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Ultrafast two-dimensional (2D) infrared vibrational echo experiments and theory are used to examine chemical
exchange between solutgsolvent complexes and the free solute for the solute phenol and three solvent complex
partnersp-xylene, benzene, and bromobenzene, in mixed solvents of the partner and @Céxperiments
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 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

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, ang®Xperiments.
the theoretical underpinnings of such experiments are laid out ~There are methods that can measure chemical exchange for
in detail. Recent papers on solutsolvent chemical exchange ~ reactions slower than 1€ s!0 For reactions in the 102 s
experiments employed a kinetic scheme to analyze the data thatange, line shape analysis of linear-IR and Raman vibrational
included orientational relaxation rates, vibrational lifetimes, and Spectra has been us€dyut line shape analysis is fraught with
an indirect accounting for spectral diffusiédbut the funda-  difficulties because of the multiple dynamic processes that can
mental nature of the experiments, including the multiple ight ~ contribute to the line shape in addition to exchafyé?
matter interactions and how they relate to the experimental Two-dimensional NMR provides an excellent method for
observables, was not treated. studying chemical exchange on time scales of microseconds or

Chemical exchange reactions on the picosecond time scalelonger?>-17 However, for solute-solvent complexes in organic
include intermolecular exchange, isomerization, proton transfer, and other types of nonaqueous solutions that are of interest here,
and electron transfer. Intermolecular exchange, discussed herethe complexes are bound by energies on the order of &Rféw
is important in chemistry and biology. It forms the basis for (RT ~ 0.6 kcal/mol at room temperature, wheReis the gas
supramolecular chemistihost-guest chemistrychemicaland  constant) and, therefore, form and dissociate on very rapidly.
biological recognitiorf, and self-assembfy Specific intermo-  The 2D IR vibrational echo chemical exchange technigdé
lecular interactions, such as hydrogen bonding, can lead tojs the ultrafast analogue of 2D NMR chemical exchange
structurally unique solutesolvent complexes that are constantly spectroscopy®17 Both the 2D NMR and the 2D vibrational
forming and dissociating under thermal equilibrium conditions echo techniques involve pulse sequences that induce and then
on very short time scalés:®Dynamics of these transient species probe the coherent evolution of excitations (nuclear spins for
play a role in the physical and chemical properties of sefute  NMR and vibrations for IR) of a molecular system. In the 2D
solvent systems by affecting reaction rates, reaction mechanismsyiprational echo experiment, a selected molecular vibration of
and product ratio8 Although solute-solvent chemical exchange  molecules in a given environment (for example, a free solute
experiments will be discussed here, the theoretical descriptionyersys complexed solute) is placed in a coherent superposition
of the 2D IR vibrational echo chemical exchange experiment giate py the first pulse in the sequence. The effect of the first
is applicable to all types of chemical exchange phenomena. ,jse and the manipulation of the phase relationships among

Until recently, chemical exchange on the picosecond time he excitations by the following pulses in the sequence is an
scale could not be measured under thermal equilibrium condi- 613t common feature of 2D vibrational echo spectroscopy
tions. T‘£V7°8'R methods, 2D IR heterodyne-detected vibrational 554 >p NMR. The later pulses generate observable signals that
echoe$?"#and two color IR pumpprobe experiment$can are sensitive to chemical exchanges. The critical difference

" Part of the special issue “Charles B. Harris Festschrift. between thg IR and NMR variants is that.the IR pulse sequence
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Vibrational-echo-based 2D IR experiments have been applied frequency tail that corresponds to free pheh®b observe the
to a wide variety of problems, and both experiment and theory formation and dissociation of the phendlenzene complex, a
have been presenté#2° However, its application to chemical mixed solvent of benzene and GGlvas used to shift the
exchange is quite nei?”8and a full theoretical description  equilibrium to more of the free species. In pure ¢@inly the
with comparisons to experiments has not been given. Previously,free species is present. The free phenol has a higher-frequency
data for the solute phenol complexed with benzene in a mixed hydroxyl stretch because of the lack of the hydrogen bond.
solvent of benzene and CQlas presenteti More recently, Infrared spectra of free phenol in pure GQdhenot-benzene
solute-solvent chemical exchange for the solute 2-methoxy- complex in pure benzene, and phenbknzene complex and
phenol was publishetiHere, the phenol/benzene data along with free phenol in the benzene/GCiixed solvent have been
the phenolp-xylene and phenol/bromobenzene data will be publishedt The spectra in the mixed solvents for the three
analyzed in detail using time-dependent diagrammatic perturba-systems studied here are shown in Figures 3a, 5a, and 7a. The
tion theory® and a model that includes chemical exchange, mixed solvent creates a well-defined double potential minimum
spectral diffusion, orientational relaxation, and the vibrational with similar populations along the exchange coordinate.
lifetimes. The model is able to describe the data extremely well. B Optical System and Methodology.The ultrashort IR

One of the important results is that the detailed theory presentedyy|ses (50 fs) employed in the experiments were generated
here confirms that the much simpler method of analysis used ysing a Ti:sapphire regeneratively amplified laser/optical para-
previously-2 is sufficient to extract the exchange kinetics. metric amplifier (OPA) system. The output of the regen is 40
Application of the full theory also provides details of the spectral {5 transform-limited?s mJ pulses ta 1 kHz repetition rate.
diffusion for the complexed and free phenol. These are used to pump the short-pulse IR OPA. The output of
In the experiments presented below, a solute, phenol-OD the OPA is compressed to produce 50 fs transform-limited IR
(hydroxyl hydrogen replaced by a deuterium, which will be puylses in the actual sample cell using a purely nonresonant signal
referred to as phenol for simplicity) exists in equilibrium as a znd frequency-resolved optical grating (FR@'G)easurementsl
complex with benzene (qrxylene or bromobenzene) or as the  The pulses span sufficient bandwidth (300 éncentered at
free uncomplexed form. There are two peaks in the linear 2500 cntl) to cover thev = 0 to » = 1 (hereafter denoted

Fourier transform IR spectrum, one for the complex and one g—1) and 1-2 transitions of the hydroxyl OD stretching modes
for the free speciesin the 2D IR vibrational echo spectrum at i poth free and complexed phenol.

very short time (small interval between pulses 2 and 3 in the
pulse sequence, see below) there are two peaks on the diagonalr
one for the complex and one for free phenol. As time is
increased, complexes form and dissociate under thermal equ
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

chﬁné[cal excthangehr_athe, that is tT? rate of cqlr_Ep_Iex forrr;atmn with the vibrational echo pulse for heterodyne detection of the

ﬁ'nw Lssroma |otr;, IV\&# iarr? equa ct)r: an eqkwl[ nuhmnsys er:n. echo. The combined vibrational echo/local oscillator beam is
OWEver, spectra usion causes the peaks 1o change Shap€y; q -aq into a spectrograph, and the spectrally dispersed signal

and therefore, the peak heights cannot be used to analyze thﬁ:s measured using a 32 element mercury cadmium telluride

data. In addition, orientational relaxation causes all peaks to (MCT) array to record 32 frequencies simultaneously. The center

decrea_se in amplitude. Because, _in general, the orientationalfrequency of the spectrograph is moved to record sets of 32
relaxation rates of the two species are not the same, thefrequencies to span the entire spectrum

orientational relaxation with different rates for the species that . . .

are interconverting must be taken into account in the theoretical 1 n€ frequency- and phase-resolved, stimulated vibrational
analysis. The species are also undergoing vibrational population€ch0 is measured as a function of one frequency variable from
relaxation 1), which decreases all peaks as time increases. (€ Spectrographpm, and two time variables; and Tu, the
Again, the lifetimes of the species are not the same, and thelime between the first and _second and the secon_d and third IR
lifetimes with the species interconverting must be properly PUISeS, respectivelyom provides one frequency axis of the 2D
accounted for in the theoretical analysis. Another important vibrational echo spectrum. By_numerlcal Fourier transformat_lon,
feature of the problem is that the species, complexed and freether_sgan data are converted into the second frequency variable,
phenol, do not have the same transition dipole matrix elements.Providing thew, axis. The resulting interferogram contains both

All of these properties of the physical system are accounted for the absorptive and the dispersive components of the vibrational
in the theoretical development presented below. echo signa?* 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 experimémiVith pulses 1 and 2

A. Sample Preparation.Phenol forms weak complexes with  at the time origin, pathway 1 or 2 is obtained by scanning pulse
benzene and its derivativé4.:3132The polar hydroxyl group 1 or 2 to negative time, respectively. By addition of the Fourier
on phenol (OD in these experiments) and polarizabédectron transform of the combined interferograms from the two path-
cloud of benzene lead to the attraction between these moleculesways, the dispersive component is substantially eliminated,
The resulting weak hydrogen bond that forms the complex shifts which greatly narrows the features in the spectra. The 2D IR
the OD stretching frequency to a lower frequency than that in vibrational echo spectra are constructed by plotting the amplitude
the non-hydrogen-bonded free phenol. Phenol was deuteratedf the nominally absorptive part of the vibrational echo as a
by deuterium exchange with methanol-OD. In pure benzene function of bothw,, and w,. Additional experimental details,
solvent, only one OD stretch peak, corresponding to the including procedures to ensure that phase relationships in the
complex, is observed, although there is a low-amplitude, high- spectrum are proper, are discussed elsewtere.

