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Ultrafast two-dimensional (2D) infrared vibrational echo experiments and theory are used to examine chemical
exchange between solute-solvent complexes and the free solute for the solute phenol and three solvent complex
partners,p-xylene, benzene, and bromobenzene, in mixed solvents of the partner and CCl4. The experiments
measure the time evolution of the 2D spectra of the hydroxyl (OD) stretching mode of the phenol. The
time-dependent 2D spectra are analyzed using time-dependent diagrammatic perturbation theory with a model
that includes the chemical exchange (formation and dissociation of the complexes), spectral diffusion of both
the complex and the free phenol, orientational relaxation of the complexes and free phenol, and the vibrational
lifetimes. The detailed calculations are able to reproduce the experimental results and demonstrate that a
method employed previously that used a kinetic model for the volumes of the peaks is adequate to extract the
exchange kinetics. The current analysis also yields the spectral diffusion (time evolution of the dynamic line
widths) and shows that the spectral diffusion is significantly different for phenol complexes and free phenol.

I. Introduction

In this paper ultrafast two-dimensional (2D) infrared vibra-
tional echo experiments that measure the formation and dis-
sociation of solute-solvent complexes on a picosecond time
scale under thermal equilibrium conditions are presented, and
the theoretical underpinnings of such experiments are laid out
in detail. Recent papers on solute-solvent chemical exchange
experiments employed a kinetic scheme to analyze the data that
included orientational relaxation rates, vibrational lifetimes, and
an indirect accounting for spectral diffusion,1,2 but the funda-
mental nature of the experiments, including the multiple light-
matter interactions and how they relate to the experimental
observables, was not treated.

Chemical exchange reactions on the picosecond time scale
include intermolecular exchange, isomerization, proton transfer,
and electron transfer. Intermolecular exchange, discussed here,
is important in chemistry and biology. It forms the basis for
supramolecular chemistry,3 host-guest chemistry,3 chemical and
biological recognition,4 and self-assembly.3 Specific intermo-
lecular interactions, such as hydrogen bonding, can lead to
structurally unique solute-solvent complexes that are constantly
forming and dissociating under thermal equilibrium conditions
on very short time scales.1,2,5Dynamics of these transient species
play a role in the physical and chemical properties of solute-
solvent systems by affecting reaction rates, reaction mechanisms,
and product ratios.6 Although solute-solvent chemical exchange
experiments will be discussed here, the theoretical description
of the 2D IR vibrational echo chemical exchange experiment
is applicable to all types of chemical exchange phenomena.

Until recently, chemical exchange on the picosecond time
scale could not be measured under thermal equilibrium condi-
tions. Two IR methods, 2D IR heterodyne-detected vibrational
echoes1,2,7,8 and two color IR pump-probe experiments,9 can

be used. The 2D vibrational echo method explicated here has
some advantages that generally accrue to Fourier transform
spectroscopies, but more important, it does not have the time-
bandwidth limitations of narrow band pump/broad band probe
experiments.

There are methods that can measure chemical exchange for
reactions slower than 10-10 s.10 For reactions in the 10-12 s
range, line shape analysis of linear-IR and Raman vibrational
spectra has been used,11 but line shape analysis is fraught with
difficulties because of the multiple dynamic processes that can
contribute to the line shape in addition to exchange.12-14

Two-dimensional NMR provides an excellent method for
studying chemical exchange on time scales of microseconds or
longer.15-17 However, for solute-solvent complexes in organic
and other types of nonaqueous solutions that are of interest here,
the complexes are bound by energies on the order of a fewRT
(RT ≈ 0.6 kcal/mol at room temperature, whereR is the gas
constant) and, therefore, form and dissociate on very rapidly.
The 2D IR vibrational echo chemical exchange technique1,2,7,8

is the ultrafast analogue of 2D NMR chemical exchange
spectroscopy.15-17 Both the 2D NMR and the 2D vibrational
echo techniques involve pulse sequences that induce and then
probe the coherent evolution of excitations (nuclear spins for
NMR and vibrations for IR) of a molecular system. In the 2D
vibrational echo experiment, a selected molecular vibration of
molecules in a given environment (for example, a free solute
versus complexed solute) is placed in a coherent superposition
state by the first pulse in the sequence. The effect of the first
pulse and the manipulation of the phase relationships among
the excitations by the following pulses in the sequence is an
important common feature of 2D vibrational echo spectroscopy
and 2D NMR. The later pulses generate observable signals that
are sensitive to chemical exchanges. The critical difference
between the IR and NMR variants is that the IR pulse sequence
acts on a time scale 6-9 orders of magnitude faster than the
radio frequency pulse sequence in NMR.
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Vibrational-echo-based 2D IR experiments have been applied
to a wide variety of problems, and both experiment and theory
have been presented.18-29 However, its application to chemical
exchange is quite new,1,2,7,8 and a full theoretical description
with comparisons to experiments has not been given. Previously,
data for the solute phenol complexed with benzene in a mixed
solvent of benzene and CCl4 was presented.1 More recently,
solute-solvent chemical exchange for the solute 2-methoxy-
phenol was published.2 Here, the phenol/benzene data along with
the phenol/p-xylene and phenol/bromobenzene data will be
analyzed in detail using time-dependent diagrammatic perturba-
tion theory30 and a model that includes chemical exchange,
spectral diffusion, orientational relaxation, and the vibrational
lifetimes. The model is able to describe the data extremely well.
One of the important results is that the detailed theory presented
here confirms that the much simpler method of analysis used
previously1,2 is sufficient to extract the exchange kinetics.
Application of the full theory also provides details of the spectral
diffusion for the complexed and free phenol.

In the experiments presented below, a solute, phenol-OD
(hydroxyl hydrogen replaced by a deuterium, which will be
referred to as phenol for simplicity) exists in equilibrium as a
complex with benzene (orp-xylene or bromobenzene) or as the
free uncomplexed form. There are two peaks in the linear
Fourier transform IR spectrum, one for the complex and one
for the free species.1 In the 2D IR vibrational echo spectrum at
very short time (small interval between pulses 2 and 3 in the
pulse sequence, see below) there are two peaks on the diagonal,
one for the complex and one for free phenol. As time is
increased, complexes form and dissociate under thermal equi-
librium conditions. The chemical exchange produces off-
diagonal peaks, which increase as time is increased. If no other
processes occurred, then the growth in amplitude of the off-
diagonal peaks would be simply related to the rate of the
chemical exchange rate, that is the rate of complex formation
and dissociation, which are equal for an equilibrium system.1

However, spectral diffusion causes the peaks to change shape,
and therefore, the peak heights cannot be used to analyze the
data. In addition, orientational relaxation causes all peaks to
decrease in amplitude. Because, in general, the orientational
relaxation rates of the two species are not the same, the
orientational relaxation with different rates for the species that
are interconverting must be taken into account in the theoretical
analysis. The species are also undergoing vibrational population
relaxation (T1), which decreases all peaks as time increases.
Again, the lifetimes of the species are not the same, and the
lifetimes with the species interconverting must be properly
accounted for in the theoretical analysis. Another important
feature of the problem is that the species, complexed and free
phenol, do not have the same transition dipole matrix elements.
All of these properties of the physical system are accounted for
in the theoretical development presented below.

II. Experimental Procedures

A. Sample Preparation.Phenol forms weak complexes with
benzene and its derivatives.1,4,31,32 The polar hydroxyl group
on phenol (OD in these experiments) and polarizableπ-electron
cloud of benzene lead to the attraction between these molecules.
The resulting weak hydrogen bond that forms the complex shifts
the OD stretching frequency to a lower frequency than that in
the non-hydrogen-bonded free phenol. Phenol was deuterated
by deuterium exchange with methanol-OD. In pure benzene
solvent, only one OD stretch peak, corresponding to the
complex, is observed, although there is a low-amplitude, high-

frequency tail that corresponds to free phenol.1 To observe the
formation and dissociation of the phenol-benzene complex, a
mixed solvent of benzene and CCl4 was used to shift the
equilibrium to more of the free species. In pure CCl4, only the
free species is present. The free phenol has a higher-frequency
hydroxyl stretch because of the lack of the hydrogen bond.
Infrared spectra of free phenol in pure CCl4, phenol-benzene
complex in pure benzene, and phenol-benzene complex and
free phenol in the benzene/CCl4 mixed solvent have been
published.1 The spectra in the mixed solvents for the three
systems studied here are shown in Figures 3a, 5a, and 7a. The
mixed solvent creates a well-defined double potential minimum
with similar populations along the exchange coordinate.

B. Optical System and Methodology.The ultrashort IR
pulses (∼50 fs) employed in the experiments were generated
using a Ti:sapphire regeneratively amplified laser/optical para-
metric amplifier (OPA) system. The output of the regen is 40
fs transform-limited2/3 mJ pulses at a 1 kHz repetition rate.
These are used to pump the short-pulse IR OPA. The output of
the OPA is compressed to produce 50 fs transform-limited IR
pulses in the actual sample cell using a purely nonresonant signal
and frequency-resolved optical grating (FROG)33 measurements.
The pulses span sufficient bandwidth (300 cm-1 centered at
2500 cm-1) to cover theV ) 0 to V ) 1 (hereafter denoted
0-1) and 1-2 transitions of the hydroxyl OD stretching modes
in both free and complexed phenol.

