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Solute–solvent interaction dynamics studied by photon echo
spectroscopies in polymer glasses

Yutaka Nagasawa,a) Jae-Young Yu, and Graham R. Flemingb)

Department of Chemistry and the James Franck Institute, The University of Chicago, Chicago,
Illinois 60637

~Received 24 November 1997; accepted 9 July 1998!

The influence of coupling strength and temperature on the solute–solvent interaction of two
chromophores in polymer glass is reported. The three-pulse photon echo peak shift method was used
to study the dye IR144 in polyvinylformal~PVF! and the dye DTTCI ~3,38-di-
ethylthiatricarbocyanine iodide! in polymethylmethacrylate~PMMA!. IR144 is more strongly
coupled~larger reorganization energy! to both its intramolecular modes and to the solvent than is
DTTCI. Our results can be well described by the linearly coupled harmonic bath model over the
range 300 to 30 K. In particular, the strikingly different temperature sensitivities of the long-time
~asymptotic! peak shift are well described by the theory. Temperature-independent spectral densities
and inhomogeneous widths suffice to quantitatively describe the peak shift data over this
temperature range and a number of numerical predictions based on the theoretical model are
experimentally confirmed. An ultrafast component corresponding to a decay of;100 fs time scale
in the transition frequency correlation function is found in all cases, though the amplitude is small
for the DTTCI solutions. This ultrafast response is assigned to the inertial response of the solvent.
The inertial response measured for DTTCI in PMMA is very similar to our previous measurements
of the inertial response for IR144 in PMMA, suggesting that a general characteristic of the solvent
is being probed. The weaker coupling of DTTCI produces a drastic increase in the width of the
photon echo signal as predicted by theory and strong vibrational quantum beats at 30 K. By contrast,
such beats are not observed in the echo signal for IR144. ©1998 American Institute of Physics.
@S0021-9606~98!51738-2#
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I. INTRODUCTION

The dynamical role of solvents in chemical and biolo
cal processes has been studied extensively in recent yea1–3

Pure liquid dynamics has been probed via nonresonant t
niques such as the optical Kerr effect,4–6 and the recently
developed two-dimensional Raman spectroscopy origin
proposed by Tanimura and Mukamel.7–10 Solute–solvent in-
teractions have been extensively studied by time-reso
fluorescence Stokes shift,11–13 and by a variety of nonlinea
spectroscopic methods such as hole burning14 and transient
grating.

While being one of the most successful methods for
vestigating solvent–solute interactions, time-resolved fl
rescence Stokes shift measurements are limited to sys
with relatively large reorganization energies. In comparis
the role of the solute tends to be more pronounced in pho
echo experiments and there is no limitation associated w
the reorganization energy. Therefore, techniques such
three-pulse photon echo peak shift~3PEPS! measurements
can be applied to a much wider range of pro
molecules.15–21 Among the advantages of 3PEPS are:~1!
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high time resolution,~2! large dynamic range,~3! insensitiv-
ity to excited state lifetimes, and~4! the ability to detect
static inhomogeneity. A probe molecule dependence of
chromophore–solvent interaction was even reported in
initial 3PEPS measurements performed by Ippen a
co-workers.22,23 More recently, the 3PEPS measurement h
been developed into a powerful tool for the study
chromophore–solvent interactions in systems with comp
interchromophore interactions.21,24,25

In the many recent studies of solvation dynamics th
has emerged a clear separation of the relaxation into an
trafast ~;100 fs! inertial response and a slower diffusiv
relaxation occurring on a picosecond time scale.1–3,14,17,20,26

The inertial response was first observed in acetonitrile,
arises from small angular displacements of the nuclei, w
the largest contribution coming from the first solvatio
shell.27 The inertial response is often approximated by
Gaussian component in liquid solvents while it appears to
a severely damped oscillation in polymer glass.17,20,27–30

3PEPS measurements have revealed that, although the
plitude varies significantly, the inertial response exhibits
almost identical time scale in different solvents including t
polymer glass polymethylmethacrylate~PMMA!.20,29,30The
observation that on short time scales the solvent respo
should be very similar in different solvents is supported
computer simulations and theoretical models such as the
stantaneous normal mode analysis~INM !.31–34Diffusive sol-
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–
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vation typically exhibits an exponential or a multiexponent
relaxation in most solvents. In contrast to the inertial rela
ation, diffusive relaxation times vary strongly from solve
to solvent and thus reveal characteristics specific to a g
solvent.12,20,29

