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Two-color three pulse photon echo peak shift spectrosd@®BB8PEP$ has been used to probe
correlation in electronic transitions in two different regions of the electronic spectrum of a
chromophore in the condensed phase. The 2C3PEPS can be done in an “uphill” or a “downhill”
sense, where the first two interactions are of lo@iéghen frequency than the final interaction with

the radiation field. In both cases no correlation between the two spectral regions is observed at very
short times. Different parts of the spectrum gain correlation owing to ultrafast solvent motion and
the accompanying Stokes shift. We propose a model for the spectral shift that incorporates a
conditional probability distribution for transition frequencies in the two spectral regions. The model
qualitatively reproduces all the features of complete numerical simulations. Our results show that
memory is partially conserved during the spectral diffusion process from the pump to the probe
region. The downhill difference peak shift is very sensitive to the time scale of the inertial
component of solvation and seems very promising for an accurate determination of this time scale.
© 2002 American Institute of Physic§DOI: 10.1063/1.1459414

I. INTRODUCTION is the ability to observe dynamics on different regions of the
potential surface, perhaps even to map the entire surface,
Ultrafast resonant four-wave mixing spectroscopy hagather than simply describing the disappearance of the ini-
seen a steady development since the pioneering work of Yatally created population. In addition, because the peak shift
jima and co-worker$,and Weiner and Ippehin particular, method is sensitive to the degree of memory of the transition
various forms of photon echo spectroscopy including therequency of the systefr’ the two-color experiment con-
three pulse photon echo peak s8PEPS3,>~ time gate8®  tains unique information of the correlation in transition fre-
and heterodyne detected photon echd¥shave been dem- gquencies between initial and final states.
onstrated and applied to a variety of systéfs In this It is evident that the two-color experiments cannot be
paper we describe a variant of the 3PEPS experiment itreated in the “impulsive” limit where the excitation pulses
which one of the three input pulses is centered at a differerdre considered of vanishing duration. This means that par-
frequency from the other two pulses—i.e., two-color 3PEPSicular care must be paid to the influence of finite pulse du-
(2C3PEP% The experiment was first proposed by Yang andration, especially during the region of pulse overlap, where
Fleming as a probe for electronic mixing in molecular pulse ordering cannot be enforced. We have found that the
complexes* however, in the present work we simply selectinformation present in 2C3PEPS can be most readily appre-
both colors to lie within the bandwidth of the broad elec- ciated by defining and measuring two different types of peak
tronic absorption band of dilute solutions of dye molecules.shift via two different delay-scanning procedures. We refer to
In order to simplify the experimental arrangement thethese as type | and type Il scans, giving rise to peak shifts
two colors were selected by filtering a single 15 fsdefined asrf andrjj , respectively, definitions of which will
(bandwidth-70 nm FWHM) pulse from a cavity-dumped Ti: be discussed in Sec. Il. The type | scan is that used previ-
sapphire oscillator. It might be supposed that carrying out ausly for 3PEPS measurementswhile type I, as will be
peak shift measurement with “two pieces” of a pulse would explained below, corresponds to a nonrephasing or free-
yield identical information to that obtained with the entire induction decay(FID) sequence. The difference peak shift,
pulse. In principle, this must be so, but in practice when allA 7* = 7 — 7i , is a useful quantity that minimizes the influ-
three pulses are identical the four-wave mixing signal isence of finite pulse duration and will be discussed in some
dominated by degenerate or nearly degenerate processes, atedail below.
the contribution of events in which the third interaction takes
place at a significantly different frequency from the first two
is quite small. The two-color experiment projects out this!!- EXPERIMENTAL METHOD
nondegenerate or “off-diagonal” cgntributiqn and in doing Two-color three pulse photon echo experiments were
o) has_the potential to reveal new information onlthe SySt_e‘"Berformed by using the output of a home-built, cavity
dynamics. Perhaps the most evident type of new mformatlonaumped Ti:sapphire laser that produced 15 (RWHM,
E-squareflpulses at a repetition rate of 250 kHz. The spec-
3Electronic mail: grileming@Ibl.gov tral width of these 15 fs pulses was70 nm(FWHM). The

0021-9606/2002/116(14)/6243/10/$19.00 6243 © 2002 American Institute of Physics



6244 J. Chem. Phys., Vol. 116, No. 14, 8 April 2002 Agarwal et al.

1 Kk

: K,
k
as \ €8 ’ _ eg | 2%
ee T Tu ee
| 06 K _ F
2 ge T1 T eg kl
g 04 gg k
E‘ 1 k, gg
02 Type I scan Type Il scan
Echo (Rephasing) FID (Non-Rephasing)
0 ‘ , ‘ = (pulse sequence, 1-2-3) (pulse sequence, 2-1-3)

600 650 700 70 800 80 900
FIG. 2. The Feynman diagrams for the echo and FID pathway for the signal
Wavelength (nm) in ks+k,—k,; phase matched direction.