The compressed IR output of the OPA is split into five beams.
Three equal-intensity IR pulses impinge on the sample and
stimulate the emission of the vibrational echo, a pulse that leaves
the sample in a unique direction at a time following the third
pulse. Another beam is made collinear with the vibrational echo
path through the sample. It is used only for alignment and is
blocked during the actual experiments. A fifth pulse, the local
oscillator, does not pass through the sample and is overlapped
with the vibrational echo pulse for heterodyne detection of the
echo. The combined vibrational echo/local oscillator beam is
directed into a spectrograph, and the spectrally dispersed signal
is measured using a 32 element mercury cadmium telluride
(MCT) array to record 32 frequencies simultaneously. The center
frequency of the spectrograph is moved to record sets of 32
frequencies to span the entire spectrum.

The frequency- and phase-resolved, stimulated vibrational
echo is measured as a function of one frequency variable from
the spectrograph,ωm, and two time variables,τ and Tw, the
time between the first and second and the second and third IR
pulses, respectively.ωm provides one frequency axis of the 2D
vibrational echo spectrum. By numerical Fourier transformation,
theτ scan data are converted into the second frequency variable,
providing theωτ axis. The resulting interferogram contains both
the absorptive and the dispersive components of the vibrational
echo signal.34 To greatly reduce the dispersive contribution and
obtain close to pure absorptive features, two sets of quantum
pathways are measured independently by appropriate time
ordering of the pulses in the experiment.34 With pulses 1 and 2
at the time origin, pathway 1 or 2 is obtained by scanning pulse
1 or 2 to negative time, respectively. By addition of the Fourier
transform of the combined interferograms from the two path-
ways, the dispersive component is substantially eliminated,
which greatly narrows the features in the spectra. The 2D IR
vibrational echo spectra are constructed by plotting the amplitude
of the nominally absorptive part of the vibrational echo as a
function of bothωm and ωτ. Additional experimental details,
including procedures to ensure that phase relationships in the
spectrum are proper, are discussed elsewhere.35
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The dual-scan method can remove a substantial portion of
the dispersive contributions to the 2D spectrum. In a 2D
vibrational echo spectrum of two or more modes of a molecule
with intramolecular coupling between them, there is an inherent
imbalance of interaction pathways that results in substantial
uncanceled dispersive contributions that are greater for the off-
diagonal peaks than for the diagonal peaks.28,34However, there
is no imbalance of interaction pathways in any of the peaks
produced by the exchange process as shown by the Feynman
pathways (see below). There are the same numbers of non-
rephasing and rephrasing pathways for each peak. Therefore,
the dual-scan method can, to a large extent, remove dispersive
contributions to all peaks in the 2D spectrum if the off-diagonal
peaks are produced solely by exchange. The phasing procedure
using the projection theorem was applied,35,36 and correctly
phased diagonal and off-diagonal peaks were obtained.

III. Results

Figure 1 (top portion) displays the 2D IR vibrational echo
spectra as contour plots (each contour is a 10% change) at
variousTw points (from 200 fs to 14 ps) for the phenol-benzene
complex system. (Two-dimensional data for the other systems
are shown in Figures 4a and 6a.) The data have been normalized
to the largest peak at eachTw. The red contours are positive
going (0-1 vibrational transition), and the blue contours are

negative going (1-2 vibrational transition). The 0-1 signal
comes from two quantum pathways that are related to bleaching
of the ground state and stimulated emission, both of which
produce a vibrational echo pulse that is in phase with and
therefore adds to the local oscillator pulse to produce a positive
going signal. The 1-2 signal arises because there is a new
absorption that was not present prior to the first two excitation
pulses. The 1-2 vibrational echo pulse is 180° out of phase
with the local oscillator and thus subtracts from the local
oscillator to produce a negative going signal. AtTw ) 200 fs,
there are two peaks on the diagonal (0-1 transitions) and the
corresponding 1-2 transition peaks off-diagonal. AsTw (waiting
time) is increased, the off-diagonal peaks of the 0-1 transition
and the corresponding 1-2 peaks appear.

There are a number of phenomena that can produce off-
diagonal peaks. Two coupled modes on the same molecule will
have the peaks for each mode on the diagonal and coherence
transfer peaks off-diagonal.28 In addition there will be negative
going peaks off-diagonal below the coherence transfer peaks.
These peaks are present atTw ) 0 and do not increase in
amplitude. It is possible to have incoherent population relaxation
between two modes on the same molecule that are coupled by
anharmonic terms in the molecular potential. Such population
relaxation will produce off-diagonal peaks that appear with
increasingTw.37 However, the two modes have to be on the

Figure 1. Tw-dependent 2D IR vibrational echo spectra (top) of the hydroxyl stretch of phenol-OD in benzene/CCl4 mixed solvents (molar ratio
of phenol/benzene/CCl4 ) 2:40:100). The red peaks (positive) are from the 0-1 vibration transitions, and the blue peaks (negative) are from the
1-2 vibrational transitions. At 200 fs, there are two peaks on the diagonal (red) and two peaks below these (blue) shifted by the anharmonicity.
As Tw increases, additional peaks appear due to chemical exchange, that is, dissociation and formation of the phenol-benzene complex. The
bottom portion displays response function calculations of the data as discussed in section V.
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same molecule and within the laser bandwidth. As shown by
the linear spectroscopy, the phenol system has a single OD
stretch.1 It has one frequency when it is free and another when
it is a complex. The two frequencies correspond to the complex
and free phenol peaks. Therefore, each species has a single
mode, and population relaxation between modes cannot be
responsible for the growth of the off-diagonal peaks. Vibrational
Förster excitation transfer can transfer a vibrational excitation
between modes on distinct molecules.38,39 However, this is
extremely short range because of very small vibrational transi-
tion dipoles and short vibrational lifetimes, with a range of 2-3
Å for hydroxyl stretches.39 Given the low concentration of the
complex and free phenol in the solution, Fo¨rster transfer is not
a possibility.

The linear spectroscopy of the species, the temperature
dependence of the spectra, and electronic structure calculations
that show that the complex is stable, combined with the growth
of the off-diagonal peaks, demonstrate that chemical exchange
between complexed and free phenol is being observed.1 Through
the use of time-dependent diagrammatic perturbation theory,
which describes nonlinear optical interactions with the molecular
vibrations,40,41 the chemical exchange experiments can be
described quantitatively. It is necessary to include in the
calculations not only chemical exchange but also orientational
relaxation of each species, vibrational relaxation of each species,
and the differences in the transition dipole moment matrix
elements of the species. The detailed theory will be presented
in the next section. First a brief description of the origin of the
off-diagonal peaks will be given to set a qualitative stage for
the detailed theoretical description.

The frequency at which the first pulse excites a mode is the
mode frequency on theωτ axis (horizontal axis), 2631 cm-1

for the 0-1 transition in complex and 2665 cm-1 for the free
phenol. The third pulse causes a mode to emit the time-delayed
vibrational echo pulse at the frequency of the third interaction
(third pulse) of the radiation field with the mode. The frequency
of the vibrational echo emission is the frequency on theωm

axis (the vertical axis). First considerTw ) 200 fs in Figure 1
in which the data are taken on a short time scale in comparison
to the rate of chemical exchange. For the 0-1 vibrational
transitions, the third pulse induces the vibrational echo emission
at the same frequencies excited by the first pulse, so there are
two peaks on the diagonal whereωτ ) ωm (red peaks in Figure
1). If the frequency of vibrational echo emission (ωm, third
interaction frequency) is different from the frequency of initial
excitation (ωτ, first interaction frequency), then the peaks will
appear off-diagonal. Again, forTw ) 200 fs in Figure 1, the
blue peaks are off-diagonal by the vibrational anharmonicity
because the modes are initially excited at their 0-1 frequencies
(ωτ), but the third pulse causes vibrational echo emission at
their 1-2 frequencies (ωm). Even in the absence of chemical
exchange, the peaks observed at very shortTw delays undergo
evolution with increasingTw, because of spectral diffusion,
which changes the shapes of the peaks, and vibrational lifetime
decay and orientational relaxation, which cause the peaks to
decay in amplitude.