The most common approach to modeling t
chromophore–solvent interaction involves linearly coupli
the electronic transition of the chromophore to a bath of h
monic oscillators. While providing substantial simplificatio
of a difficult physical problem, this approach still allows fo
a wide variation in the observed behavior of differe
chromophore/solvent pairs.35,36In such a model the observe
behavior is controlled by a temperature-dependent coup
strength,^D2&, and the width of the inhomogeneous dist
bution,D in . The coupling strength can be written in terms
a temperature-independent spectral density,r~v!, which de-
scribes the coupling constant weighted density of state
those nuclear motions coupled to the electronic transit
The temperature dependence of^D2& arises from the chang
ing populations of the various quantum levels with tempe
ture. Of course the spectral density itself may be tempera
dependent; however, we have recently shown that the
trafast portion of the solvent response can be reasonably
described by a temperature-independent spectral dens30

As expected, the diffusional relaxation in liquids is e
tremely anharmonic and therefore is not well represen
within the context of a temperature-independentr~v!.29,37

The temperature dependence ofD in is less obvious. The sim
plest approach is to assume that it is temperature inde
dent. However, resonance Raman studies have been i
preted with substantially larger inhomogeneous widths
room temperature than are found at low temperature, s
gesting this assumption must be applied with care.38 Many
characteristics of echo phenomena depend on the rati
^D2& and D in . As a result, even with a temperatur
independentD in , striking effects of temperature can be o
served.

In this paper we address the role of variation in coupl
strength~or reorganization energy,l! in photon echo signals
by studying IR144 in polyvinylformal~PVF! and DTTCI
~3,38-diethylthiatricarbocyanine iodide! in PMMA. Among
the advantages of using polymers as solvents are the re
accessible large temperature range and the fact that the
fusive ~anharmonic! portion of the response is so slow that
can be treated as static inhomogeneity.30 Thus it becomes
easier to focus on the role of intramolecular vibrations a
solvent inertial motion in the nonlinear spectroscopic resu
These results can then be applied in developing theore
models in terms of a coupled set of harmonic modes. O
serious difficulty is that signals in all ultrafast experimen
contain contributions from intramolecular dynamics a
those signals may contaminate the signal assigned to th
trafast inertial response of the solvent.39–41Although the use
of probe molecules with small numbers of Franck–Cond
active modes is clearly indicated, it is often experimen
considerations that dictate the use of large dye molec
with the potential for many active low-frequency mode
This problem may be partially alleviated by comparison
different probe molecules where the differences in act
ticle is copyrighted as indicated in the abstract. Reuse of AIP content is sub
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low-frequency modes can help to elucidate their contribut
to the ultrafast component.

Our group20,29,30and Wiersma and co-workers15–17have
performed complementary photon echo studies in a serie
solvents, with our work focusing on IR144 as the probe a
Wiersma and co-workers using DTTCI as the probe. In o
studies, an ultrafast Gaussian component was found~with
varying amplitude! in almost all solvents studied, includin
ethylene glycol. Wiersma and co-workers reported no s
ultrafast component for DTTCI in ethylene glycol and th
reported relaxation times typically 1.5–2 times slower th
ours.15,17The studies reported here give us the opportunity
investigate the extent to which the probe molecule cont
utes to this difference. In our previous study of IR144
PMMA, we showed by simulation that probe molecules w
different coupling strength can exhibit different temperatu
dependencies.30 For example, the echo signal itself becom
wider and the long-time~‘‘asymptotic’’! peak shift becomes
larger as temperature is lowered. These effects are more
nificant for molecules with weaker coupling strength. He
we confirm this prediction and clarify a number of couplin
strength dependent aspects of echo spectroscopy.

