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Vibrational Relaxation Dynamics
of Polyatomic Molecules in Solution

Anatolio Pigliucci* and Eric Vauthey

Abstract: Ultrafast time-resolved fluorescence measurements have been carried out to investigate vibrational
relaxation dynamics of perylene derivatives in solution. The early results obtained with cyanoperylene in
acetonitrile are presented and discussed.
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The transformation of light into heat is a
very efficient and widespread process ex-
perienced by many creatures on earth, from
the lizard drowsing under the sun to the
driver in his black car, on a summer day,
dreaming of an air-conditioning system.
The key phenomenon underlying this
conversion is vibrational relaxation (VR).
VR involves two processes: intramolecular
vibrational redistribution (IVR) and vibra-
tional cooling (VC). The absorption of light
by a molecule can result in the popula-
tion of an electronic excited state that is
itself vibrationally excited. This vibrational
energy is in general called excess excitation
energy. Due to the restrictions imposed by
the law of momentum conservation, only
very specific ‘Franck-Condon active’ vi-
brational modes can be excited upon such
a vibronic transition. However, vibrational
energy does not remain concentrated in
these modes but redistributes in the other
modes. This is schematically illustrated in
Fig. 1 for a triatomic molecule. Upon exci-
tation with light at the right wavelength, only
vibrational states of mode 1 are populated
(state (2,0,0) in Fig. 1). There are, however,
five other isoenergetic states where the vi-
brational energy is distributed differently
among the three modes. IVR corresponds to
transitions from state (2,0,0) to these states.
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After IVR, the population is distributed
among the six isoenergetic states according
to the law of statistical thermodynamics.
The net result of IVR is the establishment of
an intramolecular vibrational temperature.
Because of IVR, specific bond breaking
through frequency selective multiphoton
IR excitation is very inefficient. After this
process, the molecular temperature can in
principle be very high. For example, after
redistribution of 1 eV excess energy, the
temperature of a molecule such as benzene
is of the order of 1000 K! In the condensed
phase, such a high temperature is not reached
because of VC. Indeed, the hot molecule is
in thermal contact with the environment,
which is typically at 300 K, and therefore
cools down. In Fig. 1, this process corre-
sponds to vertical transitions.

In the condensed phase, VR is ultrafast
and occurs on the 10714-10"1 s timescale.
Therefore, for a long time, the dynamics of
this process have not been experimentally
accessible. With the recent advent of new
laser sources producing pulses as short as
a few tens of fs, it is now possible to design
experiments to investigate VR in the con-
densed phase. At the moment, our knowl-
edge of these processes is still very sparse.
However, it is of paramount importance to
understand the details of these energy dissi-
pation phenomena, which are at the origin
of the photostability of synthetic and natu-
ral pigments and even of essential mole-
cules like nucleic acids. Moreover, photoin-
duced reactions such as electron transfer [1]
or isomerization [2] can occur on a similar
timescale. Understanding VR may open
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Fig. 1. Energy level scheme for a triatomic molecules with two vibrational modes of the same
frequency (modes 1 and 2), and one mode of half that frequency (mode 3). Only mode 1 is
Franck-Condon active for optical transition from S,
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interesting perspectives for influencing or
even controlling the dynamics of these ul-
trafast photochemical reactions.

For these reasons, we have recently
started an investigation of VR dynamics of
photoexcited molecules, focusing particu-
larly on the influence of solute—solvent in-
teractions on the efficiency of this process.
The molecules that we are studying are the
perylene derivatives shown in Fig. 2. De-
pending on the type of solvent, it is possible
to tune the strength of the solute—solvent
interaction. For example, the weakest inter-
action is realized with Pe in hexane, while
the strongest one can be expected with
PeOH in alcohols. Although there have
been several investigations on VR dynam-
ics over the past years [2-5], no such sys-
tematic study has been reported.

The VR dynamics is extracted from
time-resolved fluorescence measurements.
Fig. 3 shows the S-S, absorption and flu-
orescence spectra of PeCN in acetonitrile
(ACN). The vibronic structure is dominated
by the Franck-Condon active ring breathing
mode. Fig. 4 shows the early fluorescence
dynamics of PeCN in ACN at different
wavelengths after excitation with a 100 fs
pulse at 400 nm. These measurements were
performed using fluorescence up-conver-
sion, which is a pump-probe technique with
a time resolution essentially limited by the
duration of the laser pulses. At wavelengths
located at the wings of the fluorescence
band, a fast decay with a time constant
of 700 fs can be observed. After this ini-
tial decay, the fluorescence intensity de-
creases exponentially with a time constant
of 4.5 ns, which corresponds to the excited
state lifetime of PeCN. At wavelengths lo-
cated in the center of the fluorescence band,
the early fluorescence intensity exhibits
a rise, which can be reasonably repro-
duced by a single exponential function with
a 700 fs time constant.

These single wavelength time profiles
can be used to reconstruct time-resolved
fluorescence spectra. It appears that these
early dynamics correspond to a narrowing
of the emission band that can be ascribed
to VR. Other processes like solvation dy-
namics can be excluded because the electric
dipole moment of PeCN does not vary up-
on excitation. This is precisely a significant
advantage of these perylene derivatives,
compared to other polar molecules investi-
gated so far, like p-nitroaniline [4], where
the VR dynamics had to be disentangled
from that of other processes like solvation
that occur in the same timescale and lead to
spectral dynamics as well.