The compressed IR output of the OPA is split into five beams.
hree equal-intensity IR pulses impinge on the sample and
. stimulate the emission of the vibrational echo, a pulse that leaves
the sample in a unigue 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

Il. Experimental Procedures
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Figure 1. T,-dependent 2D IR vibrational echo spectra (top) of the hydroxyl stretch of phenol-OD in benzenmi&€tl solvents (molar ratio

of phenol/benzene/CEkE 2:40:100). The red peaks (positive) are from thelOvibration 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 T, increases, additional peaks appear due to chemical exchange, that is, dissociation and formation of thdeim@ complex. The

bottom portion displays response function calculations of the data as discussed in section V.

The dual-scan method can remove a substantial portion of negative going (+2 vibrational transition). The 01 signal
the dispersive contributions to the 2D spectrum. In a 2D comes from two quantum pathways that are related to bleaching
vibrational echo spectrum of two or more modes of a molecule of the ground state and stimulated emission, both of which
with intramolecular coupling between them, there is an inherent produce a vibrational echo pulse that is in phase with and
imbalance of interaction pathways that results in substantial therefore adds to the local oscillator pulse to produce a positive
uncanceled dispersive contributions that are greater for the off- going signal. The +2 signal arises because there is a new
diagonal peaks than for the diagonal pe#i& However, there absorption that was not present prior to the first two excitation
is no imbalance of interaction pathways in any of the peaks pulses. The 42 vibrational echo pulse is 18®ut of phase
produced by the exchange process as shown by the Feynmanvith the local oscillator and thus subtracts from the local
pathways (see below). There are the same numbers of non-oscillator to produce a negative going signal. Tyt = 200 fs,
rephasing and rephrasing pathways for each peak. Thereforethere are two peaks on the diagonat-@transitions) and the
the dual-scan method can, to a large extent, remove dispersivecorresponding 42 transition peaks off-diagonal. As, (waiting
contributions to all peaks in the 2D spectrum if the off-diagonal time) is increased, the off-diagonal peaks of thelGransition
peaks are produced solely by exchange. The phasing procedurand the corresponding—2 peaks appear.
using the projection theorem was applf#d? and correctly There are a number of phenomena that can produce off-
phased diagonal and off-diagonal peaks were obtained. diagonal peaks. Two coupled modes on the same molecule will
have the peaks for each mode on the diagonal and coherence
transfer peaks off-diagondt.In addition there will be negative

Figure 1 (top portion) displays the 2D IR vibrational echo going peaks off-diagonal below the coherence transfer peaks.
spectra as contour plots (each contour is a 10% change) atThese peaks are present & = 0 and do not increase in
variousT,, points (from 200 fs to 14 ps) for the phenrdlenzene amplitude. It is possible to have incoherent population relaxation
complex system. (Two-dimensional data for the other systems between two modes on the same molecule that are coupled by
are shown in Figures 4a and 6a.) The data have been normalizednharmonic terms in the molecular potential. Such population
to the largest peak at eadh,. The red contours are positive relaxation will produce off-diagonal peaks that appear with
going (0-1 vibrational transition), and the blue contours are increasingT,.3” However, the two modes have to be on the

I1l. Results
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same molecule and within the laser bandwidth. As shown by from the excitation frequencyy,, for these specific molecules.
the linear spectroscopy, the phenol system has a single ODThe result will be an off-diagonal peak that only appears if
stretch! It has one frequency when it is free and another when chemical exchange occurs. Because the free phenol absorbs at
itis a complex. The two frequencies correspond to the complex higher frequency than complexed phenol, this off-diagonal peak
and free phenol peaks. Therefore, each species has a singlés shifted from the complexed phenol frequency to higher
mode, and population relaxation between modes cannot befrequency along thevn, axis by the frequency difference (34
responsible for the growth of the off-diagonal peaks. Vibrational cm™?) between the free and the complexed modes. Conversely,
Forster excitation transfer can transfer a vibrational excitation if during the T, period some free phenols associate with
between modes on distinct molecufé8® However, this is benzene, then the third pulse will produce an off-diagonal peak
extremely short range because of very small vibrational transi- for these (formerly) free phenols, shifted to lower frequency
tion dipoles and short vibrational lifetimes, with a range ef22 along thewr, axis by the same amount. Identical considerations
A for hydroxyl stretche$? Given the low concentration of the ~ apply for both the 6-1 and the +2 regions of the spectrum.
complex and free phenol in the solutiori,rEer transfer is not ~ This behavior is shown in Figure 1 &, = 14 ps, where
a possibility. substantial chemical exchange has led to the generation of a
The linear spectroscopy of the species, the temperatureblock of 4 red peaks and a block of 4 blue peaks; the two new

dependence of the spectra, and electronic structure calculationd€aks in each bloc!< were not presentTat= 200 fs. Some
that show that the complex is stable, combined with the growth complexes have @ssomated, an(_j qthers havg fqrmed. The
of the off-diagonal peaks, demonstrate that chemical exchangegrov"th of the off-d|agonal peaks with mcreas.ﬁﬁg is directly
between complexed and free phenol is being obserTédough related to the time dependence of the chemical exchange.

the use of time-dependent diagrammatic perturbation theory, The description given above and treated below applies for
which describes nonlinear optical interactions with the molecular moderate or slow exchange. Fast exchange occurs when the time
vibrations#041 the chemical exchange experiments can be to jump to a new species gnd then jump back is comp_arable to
described quantitatively. It is necessary to include in the OF fast compared to the inverse of the frequency difference
calculations not only chemical exchange but also orientational P€tween the two peaks:24This in not the case for the systems
relaxation of each species, vibrational relaxation of each species Studied here. In the fast exchange limit, the vibrational linear
and the differences in the transition dipole moment matrix a_bsor_ptmn spectrum will Show a single pééﬁ?~43The 2D IR
elements of the species. The detailed theory will be presentedViPrational echo spectrum will show a single peak on the
in the next section. First a brief description of the origin of the diagonal; off-diagonal peaks will not appear to provide informa-
off-diagonal peaks will be given to set a qualitative stage for 10N On the rate of chemical exchange.

the detailed theoretical description.

The frequency at which the first pulse excites a mode is the V- Theory

A frequency_c_)n the’f axis (horizontal ax(;;) 2631 cm In the analysis of solutesolvent complex chemical exchange
for the 0-1 transition in complex and 2665 crhfor the free 545 hresented previousiy,a kinetic model was used to fit the

phenol. The third pulse causes a mode to emit the time-delayedy,, ang extract the exchange rate. The model did not explicitly
vibrational echo pulse at the frequency of the third interaction yoo; with spectral diffusion but took it into account by fitting

