow%t= 1700 cmt are shown in b and
c. Left: rephasing spectra. Right: nonrephasing spectra.

remain unchanged. For some small molecules, the coupling canc, respectively. Once the forms of the correlation functions are
be directly obtained from the conventional anharmonic coupling determined, the calculation of the line shape functions and hence
parameterg334 the response functions are straightforward.

Effects of Spectral Diffusion Experimental Verification of the Differences between
Up until now, we have assumed that the system dynamics Spectra in the Rephasing and Nonrephasing Regimes
follow the Bloch model. In reality, this is not always the case. . . L
In fact, there are a number of known systems where spectral " this section, it is shown that the 2D IR spectra can be
diffusion takes plac&2535The inhomogeneous distributions obtained in the different quadrants by using the two different

become time dependent and can be included in the line Shapéaulse sequences di§cussed above. The differences between these
functions gi(t), gaa(®), gia(t), andg;(t). For example, if the WO Spectra are quite apparent. _

frequency autocorrelation function for vibraioran be written Methods. Details of the laser systethand experimental
asBwi(H)owi(0)T= A2 exp(= t/z)), then the line shape function setupg# have been published previously and are only briefly
becomegj;i(t) = AZri2(e % + t/z; — 1). This is the Kubo model described here. Tunable femtosecond IR pulses (duration 120
for spectral diffusion. The homogeneous and inhomogeneousfs, bandwidth 150 crm, repetition rate 1 kHz) were split into
limits are recovered by this model by settiAg; < 1 andA; three equal excitation beams 300 nJ each) and a fourth LO

> 1, respectively. Another approach is to express the frequencybeam ¢-3 nJ). In our setup, the pulsés ks, and LO traversed
autocorrelation function as sum of exponentials. It has been computer-controlled optical delay stages, whereas the fulse
shown that a correlation function of this form provides good was held fixed in time. Experiments were done with= 0.
agreement with the experimental three pulse photon echo dataWhen taking data for rephasing pathways, the stepping motor
for several single vibrator syste®g5assuming no fluctuation  for pulseks were held fixed at zero time delay with respect to
in the anharmonicityd,, = 0). In principle, the autocorrelation k2, and pulsek; was moved byr precedingk, andks. When
functions [A;(t)0A;(0)T could also be written as sum of taking data for nonrephasing pathways, both stepping motors
exponentials. The cross-correlation functidde;(t)0A;(0)land for pulsesk; andks were moved by the samealelay with respect
[Dwi(t)ow;(0)Cwill depend on the correlation coefficierfisand to k.. The photon echo field emitted in thek; + ky + ks
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Figure 7. Experimental (a) and calculated (b) absolute value 2D spectra for 300 mM acetone in ethylene glycol. Left: rephasing spectra. Right:
nonrephasing spectra. The parameters for the calculated spectra are discussed in the text.