FIG. 1. The absorption spectrum of the dye IR144 in methanol. Also shown

are the spectra of the excitation pulses centered at 750 and 800 nm. . . .. .
P P constrained to interact last, is simply the ordering of pulses 1

and 2. In a standard 3PEPS experiment, the time integrated

. . echo profiles are measured as a function of the coherence
two-color photon echo interferometer is the same as de-

. ) | . period (pulses 1 and R for fixed values of the population
scribed previously for one-color echo experimehiis.short, period (pulses 2 and 8 The echo peak shifts obtained from

the pglses were split mto three peams O.f roughly equal "the echo profiles are recorded as a function of the population
tensities and arranged in an equilateral triangle geometry. In . o
i ; ; . . period. The type | peak shift is the same as the standard
the two-color experiment, the first two interactions are from ; )
: : . L 3PEPS described above, i.e., for the pulse sequence, 1-2-3.
spectrally identical pulses and the third interaction is from rie time between pulse 1 and 2 is called the coherence time
spectrally distinct pulse. The two different colors for our ex—(TI) and between pulses 2 and 3 is called the population

periment were generated by placing interference fil(€@s- : ) . .
rion, 750+ 20 nm, 80620 nm in each of the arms. Since period (T,). The peak shift for this type of scan is denoted as

: . ) (T).
the interference filters change the beam path slightly, grea7f' (T - :
care was taken to ensure that the three beams of the interfer[J e;:?eeziﬁpﬁs lllzrgfnal;i sh|2ftit|iss glbet :ﬂﬁgt f[rh?? LT:G%L:?:“?'
ometer were collinear and had minimum deviation with re-CI ) 9. P 9

) orresponds to the FID diagram for ttkg+k,—k; phase
ipf;iig fs?g\'/vﬁrﬂertzéiaS}g;CJL?g¥iJ:tZT§ tﬁglfoisls;veerr?- O(rfnatching direction. In this type of scan, the time between

pulses 2 and 1 is called, (a positive value ofr, corre-
ergy at the sample was200 pJ per pulse. Due to the spec- sponds to pulse 2 interacting before pulgeThe population
tral filtering process, all the pulses had a miGerl0% am- P b 9 P Pob

plitude, 120 f$ exponential tail. The samplg¢he dye IR144 pggids’r-:—ilflt’ollitgiifén;)lnetﬂi:et\rzizgurgszslIlsggg ii 32‘_1 the
in methanal was flowed in a 10@«m quartz cell to minimize P y P P

) noted astji (T,). After the peak shifts for both types of
thermal effects on the measured signal. . . .
) ..scanning methods are measured, the difference peak shift
Figure 1 shows the spectra of the two pulses along wit

the absorption spectrum of IR144 in methanol. In a threeDPS) as a function of timeT can then be defined as

* _ _* _ _ —
pulse photon echo experiment, the system interacts with " () =7 (Ti=T) =7 (Ty=T). When a system has no
three pulses, with momentum vectoks,, k,, andks, re- rephasing capability, both types of scans will generate sig-

spectively. When we writ, , k,, or ks we shall imply only nals containing the same informati¢®ID). In this case, the

: * A o
the momentum of the pulsédirection of the propagation of experimental observablesy and 7jj) should be identical

._ . o
beam$ and not their actual interaction sequence with theand consequentli 7~ =0. Otherwise we expect a distinction

sample. A key aspect of the peak shift method is the distincpetween the signals generated by the two types of scanning

tion between rephasing and nonrephasing pulse sequencggemodS an(il thus a nonzero valueiof*. In_ this paper we

as depicted in the two Feynman diagrams of Fig. 2. There ar'é]fmduceAT as a measure of the rephasing capability of a
. 2. . . .

three time periods in each diagram; an initial coherence, gystem. One advantage 4fr* in measuring the rephasing

population, and a final coherence period. In the Ieft-hanZ%‘:‘p"’lbi“ty over the peak shift itself will be discussed in

diagram the phase of the second coherence is the compl gc. V.

conjugate of the first coherence and rephasetho genera- . RESULTS
tion) can occur if and only if the system has rephasing capa- -
bility. In the right-hand diagram the two coherence periods  Two-color echo profiles for both type | and type Il scans
have the same phase and, in contrast with the left-hand diare shown in Fig. 3. For population tim&=0 fs, the two
gram, only free induction decay is possible, regardless of thecans produce nearly identical results, with both profiles
rephasing capability of a system. Therefore the signals gerpeaking at a coherence time of 12 fs. The two profiles were
erated by the two types of scans should have distinct charecorded simultaneously in the two different phase matched
acteristics when the system has rephasing capability. Notdirections and were normalized to account for different de-
that the difference between the two, provided that pulse 3 isector sensitivities. This normalization is not required if the
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FIG. 3. Experimental two-color echo profilég850—750—800 nmfor both . A

type | and Il scans for IR144 in methanol. Top figure: population tiffe, Population Period, fs