II. EXPERIMENT

The experimental apparatus was described in detail
viously and only a brief outline will be given here.20,29,30The
light source was a cavity-dumped Kerr lens mode-lock
Ti:sapphire laser with a center wavelength of 780 nm an
pulse duration of 20 fs. The repetition rate was usually k
under 40 kHz to avoid heating and damage of the sam
Beams were focused into the sample by a 20 cm achrom
lens. The power of each of the three beams was kept un
600 pJ/pulse to avoid saturation effects. Photodiodes
lock-in amplifiers were used for signal detection and amp
fication. For the room temperature measurements, sam
were rotated by an electric motor to avoid damage. F
temperature-dependent measurements, the sample was
lized on a brass holder inside the vacuum chamber o
closed-cycle helium cryostat. The sample temperature
measured by silicon diodes attached to the sample
holder. At low temperatures no damage of the samples
detected. The temperature stability was60.5 K when a com-
plete 3PEPS signal was measured at a given tempera
and it was61.0 K when the temperature dependence of
asymptotic peak shift was measured, since stabilization
difficult when temperature was scanned.

PMMA, PVF, IR144, and DTTCI were used as receiv
from Aldrich and Exciton. Sample glass films were prepar
by mixing the dye and polymer in chloroform/methanol~2/1!
solution. The sample was then spread on a quartz plate
dried under closed atmosphere for one day. Rapid prep
tion and drying of the samples was necessary to avoid ag
gation of the dyes. Samples were then kept under vacuum
several days to remove any residual solvent. The samp
thickness ranged from 70 to 150mm, with the optical density
~O.D.! ranging from 0.7 to 1.6. The higher optical densiti
gave stronger signals, but no significant change in the ove
features of the signal.
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III. 3PEPS MEASUREMENT

The method of measuring a 3PEPS signal has been
scribed in detail previously.17,20,29,30,42The 3PEPS experi
ment has been shown to be capable of determining the t
sition frequency correlation function,M (t), and the width of
the inhomogeneous distribution,D in . The experiment is a
three-pulse stimulated echo in which both echo signals
phase matching conditionsk12k21k3 and 2k11k21k3

are simultaneously recorded. Since there are three pu
there are three time periods to consider, of which the fi
two are under experimental control. The first time periodt,
during which the system is in an electronic superposit
state, is scanned. During the second time period,T, the sys-
tem is in a diagonal~population state!. This is the key feature
of the experiment that provides the large dynamic range.
third pulse creates the final superposition state which lead
rephasing and echo formation. This last period is integra
to record the echo intensity as a function oft. The observ-
able of interest is the location of the echo maximum w
respect to zero delay for different fixed values ofT. The shift
from zero delay,t* (T), we refer to as the peak shift, and b
measuring both phase matched echoes simultaneously
can be determined with60.3 fs precision under optimal con
ditions. A plot oft* (T) vs T constitutes a 3PEPS spectrum

IV. THEORETICAL BACKGROUND

Here we briefly discuss the theoretical background u
to analyze the data. The broadening of spectral lines in c
densed phases has been used to probe the interaction of
ecules and their environment for many years.1,35,43–48Broad
featureless electronic spectra are typical of chromophore
liquids, proteins, and glasses. The simplest model which
scribes the mechanism of this line broadening, including
dynamics masked within the spectra, is the linearly coup
harmonic bath model. In this model only two electron
states, the ground and excited states, are considered, and
are described by harmonic free energy surfaces of
nuclear coordinates~linear response!. When the curvatures o
the two surfaces are the same, and when their minima
displaced, the transition frequency depends linearly on
nuclear coordinate~linear coupling!. The displacement is
measured by the reorganization energy,l. Generally there
are many degrees of freedom in the condensed phase,
the coordinate is multidimensional. It is assumed that
shape and the position of these surfaces do not change
temperature. The optical transition frequency,veg

i , for a par-
ticular chromophore,i, dissolved in a glass can be writte
as49

veg
i ~ t !5^veg&1D i1dveg~ t !, ~1!

where^veg& is the average value of the transition frequen
and D i is a static offset from this mean for the particul
chromophore. In this picture,D in is the width of the distri-
bution of D i . dveg(t) gives the dynamical contributions t
the spectrum and is described by the transition freque
correlation function50
ticle is copyrighted as indicated in the abstract. Reuse of AIP content is sub

128.32.208.2 On: Thu, 0
e-

n-

at

es,
t

n

e
to
d

his

d
n-
ol-

in
e-
e
d

hey
e

re
e

us
e
ith

y

M ~ t !5
^dveg~0!•dveg~ t !&

^dveg
2 &

. ~2!

In the intermediate inhomogeneous limit and for tim
longer than the bath correlation time, the peak shift,t* (T),
becomes proportional toM (t),18

t* ~T!5
@^D2&•M ~T!1D in

2 #A^D2&1D in
2 1 f ~T!

