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New data are described on the energy dependence of infrared fluorescence (IRF) from the
C-H stretch modes (~3050 cm™') of vibrationally excited azulene (C,,Hg). An optoacoustic
method was used to measure the absorbed laser energy and determine the number of excited
molecules, while time-resolved infrared emission was recorded. The experimental uncertainties
of ~ 5% are much smaller than in previous work and the agreement between the experiments
and the theory for the IRF intensity is excellent for total vibrational energies from 14 000 to

33000 cm™".

INTRODUCTION

All vibrationally excited molecules are capable of emit-
ting infrared fluorescence (IRF). For diatomic molecules,
the theory is generally acknowledged to be mature and capa-
ble of predicting the IRF intensity as a function of vibration-
al energy.' For larger molecules, the theory is also well de-
veloped” and experimental verification (within relatively
large experimental uncertainties) has been reported in at
least three different studies.>* For polyatomics, the theoreti-
cal relationship between IRF intensity and vibrational ener-
gy has been used to interpret laboratory studies of energy
transfer,” as well as infrared emission observed from astro-
nomical objects.® Both the energy transfer results and the
astronomical interpretations rely fully on the IRF emission
theory.

Recently, laboratory investigations of energy transfer
involving vibrationally excited azulene were carried out with
the IRF technique’ and with the ultraviolet (UVA) tech-
nique.® Both methods use laser excitation of azulene, fol-
lowed by rapid internal conversion, to produce ground elec-
tronic state azulene with known vibrational energy. In both
methods, time-resolved signals (IRF intensity, or absor-
bance) are acquired and averaged for signal/noise improve-
ment. Both methods require calibration curves to determine
vibrational energy (as a function of time) from the observed
signals. The calibration curve for the IRF experiments was
derived from the theory mentioned above (and verified by
experiment™’), while that for the UVA experiments was ob-
tained empirically.” Ideally, the two experiments on the
same molecule under similar conditions should give similar
results.

The experimental results from the two methods showed
good general agreement, except for the detailed shape of the
derived vibrational energy decays, which led to different
conclusions regarding the possible energy dependence of
(AE ), the average energy transferred per collision. Because

of the difference in (AE ) energy dependence, Hippleretal.,*

who used the UVA technique, suggested that the IRF ex-
periments were in error, probably due to inadequacy of the
theoretical calibration curve.
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As discussed below, the IRF emission theory is based on
several approximations that seem to be well justified, includ-
ing the ergodic hypothesis. If the difference in the energy
transfer results signaled a breakdown of the ergodic hypoth-
esis, the implications would be far reaching, since this hy-
pothesis underlies RRKM theory and other statistical dy-
namical theories. This possibility (and the desire to
determine the correct energy dependence of (AE ) ) motivat-
ed the new experimental test of the IRF emission theory
reported in this paper.'® The results of this recalibration are
used in the accompanying paper'’ to analyze the IRF decay
curves and determine the energy dependence of {(AE ) with
higher accuracy.

EXPERIMENTAL

The purpose of this experiment is to measure the IRF
intensity produced by a known number of azulene molecules
excited to various vibrational energies. The number of excit-
ed molecules produced initially in a laser pulse depends on
the absorbed laser energy, which is proportional to the prod-
uct of the absorber concentration, the laser pulse energy, and
the absorption cross section (in the limit of small absorp-
tion).'?!3 The first two quantities depend on experimental
conditions that can vary from day to day, and the latter two
quantities depend on the excitation wavelength. In the ear-
lier IRF experiments with azulene,’ each of the three vari-
ables was measured independently; propagation of the mea-
surement errors for the three separate measurements gave
~30% uncertainties in the final calibration curve. In the
present experiments, absorbed laser energy is monitored di-
rectly with a single optoacoustic measurement, leading to
substantially reduced uncertainty.

Azulene (C,oHj;) photophysics'* are particularly favor-
able for these experiments. The S, < S, and .S, —.S, band ori-
gins'® are near 14 284 and 28 757 cm ™', respectively, and
the bands are easily pumped with tunable visible and ultra-
violet lasers. Internal conversion to the ground state occurs
in ~1.9 ps'® and ~ 3 ns'” from the S, and S, states, respec-
tively, and intersystem crossing is completely negligible in
both states. The S, state fluorescence quantum yield is only
~ 3%, while that for the S, state is < 10~5, showing a deci-
sive violation of Kasha’s rule.!® Isomerization to napthalene
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is exothermic, but relatively slow,’® and therefore does not
interfere with the IRF experiments. The photophysics of the
higher S, states are not as well characterized, but they pre-
sumably exhibit similarly clean photophysics.