(third pulse) of the radiation field with the mode. The frequency ¢ (ime dependence of the peak volumes rather than the peak
of the vibrational echo emission is the frequency on dhe amplitudes. Orientational relaxation, vibrational lifetimes, and
axis (the vertical axis). First consid&, = 200 fs in Figure 1~ itfarences in transition dipoles were included. Here, diagram-
in which the data are _taken on a short time scale in cOmMparison matic perturbation theory methodology for this problem will

to the rate of chemical exchange. For thelOvibrational — pe developed and applied. Spectral diffusion is included
transitions, the third pulse induces the vibrational echo emission explicitly and analyzed. One of the important results in addition
at the same frequencies excited by the first pulse, so there argq gptaining the time dependence of the spectral diffusion is
two peaks on the diagonal where = wn (red peaks in Figure  the demonstration that the much simpler kinetic model is
1). If the frequency of vibrational echo emissiomy third accurate if only the chemical exchange is of interest.
interaction frequency) is different from the frequency of initial
excitation (., first interaction frequency), then the peaks will both 1D and 2D spectroscopisl’4243Aspects of the NMR

appear off-diagonal. Again, fof, = 200 fs in Figure 1, the b0 qretical description of chemical exchange can be applied to
blue peaks are off-diagonal by the vibrational anharmonicity e o\yrrent problem so long as the important differences between
because the modes are initially excited at theilGrequencies o NMR problem and the vibrational problem are dealt with.
(@), but the third pulse causes vibrational echo emission at the theoretical treatment includes the effects of chemical
their 1-2 frequencies¢m). Even in the absence of chemical gy change during evolution and detection periods. The exchange
exchange, the peaks observed at very shprdelays undergo  qyring the first coherence period does not contribute to the
evolution with increasingl,, because of spectral diffusion, growth of the off-diagonal peaks because the exchange time is
which changes the shapes of the peaks, and vibrational Iifetime|0ng compared to the inverse frequency difference of the peaks
decay and orientational relaxation, which cause the peaks O(slow to moderate exchange limit). Then, during the first
decay in amplitude. coherence period, jumps from the complex to free form or vice

The influence of chemical exchange on the 2D correlation versa will produce ensembles of superposition states in both
spectrum can be understood qualitatively as follows. After the forms with random phases resulting in no contribution to the
first two pulses in the vibrational echo sequence, if some of off-diagonal peaks. Such jumps do produce dynamic line
the complexed phenols dissociate during Theperiod, then broadening of the diagonal peaks, which is included in the
the third pulse will cause the emission of the vibrational echo treatment. Therefore, only exchange during the population period
at the frequency of the free phenol OD stretch for these newly (time between pulses 2 andBy) contributes to the growth of
dissociated phenols. The frequency of emissian,then differs the off-diagonal peaks.

In NMR, exchange effects have been studied extensively in
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Spectral diffusion is slow enough that at least for the jumps method will be used with the third-order response functions to
that occur at short times the lines are inhomogeneously obtain a model that describes the chemical exchange problem
broadened. In the model presented here, it is assumed that thericluding spectral diffusion, orientational relaxation, and vibra-
is no correlation in the frequency prior to a jump with the tional population decay. This modified response function
frequency following a jump between species. That is, the speciesapproach is used to fit the experimental results with the exchange
prior to a jump has some position in its inhomogeneous line. rate as a parameter as well as a form for the frequency
After the jump, it can be anywhere in the new line only weighted frequency correlation function (FFCE)which yields a descrip-
by the line shape. This is a very reasonable assumption givention of the spectral diffusion. Because the vibrational lifetimes
the nature of the system in which complexes form and dissociate.and orientational relaxation rates are measured independently
The ramifications of the lack of correlation will be described uysing IR pump-probe experiments, these are not adjustable
below. It is possible to extend the formalism presented here to parameters in the fits to the data. The exchange rate and the
include frequency correlation, which has been observed in aspectral diffusion have very different effects on the 2D
different type of systerft vibrational echo spectra. Therefore, these can be determined

The processes other than chemical exchange can be dividedvith confidence independently from each other. Finally, it will
into two groups. One is the spectral diffusion, which changes be shown that the simple peak volume fitting approach is
the shapes of peaks. The others are the finite lifetimes of excitedsufficient to determine the exchange rate if information on
states and orientational relaxation, both of which diminish the spectral diffusion is not desired.

size of the peaks. In NMR, the coupled equations for exchange A pynamic Partition Model. During the population period,
and population relaxation were deriv€dThe equation of  mglecules will experience three different processes that affect
motion of the density matrix for the spin system includes the population and finally determine the signal size. As
population relaxation via a Redfield-type matrix and exchange eypained above, three different processes include vibrational
via a Kubo-Sack matrixi®“ To describe the vibrational  rg|axation, orientational relaxation, and exchange between
problem, orientational relaxation must also be included. Vibra- jiterent species. All three relaxation processes are coupled in

tion a}nc_l rotatiqn a_re generally separatgd in the _theor_etical this treatment. The contribution of each relaxation process is
description of vibrational spectroscof/This separation will schematically illustrated as

be used here during the coherence periods. However, the
dynamic partition model can avoid this separation of vibrational weTe kg TATS
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 Equdfion
simulate the vibrational echo spectrum of water with a four-
site exchange mpdel. Cho gnd co-workers derived .analyt'(.:alorientational relaxation can occur with no change in actual
expressions for linear and third-order response functions using

2 two-species model with exchange and more importantl population. However, randomization of the transition dipole
P 9 P Y direction following interactions with the radiation fields reduces

showed that the truncated cumulant expansion can be used i . : .
. . . . he signals for the diagonal and off-diagonal peaks. Thus, a
this two-species modél. In their response functions, the . o : . T
. : " .y population’s contribution to the signal of a given peak is in
exchange effect was inserted using conditional probabilities that o . .
describe the probability of each pathway occurring at different >0 eS¢ & vector guantity, including the magnitude and the
P y P y g projection of the transition dipole on the radiation field direction.

Tw values. Both groups use molecular dynamics (MD) simula- These quantities are the effective populations that give rise to
tions to obtain information about exchange rates. Through the € quantit . Ivé populati given
the diagonal and off-diagonal peaks.

analysis of MD trajectories and using appropriate criteria for o

hydrogen-bonding configurations, species with different hydro- ~ Because the molecules (complex or free) have initial random

gen bond structures were separated. From this separation, th@fientations, signal size at a frequeney, (the frequency of

exchange time and lifetime of each species were determined.the third interaction producing the coherence and echo emission

In these theoretical treatments, the exchange time scale is muct@t that frequency) is proportional to the orientational ensemble

faster than vibrational and rotational relaxation time scales, average of the population with the coherence frequency of each

so it was safely assumed that exchange had the dominantPopulation

effect on the population dynamics; the other factors were not

included. l(w,, = ;) O IN(t) cof 60 (i =c,f) 1)
However, in general chemical exchange, orientational relax-

ation and population relaxation can all occur on similar time Here the orientational ensemble average is defined as

scales. This is the situation for the experiments on organic

solute-solvent chemical exchange analyzed below and pre-

sented previously?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 fi(0) is the angular distribution function for the compléx«( c)

treating the orientational relaxation will be presented. Then, this and free (= f) forms.

decay CK decay

wheret, = 1/6D; andT{ = 1/k; are the orientational relaxation
time constant; is the orientational diffusion constant) and
the vibrational lifetime of thath species, respectively, ahg

and ki 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,

o 60= [ sin(6) d6 1,(6) co(6) )
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These effective populations (before the orientational ensemble
average of the populations) will evolve as

|
)

Ds and D, are the orientational diffusion constants for the
complex and free forms, which in general are not eqlfais

the spherical operator. Its eigenfunctions are the spherical
harmonics)Y,,. As indicated by the use of diffusion constants,
we make the reasonable assumption that the orientational
relaxation is diffusive and described48y

N(O)f(6.5)
N.(B)f(6,5)

d
dt

et
—(k; + ks + DI?)