The influence of chemical exchange on the 2D correlation
spectrum can be understood qualitatively as follows. After the
first two pulses in the vibrational echo sequence, if some of
the complexed phenols dissociate during theTw period, then
the third pulse will cause the emission of the vibrational echo
at the frequency of the free phenol OD stretch for these newly
dissociated phenols. The frequency of emission,ωm, then differs

from the excitation frequency,ωτ, for these specific molecules.
The result will be an off-diagonal peak that only appears if
chemical exchange occurs. Because the free phenol absorbs at
higher frequency than complexed phenol, this off-diagonal peak
is shifted from the complexed phenol frequency to higher
frequency along theωm axis by the frequency difference (34
cm-1) between the free and the complexed modes. Conversely,
if during the Tw period some free phenols associate with
benzene, then the third pulse will produce an off-diagonal peak
for these (formerly) free phenols, shifted to lower frequency
along theωm axis by the same amount. Identical considerations
apply for both the 0-1 and the 1-2 regions of the spectrum.
This behavior is shown in Figure 1 atTw ) 14 ps, where
substantial chemical exchange has led to the generation of a
block of 4 red peaks and a block of 4 blue peaks; the two new
peaks in each block were not present atTw ) 200 fs. Some
complexes have dissociated, and others have formed. The
growth of the off-diagonal peaks with increasingTw is directly
related to the time dependence of the chemical exchange.

The description given above and treated below applies for
moderate or slow exchange. Fast exchange occurs when the time
to jump to a new species and then jump back is comparable to
or fast compared to the inverse of the frequency difference
between the two peaks.12,42,43This in not the case for the systems
studied here. In the fast exchange limit, the vibrational linear
absorption spectrum will show a single peak.14,42,43The 2D IR
vibrational echo spectrum will show a single peak on the
diagonal; off-diagonal peaks will not appear to provide informa-
tion on the rate of chemical exchange.

IV. Theory

In the analysis of solute-solvent complex chemical exchange
data presented previously,1,2 a kinetic model was used to fit the
data and extract the exchange rate. The model did not explicitly
deal with spectral diffusion but took it into account by fitting
the time dependence of the peak volumes rather than the peak
amplitudes. Orientational relaxation, vibrational lifetimes, and
differences in transition dipoles were included. Here, diagram-
matic perturbation theory methodology for this problem will
be developed and applied. Spectral diffusion is included
explicitly and analyzed. One of the important results in addition
to obtaining the time dependence of the spectral diffusion is
the demonstration that the much simpler kinetic model is
accurate if only the chemical exchange is of interest.

In NMR, exchange effects have been studied extensively in
both 1D and 2D spectroscopies.15,17,42,43Aspects of the NMR
theoretical description of chemical exchange can be applied to
the current problem so long as the important differences between
the NMR problem and the vibrational problem are dealt with.
The theoretical treatment includes the effects of chemical
exchange during evolution and detection periods. The exchange
during the first coherence period does not contribute to the
growth of the off-diagonal peaks because the exchange time is
long compared to the inverse frequency difference of the peaks
(slow to moderate exchange limit). Then, during the first
coherence period, jumps from the complex to free form or vice
versa will produce ensembles of superposition states in both
forms with random phases resulting in no contribution to the
off-diagonal peaks. Such jumps do produce dynamic line
broadening of the diagonal peaks, which is included in the
treatment. Therefore, only exchange during the population period
(time between pulses 2 and 3,Tw) contributes to the growth of
the off-diagonal peaks.
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Spectral diffusion is slow enough that at least for the jumps
that occur at short times the lines are inhomogeneously
broadened. In the model presented here, it is assumed that there
is no correlation in the frequency prior to a jump with the
frequency following a jump between species. That is, the species
prior to a jump has some position in its inhomogeneous line.
After the jump, it can be anywhere in the new line only weighted
by the line shape. This is a very reasonable assumption given
the nature of the system in which complexes form and dissociate.
The ramifications of the lack of correlation will be described
below. It is possible to extend the formalism presented here to
include frequency correlation, which has been observed in a
different type of system.44

The processes other than chemical exchange can be divided
into two groups. One is the spectral diffusion, which changes
the shapes of peaks. The others are the finite lifetimes of excited
states and orientational relaxation, both of which diminish the
size of the peaks. In NMR, the coupled equations for exchange
and population relaxation were derived.45 The equation of
motion of the density matrix for the spin system includes
population relaxation via a Redfield-type matrix and exchange
via a Kubo-Sack matrix.46,47 To describe the vibrational
problem, orientational relaxation must also be included. Vibra-
tion and rotation are generally separated in the theoretical
description of vibrational spectroscopy.48 This separation will
be used here during the coherence periods. However, the
dynamic partition model can avoid this separation of vibrational
motion and rotation during the population period. As described
above, the off-diagonal peaks are the result of an exchange
process during the population period. Thus, it is important to
properly treat various dynamic processes during the population
period to accurately extract information about chemical ex-
change from 2D IR vibrational echo spectra.

Recently, theoretical descriptions of third-order response
functions with exchange were published by two groups. Muka-
mel and co-workers used a Stochastic Liouville Equation40 to
simulate the vibrational echo spectrum of water with a four-
site exchange model. Cho and co-workers derived analytical
expressions for linear and third-order response functions using
a two-species model with exchange and more importantly
showed that the truncated cumulant expansion can be used in
this two-species model.41 In their response functions, the
exchange effect was inserted using conditional probabilities that
describe the probability of each pathway occurring at different
Tw values. Both groups use molecular dynamics (MD) simula-
tions to obtain information about exchange rates. Through the
analysis of MD trajectories and using appropriate criteria for
hydrogen-bonding configurations, species with different hydro-
gen bond structures were separated. From this separation, the
exchange time and lifetime of each species were determined.
In these theoretical treatments, the exchange time scale is much
faster than vibrational and rotational relaxation time scales,
so it was safely assumed that exchange had the dominant
effect on the population dynamics; the other factors were not
included.

However, in general chemical exchange, orientational relax-
ation and population relaxation can all occur on similar time
scales. This is the situation for the experiments on organic
solute-solvent chemical exchange analyzed below and pre-
sented previously.1,2,7 As a result, a theoretical treatment that
includes all aspects of the problem that influence the 2D
spectrum is required. In the following, first the method for
treating the orientational relaxation will be presented. Then, this

method will be used with the third-order response functions to
obtain a model that describes the chemical exchange problem
including spectral diffusion, orientational relaxation, and vibra-
tional population decay. This modified response function
approach is used to fit the experimental results with the exchange
rate as a parameter as well as a form for the frequency-
frequency correlation function (FFCF),30 which yields a descrip-
tion of the spectral diffusion. Because the vibrational lifetimes
and orientational relaxation rates are measured independently
using IR pump-probe experiments, these are not adjustable
parameters in the fits to the data. The exchange rate and the
spectral diffusion have very different effects on the 2D
vibrational echo spectra. Therefore, these can be determined
with confidence independently from each other. Finally, it will
be shown that the simple peak volume fitting approach is
sufficient to determine the exchange rate if information on
spectral diffusion is not desired.

A. Dynamic Partition Model. During the population period,
molecules will experience three different processes that affect
the population and finally determine the signal size. As
explained above, three different processes include vibrational
relaxation, orientational relaxation, and exchange between
different species. All three relaxation processes are coupled in
this treatment. The contribution of each relaxation process is
schematically illustrated as

whereτr
i ) 1/6Di andT1

i ) 1/ki are the orientational relaxation
time constant (Di is the orientational diffusion constant) and
the vibrational lifetime of theith species, respectively, andkcf

and kfc are the complex dissociation (complex to free) and
formation (free to complex) rate constants, respectively. In the
treatment given below, what we refer to as effective populations
are calculated. While the vibrational lifetimes and exchange can
cause changes in the number of molecules of a given species,
orientational relaxation can occur with no change in actual
population. However, randomization of the transition dipole
direction following interactions with the radiation fields reduces
the signals for the diagonal and off-diagonal peaks. Thus, a
population’s contribution to the signal of a given peak is in
some sense a vector quantity, including the magnitude and the
projection of the transition dipole on the radiation field direction.
These quantities are the effective populations that give rise to
the diagonal and off-diagonal peaks.

Because the molecules (complex or free) have initial random
orientations, signal size at a frequencyωm (the frequency of
the third interaction producing the coherence and echo emission
at that frequency) is proportional to the orientational ensemble
average of the population with the coherence frequency of each
population

Here the orientational ensemble average is defined as

fi(θ) is the angular distribution function for the complex (i ) c)
and free (i ) f) forms.