Ap$^D2&@^D2&12D in
2 1 f ~T!#1D in

2
• f ~T!%

,

~3!

whereT is the population time,̂D2& is the coupling strength
and f (T)5l2@12M (T)/M (0)#2. It can be seen from Eq
~3! that whenT→`, a nonzerot* value indicates the exis
tence of static inhomogeneity, i.e.,D inÞ0.

A 3PEPS signal can also be numerically calculated fr
third-order response functions written in terms of a li
broadening function,g(t). The line broadening function ca
be written in terms ofM (t)35,36,51

g~ t !5F ^D2&E
0

t

dt1E
0

t1
dt2M ~ t2!

1 ilE
0

t

dt1M 8~ t1!G1
~D int !2

2
, ~4!

where M (t)5M 8(t)5S(t) in the high temperature limit.
Here we can see that the real and imaginary parts ofg(t) are
proportional to the coupling strength^D2& and the reorgani-
zation energyl, respectively. This means that the real part
g(t) is related to spectral broadening while the imagina
part is related to the Stokes shift. As a result, fluoresce
Stokes shift experiments measure only the imaginary co
ponent ofg(t) and are insensitive toD in .

The spectral density,r~v!, plays a key role in our analy
sis. In terms of the spectral density,M (t) and S(t) are ex-
pressed as

M ~ t !5
1

^D2&
E dvv2r~v!cothS \bv

2
D cos~vt !, ~5!

S~ t !5
1

l E dvvr~v!cos~vt !, ~6!

whereb5(kbQ)21, kb is the Boltzmann constant, andQ is
the absolute temperature. We treat the inertial response
Brownian oscillator, while the intramolecular modes a
treated as damped cosines. Note that in our previous stud
modes were treated as damped cosines.30 For the Brownian
oscillator the analytical form of the spectral density is52

r~v!5
2

p

lv j
2g jv

v2~v j
22v2!21g j

2v4
, ~7!

where the oscillator frequency isv j and the damping con
stant isg j . Oncer~v! is obtained, the only fitting parameter
arel andD in .

Our method of analysis is as follows.~1! Obtainr~v! by
fitting room temperature 3PEPS data.~2! Using r~v!, fit the
temperature dependence to determine values ofl and D in .
~3! Calculate the absorption spectra with the parameters
tained to check for consistency.
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V. EXPERIMENT RESULTS

A. Absorption spectra and molecular structures of
the samples

Scheme 1 gives the molecular structures of the samp
In our previous 3PEPS experiment we used PMMA, which
rather a bulky polymer with carbonyl side chains that may
able to rotate quite freely. The new polymer, PVF, was c
sen because of the rigid structure. The dye, IR144, often u
by Fleming and co-workers,20,29,30is a larger molecule than
DTTCI and contains a larger number of low-frequency
brations. Thus DTTCI may be a better probe, although i
still large enough to have low-frequency large amplitude m
tions.

Figure 1 shows the absorption spectra of IR144 in P
and DTTCI in PMMA. The absorption spectrum of IR144
much wider than that of DTTCI. The absorption spectrum
IR144 in PMMA ~see Ref. 30! has a similar bandwidth to
that in PVF, but is shifted slightly to shorter wavelength. T
peak positions are 774 and 765 nm in PVF and PMM
respectively. This may indicate that PVF is slightly less po
than PMMA, since the absorption peak of IR144 shifts to
red in less polar solvents. The Stokes shift of IR144 is a
larger than DTTCI in all the solvents we have studied. F
example, in methanol, the Stokes shifts are 1539 and
cm21 and in acetonitrile they are 1640 and 740 cm21 for
IR144 and DTTCI, respectively. The increased width of t
spectrum of IR144 may result from stronger coupling to
solvent, coupling to a larger number of intramolecu
modes, or both. It is not clear which is the dominant fac
and the two are likely to be linked; however, since IR144 h
a more complex structure, the second possibility canno
ignored.

