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Intramolecular vibrational energy flow in excited bridged azulene-anthracene compounds is
investigated by time-resolved pump-probe laser spectroscopy. The bridges consist of molecular
chains and are of the type (CH2)m with m up to 6 as well as (CH2OCH2)n (n51,2) and CH2SCH2.
After light absorption into the azuleneS1 band and subsequent fast internal conversion, excited
molecules are formed where the vibrational energy is localized at the azulene side. The vibrational
energy transfer through the molecular bridge to the anthracene side and, finally, to the surrounding
medium is followed by probing the red edge of the azuleneS3 absorption band at 300 nm and/or the
anthraceneS1 absorption band at 400 nm. In order to separate the time scales for intramolecular and
intermolecular energy transfer, most of the experiments were performed in supercritical xenon
where vibrational energy transfer to the bath is comparably slow. The intramolecular equilibration
proceeds in two steps. About 15%–20% of the excitation energy leaves the azulene side within a
short period of 300 fs. This component accompanies the intramolecular vibrational energy
redistribution~IVR! within the azulene chromophore and it is caused by dephasing of normal modes
contributing to the initial local excitation of the azulene side and extending over large parts of the
molecule. Later, IVR in the whole molecule takes place transferring vibrational energy from the
azulene through the bridge to the anthracene side and thereby leading to microcanonical
equilibrium. The corresponding time constantst IVR for short bridges increase with the chain length.
For longer bridges consisting of more than three elements, however,t IVR is constant at around 4–5
ps. Comparison with molecular dynamics simulations suggests that the coupling of these chains to
the two chromophores limits the rate of intramolecular vibrational energy transfer. Inside the bridges
the energy transport is essentially ballistic and, therefore,t IVR is independent on the length.
© 2004 American Institute of Physics.@DOI: 10.1063/1.1765092#

I. INTRODUCTION

Intramolecular vibrational energy redistribution~IVR! is
an important step of reactive processes in chemistry.1 The
assumption of rapid IVR inside a molecule prior to reaction,
on the one hand, is essential for the applicability of statistical
rate theories.2,3 If randomization of vibrational energy is hin-
dered by internal bottlenecks such that reaction is faster than
IVR, on the other hand, the system behaves nonergodically
which allows for mode specific chemistry. Hence, great ef-
forts have been expended over the last decade to elucidate
the mechanisms and principles determining IVR.

Most information on IVR was derived from frequency-
resolved experiments on isolated molecules in low pressure
gases or supersonic jets~see Refs. 1, 4, and 5, and references
cited therein!. Details of IVR mechanisms here are deduced
by resolving features and analyzing widths, splittings, and
relative intensities of lines within spectral clumps associated
with zero-order bright states. According to these results and
theoretical studies, IVR occurs stepwise among subsets of
modes ~polyades! within the vibrational manifold.
Frequency-domain experiments on IVR are limited to the gas
phase mostly at low temperatures. In liquids two-color
pump-probe techniques with high time resolution have ad-
vantages and offer the opportunity to directly follow the
population decay of zero-order bright states or to indepen-

dently interrogate vibrational states populated in the course
of a relaxation sequence.6–10 In the presence of a bath, vi-
brational energy not only is transferred finally to the sur-
rounding but also the IVR process itself can be accelerated
by anharmonic couplings introduced into the reactant by
collisions.11,12

In the present paper we address the question how fast
vibrational energy is transferred through molecular chains
which at each side are connected to relatively large chro-
mophores which also act as heat reservoirs. The employed
molecules are bridged azulene-anthracene compounds such
as shown in Fig. 1. In the experiment one of these chro-
mophores~the azulene part! is vibrationally excited by a
short laser pulse; subsequently the time for reaching intramo-
lecular equilibrium, by transfer of energy through the mo-
lecular chain to the other chromophore~the anthracene part!,
is measured. This study of IVR across molecular chains is
related to the classical work of Rabinovitch and
colleagues13–15 who prepared instable molecules or chemi-
cally activated radicals which were excited at a specific site.
IVR rates in their work were estimated from relative rate
measurements, calibrating pressure dependent product yields
against the frequency of deactivating collisions. More re-
cently, vibrational energy transfer across aliphatic alcohol
molecules of different length has also been reported using
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time-resolved spectroscopy.16 In this study the OH stretching
vibration was excited by midinfrared laser pulses and the
energy flow to the terminal CH3 group was followed by
spontaneous anti-Stokes Raman scattering. Our measure-
ments of vibrational energy transfer through molecular
chains, in principle, resembles a classical macroscopic heat
conduction experiment in which two heat reservoirs of dif-
ferent temperatures are connected by a heat-conducting rod.
The heat-conducting links of the compounds shown in Fig. 1,
however, unlike macroscopic materials are one-dimensional
chains. The question, under which conditions Fourier’s law
of heat conduction applies also on a molecular scale, is of
considerable theoretical interest.17,18 The influence of anhar-
monicity, disorder, system size, and presence of external po-
tentials on the energy transport properties of one-
dimensional chains, in particular, has been investigated by
molecular dynamics19–23 and quantum mechanical
calculations.24,25