79
τr

c,T1
c

decay
c y\z

kcf

kfc
f98

τr
f,T1

f

decay

Ii(ωm ) ωi) ∝ 〈Ni(t) cos2 θ〉i (i ) c,f) (1)

〈cos2 θ〉i ) ∫0

π/2
sin(θ) dθ fi(θ) cos2(θ) (2)
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These effective populations (before the orientational ensemble
average of the populations) will evolve as

Df and Dc are the orientational diffusion constants for the
complex and free forms, which in general are not equal.I2 is
the spherical operator. Its eigenfunctions are the spherical
harmonics,Ym

l. As indicated by the use of diffusion constants,
we make the reasonable assumption that the orientational
relaxation is diffusive and described by49

The formal solution of the coupled differential equations can
be written in matrix form as

with the boundary conditions of the angular distribution function
fi(θ,0)

The boundary condition given in eq 6 needs to be discussed
in some detail. This boundary condition is correct for pump-
probe and fluorescence measurements because there is only one
excitation pulse rather than two pulses with a time delay to
produce a population in the vibrational echo experiments.
Therefore, orientation relaxation should be considered during
the coherence period (the periodτ between the first and second
pulses). The orientational relaxation part for the third-order
experiment can be described using the probability evolution
Green’s function that satisfies the diffusion equation. The result
can be expressed as the product of two first-order Legendre
polynomials and one second-order Legendre polynomial. The
former one describes the orientational relaxation during the two
coherence periods and the latter one for population period.
Through the use of this result, orientational relaxation for the
vibrational echo experiment can be described as

Because of the orientational relaxation during first coherence
period, the initial condition offi(θ,0) (eq 6) is not exactly

3 cos2 θ. However, orientational relaxation during the first
coherence period has a decay constant that is a factor of 3
smaller than the decay constant during the population period
because of the difference in the coefficientl(l + 1). Furthermore,
the coherence period is relatively short,∼1 ps, compared to
the C1(t) relaxation time for these experiments (∼9 ps).
Therefore, we assume that the initial condition given in eq 6
is a reasonable approximation for the initial orientational
state at the beginning of the population period. With this
assumption,fi(θ,0) can be expanded in terms of the spherical
harmonics as

The orientational relaxation during the coherence periods is
handled in the conventional manner as exponential decays that
multiply the response function (see below). However, because
chemical exchange produces the growth of the off-diagonal, it
is necessary to explicitly account for jumps back and forth
between the two species that are undergoing orientational
relaxation at different rates.

Through the use of this initial condition, eq 5 can be solved

When the orientational ensemble average is performed, the
result is

Equation 10 can be solved analytically using the methods
devised by Putzer.50 The solutions to eq 10 yield both the
diagonal and the off-diagonal solutions. The ensemble-averaged
solutions for the diagonal peaks are labeledNff(t) and Ncc(t),
indication that a species began and ended the pulse sequence
in the same form. The off-diagonal peaks are labeledNcf(t) and
Nfc(t), indicating that a species began as a complex and ended
free or vice versa, respectively

d
dt(Nf(t)ff(θ,t)

Nc(t)fc(θ,t) ) )

(-(kf + kfc + DfI
2) kcf

kfc -(kc + kcf + DcI
2) )(Nf(t)ff(θ,t)

Nc(t)fc(θ,t) ) (3)

∂

∂t
f(θ,t) ) -DI2f(θ,t) (4)

(Nf(t)ff(θ,t)
Nc(t)fc(θ,t) ) )

exp[(-(kf + kfc + DfI
2) kcf

kfc -(kc + kcf + DcI
2) )t] ×

(Nf(0)ff(θ,0)
Nc(0)fc(θ,0)) (5)

fi(θ,0) ) 3 cos2(θ)

fi(θ,∞) ) 1 (6)

RZZZZ) 1
9

C1(t1)(1 + 4
5

C2(t2))C1(t3)

Cl(ti) ) exp[-l(l + 1)Dti] (7)

fi(θ,0) ) 3 cos2(θ) ) 2x4π
5

Y20 + x4π Y00 (8)

(Nf(t)ff(θ,t)
Nc(t)fc(θ,t) ) )

exp[(-(kf + kfc + 6Df) kcf

kfc -(kc + kcf + 6Dc) )t] ×

(Nf(0)
Nc(0))2x4π

5
Y20 +

exp[(-(kf + kfc) kcf

kfc -(kc + kcf) )t](Nf(0)
Nc(0))x4πY00 (9)

(〈Nf(t)ff(θ,t)〉
〈Nc(t)fc(θ,t)〉 ) )

exp[(-(kf + kfc + 6Df) kcf

kfc -(kc + kcf + 6Dc) )t] ×

(Nf(0)
Nc(0)) 4

15
+

exp[(-(kf + kfc) kcf

kfc -(kc + kcf) )t](Nf(0)
Nc(0))13 (10)
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The definitions ofR, â, γ, φ, æ, andθ are given in the appendix.
The solutions of eq 10 for〈Nf(t)ff(θ,t)〉 are composed of

contributions from bothNf(0) andNc(0). The former represents
the effective number of oscillating dipoles withωm ) ωf

(vibrational echo emission) that were “frequency-labeled” during
the first coherence period asωτ ) ωf (frequency of the first
interaction). So the contribution fromNf(0) describes the
diagonal peak becauseωτ ) ωf andωm ) ωf; the frequency of
the first interaction is the same as the frequency of the third
interaction and, therefore, vibrational echo emission. The second
contribution to〈Nf(t)ff (θ,t)〉, from Nc(0), involves complexes
frequency-labeled by the first interaction withωτ ) ωc followed
by the third interaction and echo emission atωm ) ωf. This is
off-diagonal, corresponding to the dissociation of complexes
because the initial interaction is atωc, but the final interaction
and echo emission is atωf. The same considerations apply to
〈Nc(t)fc(θ,t)〉.

The contributions to the diagonal peaksNcc(t) andNff(t) have
two physically different origins. One contribution is from
molecules staying in the initial state during the population period
without exchange. This subensemble produces an echo signal
that is identical to that which would arise from a system with
a single species and, therefore, no possibility of chemical
exchange. This subensemble can be represented using the
response functions for a single oscillator. The other subensemble
consists of molecules that undergo an even number of ex-
changes. For example, a molecule can start in the free form
and end in the free form after two exchanges. As a result, such
a molecule spends time in the complex form with vibrational
lifetime and orientational relaxation rate of the complex form.
This type of behavior is included in the kinetic equation and
does not require additional treatment.

However, dephasing, described in terms of the response
functions given below, is different for the two cases (no
exchange versus exchange) even if the echo signals result in a
peak at the same position in the 2D spectrum because the two
cases involve different quantum pathways. These two cases are
described using the Feynman diagrams shown in Figure 2. The
contributions from the two cases can be separated using the
solutions to the kinetic equations given in eq 11. Consider the
effective populationNff. The treatment is identical forNcc. First,
Nff without exchange can be calculated by inserting exchange
rate as 0,Nff(t;kcf ) 0). Then the effective population with
exchange,Nff(t;kcf), which includes all molecules regardless of
whether they happen to exchange or not, is obtained. The
difference between these two effective populations gives the
population that undergoes multiple exchanges

As a result, the effective population that stays as a free molecule
for the entire population period is

The effective populations that undergo multiple exchanges,
Nff

ex(t), and no exchanges,Nff
s (t), contribute differently to the

total 2D IR spectrum, and these differences are included in the
response functions derived in the following section.

B. Response Functions with Exchange.The following
response functions were derived using a two-species model.

Figure 2. (a) Feynman diagrams corresponding to the first set of
response functions. (b) Feynman diagrams corresponding to the second
set of response functions. (c) Feynman diagrams corresponding to the
third set of response functions.

Nff
s (t) ) Nff(t;kc) - Nff

ex(t) (13)

Ncc(t) ) 4
9

e-RTw{cosh(âTw) - γ sinh(âTw)} +

5
9

e-φTw{cosh(æTw) - θ sinh(æTw)}

Nff(t) ) 4
9

e-RTw{cosh(âTw) + γ sinh(âTw)} +

5
9

e-φTw{cosh(æTw) + θ sinh(æTw)}

Ncf(t) ) Nfc(t) ) 4
9

kcf

â
e-RTw sinh(âTw) +

5
9

kcf

æ
e-φTw sinh(æTw) (11)

Nff
ex(t) ) Nff(t;kfc ) 0) - Nff(t;kfc) (12)
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Kwac et al. obtained response functions for a two-species
model.41 However, the influence of orientational relaxation and
lifetimes of the species were not included in the treatment. As
discussed with the introduction of the dynamic partition model,
for the 2D IR spectroscopic observables, the exchange process
and the relaxation processes are coupled. To address this
coupling duringTw, the relaxation functionsΓ(t3,Tw,t1) were
modified to include exchange. A large number of parameters
were included into the calculations. It was possible to measure
many of the parameters independently, so that only the exchange
rate and the FFCFs were varied to fit the data. The Feynman
diagrams for nonlinear response functions are given in Figure
2.

Through the use of the two-species model, the linear response
function,R(t), can also be obtained, and they can be expressed
as the sum of two terms, one for each species. This model can
be generalized to more than two species.