For the non-polar Pe in the non-polar
solvent toluene, we have observed a similar
but slower spectral narrowing. In this case,
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Fig. 2. Perylene derivatives
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Fig. 3. Absorption and fluorescence spectra of PeCN in ACN. The vertical arrows represent the
excitation (grey) and detection (black) wavelengths.

a time constant of 2.4 ps was obtained. This
narrowing can be ascribed to VC. VC time
constants of the order of 10 ps have been
reported for molecules like azulene or stil-
bene in solution [3]. For p-nitroaniline in
water, a VC time constant of 640 fs was
found [4]. This fast cooling was ascribed to
the strength of the solute—solvent coupling
via H-bonding. The three-fold acceleration
of VC by going from Pe/toluene to PeCN/
ACN can also be interpreted as an enhanced
solute—solvent coupling via the dipole—di-
pole interaction. Of course, measurements
with Pe in ACN and PeCN in toluene have
also to be performed to exclude specific
solvent effects. Indeed, the thermal conduc-
tivity of the solvent can also be expected to
affect the VC dynamics.

The same measurements have been
performed with PeCN/ACN with 266 nm
excitation. In this case, the excess excita-
tion energy amounts to more than 2 eV! The

early S-S, dynamics exhibit essentially
the same wavelength dependence as with
400 nm excitation. The time constant asso-
ciated with these dynamics might be slight-
ly shorter, around 600 + 100 fs. This out-
come is rather surprising, as one could have
expected a more pronounced contribution
of the ‘hot fluorescence’ upon 266 nm ex-
citation. This result can be interpreted in
terms of good thermal conductivity of the
solvent. If this was not the case, the first
solvent shell around the hot solute mole-
cules would become rather hot as well, and
the VC dynamics would be limited by their
cooling.

The contribution of IVR to the early flu-
orescence dynamics observed here cannot
be totally excluded. From Fig. 1, it becomes
clear that the higher the density of isoen-
ergetic states the faster this process. This
implies that the IVR speeds up very quick-
ly with increasing number of atoms, i.e.
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with the size of the molecule. For a rela-
tively small molecule like iodoethane in
carbon tetrachloride, an IVR time constant
of 1.5 ps has been reported [6]. On the oth-
er hand, an upper limit of 100 fs has been
reported for the IVR of trans-stilbene in
solution [4].

The most unequivocal way to observe the
IVR dynamics is to monitor the decay of the
fluorescence originating from vibrationally
excited states of S;. As shown in Fig. 3, the
emission of PeCN around 440 nm could be
due to the S,(v=1) — §(v=0) transition.
This is supported by fluorescence polariza-
tion anisotropy measurements. The fluores-
cence polarization anisotropy r is defined as:

r= 5—-1,
I,+21,

ey

where ) and [, are the fluorescence in-
tensities with a polarization parallel and
perpendicular, respectively, to that of the
excitation light. The value of » depends on
the angle between the transition dipole in-
volved in the excitation process and that in-
volved in the probing process. Of course, r
is not constant but decays to zero after ran-

domization of this angle by molecular re-
orientation:

(1) = ryexp(=T /1) 2)

where T, is the time constant of reorien-
tational motion. The time dependence of
the r measured at 510 nm with PeCN in
ACN after excitation at 400 nm is shown
in Fig. 5A. The decay is exponential as pre-
dicted by Eqn. (2) with a T, of 20 ps and a
r, of 0.30. This value is smaller than that
of 0.40 expected for the case of parallel
dipoles. This effect might be due to the
fact that pumping and probing are done on
different vibronic transitions, Sy(v = 0)—
S, (v=2)and S;(v=0)—>S,(v=1), respec-
tively. Indeed, vibronic coupling might in-
troduce some admixture from upper excit-
ed states that could affect the orientation of
the dipole moment of vibronic transitions.
Fig. 5B shows the early anisotropy dynam-
ics measured at 455 nm. In this case, the
anisotropy starts at 0.40 and exhibits a fast
decay component with a ~0.7 ps time con-
stant and a 20 ps component, which corre-
spond to reorientation. This larger r,, value
indicates that the dipole involved in the
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Fig. 4. Early fluorescence dynamics PeCN in
ACN at various wavelengths after excitation at
400 nm.

early 455 nm emission is very similar to
that for the Sy(v = 0)—S,(v = 2) transition.
Thus, this emission must originate from
S,(v=2)or S,(v=1). In the first case, the
fast component should correspond to IVR,
while in the latter case, it should be due to
VC. The best approach to answer this ques-
tion is to look for a faster component. If
the 0.7 ps is the fastest component, it should
most probably correspond to IVR. Of
course, to ensure that there are no faster
components, the time resolution of the ex-
periment must be of the order of a few tens
of fs. This is not the case at the moment,
although we hope to build such a set-up in
the near future. However, the beginning of
an answer can be obtained from our ‘low’
resolution measurements. Indeed, Fig. 6
shows that the increase of the fluorescence
intensity varies substantially from the blue
to the red wavelengths. In the blue wave-
length, this increase is close to the temporal
response of the experiment but it is marked-
ly slower at longer wavelengths. This effect
has not been investigated in detail yet, but
it indicates rather clearly dynamic features
substantially faster than 0.7 ps.

The data presented here are just the first
results of our investigation of the VR dy-
namics of large molecules in solution. They
show that ultrafast fluorescence up-conver-
sion is well suited for such investigations.
We are going to investigate systematically
the influence of solute—solvent interaction
on the VC dynamics. We also plan to build
a new up-conversion set-up with a suffi-
ciently good time resolution to be able to
measure faster VR dynamics.

With this, we hope to able to find sim-
ple rules that should help to predict the ef-
ficiency of heat dissipation of a given solute/
solvent system.
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Fig. 5. Decay of the fluorescence polarization
anisotropy measured at (A) 510 nm and (B)
455 nm (early dynamics) after excitation of
PeCN at 400 nm in ACN.

Fig. 6. Wavelength dependence of the initial
rise of the fluorescence intensity of PeCN up-
on 400 nm excitation.