II. EXPERIMENTAL SECTION

A. Experimental approach

Selective vibrational excitation of the azulene part of
compoundsI-VI ~Fig. 1! is achieved by absorption of a short
laser pulse into the azuleneS1←S0 transition at 580 nm.
This initial electronic excitation is followed by fast internal
conversion leaving the molecules in their ground electronic
states with an excess vibrational energy of 17 240 cm21 lo-
calized at the azulene chromophore. For bare azulene, inter-
nal conversion is known to proceed within 1 ps or less;26–28

for substituted azulenes of the type discussed here, internal
conversion times have also been reported to be very short
such that vibrational excitation here is complete in less than
1 ps.29 The subsequent spreading of excess vibrational en-
ergy through the bridge over the whole molecule was fol-
lowed by monitoring the energy loss of the azulene chro-
mophore using the hot band absorption technique. In some
cases the energy gain at the anthracene side was also moni-
tored. Our method takes advantage of the fact that electronic
absorption spectra broaden when the vibrational energy of
the molecule is increased and Franck-Condon-active modes
coupling to the electronic transition are excited. Often the
broadening only depends on the average vibrational energy

of the excited polyatomic molecules.30 Therefore, thermal
spectra can also be used to calibrate the energy content of
molecules which are far from equilibrium. For azulene and
anthracene, these spectra are available in the range of the
S3←S0 and S1←S0 transitions,29 respectively. In Fig. 2~a!
for instance, the temperature dependence of the azulene gas-
phase absorption spectrum is shown. At the same time, spec-
tra of thermally and optically heated molecules are shown to
coincide when the average vibrational energies are identical.
From these spectra the energy dependence of the azulene
absorption coefficientel at selected wavelengthl can be

FIG. 1. Molecular structures of the investigated compounds~I , 9-~2-azulene-1-yl-ethyl!-anthracene;II , 9-~3-azulene-1-yl-propyl!-anthracene;III , 9-~6-
azulene-1-yl-hexyl!-anthracene;IV , 9-~azulene-1-yl-methoxymethyl!-anthracene;V, 9-@2-~azulene-1-yl-methoxy!-ethoxymethyl#-anthracene;VI , 9-~azulene-
1-yl-methyl-sulfanylmethyl!-anthracene!.

FIG. 2. ~a! Gas-phase absorption spectra of azulene at various temperatures
~laser excitation at 337 nm corresponds to 1580 K!; ~b! energy dependence
of the azulene absorption coefficient at selected wavelengths~from Refs. 31
and 47!.
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derived@see Fig. 2~b!#. Note that at 290 nm the energy de-
pendencee290(^E&) is linear, i.e., transient absorption signals
obtained at this wavelength directly reflect the azulene vibra-
tional energy as a function of time. When measuring the
azulene energy in our experiments, the probe wavelength
was always chosen to be in this lineare(^E&) regime. Analo-
gous spectral information is also available for the anthracene
S1←S0 absorption band.29

Probing the energy of the two chromophores separately
also requires that the considered absorption bands of azulene
and anthracene are well separated. This is actually the case
here such as shown in Fig. 3 where a spectrum ofIII is
compared with the spectrum of bare azulene and anthracene.
The electronic absorption spectra of the other compounds,
apart from small spectral shifts, are all very similar. In our
experiments we probed the red edge of theS3←S0 transition
at about 300 nm to monitor the energy of the azulene chro-
mophore. This absorption is just in the gap between theS1

andS2 bands of anthracene. Similarly, the gain of vibrational
energy at the anthracene side, which arises from IVR through
the bridge, can be measured at the red wing of the anthracene
S1←S0 absorption at about 400 nm. This band reaches more
than 20 nm into the gap between theS1 and S2 bands of
azulene. When azulene and anthracene are combined in a
single molecule likeIII , the considered transitions appear
well separated and can be used to monitor either the energy
loss of azulene at itsS3 band or the energy gain of anthra-
cene at itsS1 band. Apart from small spectral shifts, the
spectrum ofIII in Fig. 3 can be considered as the sum of the
individual azulene and anthracene spectra with well sepa-
rated bands. The spectral shifts of the considered electronic
absorption bands are caused by solvatochromism in solution
and by chemical substitution, i.e., by replacement of one
hydrogen atom of the chromophores by a carbon chain. For
our later analysis, we assume that the hot azulene spectra of
Fig. 2~a! undergo the same spectral shifts as the cold spectra.
This assumption has been made before29,31–33and always led

to an internally consistent analysis. Following the described
technique, the gas-phase calibration curves of Fig. 2~b! can
be used to transform absorption signals into energy-time pro-
files. The azuleneS3 band of compoundIII in Fig. 3, e.g., is
redshifted by 16 nm with respect to bare azulene in the gas
phase. This means that a probe wavelength oflpr5(290
116) nm5306 nm has to be used in order to measure the
azulene energy ofIII in the lineare(^E&) regime such as
represented bye290(^E&) in Fig. 2~b!.

All the experiments presented here were performed in
solution. Thus, after intramolecular equilibration, the vibra-
tional energy is finally transferred to the surrounding bath.
To separate intramolecular and intermolecular energy trans-
fer it is useful to choose a solvent for which vibrational en-
ergy transfer is particularly slow. In our previous study, we
found that 1,1,2-trichloro-trifluoro-ethane (C2Cl3F3) is
appropriate.29 In the present work, in addition we used su-
percritical xenon which combines energy transfer ineffi-
ciency with excellent solvent capability.

