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Preferential Solvation in the Collisional Deactivation of Vibrationally Highly Excited
Azulene in Supercritical Xenon/Ethane Mixtures
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The collisional deactivation of vibrationally highly excited azulene was studied in equimolar supercritical
mixtures of xenon and ethane at 385 K from gas- to liquid-phase densities. Azulene with an energy of
~20 000 cnt! was generated by laser excitation into thestate and subsequent internal conversion to the
So* ground state. The loss of vibrational energy was monitored by transient absorption at the red edge of the
S; — S absorption band at 290 nm. Transient signals were converted into ertergy profiles using hot

band absorption coefficients from shock wave experiments for calibration and accounting for solvent shifts
of the spectra. Under all conditions, the energy decays were exponential. At densities below 1 mol/L, the
observed collisional deactivation rate constantef the mixture were equal to the sum of the individual
contributions of ethane and xenon collisions as expected from simple gas kinetics. At mixture densities
above 2 mol/Lk; is smaller than the deactivation rate constant found in neat ethane at half the density. This
behavior can be rationalized by an isolated binary collision (IBC) model which relates the collision frequency
Z to the radial distribution functiog(r) of an attractive hard-sphere particle in a Lennard-Jones fluid. Radial
distribution functions obtained by Monte Carlo simulations clearly show that at high densities the less efficient
collider xenon preferentially solvates the azulene molecule, reducing the number of azitearee collisions

and, therefore, the overall collisional deactivation rate constant with respect to neat ethane solutions.

I. Introduction heptatrien& led to quite similar results. The comparisonkgf

Collisional energy transfer of vibrationally highly excited with s_olvatochromlc shiftsw of the az_ulene&— So al_osorpthn
molecules is a basic step of many kinetic phenomena in the band in ref 25 showed parallel density dependencies, which led
to the conclusion that both quantities are determined by the same

gas and liquid phase. Indirect as well as direct techniques have !
been employed to determine its raf.Among the detection local density around the azulene molecule. By Monte Carlo

techniques by which the stepwise energy loss could be Simulations it was possible to represent this local density and

monitored were UV absorptiotr? IR emission’8and energy- {0 expressk: from the gas to the liquid phase in terms of an

selective photoionizatioh. isolated binary collision (IBC) model in which average energies
The experimental results so far are best understood for [AEtransferred per collision are density-independent and

isolated binary collisions in the gas phase. Although not all collision frequencie€ are obtained from the radial distribution

details have been clarified, much progress toward a quantitativefunctiong(r) of an attractive hard-sphere (AHS) part@len a

description has been made in recent yéars' The situation Lennard-Jones fluid. Within this model, average enerighe={]

is much less satisfactory for the liquid phase. A series of transferred per azulerethane collision were shown to be

experimental studies provided insight into the dynamics, while temperature- and pressure-independent in the range @83

the quantitative analysis still appears fragmentary? In K and 0.03-4000 bar, respectiveR?.

particular, one may ask whether the dynamics of collisional |, e present article we further test this quantitative approach

energy tra_msfer PrOCESSES In dilute _and n de_nse media are re_Iategy experiments in bath fluid mixtures. These systems are

at all. This question calls for experiments with the same excited characterized by differences in thAETvalues and the local

molecule in environments of successively increased density. For . . .
y y densities of the mixture components such that the influences of

a few systems such experiments are available now. Recently o . .
the collisional deactivation of azulene with an initial internal [AEC=and O.f local densmg; can easily be separated. This allows
for a particularly sensitive test of the model. We report

energy of 18 000 cm! was characterized guantitatively from . ) . .
the gas to the compressed liquid phase in a variety of collisional energy transfer experiments of .azulene in equimolar
supercritical solvent& It was shown that the energy under all Path gas mixtures of xenon and ethane. First results have shown
experimental conditions decays exponentially with time, leading that at liquid densitie; is smaller than the deactivation rate

to phenomenological deactivation rate constdatsFor most constant found in neat ethane at half the der&itAs a result,

of the collider gases, the density dependenck.a$ linear up ~ We demonstrate that the AHS model excellently descriges

to reduced densities @f = p/p; = 0.15 wherep, is the critical of the mixture, with energy-transfer and interaction potential
density of the bath gas. At higher densities the further increaseparameters determined earlier for the pure components. We,
of the energy-transfer rate slows down and, finallypat 1.5 therefore, conclude that we now quantitatively understand

becomes faster again. These observations apparently are ofollisional energy transfer of highly excited azulene from the
general significance because studies with highly excited cyclo- dilute gas to the compressed liquid phase.
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Figure 1. Energy dependence of azulene absorption coefficients in
1 1 1

the gas phase at selected wavelengths (filled symbols, from static gas : . L L ! L
cell;2 open symbols, from shock wave experimefit§:) from laser -50 0 50 100 150 200 250
excitation experiment9).

