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Collisional deactivation of vibrationally highly excited azulene
in compressed liquids and supercritical fluids

D. Schwarzer, J. Troe, M. Votsmeier, and M. Zerezke
Max-Planck-Institut fu¨r Biophysikalische Chemie, Am Fassberg, D-37077 Go¨ttingen, Germany

~Received 26 March 1996; accepted 14 May 1996!

The collisional deactivation of vibrationally highly excited azulene was studied from the gas to the
compressed liquid phase. Employing supercritical fluids like He, Xe, CO2, and ethane at pressures
of 6–4000 bar and temperatures>380 K, measurements over the complete gas–liquid transition
were performed. Azulene with an energy of 18 000 cm21 was generated by laser excitation into the
S1 and internal conversion to theS0* -ground state. The subsequent loss of vibrational energy was
monitored by transient absorption at the red edge of theS3←S0 absorption band near 290 nm.
Transient signals were converted into energy-time profiles using hot band absorption coefficients
from shock wave experiments for calibration and accounting for solvent shifts of the spectra. Under
all conditions, the decays were monoexponential. At densities below 1 mol/l, collisional
deactivation rates increased linearly with fluid density. Average energies^DE& transferred per
collision agreed with data from dilute gas phase experiments. For Xe, CO2, and C2H6, the linear
relation between cooling rate and diffusion coefficient scaled collision frequenciesZD turned over
to a much weaker dependence atZD.0.3 ps21. Up to collision frequencies ofZD515 ps21 this
behavior can well be rationalized by a model employing an effective collision frequency related to
the finite lifetime of collision complexes. ©1996 American Institute of Physics.
@S0021-9606~96!01232-9#

I. INTRODUCTION

Collisional energy transfer from vibrationally highly ex-
cited polyatomic molecules to bath gas molecules has been
extensively studied over the last decade.1,2 In most cases, hot
molecules were prepared by light absorption into electroni-
cally excited states which undergo fast internal conversion to
the electronic ground state. The subsequent decay of vibra-
tional energy was monitored by time resolved uv
absorption,3–5 ir emission,6,7 energy-selective photoioni-
zation,8 or by other techniques leading to ‘‘energy loss pro-
files,’’ from which values of the product̂DE&Z were de-
rived directly. ^DE& denotes the average energy transferred
per collision andZ is the reference number of collisions per
time.9 The dependence of^DE& on the average internal en-
ergy ^E& of the molecule, the nature of the excited molecule,
the bath gas, and the temperature was investigated. Though
not all details of the observed vibrational energy transfer in
the gas phase are understood, considerable progress towards
its quantitative characterization could be achieved.10–13

In contrast to the gas phase, studies of collisional energy
transfer of vibrationally highly excited polyatomic molecules
in liquid solvents have been much less extensive~see Refs.
14–20 and review Ref. 21 with references cited therein!.
Since transient signals recorded during the collisional deac-
tivation process usually were not calibrated unambiguously
quantitative information about the product^DE&Z is avail-
able only to a very limited extent. In particular, the applica-
bility of isolated binary collision~IBC! concepts for describ-
ing collisional energy transfer of polyatomics in liquids was
neither proved nor disproved. In this approach one quantifies
the complex solute–solvent interaction by gas phase like bi-
nary collisions and one assumes that the solvent density af-

fects only the collision frequency, but not the mechanism of
vibrational relaxation. The predictions of this model then de-
pend on the somewhat arbitrary definition of an appropriate
collision frequency.

We have shown previously22–24 that isomerization and
atom recombination rate constants scale with the inverse of
the solvent self-diffusion coefficientD over the gas–liquid
phase transition, suggesting that effective collision frequen-
ciesZ increase proportional withD21. UsingD21 scales for
the density dependence of vibrational relaxation in liquids,
i.e., for collisional energy transfer of only slightly excited
molecules, has also been suggested on theoretical grounds.25

The question arises whether this scaling can also be used for
collisional energy transfer of highly excited polyatomic mol-
ecules. It, therefore, appears highly desirable to study colli-
sional energy transfer over wide density ranges, from low
pressure gases up into compressed liquids. Using supercriti-
cal solvents, measurements over continuous density ranges
can be performed without gaps at gas–liquid phase transi-
tions.

In the present work, vibrationally highly excited azulene,
formed by light absorption into theS1 state and subsequent
internal conversion to the ground state, served as a model
system. The internal conversion rate~kic51.0 ps21 26! is fast
enough to allow for measurements of collisional energy
transfer even in liquids where this process occurs on the 10
ps time scale. In contrast to earlier work,16,18where transient
absorption signals were obtained at the red edge of the
S1←S0 absorption band near 720 nm, we followed the loss
of vibrational energy at the red edge of theS3←S0 band near
290 nm. This has several advantages:

~i! The energy dependence of the ground state absorption
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spectrum of gaseous azulene near 290 nm is well
characterized by shock wave and laser excitation ex-
periments up to internal excess energies of 35 000
cm21.27

~ii ! The difference between molar absorption coefficients
of ‘‘hot’’ and ‘‘cold’’ azulene is of the order of 104

l mol21 cm21, giving rise to much larger absorption
signals than at the red edge of theS1←S0 band where
it is only 102 l mol21 cm21.