B. Experimental technique

The required laser pulses were generated employing a
home-built Ti:sapphire oscillator-regenerative amplifier
~RGA! system which produced 80 fs laser pulses at a repeti-
tion rate of 1 kHz with energies of about 0.6 mJ centered at
800 nm. A fraction of the pulse energy was frequency
doubled and used to operate a one-stage nonlinearly pumped
optical parametric amplifier.34 The resulting laser pulses at
550–620 nm were used to excite the azulene chromophore
into theS1 state. Part of the energy was frequency doubled to
probe the internal energy of the azulene part at the red edge
of theS3←S0 transition at 290–310 nm. Pulses at;400 nm
required to probe the internal energy of the anthracene chro-
mophore were generated by frequency doubling of the re-
maining light from the RGA. Typical energies of pump and
probe pulses were about 3 and less than 0.05mJ, respec-
tively. A computer-controlled translation stage adjusted the
time delay between pump and probe pulses. The relative
plane of polarization of both laser pulses was 54.7° to avoid
signal contributions arising from rotational relaxation.
Lenses with focal lengths of 100 mm were used to focus the
laser beams collinearly into the sample cell. Probe energies
were measured in front of and behind the sample by means
of photodiodes. Behind the sample an interference filter
blocked transmitted excitation light. Every second pump
pulse was blocked by a synchronized chopper to indepen-
dently measure eventual drifts of the background absorption.
The width of the cross correlation between pump and probe
pulses was 150–200 fs. This is well below the time resolu-
tion of the experiment which is essentially limited by theS1

internal conversion times of the azulene chromophore~0.6–
1.0 ps!.

Measurements in liquid solution at ambient conditions
were performed in a 2 mmquartz flow cell. Experiments in
supercritical xenon were carried out in a stainless steel high
pressure cell with sapphire windows of 2 mm thickness. The
optical path length inside the cell also was 2 mm. Within the
cell the sample solution was circulated using a small mag-
netic stirrer.35,36 Experiments were performed at room tem-

FIG. 3. Absorption spectrum ofIII in C2Cl3F3 ~spectra of azulene and
anthracene in C2Cl3F3 , as well as azulene in the gas phase are shown for
comparison; azulene and anthracene transitions are indicated by bold and
italic letters, respectively!.
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perature and pressures of 200–1000 bar which were gener-
ated with a high performance liquid chromatography pump
connected to the high pressure cell. Over this range xenon
behaves like a liquid and its density change is only 30%. In
all experiments the concentration of the azulene-anthracene
compounds was 1–2 mM.

All bridged azulene-anthracene compounds were
synthesized in our laboratory. CompoundsI-III were
prepared by reaction ofv-anthracene-9-yl-alkanal with
3-methoxycarbonyl-2H-cyclohepta@b#furan-2-one employ-
ing the enamine method followed by demethoxycarbonyla-
tion with 100% phosphoric acid.37 The v-anthracene-9-yl-
alkanals were synthesized by reaction of anthrone with
v-chloroalkanols38 and subsequent oxidation of the formed
v-anthracene-9-yl-alkanols with Dess-Martin periodinane.39

Starting material for the preparation of~thio!ethersIV-VI
was 1-azulylmethyltrimethylammonium iodide which was
treated with the sodium salts of the respective
anthracene-9-yl-~thio!alcohols.40 After column chromatogra-
phy the final purity of compoundsI-VI was .95% as con-
trolled by 1H and 13C NMR spectroscopy. The solvents
1,1,2-trichloro-trifluoro-ethane~Aldrich, .99.9%! and xe-
non ~Messer-Griesheim,.99.99%! could be used without
purification.

III. RESULTS

A. Time-resolved absorption signals

In this section we illustrate the experimental observa-
tions of intramolecular and intermolecular vibrational energy
transfer ofI-VI . A more basic analysis follows in the follow-
ing section. Before presenting results for the bridged com-
pounds, in Fig. 4 we show a signal illustrating the energy
loss by intermolecular vibrational energy transfer of the bare
azulene molecule in supercritical xenon. Since collisional en-
ergy transfer~CET! is also observed for the bridged com-
pounds, this signal serves as a reference. In xenon at 298 K
and 251 bar, the solvatochromic shift of the azulene
S3-absorption band is about 6 nm. Since a probe wavelength
of lpr5296 nm was used, the shown signal is proportional to

the energy content of the azulene molecule. AfterS1 excita-
tion at 580 nm and subsequent internal conversion, the ab-
sorption near timet50 rapidly increases such as expected
from Fig. 2. The subsequent decay of the signal is caused by
CET to the bath. In agreement with our earlier studies,31–33

the energy loss of azulene is exponential and of the form
^E(t)&'E0 exp(2t/tCET) whereE0 is the photon energy of
the excitation pulse andtCET is a phenomenological cooling
time constant. To model the experimental traces,^E(t)& was
convoluted with the internal conversion process~time con-
stantt ic) and a Gaussian shaped instrument response func-
tion of Dt50.2 ps~full width at half maximum! representing
the width of the cross correlation of pump and probe pulses,
i.e.,

S~ t !}E
0

`

dt8E
0

t8
dt^E~t!&expS 2

t82t

t ic
D

3expF2S t2t8

Dt D 2

4 ln 2G , ~1!

and fitted to the data. The result forS(t) with tCET595 ps is
shown in Fig. 4 by the solid line. The CET time agrees with
previous measurements of azulene collisional energy transfer
in xenon.31 The error oftCET is estimated to be 10%.

The energy loss of the azulene side of the bridged com-
pounds proceeds qualitatively different. This is shown in Fig.
5 for compoundIV dissolved in xenon at 994 bar. Under
these conditions the solvatochromic shift of the azuleneS3

band inIV with respect to bare azulene in the gas phases is
17 nm. Therefore, in this case a probe wavelength of 307 nm
guarantees that the presented signal is proportional to the
energy-time profile of the azulene chromophore. Instead of a
simple exponential decay, we observe two separate stages of
energy loss. As in our previous study29 we attribute the faster
component on the 5 ps time scale to intramolecular vibra-
tional energy loss of the azulene chromophore through the
bridge to the anthracene side. Intermolecular CET to the sur-
rounding xenon bath then follows on a 30–40 ps time scale.
Over the investigated xenon density range ofrXe

FIG. 4. Absorption-time profile recorded during the collisional energy trans-
fer of azulene in xenon at 251 bar and 298 K. The full line represents a fit
assuming an exponential energy decay.