=0 fs. Bottom figure: population tim&;=100 fs. ) )
FIG. 4. Top figure: the type | and Il peak shift data for the one-c(B®0
nm), and bottom figure: the two-cold750—750—-800 nincase for IR 144
in methanol. Also shown is the difference peak shift for the dowrABIO—

. . . . 750—-800 nm and the uphill(B00—800—750 nincase.
profiles are recorded in successive scans in the same phase

matched direction and hence on the same detector. For popu-

lation time, T=100 fs, the two scans produce slightly differ- Fig. 4. Both the type | and Il peak shifts for uphill and
ent results with the type | peaking near zero coherence angownhill cases start at approximately tsame positive

the type Il peaking at negative coherence time. The experiyajye. The echo profiles are the same irrespective of the
mental data for type | and Il peak shifts for both one- andpulse orderingl—2—3 or 2—1-3which strongly suggests,
two-color cases are shown in Fig. 4. We have not shown thgased on the argument in Sec. 11, that no rephasing capability
echo profiles for the two-color experiment at different popu-is ohserved at time zero and thus the system does not gener-
lation periods, as they look very similar to the profiles ob-ate any echo signal. The corresponding difference peak shift
tained from the one-color experiment. The peak shift valuegjata obtained from type | and Il peak shifts are shown in Fig.

(for both one- and two-color experimentare determined 5 for yphill and downhill two-color cases. In both cases the
from the maximum value obtained after f|tt|ng the individual Signa| rises from near zero to a maximum and decays on a

experimental echo profiles with a single Gaussian functionmych longer time scale back to zero.
For one-color experiments, the type | peak shift is identical

to that preylously reported for IR144 in methaﬁd_The_ type IV. NUMERICAL SIMULATIONS

Il peak shift starts at a large negative value, indicating a
strong preference for the system to generate an echo signal. In order to investigate the information content of the
The negative values of type Il peak shifts imply a pulsetwo-color peak shift, in particular the difference peak shift,
ordering of1-2—3 anchence generates an echo sigffdy.  we carried out numerical simulations of the signals. Nonlin-
2). The type Il peak shift scan for one color does not carryear optical response functions for dilute solutions of chro-
any information that is significantly different from the type | mophores can be described via the transition frequency cor-
scan and hence will not be discussed. Before we discuss thelation function. This correlation functioiM (t), is often
two-color results, we introduce the concept of “downhill” modeled as a sum of a Gaussian, exponential, and damped
(e.g., 750—750-800 nrmand “uphill” (e.g., 800—800-750 cosine components representing the inertial and diffusive
nm) difference peak shifts. The results for the two-color peaksolvation responses, and the intramolecular vibrational
shift are very interesting and shown in the lower panel ofmodes, respectively. Thil(t) is used to calculate the line
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for example, a 2CTG signal is measured and calculated to be
. . . quite small(~10%) compared to the one-color signal. Both
*] Dow':h:" ¢ . numerical and analytical models for the two-color transient
4 e nnn:’s'ggigg,ﬂ “ 5, a®"® ] grating experiment will be described in a separat.e publica-
£ ° tion and we now focus on the two-color peak shift for the
3] e ¢ remainder of the paper.
&P e The molecular mechanisms behind the rise and decay of
1 3 K’ the difference peak shift from its near zero initial value are of
£ particular interest. Figure 6 presents the results of simula-
f tions using three different modeldi) The single-stick
0 b ‘ model—namely, a two-level electronic system linearly
0 100 200 300 400 50 coupled to a solvent bath. The transition frequency correla-
Population Period, fs tion function is given by a single Gaussian componéiit.
6 The two-stick model, obtained by adding one intramolecular
vibration, Aw=500cm !, A=75cm * to model (i), and
o . (i) a many-mode model, in which a large numiger this
e o Uphill h .
\ &@r e case 3% of intramolecular modes are added to mo@dgelThe
i A
o, e

A", Difference Peak Shift, fs
-]

5] Downhil 2% o

‘.:." calculations are carried out at 300 K. The simulations are
. % *e done for the downhill case and incorporate finite duration
udl.‘.o. . a’aﬂ% :! . pulses. For modeli), the initial difference peak shift starts
2 | ,;':f o ° N near zero and increases to a maximum value. For m@del
e {;@ the difference peak shift does not start from zero, showing
1] e9° ) clearly that such a model cannot describe data such as those
" ’ in Fig. 5. The difference peak shift for modgi ) starts at a
’ ‘ value that is very close to zero, and hence resembles our
10 100 1000 10000 . U
Population Period, fs experimental data in th|s- r_egard. .
Perhaps the most striking aspect of the experimental data
FIG. 5. Difference peak shift for two cold750-750-800 ninas obtained  is the rise in the difference peak shift to a maximum, fol-
from Fig. 4. Th.e bottqm figure shows the same data on a logarithmic scalfowed by a rather slow decay to zero. A progressively in-
for the population period. . s . .
creasing distinction betweerf and 7, implies an apparent
increase in the rephasing capability with an increasing popu-
broadening functiong(t), which in turn is used to calculate lation period. Eventually, however, all memory is lost aifd
the various optical signal$.The different frequencies of the andrj; again become identical. In Fig. 7 we show calculated
laser pulses for the two-color experiment are incorporatedownhill difference peak shifts for théoven simple case
via the expression for the electric field of the pulses. when the transition frequency correlation functidm(t), is
In a population-sensitive technique such as the transiergiven by a single Gaussian proce$s[t) =\ exp(~t/75)?,
grating(2CTG method, a significant contribution to the two- where\ is the reorganization energy. Clearly the rise time of
color signal would be expected to arise from populationthe A7* is well correlated with the Gaussian time constant in
transfer (for example, wave packet motipfirom the “ex-  the bath response, and the empirical expressidfax
cited” to the “probed” region. In these dilute systems the ~7jc; Awlog(c,/\)+cs3], whereAw is the frequency differ-
four-wave mixing signal must involve all four field interac- ence between the pulses and t'seare constants, describes
tions with the same molecule, and the initial amplitude of,the position of the maximum iA 7* quite well. The expres-