A schematic of the experimental apparatus is shown in
Fig. 1. The IRF cell contains only pure azulene vapor, while
the optoacoustic cell contains 100 + 4 Torr of argon in addi-
tion to azulene. Two cells were needed because the low vapor
pressure of azulene is not sufficient for optoacoustic mea-
surements. The azulene vapor pressure in both cells was con-
trolled with reservoirs cooled by recirculating fluid from the
same temperature-regulated bath (Neslab model RTE-5B,

+ 0.1°C). Azulene pressure in the IRF cell was measured
( + 0.1 mTorr) with a capacitance manometer 0—1 Torr
(MKS Baratron model 227) and the argon pressure was
measured with a mechanical guage (Matheson model 63).
Both cells could be evacuated to < 107> Torr with a glass
high vacuum line fitted with an oil diffusion pump and
“greaseless” O-ring stopcocks and connectors. Because of
difficulties previously experienced in making accurate mea-
surements of azulene vapor pressure,’ the vapor pressure
was held constant at 6.2 4+ 0.1 mTorr for most runs. Azulene
was obtained from Aldrich and GC/MS analysis showed
>99% purity with no detectable napthalene impurity; the
azulene crystals were thoroughly degassed before each ex-
periment and used without further purification.

Two different IRF cells were used in these experiments.
Cell A was 25 mm o.d. X28 cm, and cell B was 50 mm
0.d. X 26 cm. Both cells were fitted with Suprasil fused silica
windows for the laser beam and 25 mm diameter sapphire
fluorescence windows. The optoacoustic cell was construct-
ed from a 250 cm? flask and had 25 mm diameter Suprasil
windows. The microphone with integral preamplifier (Lec-

Vacuum Pump

Pressure Transducer

tret 1206 or Knowles BT-1759) was supported ~4 cm from
the wall and ~ 1 cm from the edge of the laser beam.

The azulene S, ~ .S, band was pumped using a pulsed
tunable dye laser (Lumonics Hyperdye 300) pumped by a
XeCl excimer laser (Lumonics Hyperex 400). A KDP crys-
tal (Inrad, Autotracker II) was used to double the visible
laser frequency and obtain tunable ultraviolet to pump the
azulene S, and S, bands. According to the manufacturer’s
specifications, the dye laser bandwidth is <0.1 cm™!, but
this linewidth was not measured in our experiments. In the
experiments using ultraviolet light, a UV-transmitting black
glass filter, and/or a 1800 g/mm diffraction grating was used
to eliminate the fundamental from the doubled output. The
laser beam was steered using quartz 90° prisms and it was
expanded to ~ 1 cm? diameter and collimated with a 1 X3
Gallilean telescope to reduce the power density. The beam
diameter was held constant with irises, because the optoa-
coustic microphone sensitivity depends on the acoustic wave
frequency, which is controlled by the beam diameter and the
sound speed.”® In most experiments, the visible laser pulse
energy at the IRF cell was <10 mJ pulse ~* and the ultravio-
let laser pulse energy was about an order of magnitude lower.

Because two cells were used, the laser beam intensity
was lower at the microphone than at the fluorescence win-
dow, due to (1) gas phase absorption along the optical path
and (2) window losses. The laser light attenuation was de-
termined by simultaneously measuring initial intensity (re-
flected from a Suprasil flat) and transmitted intensity with
two pyroelectric detectors (Molectron P3-01). To deter-
mine gas-phase absorption cross sections, measurements
were carried out using azulene at various pressures and celis
of different pathlengths. Attenuation by the cell windows
was determined by chilling the azulene reservoir with liquid
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FIG. 2. Optoacoustic absorption spectrum of azulene. Experimental wavelengths (air) are indicated with arrows.
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nitrogen to remove the vapor, or by removing the cell win-
dows and directly measuring the transmission.

The IRF emission was isolated with a bandpass infrared
filter that transmits wavelengths in the range 2.5 to 3.8 um.
The IRF was observed with a 3 mm diameter 77 K InSb
photovoltaic detector (Infrared Associates) and matched
preamplifier. The output was amplified further (Tektronix
AM-502 preamplifier) and captured with a two-channel di-
gital oscilloscope (Le Croy model 9400). The observed time
response of this system was tested with an LED emitter and
was found to be ~5 us. The optoacoustic microphone out-
put was amplified with a second preamplifier (Tektronix
AM-502) and captured with the second channel of the digi-
tal oscilloscope.