~iii ! The results can be compared directly with low pres-
sure gas phase experiments where the collisional de-
activation was also monitored near 290 nm.5

II. EXPERIMENTAL TECHNIQUE

In our experiments azulene was excited with light pulses
near 600 nm and probed by light pulses near 300 nm. The
required pulses were generated by a laser system employing
a colliding pulse mode locked dye laser. Its output pulses at
a wavelength of 620 nm were amplified in a three stage dye
amplifier28 which was pumped by a Nd:YAG laser~Con-
tinuum 6050! at a 50 Hz repetition rate. After recompression,
the pulse width was less than 100 fs at an energy of;140
mJ. 50% of the energy was used to generate a white light
continuum in a 1 cmwater cell. Using interference filters, a
spectral band at twice the desired probe wavelength was am-
plified in two subsequent Rhodamine 6G dye cells and fre-
quency doubled in a potassium dihydrogen phosphate~KDP!
crystal. In this way probe pulses in the range 290–300 nm
were generated. Pulses at fundamental wavelengths of 580–
600 nm were used to pump azulene into its first excited
singlet state. Excitation and probe energies were;60 and 2
mJ, respectively. Both laser pulses were fed into a standard
pump–probe interferometer, recombined, and collinearly fo-
cused into the sample cell. The relative plane of polarization
was adjusted to 54.7° by means of a zeroth-order half-wave
plate. Probe energies were determined in front of and behind
the sample cell by means of photodiodes. Behind the sample,
an interference filter for the respective probe wavelength was
used to block transmitted excitation light. The time resolu-
tion of the experiment was limited mainly by the internal
conversion rate of 1.0 ps21 and not by the width of the cross
correlation of both laser pulses ofDt5650 fs ~FWHM!
which was determined in separate experiments.

Measurements in liquids at 1 bar were performed in a 2
mm quartz flow cell. High-pressure experiments in liquids at
pressures up to 4000 bar at room temperature were carried
out in a stainless steel cell with sapphire windows, whose
thickness and aperture were 2.5 and 2.0 mm, respectively.
The optical path length inside the cell was 2 mm. This cell
was connected to a high-pressure pump generating a flow
through the sample cell which was fast enough to replace the
irradiated sample volume between successive excitation
pulses. Experiments in gases and supercritical fluids at pres-
sures up to 1000 bar were performed in a heatable high pres-
sure cell with an optical path length of 20 mm. Sapphire
windows with a thickness of 10 mm and an aperture of 7 mm
were used. Temperatures were determined with an accuracy

of 1 K. In all pump–probe experiments, azulene concentra-
tions were adjusted to an optical density of 1.0–1.5 at 290
nm ~corresponding to 2 and 0.2 mM for optical path lengths
of 2 and 20 mm, respectively! which, even for the lowest gas
densities used in this work, was sufficient to avoid azulene–
azulene collisions during the collisional deactivation process.

In order to monitor the collisional deactivation of azu-
lene, we observed the changes of azulene absorption at the
red edge of theS3←S0 transition after laser excitation. The
temperature dependence of the azulene absorption band in
this region was known from shock wave experiments in the
range 800–1500 K.27 In order to get additional information
about the temperature dependence of the absorption at lower
temperatures, we measured azulene absorption coefficients in
a quartz cell with an optical path length of 5 cm in a Varian
Cary 5E spectrometer. This cell was filled with a known
amount of azulene dissolved inn-pentane, cooled down to
183 K, evacuated to remove solvent and air, and then sealed
off by melting. In this way the concentration of azulene in
the cell remained constant while heating up in the spectrom-
eter. Formation of naphthalene by thermally activated
isomerization could be neglected below;600 K. Only at
higher temperatures naphthalene was identified due to its
strong absorption at 212 nm.

With increasing solvent density, the absorption spectrum
of azulene shows a marked red shift due to electronic inter-
actions with the bath gas. In molecular solvents like
n-pentane at 1 bar, the shift of theS3←S0 band is on the
order of 10 nm. Since the temperature dependence of the
azulene absorption coefficient was found to depend critically
on the wavelength,27 the solvent shift of the spectrum had to
be taken into account in the conversion of the transient sig-
nals into energy-time profiles. For this purpose, we had to
assume that, for a given bath gas, the solvent shift of azulene
spectra was temperature independent and could be character-
ized by the density-dependent redshift of the room tempera-
ture spectrum. RedshiftsDl of the room temperature spectra
as a function of solvent density were measured separately in
a high pressure cell with an optical path length of 10 mm. It
was shown in Refs. 5, 27, and 29 that ‘‘canonically hot spec-
tra’’ of thermally excited azulene and ‘‘microcanonically hot
spectra’’ from laser excited azulene are identical when en-
sembles of the same average energy are compared. We had
to assume that this is true as well in dense fluids as in low
pressure gases.

Azulene~Merck.98% pure!, high purity solvents~J. T.
Baker, p.a. grade! and gases~Messer–Griesheim! were used
without further purification.

