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Pressure dependences of intensities and decay rates of time-resolved
luminescence of acetophenone, benzophenone, anthraquinone were used to
obtain the efficiencies of vibrational and triplet—triplet energy transfer. It
was shown that vibrational relaxation of the chosen molecules can be inter-
preted in terms of two consecutive processes: rapid collisional relaxation of
molecules from initially prepared states to a vibrational distribution at Tvib

by vibration—vibration process and relaxation of this vibrational distribution
to the thermal one (vibration—translation process). At relatively small inter-
nal eneigy < 10000 cm —", the collisional efficiencies of the vibration—vibration
process in mixtures with polyatomic bath gases had values typical of pro-
cesses with a supercollision contribution. Molecules relaxed from the upper
vibrational level to the vibrational distribution after several collisions (2-3).
The average energies transferred per collision are well correlated with pre-
dictions of the simple ergodic theory of collisional energy transfer. The ma-
jority of the collisions took part only in vibration—translation energy transfer
of relatively small energies. The efficiencies of triplet—triplet energy transfer
were analyzed for acetophenone, benzophenone and anthraquinone as donors
and biacetyl—acceptor in a gas phase when energy of about 20000 cm' was
transferred. It permitted us to elucidate the common features of highly en-
ergetic collisions. It was shown that the efficiencies are much lower than the
gas kinetic ones and depended on the vibrational energy and temperature.
It was discussed how to enhance triplet—triplet efficiencies due to vibrational
excitation of a donor molecule.

PACS numbers: 31.50.+w, 34.50.Ez, 34.90. + q

*The results of this paper were initially presented at The Jabłoński Centennial Conference
on Luminescence and Photophysics, July 23-27, 1998. Toruń, Poland.
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1. Introduction
Collisional transfer of electronic and vibrational energy plays a key role in a 

great number of chemical and photochemical processes. Electronically and vibra-
tionally excited molecules are intermediates in combustion, atmospheric chemistry,
laser-induced reactions, surface etching. In real gas phase systems, the energy evo-
lution depends on collisional energy transfer (CET). Intermolecular energy trans-
fer is the important process competing with different chemical and photochemical
processes, but in such complicated systems as vapors of polyatomic molecules,
the nature of collisional effects has not been clearly understood up to now. Much 
experimental and theoretical attention has been focused on the nature of highly
effncient collisions, the so-called supercollisions, which transfer large amounts of
energy and occur in the case of large polyatomic molecules [1]. Many aspects of
the problem investigated here have been discussed in Refs. [2-4].

Advances in laser technology created an opportunity for studying CET but
only a restricted number of methods can be used for observation of CET in

 vibrationally excited polyatomic molecules. Luminescent methods first used to
control collisional deactivation of highly vibrationally excited molecules [5] re-
main the most informative and successful up to now. In the present work as well
as in Refs. [6-9] laser-induced luminescence has been used as a probe provid-
ing a sufficient time-resolution for research of collisional energy transfer between 
excited polyatomic molecules and bath gases. Laser-activated time-resolved lu-
minescence of acetophenone, benzophenone and anthraquinone was employed to
study the• paths of triplet energy degradation. Due to its better time-resolution,
the luminescent method permitted us to see more details of relaxation processes
in polyatomics, in particular in studies of the nature of vibrational relaxation
(vibration—vibration (V—V) and vibration—translation (V—T) energy transfers) as
well as the competition of intermolecular vibrational relaxation with triplet—triplet
energy transfer. The vibrational energy transfer quantities obtained by pressure
dependences of intensities and decay rates of luminescence induced by N2 laser
excitation of the ground electronic state molecules or by CO2 laser excitation of
the previously prepared triplet molecules were compared.

The principle of measurement in the first series of experiments is as follows.
A photon excites molecules to the first excited singlet state Si. An efficient in-
tersystem crossing (ISC) S1->T1 leads to trapping most of the molecules in the.
nearby long-lived triplet state T 1 and at the same time emission appears. Inert
bath gases do not influence electronic relaxation .processes. Therefore, the pres-
sure dependences of luminescence decay rates and intensities allow us to study the
vibrational energy transfer.

