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Abstract

Infrared Multiphoton Absorption (IRNMPA) was used to produce
populations of vibrationally excited 1.1.2-trifluoroethane, which were
characterized by optoacoustic measurements of absorbed laser power
and collision free decomposition yields. The measurements were
accurately fitted with a Master Equation that included Quack's
theory of IRMPA, three RRKM unimolecular reaction channels, and
collisional energy transfer. The highly constrained adjustabile
parameters indicate that the optical coupling matrix elements are
dramatically reduced in magnitude near reaction threshold energies
where vibrational anharmonicity becomes important. Observed
infrared fluorescence from the excited molecules is in excelient
agreement with Master Equation predictions and it was used to
monitor collisional deactivation of the excited mclecules. The energy
transfer exhibits a weak vibrational energy dependence and no
detectable temperature dependence. Experiments were undertaken
to ascertain the effect of vibrational energy on bimolecular reactions
of TFE, but no such effects have yet been observed.

A Monte Carlo method 15 described for efficient multi-
dimensional integration not restricted to hyper-dimensional
rectangles, but applied to more complicated domains. When known,
the boundaries of an arbitrary integration region can be used to
define the sampling domain, resulting in sampling with unit
efficiencyy For sums of states, the method can include all molecular
degrees omeedom, coupled in any fashion. The method 15 highly

efficient and the results show that the off-diagonal anharmonicities
produce significant increases in the calculated sum of vibrational
states.
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Introduction

Energetic materials that combine high performance with low
sensitivity have long been sought. Unfortunately, many problems
are assoclated with such materials, including irregular burning,
premature detonation, and toxicity Accidental initiation of materials
‘vith inherent molecular sensitivity has been cne of the most
persistent and formidable problems. This serfous problem motivates
much research on how energetic material sensitivity and
performance are related to the molecular properties of the
ingredients.! Despite much work on the relationships connecting
performance and sensitivity to molecular properties, the detailed
reaction sequences leading to detonation are not fully understood.?
Other factors, such as aging and environmental conditioning (even
hydrogen bonding!3), further complicate the picture, because they can
significantly alter the sensitivity of energetic materials.

The focus of the ARO-supported work carried out 1n this
laboratory has been to investigate the fundamental properties of
highly vibrationally excited molecules (HVEMS) related 1o energetic
materials Vibrational excitation is produced in all high temperature
systems, including the extremely hcestile environments associated
‘with energetic rnaterlal combustion, detonation, and deflagration.
Little 1s known about the energy transfer properties, spectroscopy.
and chemical reactions of highly vibrationally excited molecules. It 1s
possible that HVEMs may exhibit enhanced bimolecular reaction rates
and unusual chain branching reactions.

In this progect. “we have used a prototype molecule to
investigate methods for preparing HVEMs and characterizing their
population distributions. This phase of work has been very successful
and we have cornpleted perhaps the most detailed analysis ever
carried out on preparation of HVEMs by infrared multiphoton
absorption (IRMPA). In addition, we used the HVEMSs prepared by




Ko,

i

v

P
-

PhEACAIMER - P,

IRMPA to determine the vibrational energy transfer properties of the
HVEMSs. At present, we are engaged in a search (so far unsuccessful)
for vibrational enhancement of bimolecular reactions.

Infrared multiphoton absorption (IRMPA) is a powerful method
for producing large populations of HVEMs through the use of a high
power CO2 laser. During the excitation process, some molecules
absorb many photons, while other molecules only absorb a few,
resulting in broad population distributicns controlled by the laser
fluence. The first necessity was to develop methods for determining
the population distributions.

Population Distribution

To determine the population distribution, we first selected a
paiticularly favorable prototype molecule (1,1,2-triflucroethane, ie.
"TFE") and used a combination of experimental techniques in
conjunction with a detailed Master Equation model, as summarized
in Appendix A. The basic 1dea was to take several experimental
measures of the population distribution, fit the observations with a
single theoretical model, and then use the model to fill in the gaps in
our knowledge

The first experimental m.easure was the average amount of
energy absorbed from tne laser; this gives the average energy of the
population distribution. The second experimental measure was the
decomposition yield as a function ¢f laser fluence. Because only the
most chemically energetic molecules decompose, this was a measure
of the high energy tail of the distribution. The Master Equation
mode! included collisions, optical pumping, stimulated emission, IRF,
tnree RRKM unimolecujar reaction channels, etc. and 1t was possible
to 11t the data with relatively little empiricism, as described in
Appendix A.

To test the accuracy of the population distribution as described
with the Master Equation, we carried out infrared emission
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experiments in which we determined the IRF intensity from the ¢-H
modes as a function of laser fluence, which determines the
population distributions. As shown in Appendix B, a comparison
between the experiments and IRF intensities predicted by the Master
Equation model showed excellent agreement, demonstrating that the
combination of techniques and the Master Equation model gave
accurate population distributions.

Energy Transfer

The first application of the population distributions was the
determination of the energy transfer properties of TFE, the prototype
molecule, in collisions with argon, as described in Appendix C. In
these experiments, IRF from TFE was monitored as a function of
time. The intensity was observed to decay with time constants that
depended on laser fluence and on the gas mixture composition. High
laser fluences produce initial populations with higher excitation, and
the final temperature i1s governed by the relative amount of TFE in
the gas mixture. Thus, by varying the gas composition and laser
fluence independently, we were able to determine the dependence of
<AB>d (the average energy lost in deactivating collisions) on both
excitation energy and bath temperature. This was the first such
measurement using TFE and the results appear to be quite
reasonable, when compared with similar molecules.

A continuation of the energy transfer experiments is currently
underway. Our objective here is to compare the time-resolved
optoacoustic technique used by Gordon and coworkers to the IRF
method mentioned above. This method 1s related to time-dependent
thermal lensing and is one of several photothermal techniques that
can be applied to energy transfer. In essence, the energy transfer
produces rapid heating from the deposited laser energy The heating
produces a compression wave that travels outward from the laser
beam. Associated with the compression wave is an expansion wave
with amplitude dependent on the rate of V-T energy transfer, thus

3‘ t,0 0 vt AE T TS VRN . 9,508 g5 CoRe)
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the ratio of the wave amplitudes is related to the time constant for
energy transfer. Either the theory of Bailey et al, or the more
complete theory of Barker and Rothem can be used to describe the
pressure waves in this energy transfer system.

Bimolecular Reactions

We have expended a major effort over the past year to detect
and measure changes in bimolecular reactivity of TFE due to
vibrational excitation. In these experiments, we have attempted to
observe the reactions of H-atoms and 0-atoms with IRMPA-excited
TFE. So far, we have observed no enhancement, but we plan to
make several more attempts, before concluding the experiments.

Before beginning the experiments on bimolecular reactions, we
first tested our new laboratory laser (Lumonics Hyperex 400) to
determine whether it produces populations similar to those produced
by the Tachisto and Lumonics 103 lasers originally used by us at SRI.
New optoacoustic measurements were within 103 of the original data,
and decomposition vield measurements were also reproduced within
the experimental uncertainties (33 yield, compared with 423 yield
obtained earlier at 0.9 J cm-2). These levels of agreement are
surprisingly good, because the new measurements were carried out
with a different laser, new power meter, different optoacoustic
microphone, and new quadrupole mass spectrometer.

The reaction that we are currently investigating is that of H-
atoms with TFE to produce H2 and HF

H + CFH-CFHy -~ Ho + C2F3H2 (Sa)
- HF + C2F2H3 (8b)

We estimate that both reaction channels have A-factors of about
10-10 cm3 571 and activation energies of about 340 to 400 kJ mol-!

VORY 1Y R0 (¥ 8% 00 U T 0 809 Ta e, AT e GE \ D OBOBO00RE
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N and we are in the process of measuring the thermal rate constants
Ay

he to confirm these estimates.

If vibrational energy is important in the reaction, it may
" increase (or decrease!) the total reactivity of TFE and/or modify the
3'1; branching ratio for the two channels. H-atoms (or O-atoms) are

- ’ produced with a microwave discharge in a flowing argon or helfum
N carrier gas; the atom concentration is determined by titration with
Z::;I NO3 (the end-point is determined mass spectrometrically):

‘ H + NO2 - OH + NO (10)
:ZE:, This reaction is followed by several subsequent reactions, giving a

*;',;; stiochiometry factor somewhat larger than unity.

= The actual H-atom (or O-atom) concentration is needed only
_3 when using H-atom-rich conditions, as we have attempted to do, thus
y le far. Unfortunately, we have not been able to produce sufficient

concentration of H-atoms under the low pressure conditions needed to
" avoid collisional deactivation of the excited molecules. Under these

R conditions, we also measured the reaction rate of H-atoms with

iy ethylene to verify the H-atom concentrations. This experiment
i‘ sriowed an even lower [H], indicating that NO; was probably also

J being lost due to photolysis from the microwave discharge.