time / ns
Il. Experimental Technique Figure 2. Comparison of absorptiertime profiles recorded during
the collisional deactivation of azulene at low densities are 377 K
Azulene with a vibrational excess energy of 17 2a® 500 (full line, in 41 mbar ethane; dashed line: in 82 mbar equimolar mixture
cm~1was generated by laser excitation into thes@te followed of xenon and ethane).
by internal conversion to the electronic ground state within 1 |, results
ps28 The loss of vibrational energy was monitored at the red _ ) ) ) _
wing of the $ — S absorption band at 290 nm. In this article In Figure 2 transient absorption glgnals recorded during the
we present only a short survey of our experimental technique collisional _deact|va_t|on of azuler_1e in gas-phase ethane at 41
since the details have been reported be&2” For low- mbar and in a equimolar gas mixture of ethane and xenon at

pressure experiments, pulses from a frequency-doubled Nd:YAGS2 mbar are compared. The temperature was 377 K. Both
laser at a wavelength of 532 nm were used for excitation. The signals decay exponer)tlally, and. since the energy dependence
290-nm probe wavelength was obtained by second-harmonicOf. the azulene absorption c_oefflmesnat 290 nm is linear (see
generation of the output of a Rhodamine 6G dye laser operatingFIgure 1), energy-loss profiles of the form

at 580 nm which was pumped by a second frequency-doubled = = 1
Nd:YAG laser. The delay between pump and probe pulses was EOD= Elexpky (1)
adjusted electronically. The heatable sample cell with a path
length of 20 cm was filled with 80100 ubar of azulene and
30—100 mbar of collider gas. In these experiments only low
time resolutions were required, being limited by the laser pulse

were fitted to the datalEy(Jdenotes the photon energy of the
excitation pulse and; is a phenomenological deactivation rate
constant. Considering that the slope of the energy decay curves
gives direct access to average enerdidE(transferred per

width to 8 ns. collision®® through
For experiments at high bath gas densitie®.6 mol/L),
pump and probe pulses were generated with a colliding pulse dEDdt = ZIAED (2)

mode-locked (CPM) dye laser operating at a wavelength of 620
nm. After amplification the laser beam was focuseail cm as long as the energy dependenceldELlis not too strong,
water cell generating a white light continuum. By means of an and the distribution of excited molecules is sufficiently far from
interference filter the desired probe wavelength of 580 nm was the final thermal equilibrium, an exponential energy decay leads
selected, amplified in two subsequent Rhodamine 6G dye cells, 0

and frequency-doubled in a potassium dihydrogen phosphate

(KDP) crystal generating the probe wavelength of 290 nm. Both [AED= My edED (3)
laser pulses were fed into a standard pump and probe interfer-

ometer, recombined, and collinearly focused into the sample with

cell. The relative plane of polarization was adjusted to %4.7 _

The width of the cross correlation of pump and probe laser Maes= —kdZ (4)
pulses was 0.65 ps (fwhm), that is, sufficiently short to monitor
all processes following the 1-ps preparation of vibrationally
highly excited azulene. Experiments up to 1000 bar were
performed in a heatable high-pressure cell with an optical path
length of 2 cm.

The stepwise loss of vibrational energy of excited azulene
as before was monitored by hot UV absorption spectroscopy
near 290 nm. In this part of the azulene absorption spectrum, Considering eqs-14, the collisional deactivation rate constant
the energy dependence of the absorption coefficigatwell- for the mixture is
characterized (Figure 1), allowing the conversion of transient
absorption signals into energy decay curves. For more details, k.= _zmmEDZi (6)
see refs 23 and 25. T

being the slope of the linedaME(E)Ccurve. For dilute gas
mixtures energy transfer is determined by collisions of azulene
with individual components:

dEDdt = Y ZAET (5)
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Figure 3. As Figure 2, at high densities afid= 385 K (full line: in constant for azulene in 1:1 xenon/ethane mixtlkeof the mixture