—(k + ke + Di?)
Ke

NOF(6.0)
N(DF(6.0)

8 e
FUCAE DI%(60,t) (4)

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

(W%Wﬂ:
N6
~(k + ke + D) ke
“% e —m+m+mﬁHx
N,(0)f.(6,0)
Nbi&m)@

with the boundary conditions of the angular distribution function
fi(6,0)
f.(0,0) = 3 cog(6)

fi(f,00) =1 (6)

The boundary condition given in eq 6 needs to be discussed
in some detail. This boundary condition is correct for pump
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3 co2 0. 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 coefficigihtt- 1). Furthermore,

the coherence period is relatively shortl ps, compared to
the Cy(t) relaxation time for these experiments-q 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
assumptionf;(#,0) can be expanded in terms of the spherical
harmonics as

£(0,0)= 3 cod(0) = 2\/% Yoot V4t Yy,  (8)

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

|

—(k + ki + 6Dy)

[

N(O)f(6,5)
N.(B)f(6.1)

Kot
—(k + ki + 6D

=
AL

— (ke + ko) | [\N(0)
When the orientational ensemble average is performed, the
result is

Ik

N:(0)
N(0)

_(kf + kfc)

K, Pﬂm)®>

probe and fluorescence measurements because there is only on

excitation pulse rather than two pulses with a time delay to [N(Of(6.00) _

produce a population in the vibrational echo experiments. \IN,(t)f.(6,t)

Therefore, orientation relaxation should be considered during

the coherence period (the periothetween the first and second exr{(_(kf + ke + 6Dy) Ket )t] «
pulses). The orientational relaxation part for the third-order Kic — (k. + ks + 6D,

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

Ryzz:= % C1(t1)(1 + g Cz(tz))cl(ta)
Ci(t) = exp[-I(l + 1)Dt] (7)

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

N,(0)
N(0)

o)

_(kc + kcf)

A4
15

1
3

- (kf + kfc)
Kre

N:(0)

N,(0) (10)

o i)

Equation 10 can be solved analytically using the methods
devised by Putzef The solutions to eq 10 yield both the
diagonal and the off-diagonal solutions. The ensemble-averaged
solutions for the diagonal peaks are labeMgt) and Nc((t),
indication that a species began and ended the pulse sequence
in the same form. The off-diagonal peaks are lab&g(t) and

Ni(t), indicating that a species began as a complex and ended
free or vice versa, respectively
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N, =g ~oTuf cosh@T,) — y sinh(@T,)} + (o) o "
(a
g & "™ cosh@rT,) — 6 sinh@T, )} % ko
Ny(0) = 5 € “{coshgT,) +y SinhFT,)} + (@)
o Ky (@) aa Ky (@)
S 9Tt cosh(T,) + 0 sinhigT,)} R, R
9 K, (o, K, (@,)
.Joo
Net) = Nee(®) = g% & ™ sinhgT,) + o)
00
gﬁf e ™ sinhT,) (11) o)
¢ v 00 k, (@)
The definitions of, 3, y, ¢, ¢, and@ are given in the appendix. (@ R
The solutions of eq 10 foflN«(t)fi(6,t)(0are composed of k(0. - —
contributions from botiN:(0) andN¢(0). The former represents ¢TEN 100 11
the effective number of oscillating dipoles withy = ws (b) ol P
(vibrational echo emission) that were “frequency-labeled” during % ks (@) i
the first coherence period as, = ws (frequency of the first 00l k(@) [11
interaction). So the contribution fronN:(0) describes the [0 1] Paryl
diagonal peak becausg = ws andwm = wy; the frequency of k; (@,) RN (@3) [g o\,
the first interaction is the same as the frequency of the third RE= Ki(@) gy k(@)
interaction and, therefore, vibrational echo emission. The second
contribution toMk(t)f; (6,)0) from Ne(0), involves complexes ke (@or 0o Xe(@r ]
frequency-labeled by the first interaction with = w. followed 110 121
by the third interaction and echo emissiorugt = ws. This is 00 ks(w/)'i
off-diagonal, corresponding to the dissociation of complexes kz(wa).\g ‘ 11
because the initial interaction is at, but the final interaction e ETN
and echo emission is ai;. The same considerations apply to A ~Toal 00 k(a,)
MN(t)fe(0,H)0 Ky (@,) R k(@) pac
The contributions to the diagonal pedig(t) andNg(t) have
two physically different origins. One contribution is from K, (@ ) k(og)
molecules staying in the initial state during the population period 100" [
without exchange. This subensemble produces an echo signal (© 11'0'] 2'1
that is identical to that which would arise from a system with vy B (@2 (w/;lfl
a single species and, therefore, no possibility of chemical A 2(1) ? ﬁ%
exchange. This subensemble can be represented using the K, (@,) m k() [0 0]
response functions for a single oscillator. The other subensemble Rtk (@,) et K (@)
consists of molecules that undergo an even number of ex- 2 }
changes. For example, a molecule can start in the free form k(@) k, (@) k (@))
and end in the free form after two exchanges. As a result, such ook wy T [o0] WNERT
a molecule spends time in the complex form with vibrational ol > ? Ky (010" 21"
lifetime and orientational relaxation rate of the complex form. N 0401 k() A
This type of behavior is included in the kinetic equation and 111 k,(m;)\ﬂ A
does not require additional treatment. 10] 10 10/
: i ; Aloojk(@) oo o 0] k(@)
However, dephasing, described in terms of the response k(@) pop ki (@,) pus k(0 pas
4 5 6

functions given below, is different for the two cases (no _ _ )
exchange versus exchange) even if the echo signals result in &igure 2. (a) Feynman diagrams corresponding to the first set of

peak at the same position in the 2D spectrum because the twd©SPonse functions. (b) Feynman diagrams corresponding to the second
cases involve different quantum pathways. These two cases ar set of response functions. (c) Feynman diagrams corresponding to the

&hird set of response functions.
described using the Feynman diagrams shown in Figure 2. The P

contributions from the two cases can be separated using theas a result, the effective population that stays as a free molecule
solutions to the kinetic equations given in eq 11. Consider the for the entire population period is

effective populatioNy. The treatment is identical fodc.. First,

Ni without exchange can be calculated by inserting exchange NG (D) = Ng(tk) — NE(O) (13)

rate as ONi(t;k;s = 0). Then the effective population with ff s ff
exchangeNsk(t;ker), 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

The effective populations that undergo multiple exchanges,
NF{(t), and no exchangedN:(t), contribute differently to the
total 2D IR spectrum, and these differences are included in the
response functions derived in the following section.

ox B. Response Functions with ExchangeThe following

Nz () = Ng(tike = 0) — Ny (tike) (12) response functions were derived using a two-species model.
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Kwac et al. obtained response functions for a two-species any frequency in the spectral line with a probability that is only
model*! However, the influence of orientational relaxation and determined by the line shape. There is no memory of the
lifetimes of the species were not included in the treatment. As oscillator’s location in the spectral line of the species from which
discussed with the introduction of the dynamic partition model, it originated. In the systems considered here, a complex and a
for the 2D IR spectroscopic observables, the exchange processree species are undergoing chemical exchange. For example,
and the relaxation processes are coupled. To address thighe phenot-benzene complex becomes free phenol in a benzene/
coupling duringTy, the relaxation function$'(t3, Tw,t1) were CCl, mixed solvent. There is an abrupt change in the potential
modified to include exchange. A large number of parameters surface, and the surrounding solvent structure must also change.
were included into the calculations. It was possible to measure There is little likelihood of correlation. A lack of correlation
many of the parameters independently, so that only the exchangemay also apply to other types of exchange problems, such as
rate and the FFCFs were varied to fit the data. The Feynmanisomerization or proton and electron transfer, because of the
diagrams for nonlinear response functions are given in Figure substantial changes in the nature of the species and the response
2. of the solvent. Nonzero cross correlation is possible in, for
Through the use of the two-species model, the linear responseexample, a hydrogen-bonding system, where the changes in local
function, R(t), can also be obtained, and they can be expressedstructure may be small at least on some time scal#s>?
as the sum of two terms, one for each species. This model can The assumption of no frequency correlation following chemi-

be generalized to more than two species. cal exchange mean®w,(t)dws(0)J= 0, whereo and j
represent different species, that is, complex or free. As a result,
R(t) = xR(t) + xR (t) (14) the line shape of the off-diagonal peaks becomes the product

. of the linear line shape of the free and complex forms. The
Here, x and x; represent free and complex forms’ relative |ack of frequency correlation following chemical exchange also
populations in the ground state. Thecan be determined from  4¢fects the diagonal peaks because some fraction of the diagonal
the analysis of IR spectra as described below. Through the useyeaks’ signals comes from species that have undergone an even
of the cumulant expansion, the linear response function for eachp, mber of exchanges during tfig period. As a result, part of

species can be expressed as a diagonal peak’s signal will consist of the free induction decay
_ 1 of that species. However, another portion of the signal from
R, () = lugql* €= ex;{—gm(t) - 0Lt] (15) oscillators that have not undergone any exchange will have a

2Ty contribution to the dynamic line shape determined by the

. . ) ) coupling to the bath, which is expressed through the FFCF. All
whereuo,is the transition dipole of the. form, [doLlis the of the Feynman diagrams, including all pathways for diagonal

ensemble average-a transition frequency of the form, and peaks, are presented in Figure 2.

