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DIRECT WEaSUREMENT OF COLLISIONAL ENERGY TRaNSFER
BETWEEN HIGHLY VIBRATIONALLY BXCITED TRIPLET
FLUORENCONE AND BATH GASHES
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ABSTRACT

Intensities and decay rates of COE-laser induced
delayed fluorescence are used to probe collisional re-
laxation of vibrationally excited fluorenocne diluted
with bath gases: He, N,, Kr. The average energies {AE)
transferred per collision are found %o vary with vib-
rational energy, the energy dependences of the colli-

sional efficiency eventually level off.
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INTRODUCT ION

The collisional transfer of vibrational energy is
of primary importance for a wide range of physical and
chemical phenomena. In particular, it controls any che-
mical and photochemical reactions which are of obvious
industrial interest. Thus, a number of gas-phase reac-
tions are of crucial importance in combustion systems,
pyrolysis, free radical combinations, plasmas, dischar-
ge—-pumped lasers and laser-induced chemistry.

It should be noted that today collisional energy
transfer in highly excited molecules is not a well
understood process {1,2]. The study of the relevant
energy transfer is very urgent for polyatomic colliders
which have relatively large lifetimes at vibrational
energies much higher than the energy of the photochemi-
cal reactions. Several simplifying assumptions connect-
ed with characteristics of collisional energy transfer
as functions of molecular species, temperature, pres-
sure and degree of initial excitation are used, as a
rule, to elucidate the mechanism of the reactions under
study {1]. However, many results of direct experiments
contradict these assumptions. That is why the gquestion
of collisional energy transfer from large molecules
with high energies remains opene.

Direct measurements of vibrational energy trans~-

fer have recently become available [1]. They are based
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on lagser excitation methods. Most of these experiments
used electronic excitation followed by rapid internal
conversion [3] and direct absorption of IR photons from
a CO, laser [1,74]. Direct monitoring of hot molecules
absorption spectra [3] or detection of infrared fluo=-
rescence [4] are used to investigate the relaxation of
vibrationally excited molecules.,

Recently we have developed a method of direct
multiphoton COe-laser excitation of triplet-state mo-
lecules [5,6]o Rapid disturbance of the thermal egui-
librium distribution of molecules over the vibrational
levels in the long=lived triplet-state initiated tran=-
sient changes in delayed luminescence. In later works
it was shown that delayed fluorescence induced by di-
rect infrared multiphoton excitation of triplet-étate
molecules can be successfully used to control colli-
sional deactivation of highly vibrationally excited
molecules. In the present work, we have studied the
collisional energy transfer between highly vibrational=-
ly excited triplet fluocrenone and bath gases by using
the proposed method.

The chosen molecule of fluorenone (013H80) emits
long-lived luminescence in the gas phase, which exhi~
bits a fast ('\O_9 s) and a slow component [13]. The
decay time of the latter changes with increasing tem=-

perature from milliseconds to hundreds of microseconds.
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The emission features are due to the high quantum yield
and intersystem crossing rates from S1 to the triplet-
state Tq. Fluorenone is characterized by a large ener-

1, between the first excit-

gy gap, 5400 < Eqq<7000 cm”
ed singlet state 81 and triplet Tq-state. These proper-
ties make it possible to observe thermally activated
delayed fluorescence in the vapour phase at tempera-
ture lower than 500 K. Fluorescence has IR absorption
bands in the COz—laser radiation region and can be ex~

cited by CO2-1aser radiation both in the ground elect-

-ronic and the triplet-state Tq.

EXPERIMENTAL RESULTS

The experimental technique used in the present
work were described previously [5,6,7]. In our experi-
ments, rapid intersystem crossing S{vaq of fluorenone
is exploited to prepare it in the triplet-state Tq.
The frequency-doubled mode-locked ruby laser is used
to excite fluorenone to the 81 singlet state. When the
vibrational equilibrium was established in the T1 sta~-
te, the triplet molecules were excited by COZ-laser
radiation. The pulsed atmospheric-pressure 002—laser
beam was focused by lenses from blenched Ge and was
passed through the cell beam to beam with visible
light. The samples to be irradiated were prepared in

a cylindrical heated quartz cell with NaCl windows
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using a high vacuum line. Zone refined fluorenone was
stored in a side arm of the guartz cell, which had Dbeen
evacuated to less than 10_6 torr and was kept at a tem-
perature of 453 K. The vapor pressure was controlled
by the temperature of the thermostated side reservoir
and was equal to 0,115 torr. Luminescence was observed
in the direction normal to the excitation. The signal
from the photomultiplier which was placed behind the
monochromator slit came to the oscilloscope. The sig-
nal was averaged over several pulses by a small micro-
computer.