III. RESULTS

A. Excitation dependence and solvent shift of
azulene spectra

The temperature dependence of steady state absorption
spectra of gaseous azulene is illustrated in Fig. 1, comparing
our present results with earlier results from shock wave
experiments.27 The absorption coefficients obtained from our
thermal spectra are used to calibrate transient absorption sig-
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nals from collisional energy transfer studies. For this pur-
pose, the molar decadic absorption coefficiente of azulene in
Fig. 2 is plotted against the average energy^E& of azulene
for several fixed wavelengths. Average energies^E& were
calculated for the temperatures shown in Fig. 1 with azulene
vibrational frequencies from Ref. 30. The results of this work
agree perfectly with our earlier results.27 Polynomial fits of
e^E& in the range 1 000–19 000 cm21 lead to

e280~^E&!/ l mol21 cm215616.613.844~^E&/cm21!

21.819•1024~^E&/cm21!2

13.052•1029~^E&/cm21!3,

~1!

e290~^E&!/ l mol21 cm215236210.5297~^E&/cm21!,
~2!

e300~^E&!/ l mol21 cm215116610.2091~^E&/cm21!.
~3!

At wavelengths 290 and 300 nm,e depends linearly on̂E&,
i.e., transient absorption signals obtained at these wave-
lengths during the collisional deactivation of azulene directly
reflect the loss of vibrational energy as a function of time.
However, this is valid only at low densities. At higher den-
sities, one has to take into account the solvent shift of the
azulene absorption spectrum. As a consequence of solvent–
solute electronic interactions, the absorption spectrum shifts
to the red such as shown in Fig. 3 for several pressures of the
bath gas ethane at 384 K. The redshift of theS3 band be-
comes more pronounced with increasing density; at liquid
densities, it amounts to about 10 nm~see Fig. 4!.

B. Collisional energy transfer

1. ^DE& values in the gas phase

At first we present signals recorded at low gas densities
where a solvent shift of the spectra is neglegible. Since under
these conditions the ‘‘solubility’’ of azulene in the bath gas

FIG. 1. Absorption coefficients of azulene in the gas phase@full lines: 323,
398, 478, and 564 K, static cell, from this work;~d! 800 K, ~j! 1500 K,
shock wave experiments~Ref. 27!#.

FIG. 2. Energy dependence of azulene absorption coefficient in the gas
phase at selected wavelengths@filled symbols: from this work; open sym-
bols: from shock wave experiments~Ref. 27!; ~* ! from laser excitation
experiments~Ref. 27!#.

FIG. 3. Pressure dependence of absorption spectra of azulene in C2H6 at
385 K.

FIG. 4. Solvent shift of the azuleneS3 absorption band in Xe~3!, CO2 ~s!,
and C2H6 ~j!.
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is very low, experiments were performed at 380–445 K to
increase the azulene vapor pressure and the absorption sig-
nals. Because of the linear dependence betweene and ^E&
@see Eqs.~2! and ~3!#, probing hot azulene at wavelengths
290 and 300 nm directly monitors the loss of vibrational
energy with time and, therefore, signals at different wave-
lengths should be of similar shape. This is indeed the case,
such as shown in Fig. 5 for azulene in C2H6 at bath gas
pressures of 6.25 and 21.25 bar atT'384 K. The maximum
change of the optical density at 290 nm is;0.3 and a factor
of 2.5 less at 300 nm; this is in accord with Fig. 2. The
energy-loss profileŝE(t)& presented in Fig. 5 are monoex-
ponential, i.e.,

^E~ t !&5^E0&exp~2t/tc! for t.0, ~4!

such as indicated by solid lines;^E0& denotes the photon
energy of the excitation pulse andtc is a phenomenological
cooling time constant. Average values fortc in C2H6 at 6.25
and 21.25 bar of 445 and 139 ps, respectively were obtained;
i.e., within experimental error the cooling rate was found to
increase proportional to pressure, following simple gas phase
behavior. This dependence was observed for all investigated
bath gases atT>380 K and pressures below;30 bar.

Numerical simulations of the master equation for colli-
sional deactivation of vibrationally highly excited molecular
states have shown9 that the slope of the energy-loss curves
^E(t)& directly lead to average energies^DE& transferred per
collision through

d^E&
dt

5Z•^DE& ~5!

as long as the energy dependence of^DE& is not too strong
and the distribution of excited molecules is sufficiently far
from the final thermal equilibrium. Combining Eqs.~4! and
~5! gives

^DE&52^E&/~Z•tc!. ~6!

For an exponentially decayinĝE(t)& curve, one concludes
that ^DE& linearly depends on̂E& with slope of

m^DE&521/~Z•tc!. ~7!

IdentifyingZ with the Lennard-Jones collision frequencyZLJ
and using Lennard-Jones parameterss56.61 Å and
e/kB5523 K for azulene and values as tabulated in Ref. 31
for the collision partners, one obtainsm^DE& for He, Xe, N2,
CO2, and C2H6 such as summarized in Table I.