At*, Difference Peak Shift, fs
w

8
I L I
*l:
< 6 /
£ II
=
7]
x
I § 4 \H" S — T—— FIG. 6. The difference peak shift ob-
® III tained from(i)—(iii) models. Refer to
g the text for details.
® 24
[
£
i 5
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. ||I|ll| 11 [FEAT T | - 0 200 400 600 800 1000

(1) Population Period, fs
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FIG. 7. Model calculations for the difference peak shift for the downhill w"{
case. TheM(t) consists of a single Gaussiah £600 cn!) mode with £ 09
varying time constant. The maximum value of the difference peak shift is u'=>
clearly correlated with the Gaussian time constant. ~
8 o7
o
. . . . . ]
sion was obtained empirically after performing extensive nu- € 0 ]
merical simulations to characterize the dependence of th(% ) Uphill
maximum of A7* on the various parameters and is not a £
highly accurate formula. We found that the maximum of *q 0.2 1
A7 did not change appreciably on adding exponential com- 4
ponents and a large number of intramolecular modes. This 4,4 ‘ , . . ‘
feature is very helpful in the accurate determination of the o 100 200 300 400 500 600
time scale of the ultrafast Gaussian component, which other
wise is difficult to obtain from one-color experiments in Population Period, fs

large measure because of the destructive interference from _ , , , _ _
the intramolecular mode€ FIG. 8. Simulations for the downhilkop figure and uphill (bottom figure
: difference peak shift for different values of the Gaussian time constant. The

In Fig. 8 we show simulated difference peak shifts for piots are normalized to facilitate a direct comparison. Whe) consists of
both downhill and uphill cases with a more detailed modela GaussianX=150 cn'?) with a varying time constant, and two exponen-

for M(t) that also includes two exponential componentstialdC;?P?nentsl(kﬁ75 cngl, )\2';71‘0 cm !, 7 =2500 fs,f7-2:9105%0tf9 100
_ S1y —1 _ an intramolecular modes with frequencies ranging from o}
()\1 75cm =, \p=70cm 7,7, =2500 fS’Tz 9000 fs) and cm L. The total reorganization energy used for the intramolecular modes is

35 intramolecular modesee the figure captionThe simu- 400 cmiL. The center wavelengths of the excitation pulses are set at 750 and
lations are shown for different values of the Gaussian time00 nm.

constant while keeping the rest of the parameters fixed. The

rise in the downhill difference peak shift is not greatly influ- , )
enced by the intramolecular contribution, aside from the su€USSed, for example, in the context of instantaneous normal

17-21 : H
perimposed oscillatory structure and remains well correlate0de (INM) theory:*=At very short times, the dynamics
with the Gaussian time scale, . The uphill difference peak in liquids can be represented in terms of uncoupled harmonic
shift, however, scarcely depends on the Gaussian time sca/@odes that arise from collective motions of several solvent

’ ' ' 7-21 L :
Also note that the vibrational structure appears very differenfolecules. The INM spectral densities and the solvation
in the uphill and the downhill simulations, as it does also inSPeCtrum obtained by these methods typically reveal a broad
the experimental data. Further, in the absence of the intramdliStribution of solvent modes, and the spectral density can be
lecular vibrational contribution t¥ (t), the uphill peak shift further decomposed into different types of solvent motions

. . . . . 7‘18 . .
is sensitive tory, and this sensitivity is apparently destroyed (translation, libration, vibration, etc:"*° Electronic transi-
by the intramolecular vibrational contribution to the re- fions are coupled to these solvent modes. We now define two

sponse. different mechanisms of line broadening. One is the homo-
geneous broadening that appears due to the vibronic transi-
tions from a particular phonon state in the ground electronic
state. This broad distribution of nuclear transitions as well as
Based on the numerical simulations described above, wspectral evolution within the pulse duration accounts for the
now attempt to provide some physical insight into the formexistence of a two-color four wave-mixing signal at short
of the two-color difference peak shiffy7*. times. The other broadening mechanism is due to a distribu-
Implicit in our model is the assumption that the spectraltion of the phonon occupation owing to thermal energy over
density is the same for each member of the ensemble. By thithe molecules in the ensemble, and is termed inhomogeneous
assumption each member of the ensemble can absorb ovebeoadening.
range of different frequencies. Such a picture has been dis- As the simulations in Fig. 6 show, the initial difference