The fluorenone vapors were diluted with a large
quantity of bath gases: He, Kr, N, (0< P<30 torr),
This permitted considerihg only the effects of colli-
sional deactivation of excited molecules by the added
foreign gas. The direct infrared multiphoton excita-
tion of fluorenone triplet-state molecules induced
pulses of delayed fluorescence in the spectral region
coinciding with usual fluorescence (Fig. 1). 4s dis=-
cussed in our previous papers [6,7,8] CO,-laser-acti-
vated fluorescence exhibits the two exponentional de-
cay behavior characterized by two distinct decay ra-
tes which are equal o 1.10° = 1.10° and 1.10° -
-1.107 s~1, respectively.

The added foreign gas causes changes in both the

intensity and the decay rates of COa-laser activated

fluorescence which can be summarized as follows.
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Fig. 1. Typical signal of laser~-induced delayed fluo=-
rescence from mixture of fluorenone with Kr (7 torr),
observed near 470 nm, Curves 1 and 2 are for Evib =

= 19300 en”™" and E,;p= 16300 en™ respectively. Dashed
line is contribution due to long component,

1. At a constant of COa-laser energy density the
decay rates of the fast component of delayed fluores~
cence linearly increase with increasing bath gas pres-
sure P%g only in a limited range of pressures. At a
higher pressure, the decay rates remain unaltered.

2. &t first the decay rates of the long compo-
nent decrease with the mixture pressure., Further in-
crease in the foreign gas pressure leads to opposite
changes (Fig. 2).

3. The time-resolved intensity at the maximum of
induced fluorescence pulses I(t) which was measured

at 45% nm is decreased with pressure.
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Fig. 2. Plots of the long decay rates of laser-induced
fluorescence versus krypton pressures for two initial
average vibrational energies: (a) 19300 cm™"', (b)

16300 cm™

4, The pressure dependence of the fluorescence
intensity points to a decrease in the time-integrated
intensity with increasing foreign gas pressure. At
high 002-1aser energy densities the changes in the
fast and the long components of the integrated inten-

sity are different (Fig. 3).

DISCUSSION
On the whole, analysis of the spectrum and the ki~

netics of IR MPE-induced luminescence shows that the
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Fig. 3. The time-integrated intensity of laser-induced
fluorescence versus krypton pressure at initial vibra-

tional energy 19300 cm-q. Curve 1 is for whole inten-
sity of fluorescence signal, curve 2 and 3 are part
for fast and long components

delayed fluorescence is attributed to the emission of
singlet-state molecules since the triplet molecules
are vibrationally excited to the energy region where
the triplet-state T1 is effectively coupled to Sq. A%
a given energy density luminescence did not manifest
itself without preliminary excitation of vapors by
ultraviolet radiation pulse. The activated emission
spectrum coincides with the spectruﬁ at single=-quan-

tum optical excitation in the electronic absorption
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band. The luminescence was absent in the other spec~-
tral regions. The population of high vibrational le-
vels of the triplet-state due to the vibrational ener=-
gy exchange between the vibrationally excited fluoreno~-
ne molecules in the ground electronic and the triplet-
state was unimportant because the fluorenone molecules
were highly deluted with the bath gas. Before experi-
mental results are described, let us consider the in-
formation on the shape of the energy distribution pre-
pared by multiphoton infrared excitation. There have
been a number of studies of the distribution function
and its dependences on both the level of vibrational
excitation and activated molecule complexity [9,10].
Conclusions regarding the shape of distribution are
contradictory since the necessary key molecular para-
meters at high energy levels have not been experimen-
tally determined. In spite of difficulties some gene=~
ral trends, at least, can be noticed. The molecular
distribution after infrared multiphoton excitation is
close to a thermal in quasicontinuum of closely spaced
vibrational level. The time evolution of this distri-
bution after the laser pulse cessation is to make in
more thermal due to the effect of the up and down
transmissions induced by collisions.