Tu® is the vibrational lifetime of thex form. The line shape The third-order response function for each pathway can be
function gua(t) is defined as derived analytically. The subscripts SE, GB, and TA in the

t o relaxation functionsl'(t3, Ty,t1) indicate stimulated emission,
Gua®) = [} 0, [ dry B o(7)00, 0T (16) ground-state bleaching, and transient absorption, respectively.
In the following, uo. anduq 2, are the transition dipole matrix
where [dwq o(T1)0wq,0(0)0is the FFCF. elements for the 91 and the +2 vibrational transitions of the
The analytical expressions for the nonlinear third-order o speciesAq is the vibrational anharmonicity of thespecies.
response function use the standard approach and approximationsy,,, is the center frequency of the-Q vibrational transition
that is, the FranckCondon approximation and the cumulant of the a. species.
expansion, which apply well to the narrow Gaussian absorption  The first set of response functions (Figure 2a) are for the
bands>* The response functions are composed of two parts, the portion of the diagonal peaks that arise because a subensemble
dephasing functions and the relaxation functions. The dephasingof a species undergoes no exchange; €C} — C. These can
portion describes the time-dependent broadening of the dynamiche expressed as
lines. The relaxation function describes the time-dependent
probability of an oscillator contributing to the signal following  R(t,,T,.t,) = | ﬂo,a|4 e—iM»o,“m—t1+t3)rg<é(t3,-rw,tl) x
initial excitation. It can include both a lifetime and an orien- * « "
tational relaxation term as a multiplicative factor for the response eXPIGao(td) + Gaa(Tw) ~ Goalle) ~ Gaally + ) —
function. However, as described above, this is an inadequate Ono(Ty T t) + oty + T, + 1]
method for the problem with exchange. This approach can be )
used during the coherence periods, but the relaxation functionRy*(t,, T,,.t;) = |/4(m|4 e "ot + t)Toh(ts Tyty) X
during Ty, must be replaced by the solution of the dynamic & " "
partiti%n model given Fi)n eq 11.)/The dynamic partitionymodel eXPL-Goa(t) F Gua(T) ~ Gaaltd) ~ Gty + Tu) =
brings chemical exchange, orientational relaxation, and vibra- Ouo(Ty T ta) Tt + T, + t3)]
tional relaxation into the calculation in a proper manner that
accounts for the differences in lifetimes and orientational R5“(t3 Tty =
relaxation rates of the two species. _ 2 2 —illdoa[(—ti+ts) —Ag ats o
For a single line or for two species with no exchange, the ol o 2ul” € Tralta Tuty) %
degree of frequency correlation between the first coherence  €XP[~Uo(ty) + Fuo(Tw) — Guolts) — Guolty + Ty) —
eriod and the final coherence period is determined by the
i%teraction between the oscillator af‘)ld the bath. Such a corrglation GeaTw 19 F Guay T F 1)
still applies to oscillators that do not undergo exchange in a Ri%(t,,T, .t;) = |/‘o,u|4 g WoalTtIPaN T 1) x
system where exchange is occurring. In the treatment presented = _ _
here,we assume that chemical exchange destroys all frequency EXPEGoa(t) ~ GualTw) ~ Goalla) + ooty + Tu) +
correlation That is, after exchange, an oscillator can assume Ooo(Tw T 1) = ooty + T, T 1)]
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RE(tg, Tysty) = It o)t €70 9ITEN(tg, Tty x
exXP9ua(t) — Goa(Tw) — Goa(td) T Goalty + To) +
Foo(Tw T 1) = Gulty + Ty + 3]
Rga(ts’vatl) =
[0l lptg o) €T R TG (4 T )
exXpl— Gua(t) — Goa(Tw) — Guatd) + Go(ty + To) +
Uoa(Tw T 1) = Goalty + Ty, + t5)]

et Tyt =
1 1.1
exg —2D,t; — 2D t; — Ftl - th Nea(Tw)
1 1)
Tapts Tt =
1 1]
exg —2D,t; — 2D t; — Ftl - Fta Nea(Tw)
1 1)
oAt Tty =
1 1. ]
exp —2D,t; — 2D t; — Ftl - Fts Noo(Tw)
1 1)

Kwak et al.

The dephasing functions for these pathways show no depen-
dence onT, 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 dependenceTlgrcontained in

the effective population ternNGs (Tw). Noy(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, C
{C — 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.

R‘Iﬁ(tava’tl) = |/’to,a|2|ﬂ0ﬁ|2 eiM)O'“mrim}wmsrgﬁE(tsaTwatl) X
expl—0uq(t) — gss(ty)]

As discussed above, these response functions show the samB3”(ts,Ty,.ty) = |ttg ) g sl €0 /BT H (1, T,ty) X

behavior as a species without exchange.

The second set of response functions (Figure 2b) for the

expl—0u(t) — Gis(ty)]

diagonal peaks describes the subensemble of a species thaftzgﬁ(%-r t) =
1w

undergoes an even number of exchanges; ¢C — F — C}

— C. As discussed above, these exchanges destroy all frequency
correlation. So the final expressions for these pathways are

RI%(ts, Tyty) = lugl* € ITge(t, T, 1) x
expl=Joa(t) — duai(t)]
RE“(ta Tuoty) = lig,o[* €= T ITER (T, ) x
eXPL=Gua(ty) — Gou(ts)]
Ro*(ta, Tysty) =
~ ool it 0" € 1o THTTAMITERE T, 1) X
eXPl=Gua(ty) — Gua(ts)]
Rio(ta Tty = |1u0,(1|4 eii®°‘“m7tl+t3)rgém(t3va1t1) X
expl=g,aty) — Guq(ts)]
RiY(ts Tuty) = lugqlte " os TRt T, 1) x
eXP[=Gua(ty) — Goats)]
Ri2(ta, Tysty) =
S T 7 - Bt Aty B (S S B

exp[_gaa(tl) - gaa(tS)]

TEE%(ts, Tty =

exp —2D,t — 2Dty — Fllatl - Fll“t; Noe(Tw)
TS0, T, ty) = '

exf ~2D,ty = 2Dty = 1ty = b NEK(T
rﬁm(tsaTw-tl) = .

exi{_ZD“tl — 2Dyt #latl - Til“tgl Noo(Tw)

_|ﬂ0,a|2|:u/3,2/%|2 eiB)o,amri[@oﬁEFAﬂ,ﬁ]bF%ﬁ(tQ,TW,tl) >
expl—0uq(t) — gss(ty)]

R‘Zﬁ(t&TW,tl) = |/40,a|2|ﬂ0ﬁ|2 eiim}o’umrim}o/ﬂsrgﬂE(t&Tw'tl) S
eXp[—0qa(ty) — Gps(ts)]

R (ty, Tyty) = |ﬂo,a|2|ﬂ0ﬁ|2 e ookt T, ) x
exp[—0,0(ty) — ghs(ty)]

R (ta Tuty) =

_lzuo,u|2|;uﬂ!2ﬂ|2 e_imjo'uml_i[m)oﬁGAﬁ'ﬁ]tsr(Txﬁ(t&vatl) X

eXp[=0qa(ty) — 9gs(ts)]

T8t T, ) = .
ex;{—ZD&tl — 2Dty — %lutl - #lﬂtg Nos(Tw)

Teh(taTutd) = ,
ex;{—ZDutl — 2Dty — %lutl - ;11/}3 Nos(Tw)

Tt Tty = _
ex;{—ZDqtl — 2Dty — ﬁtl - Tilﬂtg Nos(Tw)

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 sigrfalTo emulate the
experimental signal, calculation of the data mimicked he
experimental procedure. The total rephrasing response function
Rr(t1,Tw,t3) and nonrephrasing response functiRk(ts, Tw,ts)
are defined as
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TABLE 1: Vibrational Lifetimes ( T;) and Orientational

3
t, T, t) = Ot Tt + RE% (L, T, te) + Relaxation Time Constants ¢:) of Phenol in Various Pure
Reltu Tty ; ;(R“ (Tt + Rt Tty Solvents Measured with the Pump-Probe Experiment

off T
P, Tyt 17 1 7
R Twl) (17) solvent (ps) (ps)
6
CCly 125 2.9
Rur(ty Tusts) = Z (Rauty, Tynty) + REi(ty, Tyuts) + benzene 10 3.4
i=4 p-xylene 9.2 5.0
Riaﬁ(tlv-rwts)) (18) bromobenzene 10 3.1
a|n CCly, phenol is not complexed. In the other three solvents, it is
The final 2D vibrational echo spectrum is a complex with a solvent molecule. Thevalues 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.
SZD(wﬂwm'Tw) 0 {Re} [RR(wwwm'Tw) + RNR(wriwm'Tw)]
(29) TABLE 2: Constants Used in the Response Function
Calculations?
whereRg andRyr are defined as phenol T. = [complex]/
solvent species (ps) (ps) wudus [free]
Re(@,0pnT,) = [ dty [ dt p-xylene/CC} free 125 29 16 0.83

exp(yts — 0, )Re(ty Tuoty) (20) complex: - 9.2 43

benzene/CGl free 125 29 15 0.8
&= (™ 00 complex 10 3.4
Rur(@p0nT,) = [ dty [ dty _— . p
. . romobenzene/C¢l free 125 29 1.23 1.32
exp(iwpts + iwt)Rr(ty Tyts) (21) complex 10 3.1

2 The orientational relaxation times were corrected from the measured

V. Data Calculations Using the Response Functions with values (Table 1) for the changes in viscosity in the mixed solvents.