Based on our previous simulations we predict that
echo of a molecule with a smaller value ofl will have a

Scheme 1. Molecular structures of PMMA, PVF, IR144, and DTTCI.
ticle is copyrighted as indicated in the abstract. Reuse of AIP content is sub
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stronger temperature dependence, i.e., at lower tempera
the echo signal becomes wider and the 3PEPS asymp
peak shift, tasym* , becomes larger.30 From the absorption
spectra and the Stokes shift, it is clear that IR144 has a la
l, and thus we expect DTTCI to exhibit a stronger tempe
ture dependence.

B. Three-pulse photon echo and peak shift signals

Figure 2 shows the echo signal of IR144 in PVF at tw
population times. When the temperature is decreased f
room temperature to 43 K, the peak shift clearly increas
while the increase in the width is not as significant, from
to 30 atT550 fs, assuming a Gaussian function for the ec
shape. For IR144 in PMMA~see Ref. 30!, the increase of the
echo width was almost negligible, 21 to 22 fs. For DTTCI
PMMA, a substantially larger increase, from 35 to.45 fs, is
observed. As expected, the strongest temperature depend
is observed for DTTCI. Figure 3 shows a log plot of the ec
signal for DTTCI in PMMA at 31 K. Clearly evident is a
vibrational beat. Such a beat was not observed in any of
IR144 samples. The quantum beat observed in the echo
nal of DTTCI at 32 K shows interesting behavior whenT is
changed, as seen in Fig. 3. Population times ofT580, 180,
and 280 fs correspond to minimum, maximum, and mi
mum of the beats seen in the 3PEPS signal@Fig. 5~a!#. As T

FIG. 1. ~a! Absorption spectrum of IR144 in PVF at room temperatu
Solid line: experimental spectrum, dotted line: calculated spectrum with
high-frequency modes; dash-dotted line: calculated spectrum including t
high-frequency modes.~b! Absorption spectrum of DTTCI in PMMA at
room temperature. Solid line: experimental spectrum; dotted line: calcul
spectrum without inclusion of high-frequency modes.
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is increased, the second peak moves closer to the first p
and when the population time matches the period of the b
T5180 fs, they overlap. At longer times, the second pe
reappears as seen in Fig. 3~d!. This behavior sheds light on
the appearance of quantum beats in the 3PEPS signal. W

FIG. 2. Three-pulse stimulated photon echo signals from IR144 in P
Full curves are at 43 and the dotted curves at 294 K. Upper panel: pop
tion time,T50 fs. Lower panel: population time,T5120 ps.

FIG. 3. Three-pulse stimulated photon echo signals for DTTCI in PMM
The intensity is plotted on a logarithmic scale.~a! T50, ~b! T580, ~c! T
5180, ~d! T5280 fs.
ticle is copyrighted as indicated in the abstract. Reuse of AIP content is sub
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the two peaks of the echo signal are far apart, the peak s
is small; when the second peak moves closer to the first,
shift becomes larger.

When the effect of rephasable inhomogeneity is ne
gible, molecules with narrower bandwidth should ha
longer dephasing times simply based on the Fourier trans
mation relation. As the temperature decreases,^D2& will de-
crease, and as a result the bandwidth will decrease and
dephasing time will become longer. The echo width
IR144/PMMA remains almost constant at;20 fs, demon-
strating that the dephasing time is fast over the experime
temperature range and therefore the echo width is limited
the pulse duration.

Figure 4~a! shows 3PEPS data for IR144 in PVF at 29
and 43 K. The peak position of the echo signal is plotted
a function of population time,T. The 3PEPS of IR144 in
PVF features an ultrafast decay of,100 fs and quantum
beats exist for times,1 ps. At longer times the peak shi
remains nearly constant. This behavior is similar to our p
vious result for IR144 in PMMA. The ultrafast decay can
separated into two parts that occur with time constants
;10 and;60 fs. The first component results from destru
tive interference of intramolecular wave packets and the s
ond arises from the inertial response of the polymer.20,30

Here we need to emphasize that these time constants ar
directly related to those present inM (t). Equation~3! holds
only whenT is larger than the bath correlation time. In a
dition, at shorter times there are pulse duration effects.
actual time constant relating to the inertial response inM (t)
is ;100 fs and the amplitude is smaller than in the peak s
fit ~this point is explained in more detail in Ref. 30!. The
3PEPS signal of DTTCI in PMMA, shown in Fig. 5~a!, is
dominated by quantum beats and almost no ultrafast de
can be observed. This is consistent with the results
Wiersma and co-workers.17 In parallel with the IR144 data

.
la-

.