A important feature of multiphoton-excited (MPE)

fluorenone molecules, which have 60 vibrational degre-
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es of freedom, is the rapid collisionless redistribu-
tion of excitation energy between the vibrational mo-
des during the IR laser pulse. Both the high density
of vibrational levels in T1 which reaches a value of
3.10° 1/cn” at the average vibrational energy B =
= 3500 cm-1 (T = 453 K) and the effective anharmonic
interaction of modes typical for large molecules favor
a rapid flow.of the vibrational energy on a picose-
cond time scale. Therefore, by the time of laser exci-
tation most of the molecules are in vibrational quasi=-
continuum,

fBxperimentally, we have obtained number of evi-
dence that Boltzmann distribution is a suitable appro-
ximation for the population distribution of IRMP exci~
ted molecules., Among them we distinguish next. 1. The
time~ resolved delay luminescence spectra prepared by
IR laser irradiation and by thermal heating are simi-
lar during decay process. 2. The enhancement of absor-
ption cross section at laser frequency by a bath gas
is unimportant for large polyatomic molecules as fluo-
renone [11]. Unlike the small molecules for the large
onces it isn't observed experimentally the absorption
energy growth as the pressure of bath gas is increas-
ed. This phenomenon is usually treated as evidence

that effect of bottlenecking is negligible,



03:49 30 January 2011

Downl oaded At:

COLLISIONAL ENERGY TRANSFER 1361

Collisions between fluorenone and the bath gas
molecules change the conditions of MPE which now depend
on E and P, . By varying these values which depend

002 bg
on the experimental conditions, we can control the
conditions of establishing vibrational distribution

during the laser pulse. As Pb increases and ECO de-
2

)
creases the population distribution over the vibra-
tional levels in the triplet-state is shifted to the
region of lower energies, This means that a smaller
number of molecules can go from T,I to the singlet-ex-
cited state 51 due to the intersystem crossing T1~*’Sq.
Now we shall discuss the relaxation of the vibra-
tional distribution following MPE of the triplet mole~-
cules. The decay of the luminescence which appears
after the nonequilibrium vibrational excitation of
some part of triplet molecules is due to several pro-
cesses, of which those depending on the pressure are
important. The intermolecular vibrational relaxation
in the triplet state at the rate Kv and the collisional
quenching of triplet molecules at the rate Kq can be
of great significance under our experimental condi-
tions. Analysis of the fast component decay rate alone
is not enough to separate the effect of these two pro-~
cesses in the decrease of the fluorescence decay time

with Pbg.
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Therefore, we shall also consider the pressure
dependence of the long-lived component. An example of
this is shown in Fig. 3. The studies of CO2-laser acti=-
vated delayed fluorescence of many molecules have shown
that the decay rates of the long component change,
first of all, with the equilibrium temperature which
settles upon completion of thermalization process [61.
As the bath gas pressure is increased, this temperature
decreases due to the decrease in the maximum vibration-
al temperature reached at MPE and due to the increased
mixture heat capacity. At a low gas pressure the T, ~+

/l

S intersystem crossing whose rate KT is a strongly
0 SO

increasing function of temperature may be determining
for the long component decay. First of all its decay
rate decrease with the gas pressure due to the decrea-
se in the intersystem crossing rates. Further increase
of Pbg
lisional process whose rates increase with increasing

resulting in opposite changes points to a col-

pressure can complete with the rate KTS « The colli~
sional quenching of the triplet molecules by a foreign
gas is likely to be this same process.

For further check we have verified the pressure
dependence of the time integrated fluorescence inten-
sity Iint’ which involves both fast I' and slow emis=-
sion I" intensities, measured at the wavelength 450 nm.

Since the spectrum shape of fluorenone fluorescence
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under study is independent of the foreign gas pres-
sure, the time-integrated intensity was measured at

the band maximum. A% all excitation energies the fast
fluorescence intensity and the decay time decrease
with pressure.

Such dependences may be only due to a reduction
of some part of triplet molecules excited above the
singlet state S,i when the vibrational relaxation in
the triplet state becomes faster. It is clear that in-
tensity of the "thermalized" fluorescence I" induced
by collisions with the foreign gas can increase with
Pbg' As shown by curve % of Fig. 3, at P<? torr, the
long~lived fluorescence intensity increases and its
decay rate decreases. The foregoing shows that the
collisional quenching of triplet molecules is negligi-
ble under the considered conditions. Generally, the
pressure dependence of the fast component decay rate
is determined by the vibrational relaxation in the
triplet manifold T1 and can be used to obtain the pa-
rameters describing the vibrational energy transfer of
highly excited molecules.