Exchange

The experimental 2D spectra are fit using the response solvent was measured at the experimental temperaturgQR4
functions with the exchange rate and FFCF as adjustable The values used in the response function calculations are given
parameters. The entire region of 2D spectra including th& 0 in Table 2. These experimentally determined lifetimes and
and 1-2 portions were calculated and compared to the experi- orientational relaxation rates were used without adjustment in
ments. Necessary input parameters, that is, the ratio of thethe response function calculations. The transition dipole matrix
transition dipole matrix elements for the complex and free form, elements for the two species were determined by measuring
the steady-state ratio of the complex and free populations the absorption spectra in the two pure solvents for a known
(equilibrium constant), the vibrational lifetimes, and the orien- concentration of phenol. Once the ratio of the transition dipole
tational relaxation rates, were determined from linear-IR and matrix elements was known (Table 2), it was used to analyze
pump-probe experiments. the spectrum in the mixed solvent in which the complex peak

For each of the three complex systems, phenol with benzene,and the free peak have approximately the same amplitudes
p-xylene, and bromobenzene, the same procedures were em(Figure 3a). The spectra were fit, and using the transition dipole
ployed. Each system contained phenol as the solute and one ofMatrix element ratio, the equilibrium constant and therefore the
the three complex partners as a mixed solvent with,CThe ratio of the concentrations of the two species were determined
methodology is discussed here for the phenol. All of the systems (Table 2).
were treated in the same manner. To determine the exchange rate and the FFCF, the entire 2D

Pump-probe measurements were performed on three differ- Vibrational echo spectrum was fit as follows. It is important to
ent samples, phenol in the mixed solvent (benzenejCatienol note that the exchange rate and the FFCF are relatively
in pure CC}, and phenol in pure benzene (Table 1). The pymp  independent. The exchange rate determines the growth of the
probe spectrum of phenol in benzene/gi€lused for obtaining off-diagonal peaks and contributes to the decay of the diagonal
the properly “phased” 2D vibration echo spectra by employing Peaks. The FFCF determines the time-dependent shape of the
the projection slice theoref36 The measurements of the diagonal peaks. However, the rate of exchange also has an
pump—probe decays on phenol in the two pure solvents were influence on the shape of the diagonal peaks, but the FFCF has
used to obtained the vibrational lifetimes and orientational no influence on the growth of the off-diagonal peaks. Various
relaxation rates (Table 1). With benzene as the solvent, thefunctional forms of the FFCF were tested, and it was determined
equilibrium is shifted to virtually all complex, and the pump that a biexponential function was sufficient to reproduce the
probe experiment gives the vibrational lifetime of the complex. data.

In CCly there is no complex, and the lifetime of the free species

is obtained. The mixed solvent may have a small effect on the Dw(t)ow(0)O= A02 exp(—tizy) + Alz exp(-t/ty) (22)
lifetimes, but the calculation is not highly sensitive to small

uncertainties in the lifetimes. The orientational relaxation The biexponential FFCF includes a slow component (s)
obtained from polarized pumfprobe experiments on the two and a fast component(lps). These constraints were imple-
pure solvents gives the orientational relaxation rates for the mented in the fitting routine with the amplitudes and decay
complex and the free form. These were corrected for the changeconstants allowed to float. First, the 2D spectrum for eggh

in viscosity in going to the mixed solvent using the Debye point was fit separately. The parameters were iterated to
Stokes-Einstein equationz; = Vern/ksT, where Vef is the minimize the residuals. Two-dimensional matrices that contain
effective volumey; is the viscositykg is Boltzmann’s constant,  the intensity of eachd;,wny) point from the experiment and
andT is the temperature. The viscosity of each pure and mixed the calculation are compared. A nonlinear multivariable fitting
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TABLE 3: Frequency—Frequency Correlation Function
(FFCF) Parameters (Eq 22) and Complex Dissociation
Times, tq = 1/, for the Solute—Solvent Systems that Form
the Complexes Phenotp-Xylene, Phenot-Benzene, and

% Phenol-Bromobenzené
—g Ao 70 Ay T1  Td
é complex (rad/ps) (ps) (rad/ps) (ps) (ps)
phenot-p-xylene free 1.1 23 21
complex 3.0 0.10 1.7 2.4
phenot-benzene free 1.3 19 8
complex 2.5 0.44 1.4 1.8
0.8 phenot-bromobenzene free 15 11 6
. free diagonal peak COmpIeX 2.6 0.71 1.2 1.7
0.6 complex diagonal peak aThe FFCF parameters are for both the complex and the free phenol.

off-diagonal peaks

off-diagonal peaks and the tilt of the diagonal peaks at short
Tw, Which disappears as time progresses because of spectral

peak volume
(=]
>

0.2 diffusion. (An insufficient number of 2D spectra are shown at
0.0 B short times to see the progression of the spectral diffusion.)
Figure 3 provides additional insights as to the ability of the
o O [ free diagonal peak calculation to quantitatively reproduce the data. Figure 3a shows
.—.g 0.6 | complex diagonal peak the absorption SpeCtrum of the phenoI-OD hydl’OXy' stretch along
54 [ off-diagonal peaks with the calculated spectrum obtained from the FFCF and eqs
g 0.4Ff 15 and 16 with only a scaling factor as an adjustable parameter.
= - Figure 3b shows calculations of the volumes of each of the four
0.2 peaks (two diagonal and two off-diagonal) in the Dregion
0.0 ” o S o of the spectrum. The volumes were obtained by using the
"0 2 4 6 8 10 12 14 16 portions of the response functions that give rise to each peak
T, (ps) individually and then integrating the resulting peak. These are

Figure 3. (a) Spectrum of the hydroxyl stretch of phenol-OD in the Ejhe p0|n|ts in tkheffllglzjure:[ Thefcalcuhlatt?]d pglnts for ttf;]e tWOtOff' .
benzene/CGlmixed solvent (solid curve) and the calculated spectrum 'aﬁlona lpea Is a on gp Of eac ho er ?Causel ? Sys Qm IS
(dashed curve). The high-frequency peak is the free phenol, and the!nt ermal equilibrium. There ore,.t e rf:\tg of complex ormatlon
low-frequency peak is the phenebenzene complex. The calculated is equal to the rate of complex dI_S_SO_CIatIOH. Tests showing that
spectrum used the FFCF obtained by fitting the 2D vibrational echo the systems are in thermal equilibrium have been presénted.
spectra (Figure 1, bottom). (b) The points are peak volumes obtained The curves through the points were obtained previdusijng
fom iheresponse unctn calcation, The sold curves were bt he peak volume fiting method, which will be discussed in

; . o S section VI. The agreement between the response function
The points are peak volumes obtained by fitting the 2D vibrational . . -
e e e e e v e s