In the second series of experiments, the method of direct multiphoton CO2
laser excitation of triplet molecules was used to activate the delayed fluores-
cence [10]. When the vibrational equilibrium was established in triplet state,
triplet molecules were re-excited by CO2 laser radiation (delay time is 10-20 µsec).
Since the average vibrational energy of triplet molecules iś comparable with the
singlet—triplet energy gap EST, thermally activated delayed fluorescence of these
compounds in the vapor phase was intense. In all cases, the CO2 laser radiation
induced additional pulses of delayed fluorescence and decreased phosphorescence.
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Emission of benzophenone (C13H10O), acetophenone (C8H8O) and anthra-
quinone (C14H 8 O2) in the gas phase consists of spectrally overlapping delayed 
fluorescence and hot phosphorescence with equal decay times. These molecules are
characterized by very fast ISC rates S1->T1 (ksT) of about 10 10 sec-1 for ben-
zophenone [11, 12], anthraquinone [13] and 10 12 sec -1 for acetophenone [14] and
large quantum yields (about unity due to ks = kTs < ksT, where ks is the decay
rate from S,). For a small energy gap such as in benzophenone (Es, = 26200 cm -1 ,
ET, = 24000 cm -1 ), acetophenone (Es, = 27500 cm -1 , ET, = 25750 cm -1 ) and
anthraquinone (Es, = 23750 cm -1 , ET, = 21750 cm -1 ), the intermediately dense
manifold of mixed states cannot act as a dissipative quasicontinuum and this pro-
vides the reversibility of ISC. We use the bath gas pressure low enough, so that
vibrational relaxation in singlet manifold is negligible. Excitation of molecules to
the S1 state with a laser light is a convenient means for preparing vibrationally
excited molecules in mixed singlet-triplet states with a known amount of vibra-
tional energy Evib = hv - ET, where by is the excitation energy, ET is the energy
of the triplet state 0-level.

The aim of the present work is to study the efficiency of collisional transfer of
electronic and vibrational energy for mixtures of triplet polyatomic molecules with
acceptors of vibrational and triplet energy using time-resolved luminescence. To
gain insight into the path of the triplet energy degradation in gas-phase systems, 
the competition of intermolecular vibrational relaxation with triplet-triplet energy
transfer is analyzed. In order to deduce the collisional efficiencies of the processes
under study, the pressure dependences of their rates were measured. The collisional
efficiency β was evaluated as β = Kcol/Z, since in the pressure interval used
the rate constant satisfied the Stern-Volmer relation. Here Z is the gas kinetic
bimolecular collision rate constant that can be obtained on the assumption of the
Lennard-Jones or Stockmayer collision frequency. The experimental Q can then be
related to an average energy transferred per collision (ΔE) as ΔE = β(E - E) =
βEvib, . Here E is the average energy at a temperature of experiment.

2. Experimental

All experiments were performed on a laser pulse fluorimeter with a time-reso-
lution of 10 -8 sec. Excitation was produced by a pulsed N2 laser with a repetition
frequency of 10 Hz. The photomultiplier was used as a detector. For a spectral
range of 400-500 - nm, where spectral characteristics of emission of the molecules
under study were measured, the interference filters with a 1.5 nm pass band and
cutoff filters were used. Signals were recorded by a digital oscilloscope connected
to IBM PC. Data acquisition and storage were controlled by the computer. A fur-
ther signal improvement was obtained by mathematical data processing of about
500 signals.

The pulsed atmospheric-pressure CO2 laser was used in our experiments. A
laser beam was focused by lenses from blanched Ge, passed through the cell beam
to the beam of visible light. The IR beam energy was monitored both in front
of the cell and behind it. The maximum energy emission by a CO2 laser pulse of
944 cm -1 was about 5 J in 100 ns. The average number of vibrational quanta per
triplet molecule was evaluated by the method described in Ref. [10]. .
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The substances under studies were stored in the side arm of a 120 mm long,
30 mm diameter cylindrical heated quartz cell that was evacuated to less than
10 -5 torr and kept at a constant temperature. Fluorescence was observed at the
right angle to the laser beam through an appropriate window. The vapor

pressure of polyatomics was controlled by the temperature of the thermostated side
reservoir. The bath gases were added directly to the cell and conserved for at least
30 min, to allow a formation of a homogeneous mixture. The bath gases which
are usually liquid at room temperature were stored in a bulb on the vacuum rack
and purified by freezing. The pressure of the bath gases which was as a rule above
0.25 torr was measured using an oil manometer.

3. Results 

Experimental data can be summarized in the following way. Time-resolved
luminescence of the molecules under study exhibited a bi-exponential decay be-
havior.

1. Emission decay rates of fast (Figs. 1, 2) and long (Fig. 3) components of
benzophenone, acetophenone and anthraquinone emission linearly increased with
their vapor pressure and with bath gas pressure over the range of 0-8 torr and
followed the Stern—Volmer behavior.