The experimental information on both the intensi-~
ty of fast fluorescence and its decay rates as a func-
tion of the initial vibrational energy and foreign gas
pressure was used for this purpose., First of all we

determined the average amount of energy transferred
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per collision {AE). Two pieces of information are es-
sential to carry out the analysiss: the collision rate
constant 2 and the vibrational energy residing in the
molecule after MPE as well as after the thermalization
process.

The complete statistical redistribution of excita-
tion energy into 60 vibrational modes enables us to
determine the initial energy of 002 laser excited tri-
plet molecules and the initial vibrational temperature
in the gas mixture 1f these values were determined in
the fluorenone vapor under the same conditions,

With this purpose the numerical results for the ratio
of I(V, t)/IO(O, t) can be used. Here I(V,tt) and
IO(D, t) are the activated fluorescence intensities

at the pulse maximum measured in the gas mixture and
pure fluorenone vapors, respectively. As discussed
elsewhere [7, 8], at IR MPE, triplet fluorenone mole-
cules reach energy regions where the density of vibra-
tional levels in the singlet 81 and the triplet T,I
state is high. Therefore, the intensities of activated
fluorescence can be expressed in terms of a kinetic
model [12]° To calculate the vibrational temperature
by using the fluorescence intensities, we taken the
fluorenone radiative decay rates KT1 =58, K. =

S
1 g

= 5-106 s and the singlet~triplet energy gap AEST =

= 7000 cm_q. The obtained vibrational temperature al-
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lowed us to calculate both the average number of gquan-
ta per molecule <n) required to attain such Tvib and
the corresponding vibratiohal energy Evib =F + <n>/;u,
Here B is the average vibrational energy of molecules
at equilibrium temperature T. To this end, the tempera-
ture dependence of the vibrational heat capacity of
fluorenone was determined preliminary. As coumputations
show, the experimental conditions permitted us %o vary

the initial b in the gas aixture from 10000 to

vib
28000 cn” 7.

The collisional process decreases the vibrational
energy of CO2 laser-excited triplet molecules. The pre-
viously studied temperature dependences of the decay
rates of thermally activated delayed fluorescence were
used to evaluate the temperature at the end of the
thermalization process. The compared decay rates of
the long component were measured at the same vapor
pressure as in the temperature studies. For energy in-
tervals which are small compared to the vibrational
energy Evib’ the rates of energy variation are given
approximatsly by: dE ;,/dt = ZPBg(AE) [4]. The values
of (AE) were obtained then on the assumption of the
Lennard~Jones collision frequency. The calculated va-
lues of the gas kinetic collisional rate constant 2
are 2.45; 1.27 and 2.06°10 s~ Vtorr™! for fluorenone

vapor and its mixtures with Kr and N2.
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The thus obtained average vibrational energies
transferred per collision depend on the excitation
energy. The <AE)» values increase from 4 to 12 cm'1 for
the fluorenone~Kr mixture in the vibrational enezgy
interval which is equal to 7000 cm™' (19300-12400 cm ).
For fluorehone with a vibrational energy excess rang-
ing from 11200 to 20900 cm™ N, as a collider gave va-
lues (AEY of 2-9 cm™ .

Additional insight into the collisional dynamics
can be gained by considering the collisional efficien-
cy ﬁ « The values of P obtained by the method of [14]
as {AB)/ {E)> for the relaxation of a number of poly-
atonic molecules in the Kr bath and the corresponding
vibrational energies are given in the table. The vib=-
rational energy transfer is only considered for highly
excited molecules which are excited to the region of
quasicontinuum states and manifest exponential decay.
Pure fluorenone as well as its mixtures with Kr and
N2 as colliders, gave similar dependences of ﬁ on
By (Fig. 4). The dependences of B on E ;, vary with
level of excitation, they are not linear. 4t low ener-
gies, P is found to have a stronger than linear depen-
dence; at intermediate levels of excitation, 17000 cmdt

ﬁ is proportional to Evib‘ Linear dependences hold up

1

to 22000 cm 'se 4t all excitation energies the effici-

ency of fluorenone deactivation by fluorenone is con~
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TABLE 1