-

ﬁi To avoid these problems, we must use TFE-rich conditions,

"'.; where the concentration of vibrationally excited TFE is in great

9 eucess over [H]l. These conditions are also desirable for another

"'J reason:. H-atoms are likely to deactivate rapidly the excited TFE, and
o the low [H] will reduce the importance of this process (we plan to

:‘ measure this deactivation rate). A major advantage of infrared

@ multiphoton absorption is that it is relatively easy to produce large
-f__:. concentrations of vibrationally excited molecules. By using 30 mTorr
\ of TFE, we will produce = 1015 cm-3 excited TFE molecules, much

;C:f larger than the = 1013 cm-3 H-atoms we are currently producing. To
"_'..‘ work with low [H], we will use resonance absorption and/or

:E:: resonance fluorescence at the Lymane-a line in future experiments.
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Despite the low H-atom concentrations, we have carried out

f , .
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" experiments by using mass spectrometry to monitor [TFE] and the

_. production of reaction products. Thus far, we have not observed any

significant variation due to bimolecular reaction in the HF production,

«.* or in loss of TFE when the molecule is irradiated at moderate

fluences. These results have been disappointing, but not exceptional,

gl since our conditions have not been optimal. Moreover, some

polyatomic reaction systems have shown a dependence on vibrational

3' energy, but others have not.4 Our experiments are still underway,

w and monitoring H-atomn concentrations in the presence of excess

_~_ (TFE(vib)] 1s likely to be a more sensitive way of observing changes in

the reaction rate. Regardless of whether an effect is ultimately

‘:7;'; ocbserved, such experiments could not even be attempted without

, {RMPA production of excited molecules.

o Theoretical Work

_-;. As part of the analysis of the population distributions, a full

Master Equation treatment was needed. Although much of the

:ZTj computer code had already been written, we found it necesszry to

' include M. Quack's statistical-dynamical theory of infrared

p o multiphoton excitation, as described in Appendix A. Although most

" of the implementation of this theory was straightforward, we

::j ciiminated many of the approximations that were originally used by
Quack. For example, we used exact counts of vibrational states,

K- rather than the semiclassical approximations used by the original

\, authors.

24

0 In addition to the implementation of Quack's theory, we also

: have carried out original research on the sums and densities of

;}_1 states of HVEMSs (Appendix D). In real molecules, all degrees of

:Ij: freedom (DOF) are coupled, as distinguished from the usual separable

‘_ :j harmonic and anharmonic models. For separable DOF, the sums and

' densities of states are easily counted exactly, through use of the

'.;E Stein-Rabinovitch algorithm. However, when molecules are highly

3 "9
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excited, separability breaks down and coupling among the DOF

N becomes dominant. Our research on molecules with coupled DOF was
‘ motivated by the need to determine exact densities of states for
HVEMSs.

[ To treat coupling among all DOF is a major challenge, because i
\ the couplings inciude the usual diagonal and off-diagonal vibrational
_:lj: anharmonicities, couplings between vibrations and rotattons, coriolis
effects, Fermi resonances, etc. For different theoretical applications
:Zj;-. different ones of these couplings may be of interest. Our approach

was to develop a Monte Carlo method for treating these systems,
o because such methods are, in principle, completely general.

" The Monte Carlo method we developed is, we believe, a new
approach to multi-dimensional integration. We emplovyed it in
discrete state-space for the purpose of counting sums of states, but it
can also be used with continuous variables. The details are given in
Appendix D.
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To demonstrate the calculation of sums of states for non-
separable DOF, we used the spectroscopic parameters for Hy0 and for
CH20 to calculate the vibrational sums of states. We used the actual
spectroscepic data, not 3 theoretical model! The results showed that
the Ivonte Carlo method we developed is efficlent and practical. The
resulting sums of states showed that separable models for the same
molecules underestimate the actual sums of states by significant

~

-ZZ;I factors, which could affect theoretical interpretations in some cases.
L J
-l Future work on development of this method will treat
CIE:ZT couplings between vibrations and rotations, which are crucially
--;Z-\- important In unimolecular reactions near threshold.
-~




Conclusions

‘. b2 A e Xy

The completed phases of this research were highly successful.
The characterization of the population distribution of excited TFE
molecules was probably the most complete ever carried out on any
molecule other than SFg. The IRF emission test of the distribution
3_ function showed excellent agreement with theory, and the IRF was
) then used to measure energy transfer between excited TFE and
'. argon collider gas.

The difficult experiments to determine the effect of vibrational
energy on bimolecular reactions are still underway and no definitive
. conclusion has been reached, as yet. Using mass spectrometry to
monitor TFE concentrations and reaction products, we have not

- PR RS
PRI

¢

P observed any influence of vibrational energy. However, conditions
y are not optimum, since the H-atom concentrations are too low to
'

4 provide a good test. We will use Lyman-a photometry and/or
: resonance fluorescence to monitor H-atom concentration in future
f experiments. Under these conditions, effects are more likely to be
S observed.
> The theoretical efforts have been very successful, leading to
- improvements in the collisional/photophysical Master Equation used
. in analysis of experimental results, as well as in development of a
: new Monte Carlo multidimensional integration scheme and

! evaluation of sums of states for coupled vibrational degrees of

% freedom.
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Vibrationally excited populations from IR-multiphoton absorption.
1. Absorbed energy and reaction yield measurements®
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The molecule 1,1,2-trifluroethane (TFE) was used in experiments to determine the population
distribution of excited molecules produced by infrared multiphoton absorption induced by high
power TEA CO, lasers operating at 1079.85 cm ™' [9.6 um R (22} line]. Optoacoustic
measurements of absorbed laser power provided a measure of the mean energy of the population
distribution, while very low pressure photolysis measurements of the collision-free decomposition
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yield gave information about the high-energy tail of the distribution. The experimental results
were accurately simulated using a Master Equation model that incorporated Quack’s statistical~
dynamical theory of infrared multiphoton absorption (cases B and C), RRKM unimoiecular
reactions (three channels), and collisional energy transfer. The computer simulations included
known TFE molecular properties and only four adjustable parameters, which were very highly
constrained in order to fit the experimental data. From the simulations, we conclude that the
optical coupling matrix elements are dramatically reduced in magnitude for energies above the
reaction thresholds. This effect is symptomatic of the vibrational anharmonicity due to the
presence of the reaction channels, even in molecules that have not yet reacted, resulting in
vibrational frequency shifts of the absorption lines out of resonance with the laser line. This effect
is expected to be present and observable in other highly vibrationally excited molecules.

INTRODUCTION

A little more than ten years ago, great interest was
aroused by the first observations of chemical reactions in-
duced by infrared lasers.' The observations could only be
explained if isolated molecules absorbed many infrared pho-
tons, leading to bond fission and molecular elimination reac-
tions. Because not all irradiated molecules absorb the same
number of photons, the population distributions are pro-
duced with substantial energy dispersions.

Despite the broad popuiation distributions, IR-multi-
photon absorption has great potential as a useful laboratory
tool because of two features: 1) many molecules absorb light
from powerful infrared (e.g., CO,) lasers and therefore the
effect is general, and (2) almost all irradiated molecules are

the details of the population distributions in large molecules
are still not well known, but only have been inferred from
limited measurements®* and from theoretical calculations.
In this paper, two experimental techniques (VLP® measure-
ment of decomposition yields* and optoacoustic measure-
ment of absorbed laser power’ were employed along with a
Master Equation theoretical model® to obtain improved esti-
mates of the population distributions produced by IRMPA.
By using more than one experimental technique, the theo-
retical modeling is highly constrained, leading to reliable
estimates for the population distributions. A third experi-
mental technique, infrared fluorescence spectroscopy, was
also applied in this study and it shows excellent consistency
with the other techniques, but it has not been independently
calibrated and so it 1s described separately in the following

o excited to relatively high vibrational energies. By varying paper.”
3 laser power, wavelength, and other parameters, the average ‘ .
:‘_'; energyof the population can be controlled, much as the aver- I.1.2-trifluorethane \TFE) was chosen for the expen-
X age energy can be controlled in thermal systems by changing ments for se_vera_l reasons: .
K j the temperature. Until the population distnbutions are bet- A v1branonal.a.ssngnment has been made and T!_:F
a7 ter characterized, however, the usefulness of IRMPA is li- ha; a strongly absqrbm; C-F stretch mode near 1076 cm ™",
- mited, despite its potential as a laboratory tool. suitable for pumping with a CO, laser.
. Although hundreds of publications have described ',2' TFE has simple ummo!ecular reactions (HF molecu-
: IRMPA and several excellent reviews have been published,' lar eliminations by thr ee reaction pgthway s), which havg al-
‘,: ready been thoroughly investigated in thermal and chemical
ﬁ: * All of the expenmental work was carnried out at SRI [nternational and was a.ctlvatlon expenments.° These mOIC.‘:ular gllmlrll§lon .reac.
b supported by the U.S. Army Research Office. tions do not lead to secondary chemistry, simplifying inter-

N TN S T O i P DA N N DA e
il it 14 A% '.‘,:‘5)»".0-.‘,'~‘,PA','J MR
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e | aco model 391 lock-in amplifier, locked to the 200

o CF,H-CFH,—CF, = CH, ~ HF Al g fork chopper (Bulova Time P roducts). For mth:;::

::-:."_ —cis- or trans-CFH = CFH ~ HF B) averaging, the output from the lock-in was captured and ‘
. ' stored by a Nicolet model 1072 signal averager, which w |
‘: —:CF-CFH, + HF interfaced with a DEC LSI 11/2 computer foi storage of tl:: J‘
-‘-.,-' —cis- or trans-CFH = CFH + HF. () data on floppy disks and subsequent analysis. !
-l (3) The internal and external rotations in TFE are rela- Two CO, TEA lasers were used in the experiments: a

. tively massive and they have low symmetry, producing a low( repetition rate laser {Lumonics modcl.K103), which can
o high density of optically accessible vibrational states, which deliver > S.I/ pulse at <0.25 Hz.. and a high repetition rate
o enhances the efficiency of IRMPA. Moreover, the wide dis- laser (Tachisto, model 555G), which can deliver <! J/pulse

V) persion of the vibrational frequencies produces a “filled-in" atupto 22 Hz. For most e;periments, the lasers were operat-

Oy density of states, with few regions of low state density, except ¢4 on the 9.6 um R (22) line (1079.85 cm ™) and, in many

N at very low energy. experiments, a three-power Gallilean telescope (Janos Tech-
R 14) The C-H stretch mode frequencies are conveniently ~ 10108Y) was used to concentrate the beam. Laser pulse ener-

. '\::: separated from the frequencies of other modes in TFE, re- gy was monitored continuously with a volume-absorbing ca-

¥

ducing the spectroscopic resolution requirements 1n the in-
frared fluorescence experiments.’