Fig. 1. Observed decay rates of fast components of anthraquinone emission as a func-
tion of bath gas pressure: 1 — C5H12, 2 — C4H6O2, 3 — CCl4, 4 — C2H 4 , 5 — SF6,
6—Ar.
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Fig. 2. Observed decay rates of fast componen ts of acetophenone emission as a function
of acetophenone (right scale of k 1 and upper scale of pressure) and bath gas pressure:
1—C8H8O,2—SF6;3—C2H4,4—Ar,5—He.

Fig. 3. Observed decay rates of slow components of acetophenone emission as a function
of acetophenone (right scale of k2 and upper scale of pressure) and bath gas pressure:
1—C8H8O,2—SF6,3—C2H4,4—Ar,5—He.
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2. The time-integrated intensities of the fast components decreased with bath
• gas pressure satisfying the Stern—Volmer relation

I0/Ibg = 1 + PbgβZr, 	 (1)
where I0 and Ibg are the time-integrated intensities of luminescence for pure vapors
and their mixtures with bath gases, respectively; r is the collisionless lifetime of

• vibrationally excited molecules.
3. Over the range of 0-2 torr, time-integrated intensities of long components

(I2) did not depend on the pressure of bath gases which cause only vibrational
relaxation in triplet state. The integrated intensities ratio for a long time decay to
that for the short one (I2/I1 ) increased with bath gas pressure. This indicated a
collisional mechanism which populates the long-lived states.

4. At a constant CO2 laser energy fluency, decay rates of CO2 laser-induced
luminescence increased linearly with vapor pressure only in the limited pressure
range (0.03-0.1 torr for acetophenone, 0.01-0.1 torr for benzophenone and anthra-
quinone). Collisional efficiencies for molecules under study did not exceed the
values of 10 -2 -10 -3 even in the most favorable case of vibrational energy exchange
between identical molecules. They decreased by one or two orders of magnitude
for collisions with bath gases.

5. The dependences of anthraquinone luminescence decay rates on pressure
of biacetyl (acceptor of the triplet energy) demonstrated some specific features as:

Fig. 4. Quenching of luminescence of anthraquinone and the increase in sensitized
luminescence of biacetyl with biacetyl pressure at the selective λ = 337 nm excitation
of anthraquinone. Biacetyl pressure: 1 — 0, 2 — 0.13, 3 — 0.68, 4 — 2 torr.
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Fig. 5. Observed decay rates of slow components of anthraquinone emission as a func-
tion of bath gas pressure: 1 — C4H6O2 (right scale of k2 and upper scale of pressure);

2—C6H12,3—0014,4—SF6;5—C2H4;6—Λr.

Fig. 6. Time-integrated relative intensity of donor—antraquinone λ = 455 nm emission
versus biacetyl pressure: 1 — fast component; 2 — slow component. The insertion shows
the initial stage of these dependences.
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(a) at a selective excitation of anthraquinone vapor at the λ = 337 nm
radiation which was not absorbed by biacetyl, phosphorescence of biacetyl was
observed. Intensity of this luminescence increased with biacetyl pressure (Fig. 4);

(b) while the decay rates of the fast components exhibited the dependence
on the biacetyl pressure typical of vibrational energy transfer in mixtures with
polyatomic bath gas (Fig. 1), the decay rates of the long components decreased
with biacetyl pressure much faster than in the case of other bath gases (Fig. 5);

(c) phosphorescence quenching of anthraquinone by biacetyl in the coordi-
nates of I0/I (the ratio of non-quenched to quenched time-integrated phospho-
rescence intensities at λob = 455 nm) and P (acceptor pressure) had different
efficiencies in the pressure interval up to 1 tors and above it (Fig. 6).

4. Discussion
According to the photophysical properties of the investigated molecules, it is

convenient to divide a triplet vibrational manifold into two energy regions. Below
EsT, singlet—triplet separation energy, the triplet manifold includes the unmixed
(pure) triplet vibronic states which are vibrationally relaxed. Above EST there are
unrelaxed levels B** and B* with a mixed singlet—triplet character (OS) — IT)).
Since in our case the vibronic levels are excited incoherently, the decay of lumi-
nescence can be interpreted by considering a simple kinetic description including
a change in population due to, at least, four processes:



Our analysis was considerably simplified by noting that the vibrationally ex-
cited molecules relaxed to their equilibrium distribution via the V-T process on a
time scale much slower than the fast V-V process. As at our

experimental conditions V-V process passed with high efficiencies (nearly single collision conditions),
the cascading of the molecules out of high vibrational levels to the lowest ones 
could be ignored. The energy gap between the initially populated level n 3 and the
lowest level n 4 of the triplet state was greater than 5000 cm -1 , therefore, relax-
ation from the higher levels by V-T pathways was expected to be slow. Because
of a large value of kv (kv » k( 2), kv k;(3)), the second term of Eq. (4) can be
approximated as (kv-k( 2)) and then k 1 = -kv, k2 = -k(2) = - (kvT +kTS+   kv)

Thus, the increase in decay rates of the fast components with a pressure
growth has been interpreted both in the earlier works [11-13] and in the present
study as caused by an increase in vibrational (V-V) relaxation rates. As it has been
shown above, these conclusions are supported by the pressure dependences of the
integrated intensity of long („2 ) and short (Ii ) components. The total intensities

(I1+ I2) did not decreased in the bath gas pressure interval, in which I1decreased
strongly, namely the collisional mechanism can populate the long-lived states.

The decay of slow components is due to V-T energy transfer and ISC from
T1 to S0. In the case of luminescence excited by N2 laser, an addition of the bath
gases at low pressures (Pb g < 8 torn) results in increasing the decay rates of long
components, that is, the V-T process is rate determined. The pressure depen-
dence of the decay rate of long components can be used to estimate the (AE)
values corresponding to V-T CET. For example, the rate constants for the V-T .
process obtained by Stern-Volmer plots of Kdec vs. Pbg have the following values:
2.4 x 10 -2 μsec-1 torr -1 , 8.3 x 10 -3 µsec-1 torr-1 and (ΔE) - the values of
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4.4 cm -1 and 1.8 cm -1 in pure benzophenone at Evib = 5670 cm -1 and acetophe-
none at Ev il) = 4123 cm -1 ; 2.25 x 10 -3 μsec-1 torr -1 and (ΔE) = 0.8 cm -1 ;
0.3 x 10 -3 μ sec-1 torr -1 and (ΔE) = 0.2 cm -1 in mixtures of Kr with benzophe-
none and acetophenone, respectively, at the same Ev ib).

A comparison of these data with the results obtained at CO2 laser multipho-
ton excitation of triplet molecules has confirmed this interpretation. Essentially,
the CO2 laser excitation method to measure the emission quantities has the lower
time-resolution and thus it is possible to obtain only the V-T CET quantities as
vibrational equilibrium establishes during the CO2 laser pulse [7, 8, 10]. The (DE)
values for V-T CET obtained by two methods are found to be close. For instance,
at CO2 laser excitation of benzophenone mixtures with Kr the (ΔE) values vary
from 2 cm-1 to 63 cm -1 with increasing CO2 laser energy density Eco2 and, as
consequence, Ev ib, = (n)hvco2 from 3000 cm-1to 12650 cm-1. Here (n) is the
average number of CO2 laser photons absorbed per triplet molecule [10].

The experimental data demonstrate that after a few collisions with
polyatomic gases vibrational equilibrium has been achieved. That is why, the version 

of the statistical model based on the ergodic assumption that after collision the
excited and bath molecules are in microcanonical equilibrium, can be employed to
estimate (ΔE) for the V-V CET process [15, 161:

where the temperature dependences of vibrational heat capacities defining the
values of α 1 and α2 and average vibrational energy of the considered molecules
defining the values of E 1 and E

2

 are determined at a final temperature Tc, es-
timated by the assumption of energy conservation after collisions. As it can be
seen (Table I), a satisfactory correlation between the energy transfer parameters
and the predictions by simple ergodic collision theory is found in the case of V-V
energy transfer.

The study of the triplet-triplet transfer permits one to gain insight into
the paths of intermolecular energy transfer [17]. Moreover, it is a good example of
the highly energetic collision process. For the pairs under study (benzophenone-bi-
acetyl, anthraquinone-biacetyl), it is necessary to transfer energy of about
20000 cm -1 to activate acceptor biacetyl phosphorescence. Figure 4 shows the
change of luminescence spectra with biacetyl pressure for the pair: anthraquinone-
donor and biacetyl-acceptor. At a selective excitation of only anthraquinone va-
pors by λ = 337 nm radiation which is not absorbed by biacetyl, phosphorescence
of biacetyl is observed with its intrinsic lifetime. The quenching rate has been
monitored by recording the intensities of donor luminescence and phosphores-
cence of biacetyl as a function of the quencher pressure keeping the amount of
anthraquinone at a constant value of 0.07 torn.