. The solid curves are fits to the peak volumes.
response function method does not distort analysis of the

routine with a direct line search algorithm is used. To avoid chemical exchange dynamics.
false minima, many different initial conditions were used inthe ~ Figures 4 and 5 display data and calculations for the phenol
fitting program. As a check on the resulting parameters, the P-Xylene system, and Figures 6 and 7 display data and
linear spectrum was calculated using the FFCF. This procedurecalculations for the phenebromobenzene system. The top
was repeated for every data set with differ@ptpoints. After portions of Figures 4 and 6 show the 2D spectra, and the bottom
optimized parameters for ea&h point were obtained, they were portions show the calculated 2D spectra. Figures 5a and 7a show
averaged to produce one parameter set. These averaged pararf€ linear absorption spectra and the spectra calculated using
eters were then used as the initial parameters for fitting the 2D the FFCF obtained from fitting the 2D spectra. Figures 5b and
Spectra at a|]'|'W values Simu]taneous|y_ As a final test of the 7b show the response function method calculated peak volumes
resulting parameters, the linear absorption line shape was(Points) and the curves obtained by using the peak volume fitting
calculated and compared to the data. The resulting complexmethod (discussed in section VI). All of the procedures
dissociation times and FFCFs for the three systems studied arediscussed in terms of the phendienzene system were applied
presented in the Table 3. The dissociation times are listed in an identical manner to the other systems. In all cases the
because this is the single parameter required to describe the€sponse function calculations do a good job of reproducing
chemical exchange process. The complex and the free form arethe 2D spectra and the linear spectra and agree with the less
in equilibrium. Therefore, the rate of complex dissociation is detailed peak volume method that gives only the chemical
equal to the rate of complex formation, and the rate of complex €xchange dynamics.
dissociation can be characterized by the dissociation time. The FFCF parameters obtained from the response function
In the top of Figure 1, data from a few of tfig, points are fits to the data are given in Table 3. For each schdelvent
shown. The calculated 2D spectra for these points are shownsystem there are two species, the complex and the free phenol.
in the bottom portion of the figure. Inspection of the two sets For each system, the complex hydroxyl stretch dephasing is
of figures shows that the calculation does a good job of significantly different from the dephasing of the free phenol
reproducing the data. The response function calculations hydroxyl stretch. Although a biexponential form of the FFCF
reproduce the experimental spectra including the growth of the was used (eq 22), it was found that the fit for the data from the



Ultrafast 2D IR Vibrational Echo Chemical Exchange J. Phys. Chem. B, Vol. 110, No. 40, 20080009

2600 2630 2660 2600 2630 2660l 2600 2630 26601 2600 2630 26601 2600 2630 26601
o, (m) o (m) o (m) o (Cm') o Cn)

—.

2490

2600 2630 2660 2600 2630 2660 2600 2630 2660 2600 2630 2660 2600 2630 2660
-1 -1 -1 -1 -1
@, (cm™) o (cm’) o, (cm”) @ (cm') o, (cm")

Figure 4. T,-dependent 2D IR vibrational echo spectra (top) of the hydroxyl stretch of phenol-@Ryilene/CCl mixed solvents (molar ratios

of phenolp-xylene/CCl} = 1:21:100). The red peaks (positive) are from thelOvibration 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 T, increases, additional peaks appear due to chemical exchange, that is, dissociation and formation of th@-ghlema complex. The

bottom portion displays response function calculations of the data.

free species converged to a single exponential. However, theproducing a weaker complex than that with benzene. These
data from the complex could not be fit well with a single- qualitative considerations are born out by measurements of the
exponential FFCF. (It is important to note that these are single bond enthalpiesAHp, of the complexe$. The AHq values
and biexponential FFCFs, both of which give rise to time- extracted from van’'t Hoff plots were-1.21 kcal/mol for the
dependent observable broadening of the diagonal peaks alongphenot-bromobenzene complex,1.67 kcal/mol for the phenel
the w, axis that is not exponential or biexponential.) benzene complex, ane2.23 kcal/mol for the phenelp-xylene

In each of the three systems; andr; in Table 3 are similar complex. Thus, as the bond enthalpy increases (stronger bond),
for the complex and free forms. This similarity strongly suggests the dissociation timey also increases, because the free energy
that this component of the FFCF arises from the effect of solvent of activation for dissociationAG¥) would be expected to scale
fluctuation on the hydroxyl stretching frequency. These solvent with the bond enthalpies.
fluctuations and their influence are not strongly dependent on |t is also interesting to note that the fast component of the
complexation. However, only the complexed forms have the FFCF, 1, also appears to change with the change in the bond
fast component, that igyo andzo, which strongly suggests that  enthalpies. TheA, values are very similar for the three
this component is caused by fluctuation in the actual complex complexes. This similarity means that the ranges of frequencies
structure. The complex involves a weakhydrogen bond  sampled because of fluctuations in the structures of the
between the hydroxyl and the solvent aromatic ring. Electronic complexes are about the same. Howevghecomes faster as
structure calculations have shown the structure of the pkenol the complex bond becomes stronger. The faster decay of this
benzene complekIt would be expected that fluctuation of the component of the FFCF with increasing bond strength might
complex structure would be a major source of vibrational reflect a higher-frequency intermolecular quasi-vibration as-
dephasing. sociated with the stronger complex.

The dissociation times listed in Table 3 decrease as the
solute-solvent complex becomes weaker. fraxylene, the /| comparison to the Peak Volume Only Fitting Method
methyl groups donate electron density to the benzesgstem,
which results in a stronger complex than that with benzene. In  Through the use of the response functions with the dynamic
bromobenzene, the bromo group withdraws electron density, partition model, very good fits were obtained to the 2D spectra,
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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 functiomf
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 kinéfids.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

L . the 2D IR spectrum was determined by fitting the entirelO
2640 2680 spectrum (or the full spectrum) composed of overlapping peaks.

frequency(cm'l) Each peak was approximated as a “tilted” two-dimensional

1.0 Gaussian function

0.2

absorbance
o
-

2600

(b) F(p030,0(c) o)) =
free diagonal peak 4 exp(—((cosg)(wy, — ) + (sing)(w, — wj))z)
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o
o)

o
o
—

= 2(0(d)’
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peak volume
o
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This function was used to reproduce the shape of each peak.
Here, tilt angle ¢), line widths along the diagonat(d)) and
antidiagonal ¢(a)), and amplitudeA) are used as parameters
for fitting the experimental data and obtaining the volume
(C) corresponding to each individual peak.

free diagonal peak Each peak volume is corrected by the appropriate products
. of the transition dipole momentgt for the diagonal peaks
Coml?lex diagonal peak andu;%u;? for the off-diagonal peaks), and the largest volume
off-diagonal peaks peak at the shortest time is normalized to the corresponding
- solution of eq 11 at that time. All other peaks at any time have
0.4 i a volume relative to this normalized volume. Equations 11 for
I effective populationsNys(t), are fit to the volumes of the set
02f of peaks at eacfi,. As with the response function calculations,
' the independently measured lifetimes, orientational relaxation
[ & 2 rates, transition dipole moment ratio, and the equilibrium
0.0 e JETTIRNATTTIPIL. K. S population ratio are used as fixed input parameters. The result
0 2 4 6 8 10 12 14 is that there is a single adjustable parameter, the dissociation
Tw(ps) time, 7. All of the 2D spectra are fit simultaneously with this

Figure 5. (a) Spectrum of the hydroxyl stretch of phenol-OD in the single parameter.

p-xylene/CC} mixed solvent (soli()j/ curv)é) and the calculated spectrum Flgure_s_Sc, 5S¢, and 7C_Sh0V_V the results ‘?f using the_ peak
(dashed curve). The high-frequency peak is the free phenol, and thevolume fitting method. Ihe identical complex dissociation times
low-frequency peak is the phenrgb-xylene complex. The calculated — are obtained using the full response function calculations or the
spectrum used the FFCF obtained by fitting the 2D vibrational echo peak volume method. The curves in Figures 3b, 5b, and 7b are
spectra (Figure 4, bottom). (b) The points are peak volumes obtainedthe same curves as those in Figures 3c, 5¢, and 7c. In the parts
from the response function calculation. The solid curves were obtained b of the figures, the points were obtained from the response

from fits using the peak volume method discussed in section VI. (c) . . . . .
The points are peak volumes obtained by fitting the 2D vibrational Unction calculations that fit the full 2D spectra including

echo spectra (Figure 4, top) using the peak volume method (sectionSPectral diffus_ion. Therefore, if the chemical ex_change_ kinetics
VI). The solid curves are fits to the peak volumes. are the sole interest, then these can be obtained without the

complexity of using the response function approach but with
and both the parameters for the FFCFs and the dissociation timeghe loss of information from the FFCFs. It is important to point
were extracted from the data. Previously, a much simpler methodout that to extract the chemical exchange kinetics with the peak
was used to obtain the complex dissociation times for both volume fitting method quantitatively is still not simple. First, it
phenol complexésdiscussed here and complexes involving is necessary to use the dynamic partition model (eqs 11) to
2-methoxyphenol with several aromatic solvehthis method account for orientational relaxation rates and vibrational lifetimes
provides no information on the spectral diffusion (FFCF) but in addition to the chemical exchange. To reduce the input
uses the peak volumes and the dynamic partition model to parameters, it is necessary to independently measure orienta-
extract the exchange kinetics. In the absence of any othertional relaxation rates, lifetimes, the transition dipole ratio, and
process, spectral diffusion broadens the 2D peaks along.the the equilibrium population ratio. However, with these inputs

o
o

o
o)