151 The bimolecular reactions of TFE with atoms and
simple free radicals are expected to be straightforward and

lonmeter (Scientech, Inc.) connected to a strip-chart record-
er. Under our operating conditions, the thyratron-triggered
Tachisto laser showed pulse-to-pulse energy variations of
about + 5%, while the older, spark-gap-triggered Lumon.-

"

L suitable for studies of the efects of vibrational energy on ics showed variations of more than + 20%.

b bimolecular reactivity. Laser fluence was determined by the measured laser
A The usefulness of TFE has been borne out in the expen- pulse energy, divided by the laser beam cross-sectional area.
d ments rennrted here. High IRMPD yields were obtained and When the telescope was not used, the laser beam cross sec-
:-E:: the expenmental observations were entirely in accord with tion was defined by an iris diaphram positioned before the

S the qualitative expectations. The results are highly consis- entrance window. When the bcam was con.ccntra.ted by the

K .~'.$ tent and they lead to better knowledge of the properties of  telescope, the area was determined by scanning a pinhole ina

highly vibrationally excited molecules, as described in the
following sections.

EXPERIMENTAL

The VLP ® technique for measurement of collision-free
IR multiphoton decomposition (IRMPD) yields has been de-
scribed elsewhere in detail,* except for a few modifications.
Gases at low pressure (<20 mTorr) are irradiated ina 2 cm
diam by 10 cm long Knudsen cell equipped with KCl win-
dows. The gas escapes through an aperture at a rate depen-
dent only on the mean molecular velocity, the cell volume,

two-dimensional survey across the beam, and applying the
1/e criterion. The areas so defined were very similar to the
patterns produced on thermal printer paper, which was used
for quick checks of beam area. Additional confidence in the
printer~paper measurements was gained by measuring the
beam area before, and after the telescope: within + 109%,
the ratio of the beam areas was 1/9. Laser fluence inside the
cell was assumed to equal that measured at the cell entrance,
because reflection losses from the entrance window are near-
ly compensated by back reflections from the exit window
and the small residual correction is much less than the esti-

! _'t: and the area of the aperture. In the present experiments, the ~ Mated + 30% uncertainty in the absolute fluence.
N escape aperture was fabricated from a Teflon-bore greaseless ~ The laser fluence was varied in crude steps by attenu-
His stopcock in order to have continuous control of the residence  ation with polyethylene films; fine adjustments to the fluence

e time. Since the stopcock could not be reproducibly reset to ~ Were made by varying the high voltage settings on the laser.
o known aperture areas, 1 Torr Baratron capacitance manom- At high repetition rates, the polyethylene films were cooled
) ._-;.: eter (model 223A) was used to monitor gas pressure in the with a stream of compressed air to prevent their deformation
N cell directly. The residence time  is given by '° and melting.

NN For both lasers, the far-field pattern had hot and cold
0 :;;'- r =PV No/IRTF,). n zones that differed from the average fluence by 20% to 30%.
- @9 where Pis the observed pressure, V.., is the cell volume, .V, These patterns depended on laser alignment and optical path
i is Avogadro's number, R is the gas law constant. I” thetem-  from the laser to the cell, but they were somewhat reproduc-

perature, and F, is the measured gas flow rate imeasured by
timing the rate of pressure increase in a cahibrated volume);
the escape rate constant is 7.

The composition of the gas escaping from the cell 1s

ible, and their presence did not seem to affect the results. The
overall intensity profile of the beam from each laser was ap-
proximately trapezoidal, similar to the profile measured in
earlier work.'*

T montitored by a modulated moiecular beam mass spectrom- IRMPD yields were determined using two variations of
> eter, as described elsewhere.'' For this purpose. a Finnegan the VLP® technique: single-shot accumulation, or fast-repe-
::': Spectrascan 400. quadmpolg mas8 spectrometer was used tition gquasi-steady-state depletion. The first method has
o with an SRI-built “peak picker” for selection of specific  been described previously. The quasi-steady-state depletion
:&v; mass peaks. The output of the quadrupole was amplified method used the fast repetition rate capability of the Ta-
Al with a PAR model 181 charge-sensitive preamplifier and the  chisto laser to repeat laser shots many times during the gas
04 modulated signal was isolated from background withan [th-  residence time. Since each parcel of gas was irradiated many
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times prior to exiting the cell, larger depletions of reactant
gas were generated, allowing measurement of smaller yields-
per-shot that could be sttained using the single-shot accu-
mulation technique. Tests showed that 1,1-difluoroethylene
(the only ethylene reaction product commercially available:
PCR, Inc.) does not absorb the laser photons. The reported
vibrational frequencies of 1,1-difluoroethylene and of cis-
and trans-1,2-difluoroethylene (the other products) indicate
that they will not absorb at the laser wavelength.'’ (Yields
were also measured optoacoustically, as described below.)

In the absorbed laser energy experiments, the cell was a
Pyrex cylinder (4 cm diam X 30 cm long) equipped with 1nlet
and outlet stopcocks to facilitate gas flow, and O-ring con-
nectors to accommodate end and side windows and the elec-
trical feedthrough for the electret microphone/preamplifier
{Knowles, BT-1759). The output from the microphone/
preampliier was further amplified (Tektronix model
AMS02) and captured with a transient recorder (Biomation
model 805) interfaced to the Nicolet signal averager. By posi-
tioning the microphone near the laser beam, the initial
acoustic wave generated by the absorbed energy strikes the
microphone before the waves reflected from the cell walls
can cause interference’; thus, only the first maximum in the
complex signal was deemed significant. Experiments were
repeated (16-256 shots) until a statistical precision of
+ 29%-3% was achieved.

The optoacoustic method was also adapted for measure-
ment of yield vs fluence data at pressures too high for the
VI P® technique. The procedure was to introduce a known
TFE/argon mixture into the optoacoustic cell and measure
the OA signal at a low fluence. The gas mixture was then
irradiated for a known number of laser shots at the higher
fluence to be investigated; the static gas mixture was deplet-
ed by this irradiation. Following irradiation, the OA signal
was again measured at low fluence to determine the amount
of depletion, from which the IRMPD yield-per-shot was de-
termined, the reaction products (at room temperature) do
not interfere by absorption of laser light. Small air leaks li-
mited the durations of data acquisition runs and the lowest
pressures attainable, but useful data were obtained, as de-
scribed in the Results section.

1,1,2-tniflucroethane was obtained commercially (PCR,
Inc.;and was used after degassing in a grease-free high vacu-
um line. Gas purity was checked with a gas chromatograph/
mass spectrometer {Varian, Inc.] and the major impurity was
found to be 1,1,1-tnfluoroethane fabout 0.1%).

RESULTS
IRMPD ylelds vs fluence

The two versions of the VLP® technique were used to
obtain most of the data on IRMPD yields. but these methods
were complemented by the optoacoustic technique, which is
suttable for measuring the effect of pressure. High fluence
results were obtained using the Lumonics laser and lower
fluence measurements were made with the high repetition
rate Tachisto laser. At high fluences, the principal source of
error was the fluctuation of laser power; long-term drift and
instability of the mass spectrometer were the limiting factors
at low fluence. The minimum uncertainty achieved with the

single-shot accumulation method corresponds to about

+ 2%-3%, as determined in blank runs. Yields of that or-
der, or lower were not reliably measured using the single-
shot accumulation method in our experiments. However, by
using the high repetition rate laser, each parcel of gas enter-
ing the VLP® ceil is irradiated 10-12 times during its resi-
dence time, improving the precision of the yield measure-
ments by a factor of 5-10.

The results obtained at 1079.85 cm ' using both meth-
ods and both lasers show very good consistency, even when
the laser beam mode structure is deliberately varied. As a
test, the area of irradiation was changed from 2.7 10 0.78
cm’, using the Lumonics laser, and the results were indistin-
guishable from those obtained using a 0.42 cm* beam from
the Tachisto. Because of the insensitivity of the results to
beam spatial modes, deconvolution'? of the spatial profile
was not attempted, although an iterative approach based on
the calculated results would be feasible (and time consum-
ing).

Tests were carried out to eliminate other possible
sources of experimental artifacts. For example, the residence
time in the cell was held constant at 0.88 s and the cell pres-
sure was varied from 0.8 to 20 mTorr without significantly
affecting the results obtained; at higher pressures, the yields
decreased slightly. In another test, the gas flow rate was held
constant and the residence time was varied from 0.10t0 0.56
s, without affecting the results.

All of these data are presented in Fig. 1, where the data
sets show excellent consistency. The data are plotted on
probability graph paper as a log-normal cumulative distribu-
tion, because it has been shown that for many IRMPD theo-
retical models and some experimental data, such a presenta-
tion gives straight lines."*

The optoacoustic measurements of yield vs fluence were
carried out at pressures ranging from 1.5 mTorr TFE diluted
in 33 mTorr argon, up to pressures as high as 10 Torr, as
presented in Fig. 2. The most extensive optoacoustic data set
corresponds to a total pressure of about 35 mTorr. These
data show the same fluence dependence as the collision-free
data, except that the absolute yields are lower, due to the
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FIG. |. Decomposition yields vs fluence at 1079 85 cm ="' Key O—Lu-

montcs laser; O— Tachisto laser; @—Tachisto laser, very large number of
laser shots.
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N0 2 — of 30.5 cm and using the Tachisto laser and the Sc;

i . entech

e i | power meter; Beer's Law fully described the experimenta)

.“:j:.‘ v—v v S ‘ data. The absorption cross section measured in this way

: b \ ! [(3.46 + 0.35)x 10~° cm?) is about a factor of 2 larger thap

N . A that measured with a Digilab FTIR with 0.1 ¢cm !