New details were found in the kinetic study of triplet-triplet transfer accord-
ing to the data of Figs. 5 and 6. An additional measurement of the triplet energy
transfer from the vibrationally excited antraquinone-donor to biacetyl could be
carried out. As seen from Fig. 6, over this range of biacetyle pressure the an-
thraquinone phosphorescence quenching by biacetyl in the coordinates of I0 /I (the
ratio of non-quenched to quenched time-integrated phosphorescence intensities)
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TABLE I
Data for collisions between excited molecules and bath gases.
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TABLE II

Effnciencies of triplet-triplet energy transfer from vibrationally excited triplet
molecules of biacetyl.

and P (acceptor pressure) had two approximately linear regions which were con-
sistent with Eq. (1) where β should be replaced by the efficiency of triplet-triplet
energy transfer βT-T. In the present case, the first region of this dependence cor-
responded to the pressure interval less than 1 torn where V-V transfer took place,
at higher pressures this process ceased. Both regions were analyzed to evaluate
AT-T• The calculations were performed using the collisionless lifetime values of
1.5 µsec for the first stage and 200 µsec for the second one obtained from the pres-
sure dependences of the decay rates. As the estimations had showed, the values
of βT-T obtained from the dependences of I0/I on P were 0.165 and 0.029 for
the first and second stages, respectively, that is, triplet-triplet energy transfer was
enhanced during V-V relaxation in the triplet state of the donor.

In the second series of experiments, the preliminarily prepared triplet mole-
cules of biacetyl were multiphoton-excited by CO2 laser radiation. For the pairs of
biacetyl-donor and anthracene or naphthalene-acceptor the rates of triplet-triplet
transfer were monitored by the variations in the decay rates of biacetyl emission
as well as of anthracene and naphthalene ones as functions of CO2 laser energy
density. The data obtained are summarized in Table II. Triplet-triplet energy
transfers become more efficient as the vibrational energy of biacetyl increases.

Our data show that triplet-triplet energy transfer is enhanced during V-V
relaxation in the triplet state of the donor. We can compare them with the temper-
ature effect on ,βT_T measured at equilibrium heating by Kotov and Pavlova [18].
The value of βT_T appeared to be temperature-dependent for exothermic triplet-
triplet , transfer from biacetyl to anthracene. For temperature ranging from 363
to 463 K and average vibrational energy of biacetyl from 1350 to 2140 cm -1 the
βT-T increased from 0.26 to 0.58. In such a case the temperature dependence
of βT-T was complex since the average vibrational energy of molecules and hot
absorption of donor increased as well as the relative translational energy of the
collision pair and, as consequence, the lifetime of donor-acceptor pair decreased.
The mean lifetime of the excited donor-acceptor pair has been considered as one
of the rate-determining factors in collisional energy transfer in the gas phase.

To elucidate the nature of the highly effective collisions it is very important to
point out that the triplet-triplet energy transfer has been treated by applying the
quantum mechanical description and it cannot be explained in the frame of classical
approaches. Although the electronic interaction between the donor and acceptor
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governing the energy transfer process is weak (< 50 cm -1 ), as compared with
the molecular electronic and vibrational energy, the collisions are accompanied by
surprisingly large energy transfer, which takes place at a small interaction distance.

5. Conclusions

1. The intermolecular V—V and V—T relaxation processes for such large and
complex molecules as acetophenone, benzophenone, anthraquinone are di-
vided with the experimental time resolution of 10 —8 sec. Two distinguished
relaxation times are observed.

2. Vibrationally excited molecules relax to vibrational equilibrium during the
fast stage of luminescence. The relaxation of molecules from upper levels 
occurs through fast V—V exchange or transfer, which completes after several
collisions in mixtures with polyatomic bath gases.

3. At relatively small internal energy (Eint = 9470 cm -1 for benzophenone,
5760 cm -1 for acetophenone, and 11740 cm -1 for anthraquinone), the sub-
stantial amount of (ΔE), typical of supercollisions, is transferred in collisions
of vibrationally excited molecule with a cold one or with polyatomic bath .

gases.

4. A correlation between the CET parameters and predictions by simple ergodic
collision theory is found for the V—V process.

5. Based on the V—T data, it is concluded that the majority of energy trans-
fer collisions involve V—T/R transfer of relatively small energies. A large
difference in the values of (ΔE) for V—V and V—T processes is obtained.

6. It is shown that at nonequilibrium donor excitation the efficiencies of triplet—
triplet transfer increase with a growth of vibrational energy of a donor.
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