2. Evaluation of energy-loss profiles at higher
densities

The transient uv absorption signals recorded during the
collisional deactivation not all decay monoexponentially.
This is shown in Fig. 6 for room temperature transients ob-
served in Xe at liquid densities and at a probe wavelength of
lpr5290 nm. After excitation, the decay of the signals accel-
erates for the first 100–200 ps and only afterwards turns over
to a more or less exponential decay. This behavior becomes
more pronounced at higher Xe pressures; it is caused by the
increasing redshift of the absorption spectrum which
amounts to 10 nm at 2040 bar Xe. At this pressure, the signal
recorded at 290 nm essentially corresponds to low pressure
gas phase signals recorded at 280 nm; i.e., instead of
e290(^E&) from Eq.~2! one has to usee280(^E&) from Eq.~1!

FIG. 5. Absorption-time profiles recorded during the collisional deactivation
of azulene in C2H6 at 384 K ~h: 6.25 bar,lpr5300 nm; j: 6.25 bar,
lpr5290 nm;s: 21.25 bar,lpr5300 nm;d: 21.25 bar,lpr5290 nm; full
lines: monoexponential fits!.

TABLE I. Average energieŝDE& transferred per collision and comparison
with dilute gas phase experiments.a

Gas 2100m^DE&

2 ^DE&15 000 cm21 ~cm21!
tD

21
•Nmax ~ps21!
@Eq. ~16!#This work Ref. 5 Ref. 6 Ref. 8

He 0.40 60 80 45 50 65
Xe 0.63 95 170 125 105 1.8
N2 0.70 105 180 145 120 7.5
CO2 1.51 227 360 333 210 2.4
C2H6 2.54 380 430 3.9

aCalculated with Lennard-Jones collision frequencies from Ref. 31.

FIG. 6. As Fig. 5, in Xe at 295 K and various pressures~lpr5290 nm; full
lines: fits using the model function of Eq.~10!; time origins have been
shifted for clarity!.
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for calibration. The latter has a fairly weak energy depen-
dence at̂ E&>10 000 cm21 which, in Fig. 6, results in rela-
tively slow signal decays at early times. Similar shapes of the
transients were observed in all liquid molecular solvents at 1
bar and 296 K when a probe wavelength of 290 nm was
used. Representative signals for 1,1,2-tri-chloro-tri-fluoro-
ethane, acetonitrile, and methanol are shown in Fig. 7. The
following procedure was employed to model the data: Ac-
counting for the redshift of the absorption spectrum, an ef-
fective gas phase probe wavelengthleff5lpr2Dl was de-
fined. Then the energy dependence of the absorption
coefficientel eff(^E&) atleff was evaluated from Eqs.~1!–~3!
by interpolation and polynomial fitting. Assuming an expo-
nential time dependence for^E&, such as expressed by Eq.
~4!, leads to the time dependence of the absorption coeffi-
cient

el eff~ t !5el eff~^E~ t !&1^Ec&! ~8!

which is directly related to the transient absorption signal by

S* ~ t !5A0@el eff~ t !2el eff~^Ec&!#1s0 . ~9!

Here, ^Ec& denotes the thermal equilibrium energy of azu-
lene before laser excitation andA0 is a scaling factor. In most
cases a small residual absorptions0 was observed at late
times which remained constant for at least 1.5 ns. Finally the
internal conversion process~time constanttic! and a finite
Gaussian shaped instrument response~time resolutionDt
5650 fs! were taken into account by convolution ofS* (t)

S~ t !5E
0

`E
0

t8
S* ~t!• expS 2

t82t

t ic
Ddt

3expS 24 ln 2S t2t8

Dt D 2Ddt8 ~10!

and fit to the data. The results forS(t) are plotted as full
lines in Figs. 5–7, usingtc , tic , A0, ands0 as fit parameters.
On average, the time constant for internal conversion was

found to betic51.0 ps which is in accord with the value
reported in Ref. 26. The agreement between model and sig-
nals is excellent even though the time dependence of^E& a
priori does not have to be exponential. However, fitting of
the model function~10! to the data was satisfactory in all
cases, such that no indication for a nonexponential decay of
^E& during the collisional deactivation of azulene was found
in any of our experiments.

3. Energy-loss time constants tc

Our results fortc are summarized in Tables II to VIII.
Because of uncertainties in the calibration curves, systematic
errors oftc on the order of 10% are estimated, the statistical
error of tc being about 5% and 10% for signals recorded at
290 and 300 nm, respectively. In Table II,tc values for
solvents at 1 bar are presented. In general, the vibrational
deactivation in liquids under ambient conditions takes about
10 ps. Only in halogenated solvents the cooling time is re-
markably longer~tc525.9 ps in C2Cl3F3! which confirms
earlier observations.16,18 The high accuracy of our data al-
lowed to establish the following trends: forn-alkanes,tc
decreases with increasing chain length from 12.5 ps in
n-pentane to 10.8 ps inn-hexadecane; hydrogen bond for-
mation has a strong influence on the collisional deactivation
rate: with increasing hydrogen bond density,tc decreases
from ethanol~9.0 ps! to methanol~8.3 ps!, ethylenglycol~7.2
ps! and a 3:1 mixture of water and methanol~3.3 ps!. Deu-
teration of the OH group in methanol leads to an increase of
tc by 10%. Compression of the liquids has only a minor
influence on the collisional deactivation rate~see Table III!,
e.g., pressurizingn-octane from 1 to 4000 bar leads to a
decrease oftc from 11.8 to 8.4 ps.