* 3 - v : 19 . 2 resoly-

F — — — - 6\ | tion [(2.0 + 0.2) x 107'? cm?). We concluded that the laser

— ; ok a > - \ i measurement is more pertinent to our expenments, consid-

- T A ! ering thg complex spectrum (Fig. 3) and possible coupling
- " N j mechanisms that may be operative at high laser power.

a A 1 . pe po
R~ o 1,_ \ At sufficiently low fluence, most molecules absorb ng
PO | ’ more than one photon and decomposition is not important.
. ) - | Extensive calibrations were carried out at low fluences by
';.:.‘ . zc'] T S S S S S S S measuring the microphone signal for a fixed set of “‘hard-
- a H 4 S " :

NS Log (P/aterm) ware parameters” (e.g., fluence, laser beam diameter, and
Fo2 location of the microphone) and a fixed partial pressure of
"-\,::- FIG. 2. Decomposition yield dependence on pressure, determined by the TFE diluted in various pressures of argon. The parameters
LHE optoacoustic method. The curves are schematic. Upper curve: 2.7Jem ™% were varied systematically to determine the saturation limit

absolute uncertainties are + 2%. Lowercurve: 0.9J cm ~*; absolute uncer- \

_ atnties are 5 0.2%. of the microphone and the effects of the parameters. For
1. ) fixed laser beam spati.al parameters and for TFE highly di-
"~ luied in argon, the microphone signal was found to depend
Yt high ed and, perhaps, to small systemati imari :

R 1gher pressures used and, perhaps, (o small systemalic €f-  primarily on absorbed laser energy and slightly on argon

e rors in the fluence measurements. pressure. The instrument response was directly proportional
B The two series of optoacoustic measurements presented

to absorbed laser power as long as the microphone was not

in Fig. 2 show the different effects of pressure on IRMPD  yerjgaded. The calibration factors were found to depend

'! . s H 3 H . . .
o yields at different laser fluences. Alt h}ghl ﬂl::ﬂ;e. the yield is linearly on log(pressure) for a wide range of experimental
N not greatly affected, except at relatively high argon pres-  55rameters, as shown in Fig. 4, where the calibration factor
S sures. At low fluences, however, the yields are strongly af- is given by’
f‘ fected by argon pressure over the entire range of pressure F
s investigated. =SoaCu/E,- 2)
‘ Here, S 5, is the microphone signal {arbitrary voltage units),
) Optoacoustic measurements of absorbed laser power C,, is the total heat capacity of the gas mixture at constant
3 Calibration volume, and E, is the absorbed energy per unit length.
«i:’ The oot tic signals depend tio Based on Beer's law at the small absorbance limit and the
b- ! € optoacoustic signals depend on gas composition, measured cross section o, £, is given by
! pressure, collisional energy transfer rates, laser energy, beam
” diameter, and spatial position of the microphone {see Ref. E, =E,o(TFE], (3
~). Sid) for a fuller discussion], and careful calibration was nec-  where E, is the laser pulse energy and {TFE] is the TFE
: _;:.-'_‘_ essary. Absolute calibration factors were obtained by using  concentration in convenient units. For interpretation of the
» :.:,: the absorption cross section as measured over a path length  absorbed laser energy measurements, a least-squares fit to
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FIG. 4. Optoacoustic signal calibration curves. Pressures of TFE: A\ —2.4-
24 mTorr; v—S50 mTorr; T—125 mTorr; solid line: least-squares fit to
low-pressure ponts.

the experimental calibration data was used, as shown in the
figure.

Absorbed /aser energy measurements

Using the experimental calibration curve, we can deter-
mine the absorbed energy, based on the observed micro-
phone signal and the gas composition. To place the absorbed
energy on the molecular scale, it is conveniently expressed as
the average number of absorbed photons per molecule, given
by

(1) = Soa Cy/IFhv,[ TFE]), (4)

where Av, is the laser photon energy and the other factors
have been identified above. Using this expression places the
absorbed energy on a reduced scale, enabling direct com-
parisons of absorbed energies obtained under widely differ-
ent conditions.

Experiments were carried out to determine the effects of
added argon and laser fluence on (n). Usually, better results
were obtained in static experiments than in flowing gas sys-
tems, which suffered from fluctuations in total pressure and
in gas composition. Care was taken to avoid depletion of the
TFE in experiments with high laser fluence. The results are
presented in Fig. 5, and they show no significant dependence
on pressure for fluences up toabout 2J cm ~ 2. The results are
highly consistent, with a relative uncertainty of about + 5%
and an absolute uncertainty estimated at about + 30%,
mostly due to the uncertainty in the fluence and energy mea-
surements that went into calibration of the microphone.

At the highest fluences, decomposition of the TFE dur-
ing the laser pulse may become significant, affecting the sim-
ple interpretation of the results. Although the reactions are
slightly endothermic and can affect the optoacoustic signal
to a small extent, the major uncertainty is due to the un-
known extent of absorption of the laser photons by vibra-
tionally hot reaction products. In the infrared fluorescence
measurements on this system,” direct evidence was obtained
for secondary photolysis of the products.

LASER FLUENCE (J cm-2)

FIG. 5. Average number of photons absorbed per molecule vs fluence. Ar-
gon pressures: V—0.5 Torr; O—1.0 Torr: A—20.0 Torr; )0—100 Torr:
dashed line: Master Equation caiculation.

MASTER EQUATION MODEL

The basic Master Equation approach to simulating ex-
periments such as these has been described in detail,® except
for several significant improvements. Essentially, the ap-
proach'® used Monte Carlo techniques to simulate random
walks of individual molecules in energy space, subject to the
properties of the molecule and its interactions with the laser
photons.'® Many such “trajectories” are calculated and the
results are averaged, or otherwise stored for examination.
Other than that used in calculating the vibrational densities
of states, no intrinsic ‘‘graining™ is imposed on the physics of
the system, unlike approaches that use an *‘energy-grained”
Master Equation. Thus, convergence of the solutions does
not depend on grain size, although the precision obtainable
depends on the number of trajectories calculated, as is usual
in Monte Carlo simulations. '®

The physical processes considered in the model include
optical absorption and stimulated emission, collisional ener-
gy transfer, infrared fluorescence, and up to three unimole-
cular reaction channels; several models for some of these
processes have been incorporated in the computer code as
options.®

The Master Equation implementation has been signifi-
cantly improved in several ways for present purposes. First,
all densities of vibrational states are now calculated from
exact counts of states,'” rather than from the Whitten-Ra-
binovitch approximation'® used earlier. For TFE, an energy
grain of 25 cm ™' has proved to be adequate for the calcula-
tions. The densities of states for the first 2500 cm ™' of inter-
nal energy are stored in a 100-element array; in addition, the
densities for the first 50 000 cm ~ ! are stored in a second 100-
element array. The density of states at any energy up to
50 000 cm ~ ! is selected by interpolation between elements in
one of these two arrays. Incorporation of exact state counts
has made little difference in computed results, except for the
distribution of initial energies selected. For example, now
the thermal distribution is much more accurately produced.
compared to the somewhat shifted version obtained® using
the Whitten-Rabinovitch approximation.
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vision for empirical parametrization, where desirable.
According to Quack,'® the optical transition rates for
up-pumping from level M to M + | for both cases Band C

.
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)
%) The other improvements are concerned with the optical  trization of the expression; when £ (E,,) = 1.0, the param-
.:: pumping and stimulated emission segments of the model. .ln eters are assumed to be indepez}dent ofinternal energy and to
Cj addition to the former capability to consider a laser intensity ~ equal thf)se measufed at low lqtgnsitia. For intensities ex-
::.- that is constant for the entire duration _of a trajct.:t.ory and a pre?sed in W cm N state den;ntm in states per cm~', o in
ks laser pulse shape that decays exponentially, additional pro- ~ cm’, AEQ incm™', and dx in cm ™!, the proportionality
vision has been made for a laser pulse of constant duration  constant is @ = 1.509 X 10°%, to express the squared matrix
o and finite length. This capability enables investigation of  element in units of rad®s 2.
N post-pulse phenomena subsequent to a pulse of constant in- The down-pumping rates differ for cases B and C. For
.-:: tensity. The second enhancement of the optical interaction  case B, the down-transition rate from level M to M — | 5
" model was to incorporate Quack’s theory of infrared laser  given by
e absorption/emission for his cases B and C."° P
! Prior to incorporation of Quack'’s theory in our model, K% v =Ky_ i yy—m——. 9
) we used a semiempirical expression for the absorption cross PEy)
vl section dependence on vibrational energy.* %'+ where the fggtors haye bgcn defined above. For case C, the
:'.\ AE) = o1 + E /hvg] ™, (5) down-transition rate is given by
.-‘.‘ 25
W where o, is the absorption cross section for all molecules at KG _ w=K5%_u ud - 10)
‘ the zero-point energy level, Av, is the laser photon energy, V3V s
v N and n(4 )is a parameter that depends on t.hc wavelength of Fhe . PIE _ )AE hv, V2
- laser. This expression has been used in Master Equation =vKy_\u YR
-‘_“_: treatments of IRMPD with fair success, but recently, Haas PEw)P'(Ey M | Sodxi "
S and co-workers commented on the inadequacies of a Master H
:- Equation treatment that employed this type of expression.? where the symbols have the same meanings and units as
In order to reduce the degree of empiricism somewhat, and above, and the proportionality constant yis 1.784 % 10~ ° for
. .:T because we also find Eq. (5) to be inadequate for treatment of the transition rate expressed in's ~'. The crossover from case
b the results obtained in the present work (see below), we im- C to case B at low energy and/or low intensity is treated by
:i: plemented the Quack formalism for cases B and C. selecting the larger of the two calculated transition rates, as
- Quack has described his statistical-dynamical theory described by Quack.
< - extensively in the literature'® and we will not attempt to re- For 1,},2-trifluoroethane, the molecular parameters
% peat the details here. His approach is to evaluate the matrix needed for use of the Quack expressions are known and are
Y elements for laser pumping and stimulated emission using a summarized in Tables I and II. The expressions can be em-
- combination of ab initio theory and judicious approxima- pirically adjusted'® by treating AE,, as a parameter used 1n
- :', tions. The resuiting expressions give the optical transition concert with$ (£ ), as discussed below. Densities of vibration-
:::'_ rates in terms of physically measurable quantities, with pro- al states were obtained from exact counts by using the vibra-

tional assignment for the molecule and assuming harmonic
oscillators. For the density of states calculations, the internal
rotor was treated as a 117 ¢cm ™' vibration.