(@) is plotted versus the ethane partial density and compared with the
rate constant observed in neat ethane at that particular dem$igfu(l
line, low-density limit for the mixture; dotted line: low-density limit

. . for neat ethane; dashed line, simulation with the attractive hard-sphere
For collisions of azulene with xenon and ethameyegwas collision model).

determined to be-0.0073 and-0.0283, respectivel§ when
Z was identified with the Lennard-Jones collision frequency and IV. Discussion

Lennard-Jones parameters@f= 0.66 nm andt/kg = 523 K By comparingks(p) with spectral shifta\v(p) of the azulene

for azulene were used (values for ethane and xenon are tabulategbsorption spectrum, we have shown recéhtlyat the density

in ref 30). From these values one expects an increakelnf dependence of the collisional deactivation rate constant is
15% if to a given pressure of bath gas ethane the same partialjetermined exclusively by the local bath gas density in the
pressure of xenon is added. This behavior is exactly observedimmediate surrounding of the solute. This observation led to
in Figure 2: deactivation rate constants obtained from fitting isolated binary collision (IBC) models (for an overview about
eq 1 to the signals are 18.8 and 2L$8* for ethane and for  |BC models see review 33) which relate the collision frequency

5.65 mol/L ethane; dashed line, in 11.3 mol/L equimolar mixture of
xenon and ethane).

the ethane/xenon mixture, respectively. Z to the radial distribution function around the considered
At high bath gas densities the situation changes markedly. molecule. Defining a collision as an event in which two
The addition of xenon to ethane can lead to a decreake a$ molecules approach each other to within a certain distance,

demonstrated in Figure 3. Here, signals obtained at densitieswhich for a hard-sphere solute of diametgrin a hard-sphere
of 5.65 mol/L of ethane and of 11.3 mol/L of ethane/xenon 1:1 Solvent of diametewy is given byo = (ou + 0)/2, the collision
mixture, respectively, are compared. It is striking to note that frequency is expressed ¥y

the energy decay slows down when xenon is added to a constant Hs

density of ethane in the fluid mixture. For a quantitative analysis 2= =79(p.T.0) )
of these signals, one has to consider that, at high densities, the . o .
azulene $absorption band shifts to the red M such that, whereg(p,T,0) is the vaIu_e of the radial d|s_tr|but|or_1 function
with a constant probe wavelength of 290 nm, the energy decayOf thg solute at contact with the solvent dglis the dilute gas
is effectively monitored at a wavelength which in the gas phase collision frequency

would correspond tdes = 290 nm -A1.2325 Since the energy

dependence of the azulene absorption coefficient critically Zy = po’\/8kg T (8)
depends on the wavelength, see Figurec(EED) has to be

evaluated aflr by interpolation between 280- and 290-nm Delalande and Galeéadded an attractive Lennard-Jones term

N . to the solute-solvent hard-sphere potential to model relaxation
cgllbratlon CUTVes. For.xenon/ethane mlxturﬂé,was deter- rates of singly vibrationally excited small molecules in liquids.
mined from spectral shifts of _azulgne in neat solvents etha_neWe applied this attractive hard-sphere (AHS) model successfully
and xenon such as characterized in ref 23 and 25. Assumingy, eyniain the density dependence of collisional energy transfer
that eq 1 is valid also at higher densities and considering the (5tes of highly excited azulene in ethae.

finite time resolution due to the internal conversion process and  assuming pairwise van der Waals interactions between solute
the laser pulse cross correlation width of 0.65 ps, a model and solvent, the density dependence of the spectral shift of the
function (see eq 10 in ref 23) was evaluated and fitted to the azylene absorption spectrum can be expressed in terms of radial
data, yielding reliable values fde.. In Figure 4 collisional distribution functions as weR®

deactivation rate constants of azulene in equimolar mixtures of

xenon and ethane are plotted versus the ethane partial density « g(p,T,r)

and compared witk; found in neat ethane at the same den&ity. Av(p) U 4ﬂpj; rt dr ©)