FIG. 4. ~a! 3PEPS data~symbols! and calculated curves~lines! for IR144 in
PVF at 294 and 43 K.~b! Spectral density used to calculate the 3PE
signals in part~a!. The spectral density of the Brownian oscillator propos
to represent the ultrafast polymer response is indicated by the dotted l
ject to the terms at: http://scitation.aip.org/termsconditions. Downloaded to  IP:

7 Nov 2013 21:52:20



u

in
l
in

h

al

sti-
cu-

ed
o-

ncy
st

ote

r

-
nts.
fu-

e
le.
e
s
le
s,

f

ns
th

in

The

6180 J. Chem. Phys., Vol. 109, No. 14, 8 October 1998 Nagasawa, Yu, and Fleming

 This ar
the 3PEPS of DTTCI does not decay to zero within o
experimental time range ofT5120 ps. The-long time value
of the peak shift,tasym* , increases from;3 to ;6 fs for
IR144 in PVF and from;5 to ;14 fs for DTTCI in PMMA
as the temperature is reduced from 294 to 30 K.

VI. ANALYSIS AND DISCUSSION

A. Spectral density

Fits of the experimental 3PEPS signal from IR144
PVF at 294 and 43 K are shown in Fig. 4~a! and the spectra
density,r~v!, obtained by fitting the 3PEPS data, is shown
Fig. 4~b!. The parameters used to constructr~v! are given in
Table I. The frequencies listed in this table are somew
different than the ones seen inr~v!, especially at low fre-
quencies. SinceM (t) is temperature dependent whiler~v! is
not, the low-frequency modes in the room temperatureM (t)
have lower frequencies than those inr~v!. The total value of
l obtained from the fit is 339 cm21 and the value ofD in is
315 cm21. The fit is quite good at both temperatures,

FIG. 5. ~a!. 3PEPS data~symbols! and calculated curves~lines! for DTTCI
in PMMA at 294 and 31 K.~b! The spectral density used for the calculatio
in ~a!. The Brownian oscillator spectral density proposed to represent
ultrafast polymer response is indicated by a dotted line.

TABLE I. Fitting parameters for IR144 in PVF.

Frequencya ~cm21! l ~cm21! Dephasing time~fs!

108 210 208~160 cm21!
138 34.3 331
195 2.1 1822
298 43.3 270
437 7.4 1820
472 11.8 372
604 1.1 562
718 29.4 100

l tot5339 cm21

D in5315 cm21

aThe lowest frequency mode~inertial response! is treated as a Brownian
oscillator. The other modes are modeled as exponentially damped cos
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though the initial peak shift at room temperature is overe
mated. We believe this discrepancy arises from intramole
lar high-frequency modes which are not explicitly includ
in the simulation. While we did include the seven intram
lecular modes of IR144 that were previously detected,30 with
our laser pulse duration, 20 fs, modes with higher freque
than 1000 cm21 cannot be excited impulsively. The lowe
frequency mode~80 cm21! @see Fig. 4~b!# is assigned to the
inertial response of PVF which causes the 100 fs decay. N
that the actual center frequency inv2r(v) is different from
the frequency,v j used to calculate the Brownian oscillato
since it depends on damping the factor,g j . The calculated
value of l, 339 cm21, is considerably smaller than that ex
pected from the Stokes shift measurements in liquid solve
This discrepancy arises mainly from the fact that the dif
sive solvation turns into static inhomogeneity,D in

5315 cm21, in a glass. In addition, PVF and PMMA ar
less polar than solvents such as methanol and acetonitri

The fits to the 3PEPS data for DTTCI in PMMA ar
shown in Fig. 5~a!, and ther~v! used to calculate the fits i
given in Fig. 5~b!. The fitting parameters are listed in Tab
II. Consistent with the work of Wiersma and co-worker
only three intramolecular modes are detected.17 The lowest
frequency mode at 85 cm21 is the inertial response o

e

FIG. 6. Experimental~symbols! and calculated~lines! temperature depen-
dence of the long-time~asymptotic! peak shift for IR144 in PVF and DTTCI
in PMMA.es.

TABLE II. Fitting parameters for DTTCI in PMMA.

Frequencya ~cm21! l tot (cm21) Dephasing time~fs!