oL

are given by the expression

) .
:: Ky =27V 0 /80, 16) DISCUSSION
. . , tw i i ed .
;"}l where 8,, ., is the frequency spacing of effectively cou- ~Thc' ° expenr_nental tgchmques employed in this in
> . o . vestigation provide information about the IRMPA process
® pled states in the upper level and |V, , | | is the absolute .
] . . over two complementary internal energy ranges. The optoa-
5 value of the matnx element connecting the two levels jeach .
I . . ) L coustic measurements are most accurate for low fluences, or
o microcanonical level contains many individual quantum . .
S ) when reaction is not important. On the other hand. the
states). According to Quack, 8, can be related to the total ‘
p density of vibrational states according to the expression IRMPD measurements require that molecules be pumped
o g P above the reaction threshcld, and it has been shown that the”
Ye 8, = 2mc/p\E,), (7

technique provides information mostly about the reaction
4.14.16

o=

threshold region and above.
The absorbed energy measurements show little depen-

where ¢ 1s the speed of light, and p(E, ) is the total density of
vibrational states at the energy of level 1. The matrix element

‘v

, ';: s related to the laser intensity / and the integrated absorp-  dence on pressure. and thus we conclude that at low pres-
B tion cross section | jodx{, by the expression sures, where collisional deactivation during the pumptng
) . . process is unimportant, the measurements reflect the aver-
. . s . prE I yodx| . ‘ A
Vieoiw =agiEy) , '8) age energy of the nascent population. Since the reaction
s PEy . ) pEGIAE Ry, threshold energies are about 24 000 cm ™', the optoacoustic
»r where p'(E| is the density of vibrational states with the measurements can be interpreted in a stratghtforward way
' ‘_':-: pumped vibrational mode in the zero level, AE, is the level up to (n) =22. Above that value, the extent of decomposi-
. ): width over which the matrix elements are approximately tion will affect the results in three ways: (1| depleticn of the
: ‘,' constant. and Av, 1s the energy (expressed in cm ™ ') of the parent molecules dunng the laser pulse will mean fewer pho-
e pumped mode. The factor £, allows empirical parame- tons absorbed, 12} the reaction thermochemistry can affect
3
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+\ - TABLE I. Molecular properties of 1.1.2-tnfluoroethane.
S
_ ‘,:\.. Property Value Reference
: " Vibrational frequency assignment ) a
Heat capacity (C,) 16.29 +0.033 (T — 300} Gibbs moi ' b
1 Lennard-Jones o 528A
-PT{\ Lennard-Jones €/k 325K .
&, hv, (pumped mode: v;,) 1076em”™
", jodx 15 1x107%cem d
e Urumolecular reaction parameters (Whitten-Rabwnovitch) ¢
" Reaction: A B c
_ (AV) 17 941.62 91737 906.77
= E. 23714 23714 24413
B TST Zero point energy 97510 95385 96410
o Whitten-Rabinovitch 8 1.353 13717 1379
_.:: Coaen X1 Z /1) 0.65 2.50 202
e *V_F. Kalasinsky, H. V. Anjana, and T. S. Luttle, J. Phys. Chem. 86, 135111982,
® Calculated from the vibrational assignment.
Y * Estimated using Lyderson's method as described in R. C. Reid and T. K. Sherwood, The Properties of Gases
"vie and Liquids, 2nd ed. (McGraw-Hill, New York, 1966).
S ? Measured in this work; see FTIR spectrum 1n Fig. 3.
N ¢ Whitten-Rabinovitch parameters for the transition states were derived from the detailed transition state
3‘_ frequencies given by B. E. Holmes, D. W. Setser, and G O. Pritchard, Int. J. Chem. Kinet. 8, 215 11976);
Sl RRKM k (£ |'s were calculated using the TFE state densitics and Whitten-Rabinovitch approximauon for the
sums of states.
Y4 the heat release, and (3) the (hot] reaction products produced  the walls of the cell. Since drift times to the cell walls are of
4 :g during the pulse, or in previous pulses, may absorb the laser the order of 3x 10™* s, the decomposition yield at low pres-
O light. Inspection of Fig. 5 shows that with 10 Torr argon sure equals the fraction of molecules that attain energies
o added, (n)>32, much higher than the reaction threshold  high enough to have specific unimolecular rate constants
W, energy. At this high pressure, decomposition is inhibited by kIE)»3x10°s ' iie. E526000cm™").
" collisional deactivation of excited molecules and the reac- Information about the optical pumping process can be
M tant is not depleted. Indeed, the collisional deactivation rate  obtained from the dependence of the collision-free IRMPD
| _‘; 1s fast enough so that the excited molecules are never yield on fluence. As a class, systems with optical pumping
. pumped very high on the energy ladder. properties that can be descnibed by the simpie power-law
¢ - The absence of a pressure dependence at relatively high  equation 15) have decomposition yields that can be plotted
A pressures, where collisional deactivation during the laser linearly vs logifluence) on probability graph paper, as has
B pulse is important, indicates that the net optical absorption been discussed elsewhere.'*'® The VLP® experimental data
* rate of the excited molecules does not depend strongly on are presented on such a log-normal plot in Fig. 1 and the
5 internai energy. Inspection of the 10 Torr added argon data  resulting line is clearly curved, indicating that the optical
.:: set 1n Fig. 5 shows that it is virtually indistinguishable from pumping 1s not well descnbed by Eq. (S). The heunstic ap-
_N‘ " data sets obtained at much lower pressures. More quantita- proach taken in our earlier work in order to account for such
‘: tive conclusions about the optical pumping process require curvature was to assume that the excited molecuies were
¢ the numenical calculations described below. partitioned into two or more population subsets with differ-
N The IRMPD measurements probe molecules pumped ent optical pumping parameters.” This approach could
::ﬂ above the reaction threshold. When the yields are low, the have been taken in the present work, but Quack's more so-
;: decomposing molecules represent only the high energy phisticated theory'® accounts satisfactorily for the experi-
P “tail” of the population distribution, which is highly sensi- mental observations without recourse to the multiple-popu-
2 tive to several effects, including the optical pumping process lation model.
o. and collisional energy transfer. At sufficiently low pressures, A more complete discussion of collisional energy trans-
A homogeneous collisional effects are unimportant, and the fer in this system will appear elsewhere,’' but IRMPD yield
e [RMPD yields reflect the fraction of molecules pumped data obtained with the optoacoustic technique are presented
4 above the reaction threshold that react before deactivation at in Fig. 2. These results show that, as expected, the low
:I': fluence data are far more susceptible to collisional effects
v:.'\ TABLE I1. Quack theory fitted parameters. than data obtained at higher fluences. The high energy tail of

the excited molecule distnbution is sensitively affected by

Ny Parameter Valye collisions, even at pressures as low as 35 mTorr. INote that
M' our experimental tests showed that the YLP® data obtained
: Pulse width 125 £ 15ns at 20 mTorr were not significantly affected by total pres-
! AE, d+lem . . . "
0 W 23700 = 100 cm - sure.) The decreased yield is due almost entirely to ‘‘post-
o m 0 pulse™ collisional deactivation of excited molecules that
¢ . have energies only a little above the reaction threshold. In
L
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addition, mass transport to the cell wall is affected by the
higher pressures, and the detailed differences in the collision
efficiency of walls vs gas phase must be taken into account
for a full description.** Such a description is feasible, but it is
beyond the scope of the present work.

To obtain more quantitative information about the
pumping process, the Master Equation approach described
above was utilized and the effects of many parameters were
investigated. Insofar as possible, experimentally measured
parameters were used in order to umit the latitude of the
calculations. Many combinations of assumptions and input
parameters were investigated to determine whether they
were consistent with the experimental data, but it was found
that the two sets of experimental data combined with knowl-
edge of TFE molecular properties constrained the latitude of
the calculations greatly, and a satisfactory simulation of the
expeniments was difficult to achieve.

The unsatisfacrory attempts at simulation of the experi-
ments included the following combinations of assumptions:

t1) Exponential or square laser pulse used with the pow-
er-law absorption cross section in Eq. {5): This combination
could be made to fit the absorbed energy measurements very
well by using the measured cross section and adjusting the
parameter ni4 ), but the predicted yield vs fluence results
were too steep on a log-normal plot, as shown in our prelimi-
nary report.”> Also, the simulated log-normal plot was a
straight line, unlike the expenmental data.

+2) Exponential laser pulse and Quack’s theory with
3 iE1 = 1.0: Here, the absorbed energy measurements could
be well simulated by varying the parameter AE,, but the
predicted reaction yields were much too high. Furthermore,
the pulse decay time significantly affected the predicted val-
ue of {n) at a given fluence. This is because the transition
between cases B and C depends on laser intensity, and the
down-pumping rate in case C is much greater than in case B.
Molecules pumped up, early in the pulse under case B condi-
tions, could be rapidly down pumped later in the pulse, when
the intensity 1s lower and case C is operative. This effect may
be observable in carefully designed experiments; its presence
may indicate that an accurate simulation of the laser pulse is
necessary for more detailed calculations.