In each experiment, both the IRF signal and the optoa-
coustic signal were simultaneously acquired and averaged
using the digital oscilloscope. Although the optoacoustic
signals could have been used directly with very little signal
averaging, our procedure automatically accounted for possi-
ble changes in laser energy during the experiments, which
usually lasted from 10 to 45 min at 25 Hz repetition frequen-
cy. At the conclusion of the experiments, the averaged IRF
digital signal was transferred to a microcomputer and stored
on floppy disks for later analysis; the optoacoustic signal
intensity was also recorded.

Optoacoustic spectra were obtained with the optoacous-
tic cell filled with 100 + 4 Torr of added argon. One channel
of a boxcar integrator (Stanford Research Systems RS-250)
was used to monitor the amplitude of the first maximum of
the microphone signal as the laser was scanned. An absorb-
ing calorimeter power meter (Scientech) was used to moni-
tor the laser energy and its output was recorded with the
second channel of the boxcar integrator. This signal was
used to normalize the microphone signal and the resulting
normalized spectra were recorded on a strip chart.

TABLE I. Data summary.

Shi, Bernfeld, and Barker: Infrared emission from azulene

RESULTS

The optoacoustic spectra for azulene presented in Fig. 2
show the well-known lifetime broadening of the .S, band and
the relatively sharp lines present in the S, band.?’ Also indi-
cated in Fig. 2 are the 12 wavelengths investigated in the
present study. Gas-phase absorption cross sections were
measured at each of the wavelengths and the results are pre-
sented in Table I. These results show good agreement with
both solution-phase and gas-phase absorption spectra of
azulene from other measurements.? The large uncertainties
at some wavelengths are due to the small absorptions that
resulted from the small cross sections and the low pressures
of azulene in the experiments; here, the uncertainties are not
important in our experiments, because the gas-phase absorp-
tion is negligible.

The attenuation of the laser beam by two windows
(397%) and the gas (<3%) along the 14 cm optical path
was included in calculating the relative number of excited
molecules produced per laser pulse. Attenuation of the laser
beam by the windows was found to be far more important
than gas-phase absorption at all wavelengths, as shown in
Fig. 3 and by inspection of the window transmission data in
Table I. In the visible, the attenuation by two windows ap-
proximately equals the ~16% expected from reflection at
the four quartz/gas interfaces. In the ultraviolet, however,
the attenuation is much larger, indicating that the windows
have been affected by exposure to high laser powers in the
presence of azulene. Under conditions of high azulene vapor
pressure and high laser power (beam diameters of ~ 1 mm),
opaque black burn spots permanently marred the windows.

The window transmission was combined with the small
gas-phase absorption to produce the resulting laser beam
transmission factor F,, (see Table I) corresponding to the
pressures used. Literature values for absorption cross sec-

A(nm)* (E)(cm™")* o® o° F¢ 10747~ 1(s— 1) k* I(A)
700.0 14282 0.26(0.25)8 007 084 3.90(0.10) 19.36(0.50) 0.265(0.047)
660.0 15147 0.00(0.22) 0.06 0.86 3.68(0.14) 18.27(0.67) 0.268(0.047)
635.0 15744 0.00(0.26) 0.13 0383 3.67(0.15) 18.20(0.73) 0.284(0.016)
610.0 16389 0.28(0.17) 0.11 0.83 3.74(0.15) 18.57(0.73) 0.334(0.015)
600.0 16662 0.00(0.47) 0.1 0.85 3.60(0.08) 17.89(0.41) 0.281(0.013)
558.8 17891 0.00(0.24) 0.1 0.83 3.59(0.15) 17.81(0.77) 0.355(0.004)
538.0 18582 0.00(0.13) 0.08 0383 3.51(0.07) 17.40(0.35) 0.340(0.016)
348.1 28722 0.29(0.48) 0.28 0.61 2.86(0.03) 14.18(0.14) 0.968(0.023)
347.5 28767 0.27(0.33) 0.2 0.61 2.67(0.14) 13.25(0.67) 1.171(0.131)
330.0 30294 0.98(0.26) 096 0.62 2.62(0.10) 13.01(0.48) 1.078(0.054)
320.0 31241 0.98(0.46) 0.84 0.57 2.76(0.02) 13.72(0.11) 1.117(0.033)
310.0 32249 0.49(0.21) 0.5 0.53 2.67(0.09) 13.24(0.43) 1.069(0.033)
281.6 35501 2.37(0.75) 38 0.44f 0.84(0.05)F 11.73(0.70) 1.163(0.093)
272.0 36754 13.70(0.86) 19.9 0.48" 0.59(0.02)fF 8.25(0.24) 0.852(0.054)

* Laser wavelength (air) and laser photon energy (vacuum).
®Units: 1077 cm?.