V. DISCUSSION
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peak shift is zero for model$) and(iii ). The zero difference
peak shift is obtained because the initial signals produced by
type | and type Il scans generate the same nonzero value for
the initial peak shift. We discussed in Sec. Il that the exis-
tence of a rephasing capability in a system will generate
different values of the peak shift in the two types of scans.
Thus, the zero initial difference peak shift obtained in the
simulations implies that the model systems do not have any
rephasing capability at short time. At first glance, this con- 420 80 40 O 40 80 120
clusion seems to contradict the observation of a finite value r(fs)

of the peak shift in each scan since it has been accepted that

. . . . IG. 9. Convolution volume for the third-order polarization as a function of
normal peak shift data is proportional to the rephasing Cab3ne time delay between the first and second pulsefor four different

bility of the system. However, this is not rigorously true at ayaues of the time delay between the second and third fililsavhich are
very short population time, where the effect of pulse overlapdenoted on each curve. A Gaussian envelope function with a FWHM of 48
is important. fs is employed.

In order to make clear what we mean by the pulse over-
lap effect, we illustrate the dependence of the convolution
volume, which is derived from a perturbation theory treat-
ment with respect to the electric field, on the experimenta
time variables(7 and T). In the type | scan, the third-order
polarization is given by the sum of the following four con-
tributions:

Convolution Volume (a.u.)

We setR=const and Gaussian envelope functions with a
‘:WHM of 48 fs are employed for the light fields. As one can
see, for short population timed), the integral volume is
strongly dependent on coherence tif¥# over an experi-
mentally relevant rangéabout —40 to 40 fg. Therefore, a
t t3 t crucial factor determining the nature of nonlinear polariza-
Pi(t)= f_mdt3f_mdt2f_wdt1 Ry(t,tataty) tion at small values of is the pulse overlap effect in addi-
tion to the fast nuclear dynamics. For example, if one tried to
XE(tz3)E(T+t)E(7+T+1ty), get peak shift data from this simple system wil= const
. L " .(V\./i.th no rephgsing capabililye} Iargg positive yalue_ of an
pz(t):f dtzf dtsf dt; Ry(t,tatots) initial peak shift would be obtained since the signal intensity
— —o —o is proportional to the convolution volume. This is why we
obtained a nonzero initial peak shift in the individual scans
for the models(i) and (iii) but zero difference peak shift
t tg ty (reflecting no rephasing capabilityThis illustration shows
P3(t)= f_mdtsf_xdtlf_wdtz Ra(ttataly) that care is required in the interpretation of nuclear dynamics
at short times probed by the conventional peak shift method.
XE(t3) E(T+t)E(7+T+14), Following this argument, in order to extract the short time
. , " solvation dynamics, we need to.remove the puls.e overlap
p4(t)=f dtzf dtlf dts Ry(t,tatoty) effect and we suggest that the difference peak shift method
—o — —o should be a powerful technique for this purpose.

The pulse overlap effect appears in both one- and two-
color experiments at short times. However, since in a one-
where E(t) is a real envelope function of the electric field color experiment the system has a strong rephasing capabil-
centered at=0 and dynamical information on the nuclear ity at short population periods, the type | and Il peak shifts
motion and the energy detuning factors of the electric fieldproduce very different results, showing that the role of
are described by the response functioRg-R,. Detailed nuclear dynamicgrephasing capabililydominates over the
expressions for the response functions are irrelevant to thgulse overlap effects in this case. However, at very long
present discussion and can be found in Ref. 15. These equpepulation times, the system loses its rephasing capability
tions describe a subset of the third-order polarization selectedue to the dynamical processes and, as we can see in Fig. 9,
by the rotating wave approximation. As a result of this ap-the pulse overlap effect disappears as well. Therefore we
proximation, the volume of space subject to the time integrakxpect the peak shift of the individual scans as well as the
for the nonlinear polarization has become dependent on theifference peak shift should be zero.
experimental time variables; and T. As these equations Based on the above discussion and the observation of a
show, the nonlinear polarization is given by a convolutionzero initial difference peak shift, for a two-color experiment,
integral with the response function including information onthere is little or no rephasing capability at very short times
the nuclear dynamics and the envelope of electric fields oveaind therefore the total signal is dominated by a FID signal.
the subspace of time integral variables selected by the rotaSince the effect of pulse overlap is the same for the type |
ing wave approximation. and Il peak shifts, the presence of a signal predominantly

In Fig. 9, we illustrate the dependence of the volume ofarising from FID(which will yield the same response func-
the subspaceweighted by the envelope functipan randT,  tion for the two scanning methodgives rise to similar but
which is calculated numerically from the above equationsfinite values of type | and Il peak shifts due to the pulse

X E(t3)E(T+t2)E(T+T+t1),

X E(t3)E(T+t2)E(T+T+t1),
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overlap effect, as discussed above, and hence a zero value of
a difference peak shift. Therefore, we have observed that the
presence of a finite value of the peak shift itself at very short
population periods may not imply that the system has a
rephasing capability, and the difference peak shift method is
more sensitive to the rephasing capability of the system.