(31 Square laser pulse and Quack’s theory with
& E)=1.0: To simplify the model, a square pulse was as-
sumed. This simplified version gave good agreement with
(n) for suitable choices of AE; and the pulse width, but the
predicted reaction yields were much too high, indicating
that the average molecules couid be well modeled, but the
high-energy tail of the distnbution (that resulted in decom-
position) was predicted to be too highly populated.

Since the Quack theory with £ (£} = 1.0 1and appropn-
ate choices of AE, and laser pulse widthy fitted the expert-
mental data on absorbed laser energy very well, our ap-
proach was to choose a functional form that gave £ £ = 1.0
at low internal energies, but allowed simple vanations at
higher energies. A first attempt at a functional form for £ 1 E)
incorporated a Lorentzian with “width” and '‘center’ that
could vary linearly as a function of internal energy, as sug-
gested by Quack.'™® This approach was not successful, al-
though nonlinear dependencies on internal energy could
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probably be made to work. Inspection of the infrared spec-
trum of TFE (Fig. 3) shows that at least two fundamental
transitions are important, and a simple Lorentzian is not
adequate.

The second attempt at choosing a functional form for
$E) was successful. The assumed form incorporates only
twoemptrical parametersanditgives £ (£} = 1.0atlow ener-
gies:

S\EV=expf - (E/W|™]. (12)

Although this function is arbitrary and not unique, it pro-
vides a smooth transition between the optical properties of
the molecule at low energies, where they can be measured
with a spectrometer. and at high energies, where the anhar-
monicities may become very significant.

By a process of tnial and error, a combination of param-
eters (Table [I) was found that gives model simulations in
good agreement with the experimental data sets, as shown in
Figs. | and 5. The calculated yield vs fluence results are in
excellent agreement with the experimental data over virtual-
ly the entire fluence range investigated. The minor discrep-
ancy at very low fluence may be due to experimental artifacts
and/or to inadequacies of the model for the extremely smail
populations at the highest part of the distribution. The calcu-
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) TABLE I. Molecular properties of 1.!.2-trifluoroethane.

:- Property Value Reference
s

" Vibranonal frequency asugnment a
Heat capscity (C,) 16.29 + 0.033 (T — 300} Gibbs mol ™'
W Lennard-Jones o 528A c

:. Lennard-Jones e/k 325K

" hv, ipumped mode: v, } 1076 cm~!

: fodx 5+ Hx10~"*cm d

o~ Urumolecular reaction parameters (Whitten~Rabinovitch) .

\' Reaction: A B C
i

= (A¥) 1yt 941.62 917.37 906.77
P E. 23714 13718 24413
[~ TST Zero point energy 97510 95385 96410

- Whitten—Rabinovitch 8 1.353 1377 1.379
: o Tpurn X% /1) 0.65 250 2.02
L *V_F. Kalasinsky, H. V. Anjacia, and T. §. Little, J. Phys. Chem. 86, 1351 (1982).

® Calculated from the vibrational assignment.

» * Estimated using Lyderson's method as described in R. C. Reid and T. K. Sherwood, The Properties of Gases
[~ and Liquids, 2nd ed. (McGraw-Hill, New York, 1966).

- 9Measured in this work; see FTIR spectrum in Fig. 3.

B - ° Whitten-Rabinovitch parameters for the transition states were derived from the detailed transition state

- frequencies given by B. E. Holmes, D. W. Setser, and G. O. Pritchard, Int. J. Chem. Kinet. 8, 215 (1976);

» RRKM k(£ |'s were calculated using the TFE state densities and Whitten-Rabinovitch approximation for the
) sums of states.

s the heat release, and (3) the [hot] reaction products produced the walls of the cell. Since drift times to the cell walls are of

: during the pulse, or in previous pulses, may absorb the laser the order of 3 10~* s, the decomposition yield at low pres-

- light. Inspection of Fig. 5 shows that with 10 Torr argon sure equals the fraction of molecules that attain energies

> added. (n)>32, much higher than the reaction threshold  high enough to have specific unimolecular rate constants

N energy. At this high pressure, decomposition is inhibited by A (E)>3x10°s~" {i.e., E»26000cm™").

: collisional deactivation of excited molecules and the reac- {nformation about the optical pumping process can be

2 tant is not depleted. Indeed, the collisional deactivation rate  obtained from the dependence of the collision-free IRMPD

* is fast enough so that the excited molecules are never  yield on fluence. As a class, systems with optical pumping
e pumped very high on the energy ladder. properties that can be described by the simple power-law
"_} The absence of a pressure dependence at relatively high equation (5) have decomposition yields that can be plotted
R pressures, where collisional deactivation during the laser  linearly vs log(fluence) on probability graph paper, as has

pulse is important, indicates that the net optical absorption been discussed elsewhere.'*!® The VLP® experimental data
rate of the excited molecules does not depend strongly on  are presented on such a log-normal plot in Fig. 1 and the
s $ internal energy. Inspection of the 10 Torr added argondata  resulting line is clearly curved, indicating that the optical
‘N set in Fig. 5 shows that it is virtually indistinguishable from  pumping is not well described by Eq. (5). The heuristic ap-

N data sets obtained at much lower pressures. More quantita-  proach taken in our earlier work in order to account for such

i tive conclusions about the optical pumping process require curvature was to assume that the excited molecules were

the numerical calculations described below. partitioned into two or more population subsets with differ-
& The IRMPD measurements probe molecules pumped  ent optical pumping parameters.”® This approach could
;'.' above the reaction threshold. When the yields are low, the have been taken in the present work, but Quack’s more so-

0 decomposing molecules represent only the high energy phisticated theory'® accounts satisfactorily for the expeni-
KA “tail” of the population distribution, which is highly sensi- mental observations without recourse to the multiple-popu-
¢ tive to several effects, including the optical pumping process lation modet.

e and collisional energy transfer. At sufficiently low pressures, A more complete discussion of collisional energy trans-
' homogeneous collisional effects are unimportant, and the fer in this system will appear elsewhere,*' but IRMPD yield
W IRMPD yields reflect the fraction of molecules pumped data obtained with the optoacoustic technique are presented
0 above the reaction threshold that react before deactivationat  in Fig. 2. These results show that, as expected, the low
: 1 fluence data are far more susceptible to collisional effects
..:_. TABLE I1. Quack theory fitted parameters. than da;a obtained at hx'ghe.r ﬂugncgs. The _h'lgh energy tail of

. the excited molecule distribution is sensitively affected by
K. Parameter Value collisions, even at pressures as low as 35 mTorr. (Note that
. our experimental tests showed that the VLP® data obtained
.. Pulse width 125 £ 15ns at 20 mTorr were not significantly affected by total pres-
e, AE, 4+1em”! . . . "

o W 23700 £ 100cm ' sure.) The decreased yield is due almost entirely to “'post-
.. m 0+ S pulse” collisional deactivation of excited molecules that

[ have energies only a little above the reaction threshold. In
\:.
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lated curve for (n) vs fluence in Fig. 5 corresponds to an
assumed argon pressure of 1.0 Torr, and the saturation effect
due to the function & (£ ) is clearly seen; at higher pressures,
molecules are deactivated before reaching such high ener-
gies, and the predicted behavior then resembles that ob-
served in the experiments with 10 Torr argon.

The fitted parameters appear to be reasonable, but they
are not unique, because they depend on the assumed func-
tional form for ¢ (£ ). Within the framework of our assump-
tions, however, there is very little latitude for variation of the
parameters, as indicated by the estimated uncertainties.

Comparison of the parameters in Table II with the
known molecular properties of TFE and the expenimental
conditions shows good agreement. For example, the laser
pulse width of 125 + 15 ns for a simulated square pulse is
roughly similar to the typical CO, TEA laser pulse, which is
comprised of many irratically modulated spikes enclosed by
an average amplitude envelope consisting of a 100 ns pulse
with a 1-2 us tail. Also, the parameter AE, is expected ta be
of the same order as the width of the infrared absorption
band'®; in TFE, the laser photons are 4 cm ™' out of reso-
nance with the v,, Q branch (for the C, conformer, the pre-
dominant form in the gas phase) at 1076 cm ™', which is
about 2.5 cm ™' in width, compared to AE, =4 + lcm ™"
Most interesting, however, is the fitted value of the param-
eter W.

In Eq. (12), the parameter W is the energy at which
Z1E) = 1/e and the optical coupling matrix element is much
reduced compared to its value for transitions at low internal
energies. There can be several reascns for a reduction in
magnitude of the matrix elements, but a good explanation is
provided if the transition energies shift away from resonance
due to anharmonicity. The value of W depends slightly on
that of the parameter m, but for m = 20, the uncertainty in
W is quite small.

The fact that the value of W is so close to the reaction
thresholds is highly suggestive that anharmonicity intro-
duced by the open reaction channelis plays an important role
in the spectroscopic properties of this highly vibrationally
excited molecule. Although &1 E ) is not a unique function, its
general behavior may provide a good semiquantitative de-
scnption of the optical matrix elements near the reaction
thresholds. Based upon our experience in attempting to sim-
ulate the expenmental data presented here, we conclude
that, within the framework of the Quack theory, the matnx
clements must undergo a drastic change near the reaction
thresholds. If our conclusion is correct, this may be the first
time the effect has been observed in highly vibrationally ex-
cited polyatomic molecules.