< Reference 22. Units: 10~ "7 em?.

4 P,, = 6.2 mTorr, unless noted otherwise.

¢Units: 10~ " cm®s~".

‘P, = 2.1 mTorr.

& + 1o uncertainties in parentheses.
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FIG. 3. Window transmission function.

tions were used for the S, band, but the values measured in
this work were used for the ultraviolet gas-phase absorption.

The optoacoustic signal S,, is proportional to the ab-
sorbed energy per unit length and inversely proportional to
the heat capacity C;, (which was held constant in the pres-
ent experiments)

¢ dE,
Cy dx ’

where ¢’ is a proportionality constant. Use of the Beer—Lam-
bert law for light absorption gives

(D

Soa = —

cl
Soa =—=— 0N, E,, (2)
Cum
where o is the azulene absorption cross section, N,, is the
azulene number density, and E, is the laser pulse energy.
Equation (2) shows explicitly the relationship between S, ,
and the three variables that were measured separately in the
earlier investigations.>’ The initial number density of excit-
ed molecules produced in front of the microphone is
1 dE, _ Cu Soa

N*= — — =M 0A  AS,a, 3
hv dx ¢ hv oA )

where v = 1/ is the laser frequency and the other constants
are absorbed in proportionality constant c¢. Tests were car-
ried out to confirm that S,, was directly proportional to
N,, and E, and there were no indications of multiple photon
absorption.?* Note that the number density of excited mole-
cules produced in front of the IRF window is N */F,; this
quantity is used to normalize the observed IRF signal.

A typical fluorescence decay signal observed in the pres-
ent experiments is presented in Fig. 4. The baseline voltage
prior to the laser pulse depends on detector bias voltage,
amplifier offset, etc., in addition to the 300 K thermal emis-
sion from the interference filter, from the fluorescence cell
walls, and a very small contribution from thermal azulene.
After the pump laser fires, the IRF signal rises at detector-
limited time constant ( ~5 us) and then decays with a time

03
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FIG. 4. Infrared fluorescence decay. 6.2 mTorr azulene excited at 320 nm.

constant that depends on the excitation wavelength and the
azulene pressure. As in earlier work,>>” the decay was found
to be essentially exponential after the initial 5 us risetime and
the solid line in Fig. 4 is a nonlinear least squares fit of the
data assuming an exponential decay starting at 5 us. The
nonlinear least squares fit>* gives 7, the time constant for the
pseudoexponential decay, the intensity I(¢ = 5 us), the zero
offset of the signal, and the complete set of standard devia-
tions and covariances.

Although the IRF decay is not exactly exponential, the
deviations are very small and the exponential fit provides a
good method for extrapolation from I(t=35 us) to
I(t = 0) =1,. To further test this extrapolation, IRF decays
were measured for lower azulene pressures, where the extra-
polation is not as long. All decay curves showed similar ex-
ponential behavior and the decay rate constants were found
to be directly proportional to azulene pressure, as shown in
Fig. 5. A phenomenological bimolecular decay rate constant
canbedefinedask = (7¥,,) ~'. Valuesfor rand for I(t = 5.
48) were obtained by nonlinear least squares fits of each
experimental run and extrapolated to obtain J;; the uncer-
tainty in [, was obtained through the use of the standard
deviations and covariances determined in the least squares
fitting. The weighted averages k, 7, and I, for the runs at
each laser wavelength are presented in Table I, along with
the associated uncertainties.