The absence of a rephasing capability at very short times
can also be understood from the instantaneous normal mode
(INM) representation of liquids’ As a result of the two line o)
broadening mechanisms, each line in the absorption spec-
trum is composed of transitions involving some linear com-
bination (e.g., sum or difference frequencypf the solvent
modes. Each solvent mode is coupled to the electronic tran-
sition with a particular coupling strength. Since a large num-
ber of solvent modes couple to the electronic transition, the
coupling strength of each mode is generally small. Therefore,
the probability of the same mode to appear both in the pump
and probe regions via a long Franck—Condon progression is
small. In other words, the pump pulse will excite a different
set of transitions in the ensemble as compared to the probe
(third) pulse. Since different parts of the spectrum may arise
from completely different modes of the solvent, they are un-
correlated at short times, resulting in a free induction decay
component to the signal. In modgi) the initial difference  Fig. 10. The model for the time-dependent spectral shift. The péel
peak shift is not zero because of the presence of a highshows the spectral distribution at the pump and probe wavelengths. The
frequency intramolecular mode dressed with the same Speganel(b)_ corresponc_is_ to the “rigid"’ case, where no memory is lost, i.e., no
wral density. Hence, the information of nuclear states at shofeaind o ranston feauencis occrs g e shit. The pate
times is already mixed between the transitions at differentcrambiing takes place during the shift.
parts of the spectrum leading to nonzero values of the differ-
ence peak shift. As we add a large number of intramolecular

modes, each dressed with the same spectral density, the dif-

ference peak shift again starts with a value close to zerd®" the spectral Sh'ﬁ process can be envisaged. In one, the
Adding a large number of intramolecular modes leads tosr_nft occurs in a “rigid” sense in which the relative posmon.
transitions that also correspond to overtones, sums and dif¥ith respect to the mean frequency of the spectral band is
ference frequencies of these fundamental mtfdgereby ~ conservedpanel(b) of Fig. 10]. In other words, a specific
creating another quasicontinuum of lines in the spectrum ofitial frequency gives rise to a specific final frequency. In

electronic transitions. The effect of this second level of tran{N€ Other mechanism, the probability for a given initial fre-

sitions corresponding to intramolecular modes is similar tguency to give a specific final frequency is independent of

the effect of a quasicontinuum of intermolecular modes.the final frequency, i.e., the shift randomizes the position

Transitions at two different parts of the spectrum again los&Vithin thell?andp.anel(c)]. In a real spectral shift, both pro-
correlation at short times since they correspond to sets df€SSeS Will coexist.

transitions arising from completely different modes, in this In qrder to create a phy§|cal picture for thg phenomena
case different solute modes. underlying the two-color difference peak shift data, we

As time goes on, the nuclear wave packet created in resent a simple analysis based on the assumption that the

nonequilibrium state evolves under the potential energy su -I?et bro_a:denlng comes fro;'? ﬁ purily St?t'StlcaLdlsmbUt.lon
face of the excitedground electronic state. This evolution of transition energies in which each molecule has a unique

of the wave packet leads to the Stokes shift and fluctuationgani!t'on denbe r%i(\"\lv't?om tr:hf tr?omOgr? neous broqu_? ning
in the electronic transition energy. As a result, a subset of th entioned abo oting that the rephasing capabiiity 1S

ensemble created by the initial pump frequency will move tosgfvcieﬂsy i(t:s?rtrgr?;(iat(ijow?n?re frav(\:/telzogxfr;?r?eetnhseeEﬁlc?vmat E?nne-
a nuclear configuration corresponding to the electronic tran= . C o a9y, . wing

" . . . .. correlation function in which the fluctuation dynamics of the
sition energy associated with the probe window, WhIChinhomo eneous distribution of transition energies is de-
means that the signal intensity should increase with time'scribedgb 2 conditional probability: 9
Population-based two-color experiments will be sensitive y P y:

only to the time dependence of the spectral shift, but it is
difficult to extract details of the dynamics occurring during {G€pe(t) S€pu)innom
the spectral shift from these experiments. 1
The spectral shift is illustrated in pané) of Fig. 10, :WJ' f dw; dwyl w—(@(t)) gl (01— (w)py)
which serves to define the location of the pufpplses 1 and
2) and probe(pulse 3 frequencies. Two extreme scenarios XW(wo|Epp) P(wp;t|w)W(w1|Epy) oapd @1), (1)