Here, xf and xc represent free and complex forms’ relative
populations in the ground state. Thexi can be determined from
the analysis of IR spectra as described below. Through the use
of the cumulant expansion, the linear response function for each
species can be expressed as

whereµ0,Ris the transition dipole of theR form, 〈ω0,R〉 is the
ensemble average 0-1 transition frequency of theR form, and
T1

R is the vibrational lifetime of theR form. The line shape
function gRR(t) is defined as

where〈δωR,0(τ1)δωR,0(0)〉 is the FFCF.
The analytical expressions for the nonlinear third-order

response function use the standard approach and approximations,
that is, the Franck-Condon approximation and the cumulant
expansion, which apply well to the narrow Gaussian absorption
bands.51 The response functions are composed of two parts, the
dephasing functions and the relaxation functions. The dephasing
portion describes the time-dependent broadening of the dynamic
lines. The relaxation function describes the time-dependent
probability of an oscillator contributing to the signal following
initial excitation. It can include both a lifetime and an orien-
tational relaxation term as a multiplicative factor for the response
function. However, as described above, this is an inadequate
method for the problem with exchange. This approach can be
used during the coherence periods, but the relaxation function
during Tw must be replaced by the solution of the dynamic
partition model given in eq 11. The dynamic partition model
brings chemical exchange, orientational relaxation, and vibra-
tional relaxation into the calculation in a proper manner that
accounts for the differences in lifetimes and orientational
relaxation rates of the two species.

For a single line or for two species with no exchange, the
degree of frequency correlation between the first coherence
period and the final coherence period is determined by the
interaction between the oscillator and the bath. Such a correlation
still applies to oscillators that do not undergo exchange in a
system where exchange is occurring. In the treatment presented
here,we assume that chemical exchange destroys all frequency
correlation. That is, after exchange, an oscillator can assume

any frequency in the spectral line with a probability that is only
determined by the line shape. There is no memory of the
oscillator’s location in the spectral line of the species from which
it originated. In the systems considered here, a complex and a
free species are undergoing chemical exchange. For example,
the phenol-benzene complex becomes free phenol in a benzene/
CCl4 mixed solvent. There is an abrupt change in the potential
surface, and the surrounding solvent structure must also change.
There is little likelihood of correlation. A lack of correlation
may also apply to other types of exchange problems, such as
isomerization or proton and electron transfer, because of the
substantial changes in the nature of the species and the response
of the solvent. Nonzero cross correlation is possible in, for
example, a hydrogen-bonding system, where the changes in local
structure may be small at least on some time scales.25,44,52

The assumption of no frequency correlation following chemi-
cal exchange means〈δωR(t)δωâ(0)〉 ) 0, where R and â
represent different species, that is, complex or free. As a result,
the line shape of the off-diagonal peaks becomes the product
of the linear line shape of the free and complex forms. The
lack of frequency correlation following chemical exchange also
affects the diagonal peaks because some fraction of the diagonal
peaks’ signals comes from species that have undergone an even
number of exchanges during theTw period. As a result, part of
a diagonal peak’s signal will consist of the free induction decay
of that species. However, another portion of the signal from
oscillators that have not undergone any exchange will have a
contribution to the dynamic line shape determined by the
coupling to the bath, which is expressed through the FFCF. All
of the Feynman diagrams, including all pathways for diagonal
peaks, are presented in Figure 2.

The third-order response function for each pathway can be
derived analytically. The subscripts SE, GB, and TA in the
relaxation functionsΓ(t3,Tw,t1) indicate stimulated emission,
ground-state bleaching, and transient absorption, respectively.
In the following,µ0,R andµR,2R are the transition dipole matrix
elements for the 0-1 and the 1-2 vibrational transitions of the
R species.∆R,R is the vibrational anharmonicity of theR species.
ω0,R is the center frequency of the 0-1 vibrational transition
of the R species.

The first set of response functions (Figure 2a) are for the
portion of the diagonal peaks that arise because a subensemble
of a species undergoes no exchange, Cf {C} f C. These can
be expressed as

R(t) ) xfRf(t) + xcRc(t) (14)

RR(t) ) |µ0,R|2 e-i〈ω0,R〉t exp[-gRR(t) - 1

2T1
Rt] (15)

gRR(t) ) ∫0

t
dτ2∫0

τ2 dτ1 〈δωR,0(τ1)δωR,0(0)〉 (16)

R1
RR(t3,Tw,t1) ) |µ0,R|4 e-i〈ω0,R〉(-t1+t3)ΓSE

RR(t3,Tw,t1) ×
exp[-gRR

/ (t1) + gRR
/ (Tw) - gRR(t3) - gRR

/ (t1 + Tw) -

gRR
/ (Tw + t3) + gRR

/ (t1 + Tw + t3)]

R2
RR(t3,Tw,t1) ) |µ0,R|4 e-i〈ω0,R〉(-t1 + t3)ΓGB

RR(t3,Tw,t1) ×
exp[-gRR

/ (t1) + gRR(Tw) - gRR
/ (t3) - gRR

/ (t1 + Tw) -

gRR(Tw + t3) +gRR
/ (t1 + Tw + t3)]

R3
RR(t3,Tw,t1) )

-|µ0,R|2|µR,2R|2 e-i[ 〈ω0,R〉(-t1+t3)-∆R,Rt3]ΓTA
RR(t3,Tw,t1) ×

exp[-gRR
/ (t1) + gRR(Tw) - gRR(t3) - gRR(t1 + Tw) -

gRR(Tw + t3) + gRR(t1 + Tw + t3)]

R4
RR(t3,Tw,t1) ) |µ0,R|4 e-i〈ω0,R〉(-t1+t3)ΓSE

RR(t3,Tw,t1) ×
exp[-gRR(t1) - gRR(Tw) - gRR(t3) + gRR(t1 + Tw) +

gRR(Tw + t3) - gRR(t1 + Tw + t3)]
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As discussed above, these response functions show the same
behavior as a species without exchange.

The second set of response functions (Figure 2b) for the
diagonal peaks describes the subensemble of a species that
undergoes an even number of exchanges, Cf {C f F f C}
f C. As discussed above, these exchanges destroy all frequency
correlation. So the final expressions for these pathways are

The dephasing functions for these pathways show no depen-
dence onTw because of the assumption of no frequency
correlation following exchange. So the contribution to the line
shape from these pathways has no information for spectral
diffusion dynamics. There is a dependence onTw contained in
the effective population term,NRR

ex (Tw). NRR
ex (Tw) determines the

contribution of the fully broadened line shape to the dynamic
line shape of the diagonal peaks. Without the separation into
the first set of response functions and the second set of response
functions for diagonal peaks, an observed fast broadening of
the diagonal peaks caused by exchange could be misinterpreted
as a result of spectral diffusion.

The third set of response functions (Figure 2c) for the off-
diagonal peaks from a subensemble of a species that undergoes
at least one exchange or any odd number of exchanges, Cf
{C f F} f F. All contributions to the off-diagonal peaks
include at least one exchange, which destroys all frequency
correlation. For this reason, the line shape of the off-diagonal
peaks is a product of the linear line shapes of the two species.

As discussed in the Experimental Section, rephasing (R) and
nonrephasing (NR) signals are collected separately and added
after Fourier transformation to eliminate a substantial portion
of the dispersive contribution to the signal.34 To emulate the
experimental signal, calculation of the data mimicked he
experimental procedure. The total rephrasing response function
RR(t1,Tw,t3) and nonrephrasing response functionRNR(t1,Tw,t3)
are defined as

R5
RR(t3,Tw,t1) ) |µ0,R|4 e-i〈ω0,R〉(-t1+t3)ΓGB

RR(t3,Tw,t1) ×
exp[-gRR(t1) - gRR

/ (Tw) - gRR
/ (t3) + gRR(t1 + Tw) +

gRR
/ (Tw + t3) - gRR(t1 + Tw + t3)]

R6
RR(t3,Tw,t1) )

-|µ0,R|2|µR,2R|2 e-i[ 〈ω0,R〉(-t1+t3)-∆R,Rt3]ΓTA
RR(t3,Tw,t1) ×

exp[ - gRR(t1) - gRR
/ (Tw) - gRR(t3) + gRR

/ (t1 + Tw) +

gRR
/ (Tw + t3) - gRR

/ (t1 + Tw + t3)]

ΓSE
RR(t3,Tw,t1) )

exp[-2DRt1 - 2DRt3 - 1

2T1
Rt1 - 1

2T1
Rt3]NRR

s (Tw)

ΓGB
RR(t3,Tw,t1) )

exp[-2DRt1 - 2DRt3 - 1

2T1
Rt1 - 1

2T1
Rt3]NRR

s (Tw)

ΓTA
RR(t3,Tw,t1) )

exp[-2DRt1 - 2DRt3 - 1

2T1
Rt1 - 1

T1
Rt3]NRR

s (Tw)

R7
RR(t3,Tw,t1) ) |µ0,R|4 e-i〈ω0,R〉(-t1+t3)ΓSE

RexR(t3,Tw,t1) ×
exp[-gRR

/ (t1) - gRR(t3)]

R8
RR(t3,Tw,t1) ) |µ0,R|4 e-i〈ω0,R〉(-t1+t3)ΓGB

RexR(t3,Tw,t1) ×
exp[-gRR

/ (t1) - gRR
/ (t3)]

R9
RR(t3,Tw,t1) )

-|µ0,R|2|µR,2R|2 e-i[ 〈ω0,R〉(-t1+t3)-∆R,Rt3]ΓTA
RexR(t3,Tw,t1) ×

exp[-gRR
/ (t1) - gRR(t3)]