It is worth noting that for azulene pressures less than
~2 mTorr, the pressure measured with the capacitance ma-
nometer was systematically higher than literature data® at
the same temperature. The origin of this minor discrepancy
was not identified, but several tests showed that the small
pressure difference was not due to the presence of an uniden-
tified impurity. Figure 5 shows a straight line passing
through P = 0, indicating that if an impurity was present, its
collision efficiency is the same as azulene. Measurements of
I, and S, over a range of pressures showed direct propor-
tionality to the meaured pressure, indicating that the IRF
intensity and optoacoustic signal originate from the same

J. Chem. Phys., Vol. 88, No. 10, 15 May 1988
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FIG. 5. IRF decay inverse lifetime vs azulene pressure. 635 nm excitation.
{Compare with Fig. 5 in Ref. 7.)

absorber (note that the most likely impurity is napthalene,
and it does not absorb in the visible). These data taken to-
gether indicate that no impurity was present and the smalil
discrepancy between our vapor pressure measurements and
those in the literature has no effect on the present work.

The experimental calibration curve relating IRF inten-
sity to laser excitation energy is obtained by normalizing I,
according to the number of excited molecules produced in
front of the IRF window

Io =_l- IOFw
(N*/F,) ¢ cASo,

where the factors were defined above. The constant ¢ was
chosen to make I = 1 for A = 337 nm. The resulting values
for I(A) are tabulated in Table I and plotted in Fig. 6; the
associated uncertainties ( + 1 o) were obtained by a propa-
gation of errors analysis using the uncertainties for the indi-
vidual factors.

Included in Table I (but not in Fig. 6) are I(1) data for
wavelengths (272.0 and 281.6 nm) corresponding to the
azulene S, state which has unknown photophysical proper-
ties, but is likely to undergo rapid internal conversion. The
I(A) data for this state indicate a sudden decrease of IRF
intensity, relative to the S, state. If real, this decrease of
intensity should be reflected in the IRF time decay dataas an
initial intensity increase, followed by the usual decay. How-
ever, the observed IRF showed only the usual decay. Thus
we conclude that either internal conversion to S, is not the
dominant photophysical process (producing less energy in
vibration), or the large corrections needed for attenuation of
the laser beam at these wavelengths has produced an experi-
mental artifact. For this reason, we will discuss only the data
corresponding to the S, and S, states, which have well-
known photophysical properties.

4)

I(A) =
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DISCUSSION

The theory of IRF emisson intensity for polyatomics
is based on the fundamental expression for a single oscilla-
tor!

2,3,7

I=hy,_ A"~ 'N,, (5)
where v, _, is the frequency and 4 **~ ! is the Einstein coef-
ficient for Av = — 1 spontaneous emission from level v, and

N, is the number density of molecules in level v. For moder-
ate excitation energies, 4’ ! can be approximated by the
following expression for anharmonic oscillators:

A Yy, /v5)24 10, (6)

where v, _, and v, are the frequencies of the v — 1 v and
0« 1 transitions, respectively. For present purposes, the har-
monic oscillator approximation is sufficient: v, _ ; ~v, and
A v — lsz 1,0.

For polyatomic molecules, &, is calculated using the
ergodic approximation, which assumes the energy is distrib-
uted statistically among all energetically accessible vibra-
tional energy levels. Thus the average number of molecules
with v quanta in the emitting mode is

N, =N, Ps_1(E—vhv) ’ 7

p s (E )

where N,, is the total number of density of excited mole-
cules, p, (E) is the density of states for s oscillators at vibra-
tional energy E, and p, _, (E — vhv) is the density of states
for the s — 1 oscillators omitting the emitting mode and the
vibrational energy contained in it. The total fluorescence ob-
served through a bandpass filter is the sum of contributions
from all energetically allowed levels up to v, for all modes
that emit in that wavelength range. The final expression for
polyatomics is then written
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N modes Umax
=— hv,A}° . —vhv;).

I(E) ps(E) ,‘;1 “% i U‘Zl vtps-—l(E xh ,) (8)
Here, N, is the number of vibrationally excited molecules,
A ! is the Einstein coefficient for spontaneous emission for
the 10 transition of the ith mode, hv;, is the energy of the
emitted photon, and p,(E) and p,_, (E — v,hv;) are, re-
spectively, the density of states for all s oscillators at energy
E and that for the s — 1 modes, omitting the emitting mode
and the energy contained in it.

The harmonic oscillator approximation for Einstein co-
efficients is accurate within ~ 10% for the first several levels
of C—H stretch modes. For several aromatic molecules,?® the
anharmonic shift is about 115 cm™" for each C~-H mode
vibrational level, giving (v,/v,)>~(2935/3050)° = 0.89.
The v; = 1 level contributes > 80% of the summation in Eq.
(8) and the 119 error due to neglect of this anharmonicity
is absorbed in the arbitrary scale factor used later to compare
the experiments and theory, and therefore has no effect. The
errors introduced by higher levels (v,>2) amount to less
than 3% and at energies > 35 000 cm ! and can be neglect-
ed.