Collisional Efficiencies [ for Vibrational Relaxation
of Polyatomic lolecules in Bath Gases

T ¥
Molecule Bath gas | B, 5'104 iReferences
! T {
L Cea™D | |
CﬂBHSO 013H80 28300 158.0 Present study
C1BH80 19300 6.2 Present study
082 Kr 20000 4.5 13
36000 77
SFg Kr 18800 4.1 14
C7H8 52000 25.0 3
C1OH8 30600 63.0 4
015H80 20900 4.3 Present study
082 20000 13.0 13
36000 20.0
C6H6 52400 10.9 3
C7H8 52000 25.0 3
C1OH8 30600 96.0 I
09H12 41600 48,0 3

siderable lower than it is usually supposed for the
case of strong collisions [2]. For the fluorenone with
Kr and N2’ the present results are close to the values
5.4 x 107 and 1+10™* that are evaluated asf= K__)/z
at the conditions, when rate constant satisfied the

Stern-Volmer relation.
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12000 16000 20000
-1
Egyp (om™ )

Fig.4.Relative collisional efficiencies for relaxation of

vibretionally excited fluorenon molecules ag a func-
tion of the initial average vibrational energy; 1,for

pure fluorenone (no bath gas) (left scale); 2, for
mixture with Kr; 3, for mixtures with N2

It should be noted that the latter method of eva-
luating the collisional efficiency by using the con-
stant of the Stern-Volmer relation has not provided a
realistic picture for a gas mixture. At a constant la-
ser energy density, however, it gives the value of
averaged over Evib due to a change in the initial vib~-
rational energy with bath gas pressure Pbg‘

In the case of fluorenone, the values of {AE) and
B are slightly lower as compared with those found for
some molecules, This discrepancy may be due to several
different causes. First of all, comparison of the re-

sults obtained in different ways depend upon both the
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experimental error bars and the uncertainties associat-
ed with the evaluation of the internal energy.

As a rule, a comparison of energy transfer guan-
tities from different research groups calls for extra
caution. Especially, its appears difficult to draw si-
milar conclusions from experiments using different
methods, 4t appropriate vibrational energy our results
are much close to those examples of CO2 laser excita-
tion for which single population function characteri-
zer overall population distribution is approximately
valid., Calculations based upon two distinct ensembles
with "“cold"™ and “hot"™ molecules give much greater va-
lues of <A E> and p s @s well as numerous data obtain-
ed by internal conversion method using unrealistic
assumption regarding monoenergrtic distribution of
vibrational energy in the ground electronic state [3].

Moreover, the.tendency for increase in <A E)> with
increasing number of vibrational degrees of freedom
should be taken into account when considering the va~-
lues of {AED> and B for fluorenone which is one of the
largest molecules tabulated in the table [14-17]. In
the second place, the energy-transfer parameters depend
on the nature of the relaxation process. The energy
transfer between the highly vibrationally excited mole-
cules and the surrounding bath gases can be accompanied

by acceration of the vibrational-vibrational energy
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transfer if an energy distribution in a small subset
of internally excited molecules is prepared. The stu-
dies employing such an excitation method demonstrate

a higher efficiency of vibrational energy transfer. In
our case, the direct absorption of IR photons from a
CO2 laser produce an ensemble of excited molecules,
which become vibrationally eqguilibrium during the IR
laser pulse. Therefore, only a less efficient process
energy transfer between vibrational and translational
degrees of freedom can take place,

In summary, energy transfer processes in mixtures
of fluorenone and bath gases have been investigated
using the new method developed at our laboratory based
on direct absorption of IR photon from the CO2 laser
to excite triplet molecules up to high vibrational
energy. 1t is shown that by studying both the inten-
sities and decay rates of 002 laser induced delayed
fluorescence as a function of initial excitation ener-
gy and gas pressure, we are able to reveal rates of
vibrational energy transfer, collisional efficiency
and average energy transferred per collision.

Specific details of energy transfer between fluo-
renone and Kr, N2 as collider are similar to those ob-
tained for large molecules which are excited in a vib=-
rational quasicontinuum., The deactivation of vibra-

tionally excited fluorenone by bath gas is found to be
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relatively slow because the collisional mechanism lead-
ing to relaxation of highly excited triplet molecules
is the V-T energy transfer between vibrational and
translational degree of freedom, it differs from those
that favor radiationless relaxation from triplet to

the ground electronic state.
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