(@)

i
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where o4 is the distribution function for the transition en-
ergy (absorption spectrumn the equilibrium ground elec-
tronic state andV(w|E) is a filtering function for the electric
field E. P(w,;t|w;) is the conditional probability in the
ground electronic state that the transition energy of the sys-
tem isw, at timet when the system was initially prepared
with a transition energy ob, . As Kinoshita has discussed, a
stochastic evolution of transition energy is justified based on , ‘ , : K
the random occupation of phonon stat@shomogeneous 0 100 200T300 400 500 600

: ) . ime (fs)
broadening via the thermal energd? However, by the defi-
nition of the conditional probabilityw, and w, in Eq. (1) FIG. 11. A comparison of the results of a numerical simulation of the dif-
should be identical at time zero, that i5§3(w2,0;w1) ference peak shiftsolid line) with the model for rephasing capability de-

— _ ; i, scribed by Eq(1) (dashed ling The M(t) consists of a single Gaussian
9wy~ wy). Clearly this approach excludes the possibility mode (A =600 cni?; 7,=200 f9. Equation(1) reproduces all the features

of homOQeneous broadenir(gs defined abO\)eand hence of the numerical simulation qualitatively after a certain transient time. All
cannot explain the zero difference peak shift at short timeshe curves are normalized for a direct comparison.

The functionN(t) describes the total population transfer ki-

netics from the pump to probe regiofisterband population ) )
transfey illustrated by pane(a) of Fig. 10 when the dynam- the pump and probe regions, Hg), except for early times.
ics of spectral evolution is described by the given conditionaAt these times, the population transferred from the pump to

o =
®. @

Kyneeded Buisevyday

N}
h

Normalized Difference Peak Shift
o 0o o ©o o
> Q@

o

probability, P(w,;t| wy): probe regions by the fluctuation of the inhomogeneous dis-
tribution is negligible, and only the homogeneous broaden-
N(t) = d dews W E ing mechanism that gives rise to a FID sigifia$ discussed
® fﬂc “1 ﬁw w2 W(w pr) above contributes. Therefore the correlation functi¢h),

which describes the memory transfer associated with the
X P(wz;t| 01) W(w1|Epy) gand @1). (20 spectral shift, and the difference peak shift should not be
Then Eq.(1) is a time-correlation function of the transition compared at very short times. The reason that(Eqgives
energy (normalized by a time-dependent spectral popula-higher values of rephasing capability at short times may arise
tion), which measures the portion of the ensemble retainingrom the fact that the conditional probability assumes a
memory of its transition energithe probability of interband strong correlation between the initial and final frequencies
memory transferillustrated by panelb) of Fig. 10.(w),, and thus neglects the homogeneous broadening. After this
and (w(t)),, are the mean frequencies of the systemdransient period, fluctuations of the statistical distributiion
pumped initially and probed at tinterespectively, which are homogeneous broadeningause transfer of the initially ex-
given by cited population from the pump region, and the magnitude of

this fluctuation dominates the homogeneous broadening
[do wW(w|Epu)0'abs(w)

() py= ' (3) mechanism, which is responsible for the FID signal. As a
PU [ do W(w|Epy) orand @) result, the rephasing capability of the total signal is well
characterized by the correlation functioh). Equation(2),
<w(t)>pr:|\r1(t)f d“’lf dw, w, except for short times, qualitatively predicts the features of
numerical simulations of the difference peak shift for differ-
X W(wy| Epr)P(w; itlw) W( o, Epu) Tand @1). ent choices of the reorganization energy, the time scale of the

@ Gaussian component, and the energy separation between the
two pulses.
An expression for the conditional probability has been de-  This argument implies that the total response function

rived by other groupg=?°as can be thought of as approximately the sum of two contribu-
1 tions whose amplitude®); non(t) and Po(t), are time de-
P(wy;tlwy)= pendent,

V27 A%(1—M(1)?)
[{ [(wy— (o)) = (w13—{@))M(1)]?
xXexp —

2A°[1-M(1)?] ; Of course, it is not possible to rigorously separate out the
response function into the two additive contributions. Simi-
(5 . . : .
larly the total time correlation function characterizing the
whereA? (=(8w(0)?)) is the coupling strength and is re- signal can be modeled as
lated to the reorganization energy via the relationsiip,

R(t; Wpr 7wpu) = Pinhord 1) Rinhor(t) + Phonf(t) Rhond( 1) (

. Pinhor(t)
=2\KT, and(w) is the ensemble average value of the tran-( s¢_ (t)se_ )= inho Seq (1) Sen,)i
sition frequency in the equilibrium ground state. {Oeer oo Pinnor{(t) + Phom(t)< P pulinhom
In Fig. 11, we compare the simulated difference peak Pron(t)
o]

shift data and the correlation function, as given in Ep. + P D+ Pt (Sepr(t) €y hom-
This figure confirms that the two-color difference peak shift inhor 1)+ Phrom(t)
follows the correlation function of the transition energies at (7)
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The first term is the correlation function, E({), associated 5 |
with the fluctuation of inhomogeneous distribution weighted g
by the relative contribution of the fluctuation. The second &
term is the correlation function associated with the homoge-§
neous distribution. For low-frequency solvation modes, ¥
Pron(t) is expected to be quite small. Therefore, except at ag 3 1