FIG. 5. Absorption-time profile ofIV in xenon at 994 bar and 298 K
probing the vibrational energy content in the azulene chromophore@full line,
fit assuming a biexponential energy decay of Eq.~3! with amplitude ratio
Ar5EIVR /ECET ; dashed line, withAr5Eintra /ECET ~see text and Table I!#.
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52.1– 2.7 g/cm28, no change of the IVR time constant of
about 5 ps was observed, whereas the CET time scales varied
inversely proportional torXe . The latter observation is in
accord with our extensive studies on the density dependence
of CET for azulene in xenon and in other supercritical
fluids.31–33,41,42Note, however, that the absolute CET rate of
IV in xenon is more than two times faster than for bare
azulene in xenon~see Fig. 4!.

In Fig. 6 absorption signals for compoundII in xenon at
489 bar are shown. As before, the energy loss of the azulene
side is observed. In the insert, IVR of the compoundsII and
IV are compared. The plot shows that IVR is slightly faster
for the aliphatic bridge than for the ether bridge. The ampli-
tude ratios of IVR to CET are similar for both molecules.
The latter can be rationalized by the fact that both molecules
are of similar size and nearly the same amounts of energy
leave the azulene side before intramolecular equilibrium is
established. The CET rates of both molecules in xenon turn
out to be approximately equal. The same behavior is ob-
served when IVR and CET time scales for the compounds
III andV are compared.

In our recent study of azulene-aryl compounds with
bridges up to three methylene groups we found that IVR
times linearly depend on the chain length.29 In contrast to
this, for longer chains we now observe that the time con-
stants level off and become independent of chain length. This
is shown in Fig. 7 where signals for the compoundsIV and
V are compared in the insert. Although the bridge lengths of
the compoundsIV andV differ by almost a factor of 2, the
times needed for intramolecular energy equilibration are
nearly the same. Only the amplitude of the IVR component
for V is slightly larger than forIV . This, however, simply
reflects the differing heat capacities of the two compounds:
before microcanonical equilibrium is achieved, more energy
after excitation has to leave the azulene side ofV than in the
case of compoundIV .

The given interpretation of separable IVR and CET in
Figs. 5–7 is supported by the fact that the same time scales

also appear when the vibrational energy of the anthracene
side at the red edge of itsS1 absorption band is probed. In
Fig. 8, corresponding signals are shown for compoundII
dissolved in C2Cl3F3 ~the insert enlarges the early time dy-
namics!. The probe wavelength waslpr5404 nm. At time
zero the signal in the insert of Fig. 8 shows a strong and
sharp ‘‘coherent artifact’’ with a width of 200 fs arising from
nonresonant absorption during the overlap of pump and
probe pulse in the sample. Then, indeed a picosecond rise is
observed followed by a much slower decay. Fitting a model
function of the form A$exp@2(t2t0)/tdecay#2exp@2(t
2t0)/trise#% to the signal, such as shown by the dashed line in
the insert of Fig. 8, leads tot rise>4 ps, tdecay>18 ps, and
t0>20.7 ps. t rise and tdecay only approximately represent
IVR and CET times, respectively, because thee(^E&) cali-
bration curves for anthracene are nonlinear~see Fig. 4 in Ref.

FIG. 6. Absorption-time profile ofII in xenon at 489 bar and 298 K probing
the vibrational energy content in the azulene chromophore. The insert shows
a comparison with compoundIV ~filled circles! from Fig. 5 @full lines, fits
assuming biexponential energy decays of Eq.~3! with amplitude ratiosAr

5EIVR /ECET ~see text and Table I!#.

FIG. 7. Absorption-time profile ofV in xenon at 351 bar and 298 K probing
the vibrational energy content in the azulene chromophore. The insert shows
a comparison with compoundIV ~filled circles! from Fig. 5 @full lines, fits
assuming biexponential energy decays of Eq.~3! with amplitude ratiosAr

5EIVR /ECET ~see text and Table I!#.

FIG. 8. Absorption-time profile ofII in C2Cl3F3 probing the vibrational
energy in the anthracene chromophore. The insert enlarges the short time
dynamics and shows a sharp ‘‘coherence artifact’’ att50 @dashed line, fit
with monoexponential rise and decay; full lines, assuming energy evolution
according to Eq.~4! with amplitude ratiosAr85EIVR8 /ECET8 ~see text and
Table I!#.
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29!. A closer comparison between the dashed line and the
signal at aroundt50 suggests that, prior to the 4 ps rise,
there must be a much faster component transferring energy
to the anthracene side within a time which we cannot resolve
since it is hidden by the coherent artifact. We will discuss
this point in more detail in the following section.

B. Harmonic energy flow

Figure 8 suggests that a significant amount of energy
enters the anthracene side on a subpicosecond time scale. We
attribute this process to a ‘‘harmonic energy flux’’ by dephas-
ing of the projection of normal modes on the atomic dis-
placements and momenta of the considered compounds
which is connected with the IVR process in the azulene chro-
mophore itself. This is because a random local excitation of
only the azulene side can always be approximated by a su-
perposition of normal modes~with particular amplitudes and
phases!. Each of these normal modes is more or less delo-
calized over the whole molecule. Since the normal modes
develop in time with different phase velocities any local ex-
citation inevitably changes. After selective azulene excitation
this process leads to energy loss at the azulene side and en-
ergy gain in the chain and at the anthracene side. Thus, the
mechanism responsible for the fast increase of the anthracene
energy in Fig. 8 can be understood on the basis of a normal-
mode harmonic oscillator Hamiltonian once the energy is
redistributed at the azulene side.