More insight into the pressure dependence of the colli-
sional deactivation is obtained by investigating the process in
supercritical solvents, thus avoiding the density discontinuity
at the gas–liquid phase transition. The results of correspond-
ing experiments are summarized in Table IV–VIII for He,

FIG. 7. As Fig. 5, in liquid solvents at 1 bar,T5296 K ~lpr5290 nm; full
lines: fits using the model function of Eq.~10!; time origins have been
shifted for clarity!.

TABLE II. Vibrational deactivation timestc of azulene in various solvents
at 1 bar and 296 K.

Solvent

Probe
wavelength

lpr ~nm!
Solvent shift

Dl ~nm! tc ~ps!

n-pentane 290 8 12.5
n-heptane 290 8.5 13.3
n-octane 290 9 11.8
n-decane 290 9 11.6
n-hexadecane 290 11 10.8
Cyclohexane 295 9 13

291.5 9 13.7
286.5 9 14.5

Acetonitrile 290 9 14.6
Methanol 290 8 8.3
Methanol-d1 290 8 9.2
Methanol/water 1:3 290 8 3.3
Ethanol 290 9 9.0
Ethylenglycol 290 14 7.2
C2Cl3F3 290 8 25.9
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N2, Xe, CO2, and C2H6. Figures 8–12 show plots oftc
21 vs

the density for these solvents. Whereas in He and N2 tc
21

increases nearly linearly with density, in Xe, CO2, and C2H6
the initially linear increase oftc

21 becomes weaker near 1
mol/l. At very high densities~r.20 mol/l!, where the pack-
ing densityn5rs3 ~with s being the Lennard-Jones diameter
of the solvent! approaches a value of 1, the slope of the
density dependence oftc

21 becomes steeper again.

4. Effective collision frequencies in dense media

In the gas phase, the rate constant for collisional energy
transfertc

21 is proportional to the binary collision frequency
Z. This quantity, of course, is not well defined under liquid
phase conditions such that one may look for a replacement.
We have shown earlier22–24that rate constants for isomeriza-
tion and atom recombination under transport control scale
with the inverseD21 of the solvent self diffusion coefficient.
D21 therefore may be used as a measure of the effective
collision frequency which, on the basis of the relationZ•D
5const., was defined as

Z5ZD~p2!5
ZLJ~p1!•Dg~p1!

D~p2!
. ~11!

Here,ZLJ andDg correspond to the dilute gas phase, e.g., at
p151 mbar. Values forD(p2), used to calculateZD for high
densities, are tabulated in Tables III–VIII. Figures 13–17
show plots oftc

21 vs ZD . Except for He, where a nearly
linear relation is observed over the entire pressure range, the
dependence oftc

21 onZD for Xe, CO2, and C2H6 is linear at
low pressures, but becomes much weaker forZD.0.3 ps21.
This change of behavior occurs at densities whereZD is
about a factor of 30 below liquid phase values.

IV. DISCUSSION

A. ^DE& values in the gas phase

The present work is completely consistent with earlier
studies of collisional energy transfer of azulene in the dilute
gas phase.5,6,8A comparison of̂ DE& values at an excitation
energy ofE515 000 cm21 is included in Table I. The data
from Ref. 5 which were obtained using basically the same
experimental technique~by monitoring uv absorption
changes at 290 nm! are systematically somewhat larger. The
deviations from the results of Ref. 6, where^DE& was deter-

TABLE III. Vibrational deactivation timestc of azulene in compressed
liquid solvents at 296 K~lpr5290 nm!.

p~bar! Dl~nm! tc~ps!

n-pentane
1 8 12.5

615 8.5 10.9
1053 9 10.3
2010 9.5 9.6
3480 10 8.2

n-octane
1 9 11.8

1575 10 10.1
2800 10.5 8.9
4000 11 8.4

CHF3
65 5.5 21.2
297 6 18.1
1039 7 14.3
1820 8 12.9

SF6
37 5 17.4
240 6 14.6
696 7 12.7

TABLE IV. Vibrational deactivation timestc of azulene in He.

p
bar

T
K

r
mol l2

D
1029 m2 s21

ZD
ps21

lpr
nm

Dl
nm

tc
ps

23.2 383 0.726a 8550b 0.382 290 0 614
47 385 1.45 4290 0.761 0.5 302
81 386.5 2.46 2530 1.29 1 189
81 2.46 2530 1.29 1 192
152 4.52 1380 2.37 1.5 114
295 8.37 745 4.38 3 61
437 11.9 525 6.22 4 43
593 387.5 15.4 405 8.06 5 33

aReference 32.
bReference 33.

TABLE V. Vibrational deactivation timestc of azulene in Xe.

p
bar

T
K

r
mol l21

D
1029 m2 s21

ZD
ps21

lpr
nm

Dl
nm

tc
ps

16 382 0.532a 558b 0.153 290 0 1170
31 383 1.071 279 0.306 0.5 650
46 384 1.655 183 0.468 0.5 460
61 2.30 133 0.644 1 380
63 2.39 128 0.669 1 354
79 3.16 97.4 0.877 1.5 274
108 4.75 65.1 1.31 2 221
90 295 13.0 16.3 4.14 6 124
380 18.0 8.67 7.77 7 107
1026 21 5.37 12.6 8.5 94
2040 23.3 4.70 14.3 10 86

8 384 0.259 1150 0.075 300 2000
16 0.529 564 0.152 1020
30 1.03 291 0.294 550
45 385 1.61 188 0.454 390
45 1.61 188 0.456 400
60 2.25 136 0.628 340

aReference 34.
bReference 35.