very short time befor@;,,on(t), is developed, the contribu- & g
tion of the second term of Eq7) will be negligible. In this § 2 i
picture the reason why E@l) deviates from the full calcu- @ E :
lation at short times is because the contribution from the firsta 8
term in Eq.(7) is very small initially. At present, we do not *2

have a model to describe the detailed behavioPgf,(t)
andPy,.(t), but Eq.(7) seems to provide an adequate physi-
cal picture of the rise and decay of the difference peak shift.
To summarize, at short times there are no common tran-
sitions between the pump and probe pulses and the system. 12. A comparison of the downhilr50—750—800 nindifference peak
has no rephasing capability_ As the system evolves, solvershift for IR144 in methanol with the numerical simulations. The parameters

molecules undergo motion Causing fluctuations in the elecd'® the same as described in Fig. 8 with the Gaussian time constant set at
’ 220 fs (solid ling). The inset shows the same data and simulation for a

tronic  transition energy and also the Stokes shift. Th%nger population period. Also shown is the difference peak shift simulation
memory of the initially created nuclear states is then transperformed with a 120 fs Gaussian component while keeping all the other
ferred to other parts of the spectrum that are probed by thearameters fixeddashed ling

final pulse. In other words, the new nuclear states resulting

from solvent dynamics retain partial memory of the initially

created states. This leads to an increased contribution frofk144 and on DTTCI in several solvents and in all cases the
the echo signal and increases the difference peak shift. As thgfference peak shift starts at a near zero value and increases
system evolves further, diffusional relaxation occurs, causingg 3 maximum on an ultrafast time scale. The downhill dif-
changes in the liquid structufethat lead to a decay in the ference peak shift of DTTCI in methanol also suggests that
difference peak shift. the Gaussian time constant is240 fs and is in agreement
Such a picture clearly suggests a distinction between th@jith the results of de Boeigt al” and Leeet al?® We have
downhill and uphill difference peak shift in a system under-generally observed that the simulations are in better agree-
going a systematic red shift. Furthermore, in a system withment with the difference peak shift values than with the type
many vibronic transitions there appears to be an interferenceand Il peak shifts individually. We believe that this is due to
between the solvent fluctuations and the vibrational wavey partial cancellation of the finite pulse duration effect and
packet oscillations and dephasing such that the sensitivity ahe influence of the intramolecular modes on the difference
the uphill difference peak shift to the ultrafast solvation pro-peak shift than in the type | and Il peak shifts separately. It is
cess is almost eliminated. The question immediately arises agually very hard to account for all the intramolecular modes
to why the simulated downhill difference peak shift seemsin the calculation of the signal, as not much is known about
rather insensitive to vibrational effects. We do not, as yetthe frequencies of the modes and their coupling strengths to
have a microscopic answer to this question, but it may lie irthe electronic transition.
a time scale separation between the dephasing of the many Solvation time correlation function§TCF) obtained
sum and difference frequencies created by pulses 1 an@dom molecular dynamics simulations for an atomic solute in
2,227 and the time scale of the Stokes shift. In any case anethanol give inertial timescales 6f100 fs2°%° The TCF
reasonable model for the solvation dynamics allows us to fitlso generally shows oscillations with a period of 20—30 fs.
the difference peak shift for IR144 in methanol quite well This oscillation was attributed to the libration of the OH
(Fig. 12. TheM(t) is the same as discussed in the context ofgroup, and the 100 fs component was assigned to the inertial
Fig. 8, except that the Gaussian time constant used was 22fiotion along the two othemearly degenerate, but larger
fs. Note that this value is significantly longer than that esti-moments of inertia components in the C—OH pldh&he
mated previously from the one-color peak shifind 2-D 100 fs initial decay component, however, increases apprecia-
experiment3?3In Fig. 12 we have also shown the differ- bly if the solute size is increas€@0%—30% depending on
ence peak shift obtained using a Gaussian time constant tiie electrostatic nature of the solute accord with the type
120 fs, and it reaches a maximum value much earlier thaof dye molecules used experimentafly>2 or the order of
the experimental data. For IR144 in methanol, the presencthe multipole interaction responsible for the fluctuations
of a large number of intramolecular modes with significantincrease® The initial time scale of the solvent response was
coupling strength makes the one-color peak shift data natlso found to increase if the polarizability of the solute is
very sensitive to the Gaussian time constant. The turnovetiaken into account’®*-3°*The slowing of the solvent re-
behavior of the difference peak shift, appears to allow a morsponse with increasing solute polarizability was attributed
reliable estimate of the Gaussian time constant. We shouldar) to the change in the solvation force constant due to the
point out that our results are not specific to a particularapid response of the dipole moment of the solute in re-
solute—solvent system. We have carried out experiments osponse to an environmeniablven) polarization fluctuation.

Populatien Period, fs
T

100 200 300 400 500
Population Period, fs
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