In order to estimate the amount of energy transferred and
the characteristic time for this harmonic energy flux, we per-
formed classical simulations using normal modes of azulene
and of the bridged compounds which we determined by DFT
calculations~the details will be presented in a subsequent
paper43!. The basic assumption for these simulations is that
IVR inside azulene is much faster than IVR through the
bridge such that a statistical energy distribution in azulene
directly after laser excitation and subsequent internal conver-
sion can be assumed. We start our simulation with a configu-
ration of the whole molecule, say compoundII , where the
population and thus the amplitudeQ0,a

II of each normal mode
a (1<a<3N26; N is the number of atoms in the mol-
ecule! is sampled from a quantum statistical canonical distri-
bution at room temperature. Since we consider a classical
harmonic system, this gives us normal modes which evolve
in time like Qa

II (t)5Q0,a
II cos(vat1fa) with a randomly cho-

sen phasefa . Transformation of the initial configuration to
Cartesian coordinates yields coordinatesr i and velocitiesui

of all atomsi in II . For the excitation, we consider only the
azulene side ofII by projecting the corresponding atom co-
ordinates and velocities onto the normal modes of the azu-
lene molecule. This gives us normal coordinatesQb

Az and
velocitiesQ̇b

Az of the azulene part (1<b<3N26; N now is
the number of atoms in the azulene part!. Subsequently, at
t50, the energy of the azulene side is increased by the pho-
ton energyE0 of the laser excitation pulse which is distrib-
uted over the azulene normal modes according to a quantum
statistical microcanonical distribution. The resulting excess
energy for each azulene normal mode is transferred into ki-
netic energy by increasingQ̇b

Az . Transformation back to Car-

tesian coordinates givesr i andui of all atomsi in II where
the velocities of the azulene atoms have been increased ac-
cording to the excitation procedure. Finally, this configura-
tion is projected onto the normal modesQa

II (t) of II , giving
new amplitudesQ0,a

II which then are propagated in time. At
each time step, transformation to Cartesian coordinates al-
lows to calculate the energiesEkin of azulene, anthracene,
and the chain. After averaging over several thousand initial
configurations we obtainEkin(t) curves such as exemplarily
shown in Fig. 9. The upper black curve represents the rela-
tive change of the azulene kinetic energy which after excita-
tion drops to;82% within 300 fs. At the same time the
energies of the chain~lower gray line! and the anthracene
side ~lower black line! are increased by 6% and 12% of the
photon energy, respectively. Note that these energy changes
are not caused by IVR because, in the described procedure,
simply normal modes are propagated with constant ampli-
tudesQ0,a

II . At t50 in Fig. 9, the phases of allQa
II are such

that the superposition of the normal modes leads to large
displacements and momenta of the azulene atoms whereas
the rest of the molecule remains unexcited. With increasing
time theQa

II dephase and 18% of the excitation energy leaves
the azulene side and flows into the chain and to the anthra-
cene side. Our calculations show that the amount of energy
leaving the azulene part is quite insensitive to the chain
length.43 The time scale of 300 fs for the harmonic energy
flow is faster than the azulene internal conversion process.
Therefore, it cannot be resolved in our experiment. The
amount of energy transferred, however, is in complete agree-
ment with Fig. 8 and also with Figs. 5–7 considering the
energy balance derived from the heat capacities of the chro-
mophores~see the following section!.

C. Energy balance of intramolecular and
intermolecular vibrational energy transfer

In order to quantify the vibrational energy transported
during intramolecular equilibration in the bridged azulene-

FIG. 9. Harmonic energy flow in compoundII . Changes of the kinetic
energy in different parts of the molecule are recorded during the propagation
of normal modes after local excitation of the azulene chromophore~upper
black line, energy in the azulene part; lower black line, in the anthracene
part; lower gray line, in the chain; upper gray line, the sum of all contribu-
tions!.
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anthracene compounds the relative heat capacities of the two
chromophores have to be considered. This finally allows to
specify the amplitude ratioAr of the fast ~IVR! and slow
~CET! decaying components of the azulene signals in Figs.
5–7. The procedure to determineAr for compoundIV is
demonstrated in Fig. 10. At first, energy-temperature rela-
tions were calculated from thes normal-mode frequenciesn i

of the considered molecules via

^E~T!&5(
i 51

s
hn i

exp~hn i /kBT!21
~2!

~frequencies were determined from DFT calculations!. The
results^EIV (T)& for IV and ^EAz(T)& for the azulene part

only are shown in Fig. 10~a! by the dashed and full lines,
respectively. The lower full horizontal line represents the av-
erage thermal energŷEAz,th&5940 cm21 of the azulene side
at the beginning of the experiment. After laser excitation, the
azulene energy increases to 18 180 cm21 as indicated by the
full arrow and the upper full horizontal line. When this en-
ergy equilibrates over the whole moleculeIV , only part of it
remains at the azulene side. This part can be calculated by
means of thê EIV (T)& curve of compoundIV . After laser
excitation, the total vibrational energy inIV is given by its
thermal energŷEIV ,th&54040 cm21 plus the photon energy
E0 ~dashed arrow!. When the energy is equilibrated over the
whole molecule, this corresponds to a vibrational tempera-
ture ofTIV ,eq5670 K. The^EAz(T)& curve shows that at this
temperature the remaining energy at the azulene side is about
^EAz,eq&56650 cm21. The differencê EAz,eq&2^EAz,th& is fi-
nally transferred to the surrounding by CET. Therefore, the
amplitudes of intramolecular and intermolecular energy
transfer components are given byEintra andECET as indicated
in Fig. 10~a!.