For selected data pairs, the corresponding pressures are indicated

as well. Densities of the mixture were determined with the  This relation was shown to be in excellent agreement with
method proposed by PitZ8nwhich is based on the theory of our Av(p) data of azulene in ethane if the same radial
corresponding states. Pseudocritical constants of the mixturedistribution functions were used as for modeling of #ép)
were derived from ref 32. data?®
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In the following we will apply the AHS model to explain
ks(p) in ethane/xenon mixtures considering eq 6 with hard-sphere
collision frequencies from egs 7 and 8 and keeping[values
constant as in low-pressure gases:

_ HS —HS
ke=— zmmEm Z
I

mngm was evaluated by modeling the density dependencies
of k; in neat solvents xenon and ethane, respectively, in the
framework of the AHS model. To determirgp,T,r), and
consequentlyg(o) at the surface of the azulene molecule, the
Monte Carlo method was used agé&tr’

We treated solventsolvent interactions by Lennard-Jones
potentials,

(10)

V, = 4e[(olr)*? — (o/r)?] (11)
and azulenesolvent interactions by AHS potentia%:
V=0 r<g
V,=—€ o=r=2"% (12)

V, = 4e[(alr)? = (olr)¥] 1> 2Y%
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Figure 5. (a) Density dependence of collisional deactivation rate
constants of azulene in xenon (full line, attractive hard sphere collision
model at 385 K; dashed line, at 298 K). (b) Density dependence of
shifts of the azulene :S— S absorption band in xenon (full line,

At low densities, simulations were performed in a canonical simulation using relation 9 and,/ks = 900 K; dotted line, withea/ks
ensemble of 107 solvent spheres (the binary mixture consisted= 720 K; see text).

of 53 particles of component 1 and 54 particles of component
2) and 1 solute sphere in a cubic simulation box with periodic
boundary conditions. At high densities, up to 499 solvent

spheres were used (the mixture then consisted of 249 particles

of component 1 and 250 particles of component 2). The
minimum image convention was used to calculate potential
energies; interactions were truncated at half the box length.
Starting from an initial face centered cubic structure, after
equilibration up to 18 trials for each particle were taken to
sample the configurational phase spagé:) around the solute
was determined every five trials. Well depths for solvent
solvent interactions weredks = 220 K38 ex/ks = 230 K3
andeyxe = Veexx (indices a, e, and x denote azulene, ethane,
and xenon, respectively).

The adjustable parameters in these calculatigpeind eax
describing azuleneethane and azulenxenon interactions
through eq 12, respectively, were obtained by modeki{g)
and Av(p) data of azulene in neat solvents. Figure 5 shows
corresponding results in xenon (from ref 23). As it turned out,
the best agreement with the data is obtained wtfkg = 900
K. Results forg(r) around the AHS particle azulene at 385 K
and various densities are shown in Figure 6. For xenon a
collision diameter ofsx = 0.38 nn¥® was used. The solid line
in Figure 6 is the low-density limit of(r), being the analytical

VU

At p = 0.48 mol/L the radial distribution function from our
Monte Carlo simulations is still close to this limit. However,
around this density the peak atx = (0a + 0x)/2 begins to

(13)

T T T 4 T T T T T
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6
a(r)
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Figure 6. Radial distribution functions of an attractive hard-sphere
particle in a Lennard-Jones fluid (xenon) at various densities=<
0.66 nm,ox = 0.38 nm,ex/ks = 230 K, eadkes = 900 K, T =385 K;
see text).

at 0. reaches its minimum. At higher densities the peak
increases again because the molecules in the first solvation shell
are forced to stay at the surface of the solute due to repulsive
interactions with the remaining solvent. This is the usual
behavior in the compressed liquid and is independent of the
attractive part of the potentid?. Applying egs 4, 7, and 8 by
using g(oax) values which were obtained frogy(r) curves by
extrapolation, collisional deactivation rate constants were cal-
culated viak; = M Z"S. Good agreement with the data
points is obtained, when the slope of tidE(E)(turve in xenon

is adjusted tanh,= —9.0 x 1074, as demonstrated by solid

decrease. The reason is that the number of xenon atoms in theand dashed lines in Figure 5a\v(p) was modeled using the

immediate surrounding of the solute cannot increase linearly
with the bulk density due to repulsive interactions. Simulta-
neously, a second peak aroungy(+ ox) grows in, reflecting

the formation of a liquid structure. Around 18 mol/L the peak

radial distribution functions of Figure 6 and relation 9. The
agreement with the experiment again is very good, as shown
by the full line in Figure 5b. The dotted line in Figure 5b is
obtained ifeax is reduced by 20%. Similar calculations for the
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Figure 7. Comparison of radial distribution functions around an attractive hard-sphere particle in two different Lennard-Jones fluids (xenon and
ethane) and their corresponding mixtures (upper half, at low densities; lower half, at high defsiti&85 K; see text).