TABLE VI. Vibrational deactivation timestc of azulene in N2.

p
bar

T
K

r
mol l21

D
1029 m2 s21

ZD
ps21

lpr
nm

Dl
nm

tc
ps

57 384 1.76a 515b 0.657 290 1 203
60 407 1.74 540 0.684 1 230
61 424 1.69 570 0.648 1 221
123 428 3.28 290 1.27 2 142
194 424 5.04 179 2.06 3 92

aReference 36.
bReference 37.
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mined by detecting ir fluorescence of azulene during the col-
lisional deactivation, are smaller, but again~except for He!
the values of this work seem to be systematically lower.
However, recent̂DE& values from Ref. 8, determined using
multiphoton ionization are in good agreement with the
present data. Probably the discrepancies reflect the system-
atic uncertainties of the different experimental methods.

Average energies transferred per collision in Ref. 43 for
the bath gases He and N2 were determined at excitation en-
ergies as high as 53 000 cm21 being 160640 cm21 and
410670 cm21, respectively. A linear extrapolation of our
data to this excitation energies gives 210 and 370 cm21,
respectively, indicating that̂DE(E)& for He and N2 in-
creases nearly linearly even up to these high energies.

B. Collisional deactivation rates at densities >1 mol/l

The agreement of the absolute^DE& values discussed so
far implies that the mechanism of collisional energy transfer
does not change from the dilute gas phase to astonishingly
high densities in compressed gases, i.e., the concept of iso-

FIG. 8. Rate constants of the collisional deactivation of excited azulene in
He.

TABLE VII. Vibrational deactivation timestc of azulene in CO2.

p
bar

T
K

r
mol l21

D
1029 m2 s21

ZD
ps21

lpr
nm

Dl
nm

tc
ps

6.25 384 0.204a 2670b 0.075 290 0 900
11.25 0.371 1480 0.136 0 515
21.25 385.5 0.713 800c 0.251 0 270
40 1.403 413 0.487 0.5 154
43 383 1.53 382 0.526 0.5 142
74 2.86 215 0.935 0.5 97
107 384 4.56 136 1.48 1 73
147 7.00 89 2.27 1.5 57
149 386 7.00 89 2.27 1.5 59
151 384 7.26 85 2.36 1.5 52
202 385 10.3 56 3.59 2.5 44
247 387 12.1 41 4.92 2.5 42
359 386 15.6 18.3 11.0 3.5 33
694 387 19.8 7d 28.7 4.5 30
1163 22.6 5 39.4 5 27
1757 24.7 3 67.0 5.5 22
2207 25.9 2 100 6 21
11.3 442 0.319 1930b 0.119 0 535
21.5 0.61 1010c 0.226 0 295
32.5 445 0.93 670 0.341 0 213
50 447 1.47 430 0.534 0.5 152
83 444 2.5 271 0.848 0.5 108
87 296 17.3 10.3 15.2 4 30.1

1180 26.3 2.31 67.6 6 22.4
3080 29 1.5d 104 6.5 18.7

6.25 386.5 0.203 2700b 0.074 300 920
11.25 0.369 1500 0.134 485
21 0.712 815c 0.248 275
41 1.45 410 0.493 175
42 383 1.49 390 0.513 145
74 2.88 215 0.935 104
88 387 3.49 190 1.05 95
107 384 4.56 136 1.48 77
147 7.0 89 2.27 59
202 385 10.3 56 3.59 48
202 10.3 56 3.59 50

aReference 38.
bReference 37.
cReference 33.
dReference 39.

TABLE VIII. Vibrational deactivation timestc of azulene in C2H6.

p
bar

T
K

r
mol l21

D
1029 m2 s21

ZD
ps21

lpr
nm

Dl
nm

tc
ps

6.25 383 0.201a 2400c 0.098 290 0 450
11.25 0.367 1340 0.176 0 240
21.25 383.9 0.718 700 0.335 0.5 130
29 385 1.01 515 0.456 0.5 100
34 383 1.21 442 0.532 0.5 90
58.5 385.5 2.291 260 0.90 1 51
78 3.33 175d 1.36 1.5 37
79 386 3.32 175 1.35 1.5 36
102 4.82 113 2.08 2 29
118 5.83 90 2.61 2.5 25.3
118 5.83 90 2.61 2.5 25.1
131 6.61 77 3.06 3 23.6
170 8.45 55.5 4.23 3.5 20.0
249 10.55 40.1 5.86 4.5 17.1
251 10.58 39.9 5.89 4.5 17.4
360 385 12.1 31.8 7.39 5.5 15.3
583 13.8 25.0 9.4 6 13.5
1040 386 17b 15.3 15.4 7.5 12.2
55 296 11.8 26.6 6.90 5 15.9
498 15.9 13.8 13.3 7 12.4
1470 18.5 8.46 21.7 8 10.1
2110 19.6 6.6e 27.8 8.5 9.3
2975 20.7 4.95 37.1 9 8.3
3470 21.1 4.41 41.6 300 9.5 8.0