In the preceding section we demonstrated that, after ran-
domization at the azulene side, 18% of the excitation energy
E0 is directly transferred to the chain and to the anthracene
side by harmonic energy flow within 300 fs. The difference
EIVR5Eintra2Eharm5Eintra20.18E0 has to be redistributed
via IVR to reach microcanonical equilibrium. With respect to
internal conversion, the harmonic energy flow is much too
fast to be resolved when the energy content of the azulene
side is probed. Therefore, we assign the fast and slow decay-
ing components observed in Figs. 5–7 to IVR and CET,
respectively, with amplitude ratios given byAr

5EIVR /ECET. In fact, biexponential fits of the form

EAn~ t !}Ar exp~2t/t IVR!1exp~2t/tCET! ~3!

@convoluted with the internal conversion process and the in-
strument response function according to Eq.~1!# are in ex-
cellent agreement with the signals as shown by the full lines
in Figs. 5–7. The energiesEIVR andECET calculated from the
normal modes, as well as the parameterst IVR andtCET fitted
to the curves, are summarized in Table I. Likewise, in Fig. 5
we present a biexponential fit~dashed line! where the ampli-
tude ratio of fast and slow decaying component was fixed to

FIG. 10. Vibrational energies as a function of temperature for azulene and
IV ~a!, anthracene andIV ~b!. From these diagrams the energy amplitudes
of Eqs.~3! and ~4! are derived~see text!.

TABLE I. Parameters for Eqs.~3! and ~4! to describe intramolecular and intermolecular vibrational energy transfer in compoundsI-VI .

Compound I II III IV V VI

Eq. ~3!
EIVR /cm21 7980 8736 9940 8950 9780 9040
ECET /cm21 5810 5570 4710 5700 4870 5620
Eq. ~4!
EIVR8 /cm21 5900
ECET8 /cm21 7800
t IVR /ps 3.760.4 3.760.3 4.260.6 5.060.4 5.160.4 5.160.5
tCET /ps C2Cl3F3 : 2362 C2Cl3F3 : 2062 Xe, 358 bar: 4065 Xe, 288 bar: 4063 Xe, 351 bar: 3463 CH2Cl2 : 1462

Xe, 489 bar: 3563 Xe, 994 bar: 3463 Xe, 976 bar: 2963
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Ar5Eintra/ECET, thereby identifyingEIVR with Eintra and ne-
glecting Eharm. The deviations from the measured curve
clearly indicate that the amplitude of the IVR component is
too large which supports our interpretation that, prior to IVR,
a significant amount of energy leaves the azulene side on a
subpicosecond time scale due to harmonic energy flow.

The energy of the anthracene side may be described by

EAn~ t !5ECET8 $exp~2t/tCET!2@Ar8 exp~2t/t IVR!

1~12Ar8!exp~2t/tharm!#%, ~4!

where the parametersECET8 and Ar8 are derived from Fig.
10~b!. Employing the^EAn(T)& curve calculated from the
anthracene normal modes and using the same arguments as
for Fig. 10~a!, it is easy to show that, after vibrational exci-
tation and randomization, the energy of the anthracene side
will rise from ^EAn,th& ~the thermal energy at 300 K! to
^EAn,eq& ~the energy at microcanonical equilibrium!. This in-
tramolecular equilibration proceeds in two steps: by fast har-
monic energy flow increasing the anthracene energy by
Eharm8 50.12E0 ~see Fig. 9! which then is followed by the
slower IVR process transferringEIVR8 5(^EAn,eq&2^EAn&)
2Eharm8 . All the energyECET8 5Eharm8 1EIVR8 is finally dissi-
pated into the solvent. Therefore, the amplitude ratio in Eq.
~4! is given byAr85EIVR8 /ECET8 . Since thee(^E&) calibration
curves of anthracene are nonlinear,29 the signal in Fig. 8 is
not simply proportional to energy. Taking into account the
solvatochromic shift of the anthraceneS1 band of II with
respect to pure anthracene in the gas phase, theEAn(t)
curves were transformed into absorption changesDe(t) us-
ing the e(^E&) calibration curves of Fig. 4 from Ref. 29.
Finally, De(t) was convoluted with the internal conversion
process and the instrument response function and fitted to the
signal by adjustingt IVR and tCET in Eq. ~4!. The result is
shown by the full line in Fig. 8. Considering the fact that
ECET8 andAr8 were fixed parameters derived from the vibra-
tional frequencies of the molecules, the agreement with the
measured curve is very good. The quality of the fit is insen-
sitive to tharm as long its value is below 0.4 ps because the
initial fast rise is limited essentially by the internal conver-
sion time.

IV. DISCUSSION

So far our analysis shows that, afterS1 excitation of the
azulene chromophore and subsequent internal conversion,
the energy dissipation proceeds in three steps. In a first pe-
riod being faster than the internal conversion process itself,
the vibrational energy is randomized at the azulene side. This
establishes a ‘‘vibrational temperature’’ and allows to use
thermal spectra for calibrating absorption signals against in-
ternal energies. Energy redistribution in the azulene chro-
mophore is accompanied by a considerable harmonic flow of
vibrational energy into the bridge and into the anthracene
part. Since these initial processes occur within several hun-
dreds of femtoseconds, their temporal evolution cannot be
followed in this work. The presence of the harmonic energy
flow, however, shows up in the signal of Fig. 8 by a fast
increase of the anthracene energy at aroundt50; it also
results from the analysis of the azulene energy decay consid-

ering the heat capacities of the molecules such as discussed
in the preceding section. After this initial period, the energy
flux is dominated by IVR within the whole molecule on a
picosecond time scale until intramolecular equilibrium is
reached. Finally collisional energy transfer to the surround-
ing medium, taking several tens of picoseconds, cools down
the excited molecules completely.