50a 20 303~110 cm21!
125a 55 216~154 cm21!
154 44.1 400
385 10.9 508
487 8.3 1627

l tot5138 cm21

D in5190 cm21

aThe two lowest frequency modes are treated as Brownian oscillators.
three higher frequency modes are modeled as damped cosines.
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PMMA. The amplitude of this mode is much smaller than
observed for IR144 in PVF. The values ofD in andl are 190
and 138 cm21, respectively, which are roughly half of th
values obtained for IR144 in PVF. Again, the value ofl is
substantially smaller than that indicated by the Stokes s
~444 cm21!.

In Ref. 17, it was suggested that the vibrational mode
IR144 at 718 cm21 has an unphysically fast decay time~100
fs! for a Raman mode, and this mode may provide the n
essary initial ultrafast decay in the correlation functio
However, the broad bandwidth of the 718 cm21 mode most
likely arises because it represents a sum of several m
that are not resolved. It is clear from the comparison of F
4 and 5 that the;100 fs decay comes from the lowest fr
quency mode. Moreover, the 718 cm21 mode appears as
quantum beat with a period of 46 and not as a 100 fs de
in M (t). This beat is not clear in 3PEPS data since its int
sity is weak, although it can be observed in the transi
grating signal.

To test these assertions and to confirm that these fit
parameters are physically reasonable, we compared the s
lated and experimental absorption spectra. The results
shown in Fig. 1. Usually when the absorption spectrum
calculated from ultrafast spectroscopy experiments, the b
edge of the spectra cannot be reproduced because of th
nite pulse duration, i.e., the high-frequency modes canno
impulsively excited. The calculated spectrum of IR144
PVF is too narrow, while that of DTTCI in PMMA matche
the red side of the experimental spectrum quite well. T
origin of this difference lies in the bandwidth of the las
pulse which is;40 nm. It is sufficient to cover the majo
portion of the DTTCI spectrum but is narrower than the a
sorption band width of IR144. For IR144, resonance Ram
data are available and addition of three high-freque
modes, 946, 1265, and 1625 cm21 to the calculation greatly
improves the fit@‘‘_ •_’’ in Fig. 1~a!#. Their reorganization
ra

e
a

T

I/
ta
ta
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energies are 106, 91, and 166 cm21, respectively, and their
dephasing times are each set to 2 ps. However, it is
somewhat narrower than the experimental spectrum. T
may indicate that more vibrational modes are missing in
line shape function.

B. Temperature dependence of tasym*

In a previous investigation, the asymptotic values of t
peak shift,tasym* , of IR144 in PMMA increased when the
temperature was decreased. However, thetasym* started to de-
crease below;80 K and in this temperature range we we
unable to fit the data.30 In the present study, as Fig. 6 show
this behavior is not seen. This result suggests that our pr
ous hypothesis, that the turnover behavior is the resul
transition from intermediate inhomogeneous to strongly
homogeneous limit, was not correct. The temperature dep
dence oftasym* was simulated using the obtainedr~v!, D in ,
and l. The simulations fit the data very well with
temperature-independent spectral density and a single, fi
value ofD in over the full temperature range. As there are
adjustable parameters in the calculated curves of Fig. 6,
quality of the agreement provides strong support for
model of linear coupling to a harmonic bath with
temperature-independent inhomogeneous width. The m
steeper slope of the DTTCI/PMMA data in Fig. 6 confirm
the theoretical prediction thattasym* will show stronger tem-
perature dependence for molecules with smaller reorgan
tion energies. We can only speculate on the origin of
‘‘turnover’’ observed previously for IR144/PMMA; perhap
this arises from some specific interaction between these
species.

To see why the long-time value of the peak shift i
creases more rapidly with temperature for DTTCI, consid
the temperature dependence oftasym* , Eq. ~8!,
dtasym*

dQ
52

kblD in
2

\Ap

3^D2&21~6D in
2 15l2!^D2&15D in

2 l214D in
4 12l4

A^D2&1D in
2 1l2@^D2&~^D2&12D in

2 1l2!1D in
2 l2#2

<0. ~8!
d
e-
ric-

ta
eral
hat
man

p-
,
in
~Note that this expression is only valid in the high tempe
ture limit.! It is clear from this relation thattasym* will always
increase with decreasing temperature and no turnover is
pected. We will not write the full expression since the equ
tion is quite complicated, but the relation,

d

dl
Udtasym*

dQ
U<0, ~9!

also holds. This means that whenl decreases, the
temperature-dependent slope will always get steeper.
values of the slopes at 150 K calculated from Eq.~8! are
219 and243 attoseconds/K for IR144/PVF, and DTTC
PMMA, respectively. If we assume that the experimen
tasym* varies linearly with temperature, the experimen
-

x-
-

he

l
l

slopes are213 and235 attoseconds/K for IR144/PVF, an
DTTCI/PMMA, respectively. This is in reasonable agre
ment with the predicted values, especially given the rest
tion of Eq. ~8! to the high temperature limit.