0.6 }

peak volume
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Figure 6. T,-dependent 2D IR vibrational echo spectra (top) of the hydroxyl stretch of phenol-OD in bromobenzgmei#@adlsolvents (molar

ratio of phenol/bromobenzene/GG 2:98:100). The red peaks (positive) are from thelOvibration transitions, and the blue peaks (negative) are

from the -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 Ty, increases, additional peaks appear due to chemical exchange, that is, dissociation and formation of thenohesisénzene complex. The

bottom portion displays response function calculations of the data.

and the proper analysis, there is only one adjustable parameterecho chemical exchange observables was presented. The
the dissociation timegg. experimental 2D spectral data, taken on the phenol hydroxyl

One aspect of the volume fitting method is worth noting. The stretching mode for three solutsolvent complexes (phenol/
phenot-bromobenzene system has a linear spectrum in which benzene, phengl/xylene, and phenol/bromobenzene), were
the peaks are only slightly separated (Figure 7a). The result isanalyzed using the theory. The theory includes the important
that the diagonal and off-diagonal peaks in the 2D spectra havedynamical processes of orientational relaxation, vibrational
a great deal of overlap (Figure 6, top). The substantial overlap lifetime, and spectral diffusion in addition to the chemical
makes it tricky to extract the peak volumes in Figure 7c, exchange itself. The orientational relaxation, vibrational relax-
particularly of the off-diagonal peaks. Nonetheless, there is ation, and exchange process are introduced through the dynamic
sufficient accuracy to obtain the complex dissociation time with partition model (eq 11), which gives the kinetic equations for
the same value.as the full response function analysis. Note thathe effective population as a function of time. The effective
the set of off-diagonal peak volumes extracted from the full popyation includes the decrease in signal caused by orientational
response function calculations actually falls on the curve rejaxation. The difficulty in handling orientational relaxation
obtained by the peak volume fitting method (Figure 7b) better 5nq vibrational relaxation is caused by the fact that the two
than points obtained by straight peak volume fitting (Figure 7¢). gpacies undergo these relaxation processes at different rates. A
Ther?fOfe’ for systems suc.h as bromobenzene, the fu”,reSponS§pecies begins relaxation with certain rates, converts to the other
}‘rt:gg:wc::résapproach may give more accurate results in some 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

Ultrafast 2D IR vibrational echo chemical exchange data were then used with a time-dependent diagrammatic perturbation
presented for the fast dissociation and formation of three organic theory treatment to obtain analytical expressions for the response
solute-solvent complexes under thermal equilibrium conditions, functions with exchange, spectral diffusion, orientational re-
and a detailed theoretical treatment of the 2D IR vibrational laxation, and vibrational relaxation. Quantum pathways for

VII. Concluding Remarks
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The free species reflects the influence of solvent fluctuations

I / (a) on the hydroxyl stretch frequency. For the complexes, there is
0.2f an additional contribution from the relative motions of the
© I phenol and its complex partner.
§ The results of the full response function calculations were
2 - compared to those of the previously employed peak volume
% 01F fitting method. The peak volume method does not determine
< I 2\ the spectral diffusion because it fits the time-dependent peak
A /’ volumes without analyzing the change in shapes of the peaks.
00 7 However, it can be used to extract the exchange rate from the
3600 2640 2680 2D data but does npt determmg the FFCF. Companspns to the
§ -1 full response function calculations show that the simpler to
10 requencycm ) implement peak volume method is accurate and a reasonable
' (b) approach to obtain the exchange rate information.
‘lé 08 complex diagonal peak Acknowlgdgment. This research was supported by grants
206 free diagonal peak from the Air Force Office of Scientific Research (F49620-01-
S off-diagonal peaks 1-0018) and from the National Science Foundation (DMR-
% 0.4 0332692).
= 02 Appendix
' In egs 11, the detailed solutions of dynamic partition model
0.0 K were given. Here, the various symbols used in the equation are
defined.
0.8 .
N complex diagonal peak D, + Ds + k. + ki + ks + ki,
g free diagonal peak o=
= 0.6 . 2
'—g‘ off-diagonal peaks 5
04 o
2
a (Dc+ Dy + ke + ke + kot + ki)™ —
0.2 S a 4(Dch + kac + kacf + Dckf + kckf + kcfk1 + Dckic + kckfc)
0.0E .. s 2
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T (ps) V=

Figure 7. (a) Spectrum of the hydroxyl stretch of phenol-OD in the
bromobenzene/C¢lmixed solvent (solid curve) and the calculated \/

(Dg+ Dp + ko kg + ke ki) = 20 + ke + ki)

spectrum (dashed curve). The high-frequency peak is the free phenol, (D, + Dy + k. + ki + kg + k) —

and the low-frequency peak is the phenbfomobenzene complex.

The calculated spectrum used the FFCF obtained by fitting the 2D ADD + Drk + ek Dol ek + ke + Dk + ki)
vibrational echo spectra (Figure 6, bottom). (b) The points are peak kc + kc + k + k,

volumes obtained from the response function calculations. The solid 4 = X of  f He

curves were obtained from fits using the peak volume method discussed 2

in section VI. (c) The points are peak volumes obtained by fitting the

2D vibrational echo spectra (Figure 6, top) using the peak volume \/(kC + ke + ke + ki)® — Akk T keke + kkeo)
method (section VI). The solid curves are fits to the peak volumes. @ = 2

diagonal peaks were divided into two classes, no exchange and, (ke + ks + ke + ki) — 2(k + k)
multiple exchanges, because these two classes of pathways show — >

differentT,-dependent line broadening. The line broadening of \/(kc K + K+ Kio)™ — Ak + kerks + koK)
the portion of the diagonal peaks that undergo no exchange is
determined by the spectral diffusion. However, Thedependent

line broadening from the pathways with multiple exchanges (an (1) Zheng, J.; Kwak, K.; Asbury, J. B.; Chen, X.; Piletic, I.; Fayer, M.
even number) is the result of the chemical exchange itself. To D. S(%')enzchfr?géﬁofbvﬁ,sil; Chen, X.; Asbury, J. B. Fayer, M.DAM.
properly account for th&@,-dependent shape of the diagonal o S0Q006 128 2977

peaks and obtain the FFCF, it is necessary to separate the two (3) Schneider, H.-J.; Yatsimirsky, A. KPrinciples and Methods in

contributions to the diagonal peak broadening. Supramolecular Chemistrylohn Wiley & Sons: New York, 2000.
. (4) Meyer, E. A.; Castellano, R. K.; Diederich, Angew. Chem., Int.
Because a large number of the necessary input parametergy 2003 42 1210.

were measured independently (Table 2), the only adjustable  (5) Vinogradov, S. N.; Linnell, R. Hydrogen Bondingvan Nostrand
parameters in the calculations of the 2D spectra were the Reinhold: New York, 1971. , _ ,
exchange rate and the FFCF. The calculations reproduced 20, (G)VEﬂChV"’\‘,rqt'hC.SObgms and Sgg&; Effects in Organic Chemistry

. X i . iley- . Weinheim, Germany, .
IR vibrational echo spectra very well for all three species (%) Fayer, M. D.; Zheng, Jy Kwak, K.; Asbury, J. B. Molecular
(Figures 1, 4, and 6), yielding exchange rates and the FFCFDynamics/Theoretical Chemistry Meeting, May, 2005, Monterey, California.
parameters of both the phenol complex and the free phenol for 2,(?)1{(8'?‘ Y. S.; Hochstrasser, R. Nbroc. Natl. Acad. Sci. U.S.2005
each of the three systems (Table 3). There is a marked difference ) Woutersen, S.: Mu, Y.: Stock, G.: Hamm, ®hem. Phys2001,

in the spectral diffusion of the complex and the free species. 266, 137.
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