It should be mentioned that related experiments by Oka-
zaki et al.44 with azulene-(CH2)n-coumarin 151 (n51,3) in
solution were aimed at studying the temperature distribution
of the solvent around the excited azulene molecule during
the CET process by using coumarin 151 as a thermometer
located at a well defined distance from the heater molecule.
Our experiments, however, clearly show that this approach
cannot work with this type of molecules because IVR
through the bridge is much more efficient than energy flow
from azulene through the solvent to the acceptor chro-
mophore.

In the following we discuss the dependence on the
length of the bridge of the IVR time constant describing the
energy flow from the azulene to the anthracene side. In Fig.
11 the experimental IVR timest IVR are plotted vs the num-
ber of chemical bondsn of the bridge. The plot also includes
some data from our previous study.29 For short chains, a
nearly linear increase oft IVR with the length of the bridge is
observed whereas atn>4 the IVR time levels off whent IVR

for II and III as well as forIV and V are compared. Note
that the IVR time constants for the aliphatic chains are
slightly shorter than for the~thio!ethers ~compare com-
poundsI , IV , VI , and III , V, respectively!. The linear in-
crease oft IVR with chain length forn<4 is consistent with a
recent IVR study on linear alcohols, where the OH-stretch
vibration was excited and the energy flow to the terminal
CH3 group was monitored.16 For the alcohols ethanol to
1-butanol the corresponding energy transfer time increased
by about 0.4 ps for each additional methylene group between
OH and CH3.

In our previous paper29 we used a phonon diffusion
model analogous to Fourier’s law of heat conduction in order

FIG. 11. IVR times vs the number of bonds in the bridge connecting the
chromophores~full circles, aliphatic chains; full squares, ethers; open tri-
angle, thio ether; data for short bridges withn51, 2 were taken from our
previous study.29
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to describe the energy transport through short bridges with
n<4,

dE

dt
52k

]T

]x
, ~5!

wherek is the thermal conductivity of the molecular chain
aligned in x direction andT is the temperature. Since, for
short bridges,t IVR scales with the length of the bridge, it was
possible to derive a ‘‘molecular energy conductivity’’ of a
single C–C bond ~with length l! of kCC5k/ l 5(10
61) cm21 K21 ps21 which is constant for all compounds
with n<4. Figure 11, however, shows that, forn>4, the
time for intramolecular equilibration becomes nearly con-
stant. This happens although the temperature gradient be-
tween the chromophores decreases with increasing chain
length. If a heat conduction model is used to reproduce this
behavior, consequently,kCC has to increase proportional to
the length of the bridge. This result seems to be counterin-
tuitive and signals that Eq.~5! only represents a phenomeno-
logical description which may not be adequate for a charac-
terization of the vibrational energy flow on an atomic scale.

A. Comparison with molecular dynamics simulations

In order to examine the intramolecular vibrational en-
ergy flow in bridged azulene-anthracene compounds in more
detail, we performed classical molecular dynamics~MD!
calculations.43 Naturally this approach suffers from neglect-
ing the quantum nature of molecular vibrations. Moreover,
the generally used force fields describing the intramolecular
potential and anharmonicities causing couplings between the
vibrational modes are highly artificial. Therefore, from a
simulation one cannot expect quantitative agreement with the
experiment. Nevertheless, it appears attractive to investigate
whether similar dependences of the IVR time constants on
the length of the chain are found in MD models as in the
experiment. We, therefore, did classical nonequilibrium MD
simulations with molecules of the type azulene-
(CH2)m-anthracene withm50 – 10. Details of these calcula-
tions, including the molecular force fields employed and the
specific excitation procedure, are described elsewhere.43

Briefly, for a particular molecule, the simulation started by
sampling configurations~atom coordinates and velocities!
from a canonical distribution at 300 K. Excitation was
achieved by scaling the atom velocities of the azulene part
such that the overall vibrational energy increase corre-
sponded to the photon energyE0 . Then trajectories were
followed for 150 ps within the NVE ensemble. At each time
step the kinetic vibrational energiesEkin of the azulene and
anthracene part as well as the methylene groups of the chain
were recorded. Averaging was accomplished over 200 statis-
tically independent trajectories.

The results of these simulations can be summarized as
follows. The intramolecular energy flow does not depend on
whether the calculations are done for the isolated molecule
or for the azulene-anthracene compound dissolved in a bath
of xenon. Therefore, most of the calculations were done for
the isolated molecule. In Fig. 12 a typical result of a MD
simulation is shown for the compoundIII . From the kinetic
vibrational energies of the atoms inIII the temperatures of

different parts of the molecule were calculated and plotted vs
time. In accord with the experimental observation intramo-
lecular equilibration proceeds in two steps. There is a fast
subpicosecond component caused by harmonic energy flow
followed by the IVR process taking several picoseconds~for
calculations in xenon a third time scale related to CET is
observed; the corresponding time constants are about 50%
larger than the experimental values!. The harmonic energy
flow is most clearly seen for the azulene temperature which
within the first 300 fs decays from approximately 800 to 700
K ~see insert in Fig. 12!. This corresponds to a loss of 20%
of the excitation energy and is in complete agreement with
the analysis given in Sec. III B and with Fig. 9 where for
compoundII the azulene chromophore lost 18% of the exci-
tation energy as a result of harmonic energy flow. Subse-
quently, in Fig. 12, intramolecular energy equilibration takes
place leading to an equilibrium temperature of 450 K. The
time constant for this process ist IVR5(761) ps. For m
.1, in general, IVR can be described by single exponential
curves. On average, the calculated time constantst IVR were
about 50% larger than the experimental values. Most inter-
estingly, however, the dependence oft IVR on the length of
the bridge showed the same trends as found in the experi-
ment. In particular, forn.4 the time for intramolecular en-
ergy redistribution became constant and independent of the
chain length such as demonstrated in Fig. 13. This observa-
tion suggests that in both, experiment and simulation, similar
mechanisms dominate the energy exchange through the mo-
lecular bridge. A closer inspection of the MD results, there-
fore, allows to identify the operating mechanisms.