6.25 384 0.200a 2420c 0.097 430
21.25 385 0.715 710 0.329 148
78 383 3.39 169d 1.39 37.5
117 383 5.93 87.6 2.68 27.3
169 381 8.71 53 4.46 19.8
251 382 10.8 38.5 6.10 18.1
360 12.2 31.2 7.53 16.8
585 13.9 24.5 9.6 12.8
1062 17b 15.1 15.6 12.8

aReference 40.
bExtrapolated from Ref. 40 following Ref. 41.
cReference 37.
dReference 42.
eExtrapolated from Ref. 42.
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lated binary collisions~IBC!44 for He works well up to
nearly the highest density used in this work~16 mol/l!,
whereas for N2, Xe, CO2, and C2H6 it works up to;1 mol/l.
For the latter bath gases the increase oftc

21 at higher pres-
sures turns over into a weakerZD dependence. The extrapo-
lation of collisional deactivation rates from the gas phase
therefore, leads to much higher values than those actually
observed in liquid solvents~see Tables II and III!. The same
behavior in our group was found for the collisional deactiva-
tion of cycloheptatriene45 in compressed supercritical fluids
and liquids which suggests that our present work reflects
quite general behavior. In the following we discuss possible
explanations for these properties of collisional energy trans-
fer.

1. Local heating of the solvent

In the simple IBC model, a complete exchange of sur-
rounding bath gas molecules between collisions with the vi-
brationally highly excited central molecule is assumed. In the
condensed phase this exchange is hindered by the high den-
sity of solvent molecules, leading to a local heating of the
inner solvent shell. This reduction of the temperature differ-

ence between the central molecule and its direct surrounding
would reduce the energy flow into the solvent. These consid-
erations where taken into account in Ref. 16 by describing
the energy exchange between the vibrationally highly excited
molecule and the inner solvent shell by isolated binary col-
lisions, and by characterizing the energy transport to the
outer solvent as classical heat conduction. The latter process
in spherical symmetry is described by the differential equa-
tion

]~Tr!

]t
5k

]2~Tr!

]r 2
with k5

l

cpr
. ~12!

Here,k, l, cp , andr are the thermal diffusivity, heat con-
ductivity, specific heat, and density of the solvent, respec-
tively. Representative calculations for this energy transfer
model are illustrated in Fig. 18~for azulene in C2H6 at 498
bar and 298 K! and compared with an experimental signal
monitored at a probe wavelength of 290 nm~open circles!.
The simulated signals were obtained by converting calcu-
lated ^E(t)& decays into absorption time profiles using Eqs.
~8!–~10!. Employing a collision frequency ofZD513.3 ps21

FIG. 9. As Fig. 8, bath gas N2.

FIG. 10. As Fig. 8, bath gas Xe.

FIG. 11. As Fig. 8, bath gas CO2.

FIG. 12. As Fig. 8, bath gas C2H6.
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and a linear̂ DE(E)& dependence with the slope found in
the gas phase~see Table I!, the IBC model without heat
conduction predicts a four times faster decay~solid line! than
observed experimentally. Accounting for heat conduction
such as suggested in Ref. 16, only small deviations from the
IBC model are obtained~see dashed line in Fig. 18!. For this
calculation, we usedcp578.7 J/mol K,40 l50.147 W/mK,40

and r s57.0 Å for the radius of the first solvation shell; in
addition we assumed that two C2H6 molecules form the first
solvation shell. Increasing the number of ethane molecules in
the first solvation shell reduces the difference to the IBC
model even more, i.e., classical heat conduction is so effi-
cient that no major heating of the inner solvent shell is pos-
sible during collisional deactivation~in our case its tempera-
ture is always below 450 K!. Therefore, as in the simple IBC
model, the energy transfer rate is limited by the rate of iso-
lated binary collisions between the central molecule and di-
rect solvent neighbors. In order to simulate signals, which
decay on a time scale comparable to our experimental result,
l would have to be reduced at least by a factor of 10~see

dotted line in Fig. 18!. However, in contrast to our experi-
mental observation the energy decay then would become
highly nonexponential.

Moreover, heat conduction models do not properly de-
scribe the leveling off oftc

21 at higher densities. For azulene
in ethane at 385 K, e.g., the deviation from linearity occurs
near 30 bar. Under these conditions, the thermal diffusivityk
continuously increases with pressure up to at least 400 bar40

and would lead to opposite behavior. We, therefore, con-
clude that heat conduction cannot explain the small colli-
sional deactivation rates observed at high densities.

2. Limitation of energy flow by intramolecular
vibrational redistribution

In the dilute gas phase the time between collisions is
much longer than the time for reestablishing intramolecular
quasiequilibrium of vibrational energy through intramolecu-
lar vibrational redistribution~IVR!. It is conceivable that
IVR at high densities becomes too slow to ensure between
collisions the reexcitation of those low frequency vibrational
modes which have contributed most to the energy

FIG. 13. As Fig. 8, dependence on the collision frequencyZD , bath gas He
@dotted line: extrapolation of low density data; full line: fit using Eq.~16!#.