direction was overlapped with the LO pulse and collected ona The second system is a dipeptide acetylprolinexINDD,O
HgCdTe detector. In both cases, the LO pulse was always setthat serves as a model system containing two coupled amide |
to arrive after the pulsés, i.e., for everyr, the LO pulse is vibrators. The linear-IR spectrum shows two peaks. One at
delayed with respect t& by t andt + t for rephasing and 1608.5 cn1! corresponds to the acetyl end of the dipeptide,
nonrephasing pathways, respectively. For experiments onand the other at 1650 crhcorresponds to the amino end. The
acetone in ethylene glycot, was scanned from 0 to 2500 fs  experimental absolute value 2D spectra are shown in Figure 8.
and t was scanned from 0 to 3500 fs. For experiments on The rephasing spectrum is consistent with the previous 2D IR
acetylproline-ND in D0, r andt were scanned from 0 to 1600 measurements.
fs. Before taking the Fourier transform, data points from 0 to
100 fs in T were removed to eliminate contributions from Discussion
diagrams around = 0 (diagrams 78 of Figure 1). To reduce
the data collection time, all scans were undersampled in steps The rephasing spectrum of acetone in ethylene glycol [Figure
of 18 fs and averaged for 25 and 40 shots for the rephasing and”a] is elongated along the diagonal, indicating line narrowing,
nonrephasing signals, respectively, at each data point. Thewhereas the nonrephasing spectrum is four times less intense
plotted frequency axes were converted from the aliased fre- and not elongated. These are characteristics of inhomogeneous
quency by adding the spectral width (inverse of sampling broadening. Because ethylene glycol is a viscous solvent, it is
interval or two times the Nyquist frequency). All spectra are €xpected that the €0 stretching mode of acetone molecules
outputs from the Fourier transform of raw time domain data may sample different solvent environments that fluctuate on a
without applying any window functions. All experiments were slower time scale than vibrational dephasing, thus, giving rise
conducted at room temperature. to inhomogeneous broadening. The peak maxima in the rephas-
HPLC grade acetone was purchased from Fisher Scientific ing and nonrephasing spectra in Figure 7a are both located closer
and dissolved in ethylene glycol to give a 300 mM solution. to the anharmonically shifted-12 transition frequency than to
Acetylproline-NH was used as received from BACHEM and the fundamental frequency in tae direction3” Figure 7b shows
dissolved in RO to give a 150 mM solution. In ED, a global fit to the experimental 2D spectra assuming the system
acetylproline-NH deuterates to acetylproline-ND follows Bloch dynamics andTg'*)~* = 2(T1')"%. The overall
Experimental Results.Acetone dissolved in ethylene glycol line shapes are well reproduced with these paramete?s.:
serves as a model for a single vibrator system as discussed iM701.6 cm?, A’ = 16.7 cnt?, T = 2.8 cni’L, ; = 7.1 et
Figure 3. In the linear-IR spectrum, the absorption peak of andT;' = 6 ps. Although parameteks,, andf; can take dif-
C=0 stretch fundamental is centered at 1704.7 &rfitting ferent combinations that give almost equally good fits, a general
the line shape by a Voigt profile gives a 10.7 thhorentzian trend can be found. When the correlation is large, [$ay>
width and an 11.1 cmt Gaussian width. The anharmonicity  0.95, the corresponding, is small (<0.3 cntl), but when the
cannot be measured directly from the linear-IR spectrum becausecorrelation is small, sayfi| < 0.5, the correspondings; can
the overtone overlaps with the OH stretch vibrations of the vary a wide range from 0.02 to 2.5 ¢ This behavior suggests
solvent but is expected to be about 16 ¢ras determined from  that either one or both of the parameters andf; are small
the linear-IR spectra of acetone liquid and acetone in4CCl for acetone in ethylene glycol, so that 2D line shape is sen-
solutions. Figure 7a shows the experimental absolute value 2Dsitive to certain combinations af,, andf; but not sensitive
IR spectra for the rephasing and nonrephasing pathways. to the individual values. Although this is the case for this
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Figure 8. Experimental absolute value 2D spectra for 150 mM acetyl-prolingiND;O. Left: rephasing spectrum. Right: nonrephasing spectrum.

particular system, there may exist other systems that exhibit for the nonrephasing pathways as well will provide additional
large values ofo,, and f;, and a unique determination of information on correlations similar to that from heterodyned
individual parameters could become possible. We emphasize2D measurements even though the spectra are not strictly line
here the significant differences between the spectra in the twonarrowed.

quadrants. In principle, pump-probe experiments should also contain

The rephasing spectrum of acetylproline-N[Figure 8) information on correlations. Although the nonrephasing path-
reproduces the spectral features found in the previous fvork: Ways cannot be separated from the rephasing pathways because
there are two peaks elongated along the diagonal and a crossthe first two pulses are indistinguishable from one another in
peak above the diagonalf.)>w{]. The high and low- pump—probe methods, the effects of correlations between
frequency diagonal peaks correspond to the amino and acetylvibrators can manifest themselves in theperiod when the
amide | bands, respectively. As expected the nonrephasinginterstate coherences are evolving. Previous puprpbe self-
spectrum (Figure 8) provides additional information. For heterodyned 2D experiments on a small globular peptide showed
example, the amino amide | band in the nonrephasing spectrumbeating patterns in the time traces alohdor several probe
appears at a much higher frequency than the amino amide |frequencies? These oscillations gave rise to cross-peaks ap-
band in the rephasing spectrum. In addition, a valley appearspearing atwr = |w; — o/| in the 2D spectra ofvr versus
near .,y = (1650,1650) in the nonrephasing spectrum that probe frequency. It was found that these cross-peaks are
falls within the amino amide | peak in the rephasing spectrum. elongated along the probe frequency axis, indicating that the
This behavior is similar to the calculated spectra shown in Figure inhomogeneous distributions of these bands are positively
6a. This result suggests that there are actually two conformationscorrelated so that the fluctuations «wf and wjo do not much
whose amino amide | frequencies are separated by less tharaffect the difference between them. It is expected from our
the line width and whose acetyl amide | frequencies are almost results that other forms of correlation would result in a different
identical so that there is a valley in the amino amide | region shape of elongation. Similar effects are expected to appear in
but no valley in the acetyl amide | region. Interestingly, the heterodyned transient grating 2D spectra as well. These effects
experimental and theoretical studies of a similar dipeptide can be readily simulated by eqs-%2 along with (1) and (2).