C. Comparison of inertial responses

The assignment of the;60 fs decay in the 3PEPS da
to the inertial response of the solvent is supported by sev
lines of argument. First we showed in a previous study t
the spectrum assigned to this component matches the Ra
spectrum assigned to librational motion of pure PMMA.30,53

The optical Kerr data of Kinoshita and co-workers also su
port this assignment.52 These workers found that in liquids
the inertial response decays quite monotonically, while
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polymers, it shows a slight recurrence. For PMMA, the
brational spectrum peaked around 80 cm21, in close accord
with our result. We also found in our previous study that t
response assigned to inertial behavior can be describe
Gaussian in liquids, but has to be treated as a seve
damped oscillator in glasses in order to obtain the unders
evident in the data.30 The spectra of the inertial respons
obtained in the present experiments are shown as dotted
in Figs. 4~b! and 5~b!. TheM (t) obtained from these spectr
are shown in Fig. 7. The recurrence at 294 K is not as c
as that of room temperature IR144/PMMA reported pre
ously, but it becomes more apparent at 30 K. This temp
ture dependence is caused by the coth term in Eq.~5!.

For IR144, only a single inertial component is necess
to fit the data; however, DTTCI/PMMA required anoth
low-frequency mode which decays in;300 fs to improve
the fit, as shown in Table II. Overall, the two probes
PMMA give a very similar picture, in contrast with the pre
viously reported results in solution. The differences m
have arisen from different fitting procedures and the di
culty of extracting a small amplitude inertial response in
presence of diffusive relaxation. For the present study,
similarities in the solvation response between the two pr
molecules are great enough that further discussion of
differences is not warranted. To address the probe de
dence in more detail, simpler rigid probes such as couma
or oxazines are required.

VII. CONCLUDING REMARKS

We have explored the role of the coupling strength
tween electronic transitions and nuclear degrees of free
via photon echo studies of IR144 in PVF and DTTCI
PMMA over a wide temperature range. We were able
quantitatively test and confirm a number of predictions ba
on a model of linear coupling to a harmonic bath.30 In par-

FIG. 7. Comparison of the ultrafast~inertial! polymer components of the
transition frequency correlation function,M (t), for IR144 in PVF and
DTTCI in PMMA at 294 ~upper panel! and 30 K~lower panel!.
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ticular, we confirmed that the temperature dependence of
width of echo signals and of the long-time value of the pe
shift, tasym* , were both much stronger functions of temper
ture for DTTCI ~l5138, D in5190 cm21) than for IR144
~l5339, D in5315 cm21). We were able to quantitatively
predict the temperature dependence of both the full p
shift curve and oftasym* from temperature-independent spe
tral densities andD in values for both systems, providin
strong support for the harmonic bath model in situatio
where diffusive motions are absent. We also note that
might be expected, increased intramolecular coupling co
lates with stronger coupling to the solvent librational degre
of freedom. The weak coupling of DTTCI to the solve
resulted in strong quantum beats in both the echo itself
in the 3PEPS response.

The ultrafast response@;60 fs in the 3PEPS signal
;100 fs in M (t)# of PMMA was very similar for both
probes, although the amplitude of this component was sm
for DTTCI/PMMA. We are confident in assigning this com
ponent to the inertial solvent response for a number of r
sons, including the excellent agreement of the spectral d
sity to Raman and optical Kerr data.52,53

Overall, the above results suggest that the 3PEPS t
nique combined with the harmonic bath model can be u
to accurately characterize dilute chromophores in modera
disordered hosts over wide temperature ranges. This give
confidence that application of the technique to more comp
systems, such as chromophore aggregates—for exam
light harvesting complexes—will prove rewarding.21,24,25
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