The ergodic hypothesis has been tested for large mole-
cules in unimolecular reaction studies,>’ by laser pump/
probe experiments,?® and in infrared fluorescence experi-
ments.?® The results indicate that intramolecular vibrational
redistribution (IVR) is usually completed within picosec-
onds, even for <3000 cm™! of vibrational energy. In the
present experiments, IRF can be observed only for vibra-
tional energies greater than 3000 cm ™~ (the C-H quantum)
and the time scale is microseconds, rather than picoseconds.
Thus the ergodic hypothesis is expected to be valid.

In our experiments, a thermal distribution of molecules
is excited by a laser photon of energy Av, and the IRF emis-
sion intensity is given by the averaged value of I( E), as pre-
sented in Eq. (9),

1 ® E
I(hv,, =—— | I(E+h 3 _— ,
I(hv,,T)) o J:) ( v)p (E)exp( kT)dE
9

where Q(T) is the vibrational partition function. In previous
work, this expression was not calculated, but the average
thermal energy (979 cm ') was added to the photon energy
to obtain (approximately) the total excitation energy.

In the present work, the densities of states were evaluat-
ed by exact count, using the Stein-Rabinovitch procedure*
with an energy grain of 25 cm ™~ . Harmonic oscillator vibra-
tional frequencies were obtained from the vibrational assign-
ment*'; anharmonicity and nonseparability probably have
little importance for the 48 vibrational modes at the low
energies considered here.*? The summations in Eq. (8) were
evaluated explicitly and the integral in Eq. (9) was calculat-
ed numerically, for 7= 300 K. The calculated values for

" (I(hv,,T)) were scaled to unity at 337 nm and are presented
as the solid line in Fig. 6.

In previous work, the densities of states were evaluated
using the Whitten-Rabinovitch approximation®® and
(I(hv,,T)) was not evaluated, but was approximated by
I(E + E,), where E, is the average thermal energy content
of the azulene at room temperature. These small differences

between the previous calculations and the more accurate ex-
pressions produce small quantitative differences.

In Fig. 6, the experimental data show excellent agree-
ment with the IRF calibration curve calculated according to
Eq. (9). All data points are within two standard deviations
of the calculated curve and most points are much closer.

Several experiments were performed on sharp spectro-
scopic features in the 5, band to determine whether ergodi-
city holds as expected on the microsecond time scale of the
experiments. Limited sets of experimental runs were per-
formed on two sharp features (28 722 and 28 767 cm™!)
near the band origin, and the results show agreement within
two standard deviations. Considering the small number of
experimental runs, this agreement is satisfactory and it tends
to confirm that the IRF intensity does not depend signifi-
cantly on the details of the spectroscopic transition that is
pumped. This result is not surprising, considering the long
time scale of the present experiments compared with known
nanosecond lifetimes of the §, state and the expected picose-
cond time scale for IVR in the S, state. Even so-called “iso-
lated” S, levels** are likely to undergo IVR on a time scale
as slow as microseconds.

The excellent agreement between experiment and theo-
ry for azulene gives us confidence in the theory as a tool for
prediction and interpretation. Recently, considerable work
has been done in this laboratory and elsewhere on the inter-
pretation of infrared emission from interstellar dust
clouds.®*%3® The IR emission spectra show distinct band
structure with frequencies characteristic of polycyclic aro-
matic hydrocarbon (PAH) species and it has been hypoth-
esized that the PAHs absorb starlight, undergo internal con-
version, and then emit IRF. We have used the theory to draw
conclusions about the likely size of the PAH emitters ( ~ 20—
30 carbon atoms) and it has been estimated that 5%-10% of
the cosmic abundance of carbon may be in the form of these
species. The present experimental data give support to the
IRF emission theory, which is a key element in this interpre-
tation.

The present agreement between theory and experiment
also confirms the basic analysis carried out in the earlier
energy transfer experiments with azulene. In the course of
the present work, new high accuracy data on energy transfer
were obtained and those data are described in the following
paper.'! Briefly, the results strongly support the near-linear
dependence of {AE ) on vibrational energy that was deduced
earlier from IRF data®>>’ and they conflict with published
UVA data® that show little dependence on vibrational ener-
gy. However, a recent report of new UVA data for azulene
excited to the S, band shows better agreement.>®
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