R10
RR(t3,Tw,t1) ) |µ0,R|4 e-i〈ω0,R〉(-t1+t3)ΓSE

RexR(t3,Tw,t1) ×
exp[-gRR(t1) - gRR

/ (t3)]

R11
RR(t3,Tw,t1) ) |µ0,R|4 e-i〈ω0,R〉(-t1+t3)ΓGB

RexR(t3,Tw,t1) ×
exp[-gRR(t1) - gRR

/ (t3)]

R12
RR(t3,Tw,t1) )

-|µ0,R|2|µR,2R|2 e-i〈ω0,R〉(-t1+t3)-∆R,Rt3ΓTA
RexR(t3,Tw,t1) ×

exp[-gRR(t1) - gRR(t3)]

ΓSE
RexR(t3,Tw,t1) )

exp[-2DRt1 - 2DRt3 - 1

2T1
Rt1 - 1

2T1
Rt3]NRR

ex (Tw)

ΓGB
RexR(t3,Tw,t1) )

exp[-2DRt1 - 2DRt3 - 1

2T1
Rt1 - 1

2T1
Rt3]NRR

ex (Tw)

ΓTA
RexR(t3,Tw,t1) )

exp[-2DRt1 - 2DRt3 - 1

2T1
Rt1 - 1

T1
Rt3]NRR

ex (Tw)

R1
Râ(t3,Tw,t1) ) |µ0,R|2|µ0,â|2 ei〈ω0,R〉t1-i〈ω0,â〉t3ΓSE

Râ(t3,Tw,t1) ×
exp[-gRR

/ (t1) - gââ(t3)]

R2
Râ(t3,Tw,t1) ) |µ0,R|2|µ0,â|2 ei〈ω0,R〉t1-i〈ω0,â〉t3ΓGB

Râ (t3,Tw,t1) ×
exp[-gRR

/ (t1) - gââ
/ (t3)]

R3
Râ(t3,Tw,t1) )

-|µ0,R|2|µâ,2â|2 ei〈ω0,R〉t1-i[ 〈ω0,â〉-∆â,â]t3ΓTA
Râ(t3,Tw,t1) ×

exp[-gRR
/ (t1) - gââ(t3)]

R4
Râ(t3,Tw,t1) ) |µ0,R|2|µ0,â|2 e-i〈ω0,R〉t1-i〈ω0,â〉t3ΓSE

Râ(t3,Tw,t1) ×
exp[-gRR(t1) - gââ(t3)]

R5
Râ(t3,Tw,t1) ) |µ0,R|2|µ0,â|2 e-i〈ω0,R〉t1-i〈ω0,â〉t3ΓGB

Râ (t3,Tw,t1) ×
exp[-gRR(t1) - gââ

/ (t3)]

R6
Râ(t3,Tw,t1) )

-|µ0,R|2|µâ,2â|2 e-i〈ω0,R〉t1-i[ 〈ω0,â〉-∆â,â]t3ΓTA
Râ(t3,Tw,t1) ×

exp[-gRR(t1) - gââ(t3)]

ΓSE
Râ(t3,Tw,t1) )

exp[-2DRt1 - 2Dât3 - 1

2T1
Rt1 - 1

2T1
â
t3]NRâ(Tw)

ΓGB
Râ (t3,Tw,t1) )

exp[-2DRt1 - 2Dât3 - 1

2T1
Rt1 - 1

2T1
â
t3]NRâ(Tw)

ΓTA
Râ(t3,Tw,t1) )

exp[-2DRt1 - 2Dât3 - 1

2T1
Rt1 - 1

T1
â
t3]NRâ(Tw)
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The final 2D vibrational echo spectrum is

whereR̃R and R̃NR are defined as

V. Data Calculations Using the Response Functions with
Exchange

The experimental 2D spectra are fit using the response
functions with the exchange rate and FFCF as adjustable
parameters. The entire region of 2D spectra including the 0-1
and 1-2 portions were calculated and compared to the experi-
ments. Necessary input parameters, that is, the ratio of the
transition dipole matrix elements for the complex and free form,
the steady-state ratio of the complex and free populations
(equilibrium constant), the vibrational lifetimes, and the orien-
tational relaxation rates, were determined from linear-IR and
pump-probe experiments.

For each of the three complex systems, phenol with benzene,
p-xylene, and bromobenzene, the same procedures were em-
ployed. Each system contained phenol as the solute and one of
the three complex partners as a mixed solvent with CCl4. The
methodology is discussed here for the phenol. All of the systems
were treated in the same manner.

Pump-probe measurements were performed on three differ-
ent samples, phenol in the mixed solvent (benzene/CCl4), phenol
in pure CCl4, and phenol in pure benzene (Table 1). The pump-
probe spectrum of phenol in benzene/CCl4 is used for obtaining
the properly “phased” 2D vibration echo spectra by employing
the projection slice theorem.35,36 The measurements of the
pump-probe decays on phenol in the two pure solvents were
used to obtained the vibrational lifetimes and orientational
relaxation rates (Table 1). With benzene as the solvent, the
equilibrium is shifted to virtually all complex, and the pump-
probe experiment gives the vibrational lifetime of the complex.
In CCl4 there is no complex, and the lifetime of the free species
is obtained. The mixed solvent may have a small effect on the
lifetimes, but the calculation is not highly sensitive to small
uncertainties in the lifetimes. The orientational relaxation
obtained from polarized pump-probe experiments on the two
pure solvents gives the orientational relaxation rates for the
complex and the free form. These were corrected for the change
in viscosity in going to the mixed solvent using the Debye-
Stokes-Einstein equation,τr ) Veffη/kBT, where Veff is the
effective volume,η is the viscosity,kB is Boltzmann’s constant,
andT is the temperature. The viscosity of each pure and mixed

solvent was measured at the experimental temperature (24°C).
The values used in the response function calculations are given
in Table 2. These experimentally determined lifetimes and
orientational relaxation rates were used without adjustment in
the response function calculations. The transition dipole matrix
elements for the two species were determined by measuring
the absorption spectra in the two pure solvents for a known
concentration of phenol. Once the ratio of the transition dipole
matrix elements was known (Table 2), it was used to analyze
the spectrum in the mixed solvent in which the complex peak
and the free peak have approximately the same amplitudes
(Figure 3a). The spectra were fit, and using the transition dipole
matrix element ratio, the equilibrium constant and therefore the
ratio of the concentrations of the two species were determined
(Table 2).

To determine the exchange rate and the FFCF, the entire 2D
vibrational echo spectrum was fit as follows. It is important to
note that the exchange rate and the FFCF are relatively
independent. The exchange rate determines the growth of the
off-diagonal peaks and contributes to the decay of the diagonal
peaks. The FFCF determines the time-dependent shape of the
diagonal peaks. However, the rate of exchange also has an
influence on the shape of the diagonal peaks, but the FFCF has
no influence on the growth of the off-diagonal peaks. Various
functional forms of the FFCF were tested, and it was determined
that a biexponential function was sufficient to reproduce the
data.

The biexponential FFCF includes a slow component (>1 ps)
and a fast component (<1ps). These constraints were imple-
mented in the fitting routine with the amplitudes and decay
constants allowed to float. First, the 2D spectrum for eachTw

point was fit separately. The parameters were iterated to
minimize the residuals. Two-dimensional matrices that contain
the intensity of each (ωτ,ωm) point from the experiment and
the calculation are compared. A nonlinear multivariable fitting

RR(t1,Tw,t3) ) ∑
i)1

3

∑
R,â

(Ri
RR(t1,Tw,t3) + R6+i

RR (t1,Tw,t3) +

Ri
Râ(t1,Tw,t3)) (17)

RNR(t1,Tw,t3) ) ∑
i ) 4

6

∑
R,â

(Ri
RR(t1,Tw,t3) + R6+i

RR (t1,Tw,t3) +

Ri
Râ(t1,Tw,t3)) (18)

S2D(ωτ,ωm,Tw) ∝ {Re}[R̃R(ωτ,ωm,Tw) + R̃NR(ωτ,ωm,Tw)]
(19)

R̃R(ωτ,ωm,Tw) ) ∫0

∞
dt1 ∫0

∞
dt3

exp(iωmt3 - iωτt1)RR(t1,Tw,t3) (20)

R̃NR(ωτ,ωm,Tw) ) ∫0

∞
dt1 ∫0

∞
dt3

exp(iωmt3 + iωτt1)RNR(t1,Tw,t3) (21)

TABLE 1: Vibrational Lifetimes ( T1) and Orientational
Relaxation Time Constants (τr) of Phenol in Various Pure
Solvents Measured with the Pump-Probe Experimenta

solvent
T1

(ps)
τr

(ps)

CCl4 12.5 2.9
benzene 10 3.4
p-xylene 9.2 5.0
bromobenzene 10 3.1

a In CCl4, phenol is not complexed. In the other three solvents, it is
a complex with a solvent molecule. Theτr values used in the analysis
were corrected for the changes in viscosity from the pure solvents to
the mixed solvents. See Table 2 for values used in calculations.