FIG. 14. As Fig. 13, bath gas N2.

FIG. 15. As Fig. 13, bath gas Xe.

FIG. 16. As Fig. 13, bath gas CO2.
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transfer.46,47 Figures 13–17 show that, except for helium,
deviations from the extrapolated gas phase behavior oftc

21

take place at times between collisions of about 3 ps. This is
a reasonable time scale for IVR. However, would slow IVR
be responsible for the leveling off oftc

21 at high densities,
deviations from the extrapolated gas phase behavior should
occur at nearly the same times between collisions in bath
gases which transfer approximately equal amounts of energy.
Comparing Xe and He this obviously is not the case. Al-
thoughm^DE& decreases by only 30% from Xe to He, the
collisional deactivation rate for Xe levels off atZD50.3 ps21

whereas for He it does not show any deviations from the
dilute gas phase behavior up toZD56 ps21. Our observa-
tions, therefore, do not seem to be explicable in terms of an
IVR mechanism.

3. Reduction of the collision frequency due to finite
lifetimes of collision complexes

Trajectory calculations have shown that collision com-
plexes have lifetimes of several hundreds of
femtoseconds.13,47 One may assume that no energy transfer
occurs in a collision of a bath gas molecule with an excited
molecule at a site which is just occupied by another collider.
In this way, during its life time, a collision complex between
azulene and a collider cannot transfer energy as efficiently to
the surrounding as uncomplexed azulene. If this picture is
correct, the collision frequency of the excited molecule is
effectively reduced by a factor of~12u!, whereu5N/Nmax is
the fractional coverage of the excited molecule by bath gas
molecules. Here,N andNmax denote the number of occupied
and available sites, respectively. One may try to estimateu
using a simple Langmuir adsorption isotherm model. For ad-
sorption and desorption, one has

dN

dt
5Z•~12u! ~13!

and

dN

dt
5tD

21Nmaxu, ~14!

respectively, wheretD is the lifetime of the collision com-
plex. At equilibrium,u is given by

u~Z!5
Z

tD
21
•Nmax1Z

. ~15!

Fitting of the model function

tc
21~ZD!52m^DE&•ZD•~12u~ZD!! ~16!

to our experimental data by varyingtD
21
•Nmax, leads to good

agreement with experimental results up to liquid densities
~full lines in Figs. 13–17!. The derived values oftD

21
•Nmax

~see last column of Table I! appear quite reasonable consid-
ering size and shape of the azulene molecule. For Xe with its
large Lennard-Jones diameter and strong interaction poten-
tial, e.g., we obtain a value of 1.8 ps21 which is compatible
with Nmax52 andtD51.1 ps. As expected, the smallest bath
gas molecule He with the weakest interaction potential gives
the highest value oftD

21
•Nmax565 ps21, compatible with

Nmax513 and tD5200 fs. The previous models discussed
above, at high densities, all led to nonlinear^DE(E)& depen-
dencies and therefore to nonexponential energy decays. Non-
linear ^DE(E)& dependencies have to be expected also from
models which assume that, after laser excitation, existing
complexes ‘‘boil off’’ adsorbed collider molecules. Latter
may transfer momentum to the surrounding bath, creating a
cavity which slowly dissipates, leading to a reduction of the
energy transfer rate. In contrast to this a reduction of the
effective collision frequency ensures that the time depen-
dence of the relaxation remains single exponential over the
investigated density range.

So far, in this picture we have only considered the effec-
tive collision frequency. Of course, also the average energy
transferred per collision can be modified by the formation of
collision complexes in dense environments. One may specu-
late whether the high density deviations from the described
model for CO2 ~at ZD.30 ps21! and for C2H6 ~at ZD.15
ps21! are explained by this effect. Obviously, the given

FIG. 17. As Fig. 13, bath gas C2H6.
FIG. 18. Simulation of azulene collisional deactivation signals~bath gas
C2H6, T5296 K,p5498 K;s: experiment; —: IBC model; ---: IBC model
with heat conduction~Ref. 16!, l5l050.147 W/mK;••• : IBC model with
reduced heat conduction,l5l0/10!.
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model can only be justified by comparison with extended
molecular dynamics simulations. Such investigations are un-
derway in our group.48

V. CONCLUSIONS

The present study of collisional energy transfer of highly
excited azulene in low pressure gases, supercritical fluids,
and compressed liquids has provided reliable information on
collisional deactivation rates. The observation over wide
density ranges, at first, has shown that isolated binary colli-
sion behavior remains valid up to surprisingly high densities.
When a certain density is passed, however, a further increase
of the energy transfer rate slows down. The observations
appear to be of general significance because a parallel study
with highly excited cycloheptatriene45 gave quite similar re-
sults. Our discussion has ruled out models with energy trans-
fer bottle-necks by heat conduction or IVR. Instead a reduc-
tion of the effective collision frequency through shielding of
the excited molecules in complexes led to a surprisingly suc-
cessful description. These results have to be compared with
molecular dynamics simulations.48
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