acetylproline-NHCH found that it adoptst-helical (r) and In 2D NMR, rephasing and nonrephasing complex 2D spectra
extended (P) conformations in polar solvent8.Force field are often added or subtracted to obtain pure absorption or
calculations and normal-mode analysis on acetylproling-ND dispersion spectraRecent optical 2D studies employed similar
show that the frequency difference between theand R concept in their data collection and treatnié#t In principle,

conformations is 1 cmt for the acetyl amide | band and 13 adding IR rephasing and nonrephasing real spectra together
cm~1 for the amino amide | bantiThese findings are consistent would yield a 2D spectrum similar to that obtained from
with our results. Therefore, these results show that important dynamic hole burning experimentd!3 which incorporates a
information on conformational distributions of the system, not range ofr determined by the pump pulse (and hence includes
readily available from the linear-IR spectrum or from the 2D contributions from diagrams 7 and 8 of Figure 1). Although
IR spectra in only one quadrant, can be obtained by measuringthe effects of frequency correlations remain in the combined
the nonrephasing 2D IR spectrum in conjunction with rephasing spectrum, in our view, separated rephasing and nonrephasing
spectrum. complex spectra can make the information content of the spectra

A slightly different experiment that will also exhibit the ~Mmore evident than in combined spectra.
effects of correlation is the spectrum of the photon echo. In .
this experiment, the square of each Fourier component of the €onclusions
echo signal is obtained, i.¢E(wy; 7,T)|% This signal is readily The effects of vibrational frequency correlations on hetero-
computed from the response functions given above. Previousdyned 2D IR spectra have been examined. Response functions
spectrally resolved three pulse photon echo studies of the azidewere evaluated that will be useful in many different types of
ion and hemoglobin €0 have investigated the effects of,, nonlinear-infrared spectroscopy. The line narrowing properties
f, and T}".18 It was concluded thav, is negligible for of 2D IR spectroscopy were analyzed qualitatively by a simple
hemoglobin, assuming that;" follows a harmonic model. A model and then quantitatively by numerical simulations using
recent spectrally resolved two pulse photon echo study on anonlinear response functions that include fluctuations of vibra-
metal carbonyl also assumed,, = 026 However, these tional frequency, anharmonicity, and coupling between vibrators.
measurements were carried out only for the rephasing pathwaysFor multilevel systems, echoes can also occur in the nonrephas-
It is expected that measurements of spectrally resolved echoesng pathways if there exists some anticorrelation between the
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relevant inhomogeneous frequency distributions. This is in
e Phys. Lett200Q 327, 334-342.

contrast to the traditional picture of echoes which, we hav

Ge et al.

(11) Astinov, V.; Kubarych, K. J.; Milne, C. J.; Miller, R. J. @hem.

(12) Hamm, P.; Lim, M. H.; Hochstrasser, R. B1.Phys. Chem. 8998

emphasized, applies strictly only to two-level systems. In 153 61236138

addition, closely spaced spectral features could exhibit more

(13) Woutersen, S.; Hamm, B. Phys. Chem. R00Q 104, 11316~

clearly resolved peaks in the nonrephasing quadrant than in thel1320.

(14) Hamm, P.; Lim, M.; DeGrado, W. F.; Hochstrasser, RJIMChem.

rephasing quadrant. Therefore, measuring 2D IR spectra in bothpy,’c 5009 115 1907-1916.

quadrants separately is expected to significantly increase the (15) Likforman, J.-P.; Joffre, M.; Thierry-Mieg, \Opt. Lett.1997, 22,
information content obtained from photon echo experiments. 1104-1106.

As shown in the examples of acetone in ethylene glycol and
acetylproline-NDB in D,O, the measured rephasing and non-

(16) See, for example: Joo, T. H.; Jia, Y. W,; Yu, J. Y,; Lang, M. J,;
Fleming, G. RJ. Chem. Phys1996 104, 6089-6108.
(17) Dick, B.; Hochstrasser, R. Ml. Chem. Phys1983 78, 3398-

rephasing spectra are indeed quite different. The 2D spectra 0f3409.

acetone in ethylene glycol exhibit characteristics of inhomoge-
neous broadening and are sensitive to the combination of the

fluctuation of the anharmonicity and its correlation to thel0

(18) Asplund, M. C.; Lim, M.; Hochstrasser, R. Mhem. Phys. Lett.
200Q 323 269-277. There are some misprints in this paper that have been
corrected in an erratunf.

(19) Asplund, M. C.; Lim, M.; Hochstrasser, R. Mhem. Phys. Lett.

transition frequency. The nonrephasing spectrum of acetylpro- 2001, 340, 611.

line-ND, in D,O provides new evidence for the existence of
two conformations in the solution. Our results show that the
heterodyned three pulse photon echo 2D IR method has
significant potential not only for determining structures, struc-
tural dynamics, and distributions but also for revealing correla-
tions between structural fluctuations associated with different

vibrators in the coupled molecular network.
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