solvent ethane gave a value efdksg = 720 K, as already ~ mf}; evaluated above for the neat bath gases. The result,

demonstrated in ref 25. Using collision diameterggf= 0.66 presented as a dashed line in Figure 4, is in excellent agreement
nm andoe = 0.41 nn¥>and expressing the hard-sphere collision  with the experiment. One should emphasize that no adjustable
frequency by egs 7 and 8, one obtamg;,= —5.5 x 1073 parameter for the simulation of the mixture was used. We
for the slope of the AE(E)Uicurve in ethane. consider this result as strong support for our model. The energy

Considering that Lennard-Jones interaction parameters fortransfer in a single binary collision event is a complex
azulene of 523 K< edks < 590 K were estimatel? the well phenomenon whose modeling by classical trajectories is not
depthseax and e, Obtained from our analysis seem to be very simple but can be dorfé. However, once this part of the
deep. However, the standard combining reje= e is problem is solved, the density dependence kgfcan be
applicable only for nonpolar systems, and even there, pro- characterized quantitatively by the calculation of the radial
nounced deviations have been obserdfe&or polar (azulene) distribution function, for example, by Monte Carlo techniques
nonpolar (xenon, ethane) interactions, the calculatios;a$ such as described in ref 25 and in the present work.

very complex and the standard combining rule is highly
unreliable?! Therefore, well depths af,/ks = 900 K andead
ks = 720 K are feasible, in particular as these values are
consistent with bothik(p) and Av(p) (see Figure 5). The density dependence of the collisional deactivation rate
Having fixed all molecular and energy-transfer parameters constank. of highly excited azulene in binary mixtures of ethane
for the individual bath gases, the next step in our analysis wasand xenon was described in the framework of an IBC model
to derive radial distribution functions from Monte Carlo wnhich relates the collision frequency to the value of the radial
S|mulat|ons on an AHS particle in eqwmolar ethape/xenon distribution functiong(r) at the surface of the solute molecule
mixtures and to calculatie(p) on the basis of eq 10. Figure 7 and which assumes temperature- and density-independent aver-
compares corresponding resultsgéf) with those obtained in a6 energies transferred per collision from the dilute gas to dense
neat ethane and xenon at half.the density. At parthl densitiesig phases. Having fixed all potential and energy-transfer
of 0.24 mol/L (upper half of Figure 7) there is no d|fference parameters by modeling the density dependencids iof neat
betwgen the Monte _Carlo result ¢fr) and the analytical xenon and ethane, respectively, the model successfully describes
sqlutlon of gq.lll, neither for the neat bath gases nor for the ke(p) of the mixture without any adjustable parameter. In
mixture. This indicates that under these conditions many-body particular the decrease & at high densities, when xenon is
ggfl?igt: i%?jg;):ngzgltﬁlctzi?hat%% t;o:'g cg)anrlf)ccl)ger}tns tﬁ];sthczgz'ﬁuereadded to ethane, is explicable through preferential solvation of
deactivation rate constant can be derived from eq 6 using aazulene W!th the less efﬂuent collider. In this way the.present
work provides a crucial test of the AHS model which ap-

simple gas kinetic collision frequency. At high densities (partial . . . .
densities of 7.23 mol/L, lower half of Figure 7) we observe a propriately accounts for local density effects on binary collision

V. Conclusions

different behavior. Comparing with neat ethane, the addition NUMPers.

of xenon reduces the value gfo) for ethane from 3.7 to 2.3.

At the same timay(o) for xenon only reduces from 4.7 to 4.2. Acknowledgment. Discussions of this work with J. Schroed-
Since ethanesia 6 times more efficient collider than xenda, er, K. Luther, and P. Viaringer, as well as financial support by

of the mixture is reduced. For these conditiokgp) of the the Deutsche Forschungsgemeinschaft (Sonderforschungsbereich

mixture was calculated using eq 10 with hard-sphere collision 357 “Molekulare Mechanismen Unimolekularer Prozesse®), are
frequencies from eqs 7 and 8 and energy transfer parametemgratefully acknowledged.
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