The reactions in TFE are HF eliminations that must
pass through molecular configurations starting from single-
honded carbon atoms with sp* hybnidization, through inter-
mediate configurations (i.e., a transition statet, to doubly
honded carbon atoms with sp° hybndizauon. The v,, in-
frared transition at 1076 cm~' is an asymmetnc C-F
stretching mode, a mode that must be affected by a change in
hybndization of the carbon atom: as the hybndization
changes from sp’ to sp®, the C-F bond will be slightly
strengthened. resulting in changes 1n vibrational frequen-
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cigs. Specifically, the 1076 cm ™' C-F stretch mode frequen-
cy in TFE may be compared to the C-F stretch modes in cis-
and trans-1.2,-difluoroethylene (product molecules), which
have frequencies of 1014, 1127, 1123,and 1159 cm ", far out
of resonance with the laser photons. Since every C~F bond in
TFE (even those not directly involved in the HF elimination)
undergoes a change in hybridization when reaction occurs, it
is not surprising that the transition matrix elements for the
C-F stretch modes drastically decrease in magnitude at en-
ergies close to the reaction thresholds.

The primary objective of this work was to determine the
population distributions produced in TFE by IRMPA. Al-
though not unique, the model results probably represent a
very good approximation to the distribution functions, espe-
cially considering the narrow latitudes available for satisfac-
tory simulation of the two data sets. The population distribu-
tions predicted for several laser fluences are presented in Fig.
6alongwithaplotof{ {E). Notethatthe 250cm ™' “binning”
of the calculated results was for bookkeeping purposes and
had no effect on the actual calculation.

The calculated distributions predict that at low and in-
termediate fluences, a significant fraction of molecules re-
mains in the initial thermal distribution, but that fraction
becomes much smaller at higher fluences. At all fluences, the
initial thermal distribution is translated upwards by integral
numbers of photon energies, resulting in a series of peaks
that have about the same width as the initial thermal distri-
bution. Also, the overall dispersion of energies is quite large,
compared to the mean. At high fluences, however, the dis-
persion becomes much smaller, as molecules **stack up’ at
high energies, due to the fall off of £ (£). On a longer time
scale, most molecules will decompose, because they have en-
ergies greater than the reaction thresholds.

These population distnbutions illustrate that IRMPA is
effective in exciting most molecules in the laser beam and
that the distributions are quite broad. For effective use of the
technique in laboratory studies of other molecules, efforts
are necessary to elucidate the distribution functions pro-
duced. Absorbed energy measurements taken alone are not
sufficient to determine the population distributions, since
any of the combinations of assumptions described above
could simulate the optoacoustic experiments.

The combinations of experimental measurements that
are most effective in constraining the computer simulations
are those that measure different attributes of the population
distnbutions. For example, in the present study, the ab-
sorbed energy measurements gave information mostly about
the mean energy (the first moment of the population distn-
bution), while the decomposition yield vs fluence measure-
ments probed the high energy tail of the distribution func-
tion. In Fig. 7, (£ ) is plotted as a function of (n) toillustrate
the direct connection between the first moment of the popu-
lation distribution ar  -he experimental observable. Thus,
the expenimental approach can be based on measuring prop-
erties that depend on the individual momer.ts of the distnbu-
tion function sought.

Some experimental measures that have not been consid-
ered here are the chemical reaction branching ratios to form
the 1somenc ethylene products. Branching ratio measure-
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FIG. 7. Calculated values for (£ ) asafunctionof (n) Notethattheaverage
thermal vibrational energy of TFE at 300 K 15 about 470 ¢m ™'

ments are quite feasible in many systems and, in many cases,
can give useful information. In this system, however, the
reaction threshold energies are so close together that the rel-
ative yields are insensitive to small variations of the param-
eters in Table II. For example, variation of the parameter
“m"” fromm = 15tom = 25 is calculated to change the rela-
tive yield of 1,1-difluoroethylene from =0.14to =0.16. This
variation is too small to be useful in refining the parameter
values in the present investigation.

In the present study, the strategy of using a combination
of experimental techniques to measure different attributes
has resulted in information about the population distribu-
tions formed by IRMPA. This information will be used in
subsequent studies of collisional energy transfer*' and bimo-
lecular reactions. In the following paper.” the calculated po-
pulation distributions are used to predict infrared emission
intensittes, which are then compared to those observed in
experiments.
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- TABLE I: Frequescies and Ankarmoaicities (in cm™') a) H - Hormonic Model
-4 A. Water'! 1
i
o Frequencies (w,) - 1,05 -
\l 3656.65 1594.59 3755.79 3
»
¥ Anharmonicity Matrix (X,) : 1 §
v -42.576  -15933  -165.824 > 1
‘ad -15933  -(6813  -20332 2
' -165.824  -20.332  -47 566 8 ‘ § §
' [} a
.- B. Formaldehyde - 0.95 -
; Frequencies () é )
"v 281142 1755.858 1500.32 1170.224 2861.30 1250.565 4
¢ Anharmonicity Matrix (X)) 0.90 —————
8 -28.95 .15 -23.03 -10099  -19332  -4978 T 7
e 115 9926 -826 -7199 -17.23 6.581 0 10000 20000 20000 40000 50000
o -23.03 -8.26 -1.64 -1.769 6.00 -29.361 Energy (Yavenusbers)
M -10.099  -7199 -1 769 -3.187 -13.35 -2.86
>y -19332  -1723  6.00 -1335  -1797 178}
K™ -49.78 6.581 -29 861 -286 -1763 -1 567 1.10
M ] b} W20 - Separable Model
These expressions define the integration region boundary, and i
) therefore the sampling domain completely encloses the integration 2 L5 A
- region when 3 > 1. When 3 = 1, the sampling domain and the = J
o . . . . . . ., . o]
- integration region are identical, producing 100% sampling effi- Iy
o ciency. °
L For degrees of freedom other than vibrations, a sampling ™
, boundary that closely resembles the integration region boundary =
may be chosen for ease of calculation. [t is not always desirable % 0.95 4
to include high-order effects in the sampling boundaries, because £
> of the computational labor involved. When carrying out the {
N sampling. we will include the higier order effects in calculating 530
- J(g) (see eq 7). In this way, couplings among vibrations, vibra- eR — I " " ’
N tions/rotations, Coriolis coupling, Fermi interactions, etc., are J -0ato 00 0000 40000 50000
b incorporated in the Monte Carlo integration. E~ergy (davenumbers)
L‘.- N Results and Discussion 1,10 w0
g . . ¢) CHZ20 - Hormomic M
b - Monte Carlo Integration. The Monte Carlo sampling algorithm 2 monic Hodel
, and sampling domain described above were tested for accuracy
o by comparisons with exact counts of states based on spectroscopic
' vibrational constants for water and formaldehyde presented in
) Table I.  Although the spectroscopic data were obtained for
energies only up to about 10000 cm™ and they may not be ap-
¥ propriate for higher energies. we have used them at energtes up

10 40000 cm™! solely for the purpose of testing the Monte Carlo
technique. The exact counts were performed by using ihe
Stein-Rabinovitch method with a grain size of 2.7 cm™!

The harmonic oscillator caiculations were performed by using
the tabulated frequencies but seiting all of the anharmonicities 030

o
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Munte (urlo / Exact
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equal to zero: the tests using anharmonic separabie oscillators were "

carried out by keeping the diagonal anharmonicities but neglecting 1000 2acoe 30000 40000 S0c00
N the off-diagonal anharmonicities. We chose not to employ more f-argy (Wavenumbers)
N accurate local mode descriptions of the C-H stretching vibra-
f - tions,' because such descriptions require additional calculations 1.1 -
] and knowledge of the off-diagonal couplings between the stretching b4 7420 - Separsble Model
N> modes and they neglect the other off-diagonal couplings. )
' in Figure 2, the test results are presented as ratios of the Monte - 35 -
@ Carlo results divided by the exact-count results. The error bars 3 T

N were calculated according to eq 8. and they represent £l [n -~ Y . T g T
o all four of the test cases, the ratio of Monte Carlo,exact 1s equal \3 Y Y R $
. to unity within to for most of the data points. Fewer than 5 B It [ 3 .
) une-third of the test points (£ > 0) deviate more than 1o from = 4 - i n

- unity, as expected on the basis of the normal error distnbution. ¥ 4 ¢
- [n other tests (not shown), the results were equally sausfactory, t% 3 A ‘
. and it was found, as expected, that the standard deviation s H
o inversely proporuional to the square root of the number of trals o
o Tests were aiso performed to determine whether the sampling S0 T T —

C domain completely enclosed the integration volume and whether 3 -w300 20630 ccao 40000 3030
o the Jchr_cmble precision was satisfactory. The sampling boundary g~ergy (Yaverumbers)

: was detined as described above. and the parameter J was varied Figure 2. \ccuracy tests. (a) water. harmonic vscillator model. tb)
b 3 water separable anharmonic uscitlator model: (¢) formaldehyde. har-
o monic oscitfator model. 1d) formaldehyde. separable anharmonic vsail-
. st Catd, MS L Lawton, R T Drccuss Faraday Soc 1988 70 270 lator model
%
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TABLE II: Dependence on 3 and Number of Trials

energy  J sum tnals  efficiency, %
Water (Coupled)
10000 1.00 (1.215 £0.006) x {¢) 50000 100
40000 101 (1.234 £0012) x 10° 17532 91
30000 1.25 (1.226 £0019) x 100 25000 19
Formaldehydc (Coupled)
10000 1.01 (6320 £0.075) x 10 100000 92
20000 10! (157340025 x10° 100000 86
30000 101 (13920025 x10° 100000 78
40000 101 (836) £0.157) X 10* 100000 68

10 ensure that the integration volume was completely enclosed by
the sampling domain (Table 1I). Inspection of Table I shows
that for 3 2 1.0 the sampling domain appears to completely enclose
the integration volume. even when the vibrational energy is 40000
cm™', nearly 10000 cm™' greater than the dissociation energy.
When 3 = 1.0, the Monte Carlo sampling is 100% efficient: every
sample point lies within the integration region. When 3> 1.0,
the efficiency is lower, but convergence of the integral is assured,
since points that fall on the boundary are guaranteed to be counted
correctly. For most of the caiculations. d was set equal to 1.01,
which assures convergence of the integral without much sacrifice
of efficiency.