TABLE 2: Constants Used in the Response Function
Calculationsa

solvent
phenol
species

T1

(ps)
τr

(ps) µc/µf

[complex]/
[free]

p-xylene/CCl4 free 12.5 2.9 1.6 0.83
complex 9.2 4.3

benzene/CCl4 free 12.5 2.9 1.5 0.8
complex 10 3.4

bromobenzene/CCl4 free 12.5 2.9 1.23 1.32
complex 10 3.1

a The orientational relaxation times were corrected from the measured
values (Table 1) for the changes in viscosity in the mixed solvents.

〈δω(t)δω(0)〉 ) ∆0
2 exp(-t/τ0) + ∆1

2 exp(-t/τ1) (22)
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routine with a direct line search algorithm is used. To avoid
false minima, many different initial conditions were used in the
fitting program. As a check on the resulting parameters, the
linear spectrum was calculated using the FFCF. This procedure
was repeated for every data set with differentTw points. After
optimized parameters for eachTw point were obtained, they were
averaged to produce one parameter set. These averaged param-
eters were then used as the initial parameters for fitting the 2D
spectra at allTw values simultaneously. As a final test of the
resulting parameters, the linear absorption line shape was
calculated and compared to the data. The resulting complex
dissociation times and FFCFs for the three systems studied are
presented in the Table 3. The dissociation times are listed
because this is the single parameter required to describe the
chemical exchange process. The complex and the free form are
in equilibrium. Therefore, the rate of complex dissociation is
equal to the rate of complex formation, and the rate of complex
dissociation can be characterized by the dissociation time.

In the top of Figure 1, data from a few of theTw points are
shown. The calculated 2D spectra for these points are shown
in the bottom portion of the figure. Inspection of the two sets
of figures shows that the calculation does a good job of
reproducing the data. The response function calculations
reproduce the experimental spectra including the growth of the

off-diagonal peaks and the tilt of the diagonal peaks at short
Tw, which disappears as time progresses because of spectral
diffusion. (An insufficient number of 2D spectra are shown at
short times to see the progression of the spectral diffusion.)

Figure 3 provides additional insights as to the ability of the
calculation to quantitatively reproduce the data. Figure 3a shows
the absorption spectrum of the phenol-OD hydroxyl stretch along
with the calculated spectrum obtained from the FFCF and eqs
15 and 16 with only a scaling factor as an adjustable parameter.
Figure 3b shows calculations of the volumes of each of the four
peaks (two diagonal and two off-diagonal) in the 0-1 region
of the spectrum. The volumes were obtained by using the
portions of the response functions that give rise to each peak
individually and then integrating the resulting peak. These are
the points in the figure. The calculated points for the two off-
diagonal peaks fall on top of each other because the system is
in thermal equilibrium. Therefore, the rate of complex formation
is equal to the rate of complex dissociation. Tests showing that
the systems are in thermal equilibrium have been presented.1

The curves through the points were obtained previously1 using
the peak volume fitting method, which will be discussed in
section VI. The agreement between the response function
calculated points and the calculations that do not include spectral
diffusion explicitly shows that the use of the more detailed
response function method does not distort analysis of the
chemical exchange dynamics.

Figures 4 and 5 display data and calculations for the phenol-
p-xylene system, and Figures 6 and 7 display data and
calculations for the phenol-bromobenzene system. The top
portions of Figures 4 and 6 show the 2D spectra, and the bottom
portions show the calculated 2D spectra. Figures 5a and 7a show
the linear absorption spectra and the spectra calculated using
the FFCF obtained from fitting the 2D spectra. Figures 5b and
7b show the response function method calculated peak volumes
(points) and the curves obtained by using the peak volume fitting
method (discussed in section VI). All of the procedures
discussed in terms of the phenol-benzene system were applied
in an identical manner to the other systems. In all cases the
response function calculations do a good job of reproducing
the 2D spectra and the linear spectra and agree with the less
detailed peak volume method that gives only the chemical
exchange dynamics.

The FFCF parameters obtained from the response function
fits to the data are given in Table 3. For each solute-solvent
system there are two species, the complex and the free phenol.
For each system, the complex hydroxyl stretch dephasing is
significantly different from the dephasing of the free phenol
hydroxyl stretch. Although a biexponential form of the FFCF
was used (eq 22), it was found that the fit for the data from the

Figure 3. (a) Spectrum of the hydroxyl stretch of phenol-OD in the
benzene/CCl4 mixed solvent (solid curve) and the calculated spectrum
(dashed curve). The high-frequency peak is the free phenol, and the
low-frequency peak is the phenol-benzene complex. The calculated
spectrum used the FFCF obtained by fitting the 2D vibrational echo
spectra (Figure 1, bottom). (b) The points are peak volumes obtained
from the response function calculation. The solid curves were obtained
from fits using the peak volume method discussed in section VI. (c)
The points are peak volumes obtained by fitting the 2D vibrational
echo spectrum (Figure 1, top) using the peak volume method (section
VI). The solid curves are fits to the peak volumes.

TABLE 3: Frequency-Frequency Correlation Function
(FFCF) Parameters (Eq 22) and Complex Dissociation
Times, τd ) 1/kcf, for the Solute-Solvent Systems that Form
the Complexes Phenol-p-Xylene, Phenol-Benzene, and
Phenol-Bromobenzenea

complex
∆0

(rad/ps)
τ0

(ps)
∆1

(rad/ps)
τ1

(ps)
τd

(ps)

phenol-p-xylene free 1.1 2.3 21
complex 3.0 0.10 1.7 2.4

phenol-benzene free 1.3 1.9 8
complex 2.5 0.44 1.4 1.8

phenol-bromobenzene free 1.5 1.1 6
complex 2.6 0.71 1.2 1.7

a The FFCF parameters are for both the complex and the free phenol.
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free species converged to a single exponential. However, the
data from the complex could not be fit well with a single-
exponential FFCF. (It is important to note that these are single
and biexponential FFCFs, both of which give rise to time-
dependent observable broadening of the diagonal peaks along
the ωτ axis that is not exponential or biexponential.)

In each of the three systems,∆1 andτ1 in Table 3 are similar
for the complex and free forms. This similarity strongly suggests
that this component of the FFCF arises from the effect of solvent
fluctuation on the hydroxyl stretching frequency. These solvent
fluctuations and their influence are not strongly dependent on
complexation. However, only the complexed forms have the
fast component, that is,∆0 andτ0, which strongly suggests that
this component is caused by fluctuation in the actual complex
structure. The complex involves a weakπ-hydrogen bond
between the hydroxyl and the solvent aromatic ring. Electronic
structure calculations have shown the structure of the phenol-
benzene complex.1 It would be expected that fluctuation of the
complex structure would be a major source of vibrational
dephasing.

The dissociation times listed in Table 3 decrease as the
solute-solvent complex becomes weaker. Inp-xylene, the
methyl groups donate electron density to the benzeneπ-system,
which results in a stronger complex than that with benzene. In
bromobenzene, the bromo group withdraws electron density,

producing a weaker complex than that with benzene. These
qualitative considerations are born out by measurements of the
bond enthalpies,∆H0, of the complexes.1 The ∆H0 values
extracted from van’t Hoff plots were-1.21 kcal/mol for the
phenol-bromobenzene complex,-1.67 kcal/mol for the phenol-
benzene complex, and-2.23 kcal/mol for the phenol-p-xylene
complex. Thus, as the bond enthalpy increases (stronger bond),
the dissociation timeτd also increases, because the free energy
of activation for dissociation (∆Gq) would be expected to scale
with the bond enthalpies.

It is also interesting to note that the fast component of the
FFCF,τ0, also appears to change with the change in the bond
enthalpies. The∆0 values are very similar for the three
complexes. This similarity means that the ranges of frequencies
sampled because of fluctuations in the structures of the
complexes are about the same. However,τ0 becomes faster as
the complex bond becomes stronger. The faster decay of this
component of the FFCF with increasing bond strength might
reflect a higher-frequency intermolecular quasi-vibration as-
sociated with the stronger complex.