In Fig. 14, the calculated temperature profiles from the
azulene side~left! through the bridge to the anthracene side
~right! in compoundIII are plotted while the energy equili-
brates. The graphs show that during the whole process a
strong temperature gradient at the connection of the azulene
molecule to the methylene chain persists whereas in the
chain this gradient vanishes. For molecules with shorter
chains, we observe strong temperature gradients not only at
the azulene but also at the anthracene side, indicating that the

FIG. 12. Molecular dynamics simulation of intramolecular vibrational en-
ergy redistribution in isolatedIII ~the vibrational temperatures of different
parts of the molecule are plotted vs time; the insert enlarges the short time
dynamics!.
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coupling of the chromophores to the bridge is limiting the
energy flux. In the chain the energy transport obviously pro-
ceeds much faster and, therefore, the time needed to distrib-
ute the vibrational energy over the whole molecule with in-
creasing chain length remains the same forn.4. The strong
temperature gradient in Fig. 13 extends over two to three
bonds which might be the reason that, for shorter bridges,
t IVR is proportional to the chain length.

At this point it is instructive to come back to the heat
conduction model of Eq.~5! and ask for the prerequisites of
diffusive energy transport. Within kinetic theory, vibrational
energy in dielectric crystals is transferred via phonons which
propagate through the lattice like quasiparticles. Due to ‘‘col-
lisions’’ arising from nonlinear interactions or disorder in the
lattice, new phonons are formed. According to Peierls45 these
collisions can be classified into two groups: those where pho-
non momentum is conserved~the normal processes! and
those where the initial and final momenta differ by a nonzero
reciprocal lattice vector~Umklapp orU processes!. Umklapp
processes are essential for diffusive energy transport: the

thermal conductivity is given byk}cv^v& l , wherecv is the
specific heat at constant volume, and^v& and l are the aver-
age velocity and the mean free path of phonons before they
undergo an Umklapp process, respectively. If the dimensions
of the dielectric medium are smaller thanl, the Fourier
modes freely propagate through the lattice, thus contributing
to ballistic rather than diffusive energy transport. In this case
the flux no longer is proportional to the gradient but to the
temperature difference between the heat baths

dE

dt
52k8~T22T1!, ~6!

wherek8 depends on the coupling strength of the considered
medium to the reservoirs. Theoretical work on one-
dimensional harmonic lattices shows that the temperature
profile in the medium is essentially flat in the ballistic
regime.17,46

The results of our experiments and MD simulations on
IVR in bridged azulene-anthracene compounds, thus, can
consistently be explained by assuming ballistic energy trans-
port in the chain connecting both chromophores. Since, for
n>4, t IVR is essentially constant in Fig. 11, the apparent
thermal conductivity of the chain seems to increase propor-
tional to the length of the chain when using Eq.~5! instead of
Eq. ~6!. Figure 14 shows that the temperature gradient in the
bridge vanishes which also indicates free energy transport
and absence of diffusive scattering events.

V. CONCLUSIONS

In the present work we have investigated intramolecular
vibrational energy flow through molecular chains which at
each side are connected to a chromophore acting as a heat
reservoir. At one side, azulene served as the energy donor
being vibrationally excited by light absorption into theS1

state and subsequent internal conversion back to the ground
electronic state within less than 1 ps. At the other side, an-
thracene was the energy acceptor. The vibrational energy
flow was followed by monitoring the vibrational tempera-
tures of one or both of the chromophores using the hot band
absorption technique. Two distinct regimes of intramolecular
dynamics were identified: during a 300 fs period, 15%–20%
of the excitation energy leaves the azulene chromophore by
‘‘harmonic energy flow’’ caused by dephasing of the projec-
tion of normal modes on the atomic displacements and mo-
menta of the considered compounds. This process is inti-
mately connected to the fast energy randomization within the
azulene chromophore itself. Intramolecular energy flow to-
wards a microcanonical equilibrium within the whole mol-
ecule is completed by IVR. The corresponding time con-
stantst IVR vary between 1 and 5 ps. Interestingly, the IVR
time constants for bridges consisting of more than four bonds
become constant and independent of chain length. Detailed
molecular dynamics simulation showed that the energy flux
in these systems is limited by the coupling of the heat baths
to the chain. Inside the bridge, phonons freely propagate
which corresponds to ballistic transport. This finding is in
agreement with theoretical investigations on heat conduction
in one-dimensional dielectric lattices.

FIG. 13. IVR times vs the number of bonds in the chain for azulene-
(CH2)m-anthracene as derived from molecular dynamics simulations~com-
pare with Fig. 11!.

FIG. 14. Molecular dynamics simulation of intramolecular vibrational en-
ergy redistribution in isolatedIII @temperature profiles in the bridge includ-
ing the azulene~left! and the anthracene chromophore~right! are plotted at
various times#.
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