VI. Comparison to the Peak Volume Only Fitting Method

Through the use of the response functions with the dynamic
partition model, very good fits were obtained to the 2D spectra,

Figure 4. Tw-dependent 2D IR vibrational echo spectra (top) of the hydroxyl stretch of phenol-OD inp-xylene/CCl4 mixed solvents (molar ratios
of phenol/p-xylene/CCl4 ) 1:21:100). The red peaks (positive) are from the 0-1 vibration transitions, and the blue peaks (negative) are from the
1-2 vibrational transitions. At 200 fs, there are two peaks on the diagonal (red) and two peaks below these (blue) shifted by the anharmonicity.
As Tw increases, additional peaks appear due to chemical exchange, that is, dissociation and formation of the phenol-p-xylene complex. The
bottom portion displays response function calculations of the data.
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and both the parameters for the FFCFs and the dissociation times
were extracted from the data. Previously, a much simpler method
was used to obtain the complex dissociation times for both
phenol complexes1 discussed here and complexes involving
2-methoxyphenol with several aromatic solvents.2 This method
provides no information on the spectral diffusion (FFCF) but
uses the peak volumes and the dynamic partition model to
extract the exchange kinetics. In the absence of any other
process, spectral diffusion broadens the 2D peaks along theωτ

axis. However, the volumes of the peaks are preserved. When
exchange, vibrational, and orientational relaxation are occurring
in addition to spectral diffusion, the peak amplitudes cannot be
used to determine the population kinetics because of the change
in shapes of the peaks produced by spectral diffusion. It was
proposed that if the peak volumes were fit as a function ofTw,
then the influence of spectral diffusion would be swept into
the fit, and a detailed treatment, as presented here, was
unnecessary to determine the exchange kinetics.1 It is important
to test this volume fitting approach because it is relatively simple
to apply to obtain the exchange kinetics.

In the volume fitting method, the volume of each peak in
the 2D IR spectrum was determined by fitting the entire 0-1
spectrum (or the full spectrum) composed of overlapping peaks.
Each peak was approximated as a “tilted” two-dimensional
Gaussian function

This function was used to reproduce the shape of each peak.
Here, tilt angle (φ), line widths along the diagonal (σ(d)) and
antidiagonal (σ(a)), and amplitude (A) are used as parameters
for fitting the experimental data and obtaining the volume
corresponding to each individual peak.

Each peak volume is corrected by the appropriate products
of the transition dipole moments (µi

4 for the diagonal peaks
andµi

2µj
2 for the off-diagonal peaks), and the largest volume

peak at the shortest time is normalized to the corresponding
solution of eq 11 at that time. All other peaks at any time have
a volume relative to this normalized volume. Equations 11 for
effective populations,NRâ(t), are fit to the volumes of the set
of peaks at eachTw. As with the response function calculations,
the independently measured lifetimes, orientational relaxation
rates, transition dipole moment ratio, and the equilibrium
population ratio are used as fixed input parameters. The result
is that there is a single adjustable parameter, the dissociation
time, τd. All of the 2D spectra are fit simultaneously with this
single parameter.

Figures 3c, 5c, and 7c show the results of using the peak
volume fitting method. Ihe identical complex dissociation times
are obtained using the full response function calculations or the
peak volume method. The curves in Figures 3b, 5b, and 7b are
the same curves as those in Figures 3c, 5c, and 7c. In the parts
b of the figures, the points were obtained from the response
function calculations that fit the full 2D spectra including
spectral diffusion. Therefore, if the chemical exchange kinetics
are the sole interest, then these can be obtained without the
complexity of using the response function approach but with
the loss of information from the FFCFs. It is important to point
out that to extract the chemical exchange kinetics with the peak
volume fitting method quantitatively is still not simple. First, it
is necessary to use the dynamic partition model (eqs 11) to
account for orientational relaxation rates and vibrational lifetimes
in addition to the chemical exchange. To reduce the input
parameters, it is necessary to independently measure orienta-
tional relaxation rates, lifetimes, the transition dipole ratio, and
the equilibrium population ratio. However, with these inputs

Figure 5. (a) Spectrum of the hydroxyl stretch of phenol-OD in the
p-xylene/CCl4 mixed solvent (solid curve) and the calculated spectrum
(dashed curve). The high-frequency peak is the free phenol, and the
low-frequency peak is the phenol-p-xylene complex. The calculated
spectrum used the FFCF obtained by fitting the 2D vibrational echo
spectra (Figure 4, bottom). (b) The points are peak volumes obtained
from the response function calculation. The solid curves were obtained
from fits using the peak volume method discussed in section VI. (c)
The points are peak volumes obtained by fitting the 2D vibrational
echo spectra (Figure 4, top) using the peak volume method (section
VI). The solid curves are fits to the peak volumes.

F(φ,ω1,ω2,σ(d),σ(a),A) )

∑
i)1

4

Ai

exp(-((cosφ)(ωm - ωj) + (sinφ)(ωτ - ωj))
2)

2(σi(d))2
×

exp(-(-(sinφ)(ωm - ωj) + (cosφ)(ωτ - ωj))
2)

2(σi(a))2
(23)
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and the proper analysis, there is only one adjustable parameter,
the dissociation time,τd.

One aspect of the volume fitting method is worth noting. The
phenol-bromobenzene system has a linear spectrum in which
the peaks are only slightly separated (Figure 7a). The result is
that the diagonal and off-diagonal peaks in the 2D spectra have
a great deal of overlap (Figure 6, top). The substantial overlap
makes it tricky to extract the peak volumes in Figure 7c,
particularly of the off-diagonal peaks. Nonetheless, there is
sufficient accuracy to obtain the complex dissociation time with
the same value as the full response function analysis. Note that
the set of off-diagonal peak volumes extracted from the full
response function calculations actually falls on the curve
obtained by the peak volume fitting method (Figure 7b) better
than points obtained by straight peak volume fitting (Figure 7c).
Therefore, for systems such as bromobenzene, the full response
function approach may give more accurate results in some
instances.

VII. Concluding Remarks

Ultrafast 2D IR vibrational echo chemical exchange data were
presented for the fast dissociation and formation of three organic
solute-solvent complexes under thermal equilibrium conditions,
and a detailed theoretical treatment of the 2D IR vibrational

echo chemical exchange observables was presented. The
experimental 2D spectral data, taken on the phenol hydroxyl
stretching mode for three solute-solvent complexes (phenol/
benzene, phenol/p-xylene, and phenol/bromobenzene), were
analyzed using the theory. The theory includes the important
dynamical processes of orientational relaxation, vibrational
lifetime, and spectral diffusion in addition to the chemical
exchange itself. The orientational relaxation, vibrational relax-
ation, and exchange process are introduced through the dynamic
partition model (eq 11), which gives the kinetic equations for
the effective population as a function of time. The effective
population includes the decrease in signal caused by orientational
relaxation. The difficulty in handling orientational relaxation
and vibrational relaxation is caused by the fact that the two
species undergo these relaxation processes at different rates. A
species begins relaxation with certain rates, converts to the other
species, and continues to relax with different rates. It then can
revert to the initial species and relax further with the original
rates and so on.

The analytical results of the dynamic partition model were
then used with a time-dependent diagrammatic perturbation
theory treatment to obtain analytical expressions for the response
functions with exchange, spectral diffusion, orientational re-
laxation, and vibrational relaxation. Quantum pathways for

Figure 6. Tw-dependent 2D IR vibrational echo spectra (top) of the hydroxyl stretch of phenol-OD in bromobenzene/CCl4 mixed solvents (molar
ratio of phenol/bromobenzene/CCl4 ) 2:98:100). The red peaks (positive) are from the 0-1 vibration transitions, and the blue peaks (negative) are
from the 1-2 vibrational transitions. At 200 fs, there are two peaks on the diagonal (red) and two peaks below these (blue) shifted by the anharmonicity.
As Tw increases, additional peaks appear due to chemical exchange, that is, dissociation and formation of the phenol-bromobenzene complex. The
bottom portion displays response function calculations of the data.
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diagonal peaks were divided into two classes, no exchange and
multiple exchanges, because these two classes of pathways show
differentTw-dependent line broadening. The line broadening of
the portion of the diagonal peaks that undergo no exchange is
determined by the spectral diffusion. However, theTw-dependent
line broadening from the pathways with multiple exchanges (an
even number) is the result of the chemical exchange itself. To
properly account for theTw-dependent shape of the diagonal
peaks and obtain the FFCF, it is necessary to separate the two
contributions to the diagonal peak broadening.

Because a large number of the necessary input parameters
were measured independently (Table 2), the only adjustable
parameters in the calculations of the 2D spectra were the
exchange rate and the FFCF. The calculations reproduced 2D
IR vibrational echo spectra very well for all three species
(Figures 1, 4, and 6), yielding exchange rates and the FFCF
parameters of both the phenol complex and the free phenol for
each of the three systems (Table 3). There is a marked difference
in the spectral diffusion of the complex and the free species.

The free species reflects the influence of solvent fluctuations
on the hydroxyl stretch frequency. For the complexes, there is
an additional contribution from the relative motions of the
phenol and its complex partner.

The results of the full response function calculations were
compared to those of the previously employed peak volume
fitting method. The peak volume method does not determine
the spectral diffusion because it fits the time-dependent peak
volumes without analyzing the change in shapes of the peaks.
However, it can be used to extract the exchange rate from the
2D data but does not determine the FFCF. Comparisons to the
full response function calculations show that the simpler to
implement peak volume method is accurate and a reasonable
approach to obtain the exchange rate information.
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Appendix

In eqs 11, the detailed solutions of dynamic partition model
were given. Here, the various symbols used in the equation are
defined.
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