Table 11 also indicates the level of uncertainty that is achievable
with this simple technique for a given number of trials. For the
three-dimensional (3-D) integration carried out for the water
molecule at 40000 cm™!, a 1% relative standard deviation required
17532 trials. [f 200000 trials had been used, the relative standard
deviation would have been ~0.3%. This result can be compared
roughly to that obtained by Farantos et al..® who used stratified
sampling in the 3-D classical integration for ozone with 9800 cm™!
of vibrational energy; they achieved ~0.3% relative standard
deviation by calculating ~ 200000 trials and using more than 150
“strata™. This rough comparison shows that the present simple
method gives results of high precision. without the necessity for
stratified sampling. If the present simple method were to be
employed with a stratified sampling scheme, even greater precision
could be achieved with a fixed number of trials.

Nonseparable Anharmonic Oscillators. These calculations were
carried out by using all of the anharmonicities. The sums of
vibrational states for nonseparable H;0!' and CH,0'? are sig-
nificantly larger than the corresponding harmonic and anharmonic
separable molecules. as shown in Figures 3 and 4. Although each
of these molecules shows significant *local mode” character, the
couplings among all of the vibrational modes are quite significant.
Couplings between the C~H stretching modes can be incorporated
into a local mode description’® that is more accurate than the
“separable model” employed in this paper, but the local mode
model sull neglects couplings between bends and stretches. which
are of fundamental importance in, for example, isomerization
reactions.

It 15 clear from the comparisons in Figure 3 that harmomc
models give good approximations (factors of 2) to the full,
nonseparable descriptions, even at high energy and for strongly
Jnharmonic and coupled molecules. Thus, for fitting RRKM
transition states (with unknown frequencies) to experimental data
for a restricted temperature or energy range, little is gained by
employing the coupled modei. unless the potential energy surface
1s known. Otherwise, the unknown harmonic freouencies can be
“adjusted” to give agreement with the data. Furthermore. the
computatonal speed of the Monte Carlo technique is far less than
that of the Beyer-Swinhart and Stein-Rabinovitch alrogithms

In this paper. we have considered only discrete vibrational states.
based on spectroscopic constants. For this purpose. eq 14 describes
the sampling boundary. For other degrees of freedom and other
intermode coupling schemes. eq )4 must be reptaced by other
¢xpressions. which may make evaluation of the sampling boundary
more ditficult. {n principle. the methods described here can be
exvtended o any arbitrary molecular model, including classical
descriptions Several groups have emploved anharmonic s.ouphng
schemes in classical models of molecules and transiticn states & °
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Figure 3. Influence of anharmonicity and coupling for (a) water and (b)
formaldehyde.
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Figure 4. Sums of states {or nonseparable anharmonic oscillator models.

In future work, such models wili be treated with the Monte Carlo
method described here.

For theoretical czlculations of rate constants from potential
energy surfaces, where the off-diagonal couplings are known. the
Monte Carlo techniques gives highly accurate sums of states.
regardless of the type of degree of freedom or how it s coupled
to other motions of the molecufe. Harmonic models are simpiy
not adequate, since they give sums of states that differ sigmficantly
from the nonseparable model. The mistaken use of harmomc
models could lead 10 significant misinterpretations, if tunneling,
avoided crossings. or some other nonclassical process s invoked.

{n general, open reaction channels introduce dramatic anhar-
monic coupling, which 1s usually nonseparable: accurate calcu-
lations require nonseparable models under these circumstances.

119) For example. see: (a) Bhuiyan. L. B, Hase. W L. J Chem Phis
1983 79 €052 (b)Y Wardlaw. D M Marcus. R A J Chem Phis 1988,
¥4 134 and references cited theren
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Thus, the Monte Carlo techniques may find wide use 1n describing
van der Waals complexes. energy-transfer “complexes™. and
transition-state properties at and above the critical energies for
reaction, espectally when the reaction is studied over wide energy

and temperature ranges.

Conclusions

A peneral Monte Carlo technique for high-dimensional integrals
is described and applied to calculations of sums of states (or
nonseparable anharmonic molecules. The method can be applied
to sampling domatns with complicated boundaries, and it has an
efficiency that can equal unity in realistic applications. When
applied to the spectroscopically determined properties of real
molecules. the results show that the calculational technique gives
accurate results and relative standard deviations comparable with

~

> YRGS

those ubtained by a modern strauficd sampling method. which
15 much more complicated to implement. '

The sums of states for the nonseparable vibrations of H.Q and
CH.O are significantly different from those for the separable
vibrations.  Harmonic vibrations are probubly acceptabie for
empirically fiting RRKM models 1o experimenty) data. but
theoretical calculations of rate constants and Iifetimes muyst
properly account for the nonseparable characteristics of the po-
tential energy surface. The Monte Carlo technique described here
15 suitable for such calculations.
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Vibrationally excited populations from IR-multiphoton absorption.
II. Infrared fluorescence measurements®
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Infrared emission spectra were obtained for 1. |, 2-tnfluoroethane (TFE) excited by infrared
multiphoton absorption (1079.85 cm ~'). The emussion features show that the HF reaction
product is formed in vibrational states up to about v = 3. Furthermore, emission attributed to
F-C=C-H was observed near 3320cm ', indicating that the difluoroethylene primary products
of TFE decomposition undergo secondary photolysis; since the difluoroethylene products at
room temperature do not absorb laser light, they must be formed vibrationally excited. The
emission from the C-H stretch modes of TFE was readily identified near 2980 cm ~' and the
emission intensity was obtained as a function of laser fluence. These data are in exceilent
agreement with predictions based on the theoretical expression for fluorescence intensity and the
reconstructed populations determined by the Master Equation calculations described in the
preceding paper. These results provide additional support for the accuracy of the reconstructed
popuiation distributions and for the theory relating infrared fluorescence intensity to total

vibrational energy in polyatomic molecules.

INTROOUCTION

In the preceding paper,' results from two experimental
techniques were used in conjunction with a Master Equation
model® to determine the population distributions produced
by infrared multiphoton absorption (MPA). The experimen-
tal techniques used were optoacoustic measurement of ab-
sorbed laser energy’ and VLP®* measurement of infrared
multiphoton decomposition {IRMPD) yields.® Although
these techniques enabled us to reconstruct the apporoximate
population distributions produced by MPA, they do not
probe directly the population of molecules excited to ener-
21es below the decomposition threshold.

In situ experimental techniques that directly monitor
the vibrational energies of highly vibrationally excited mole-
cules in their electronic ground states are relatively scarce.
For small molecules, laser induced fluorescence® and Ra-
man spectroscopic methods’ are appropnate, but for large
molecules with high densities of states. UV absorbance™™'"
and infrared fluorescence'*""* |IRF) have proved to be effec-
tive. Each of these methods requires a calibration curve that
relates the observed signal to the vibrational energy.

For the [RF techniques. the calibration curve relating
intensity to vibrational energy can be calculated from vibra-
tional spectroscopic theory, or it can be derived from expen-

“ Allof the expenmental work was carned out at SR Inernational and was
supported by the U S Army Research Office
" Address correspondence to this author

; Crem Phys 8312) 15 December 1985 J02'-9606/85/246261-07802 10

ments. An important motivation for the present experiments
is to test the theoretical predictions of IRF intensity against
measurements performed using MPA to produce known
populations of excited molecules. Validation of the theoreu-
cal expression in the present experiments supports theoreti-
cal calculations of infrared emission spectra of highly excited
molecules. Such calculations find many uses, including sim-
ulations of IRF from interstellar molecules excited by ab-
sorption of starlight.'*

The experimental approach in the present work 1s to
obtain time- and wavelength-resolved IFF data as functions
of laser fluence and collider-gas pressure. By extrapolating
the decay curves to the time ongin, the initial [RF intensity
can be compared to that predicted by vibrational spectro-
scopic theory and the Master Equation descnbed in paper [.
In the third paper of this series,'® the calibration curve 1s
used to monitor collisional energy transfer and determine
the energy and temperature dependences of the energy trans-
fer step size.

EXPERIMENTAL

Most of the experimental details are descnbed in paper
I. Briefly, high power TEA CO. lasers operating on the 9 b
um R122) line 11079 85 cm ™'} were used to excite 1, 1. 2-
tnfluoroethane. Laser energy was measured with a volume-
absorbing calonimeter and fluence was calculated from the
measured energy and the laser beam cross-sectional area.
Gas pressures were measured with a capacitance manome-
ter.

< 985 Amer.can nstitute of Physics 526"
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The cell used for the IRF experiments was the same as
that used for the optoacoustic measurements in paper [. The
fluorescence was viewed through a KCl side window by a
liquid nitrogen cooled two-color infrared detector (Infrared
Associates, Inc.), which consists of an InSb detector overly-
ing a HgCdTe photodiode. Each detector layer is equipped
with a separate preamplifier and biasing circuit. The InSb
layer is sensitive from 1 to 5.5 um; at longer wavelengths it is
transparent, allowing the HgCdTe detector to respond to
wavelengths from 5.5 to 16 um. In the present experiments,
only the InSb portion of the detector was used. The originai
time response of the InSb detector/preamplifier was 1-2 us,
but it was susceptible to electrical interference from the la-

sers; thus it was modified to give a slower time response (5—6
us) and less susceptibility, although there is still some evi-
dence of electrical “'ringing”. With this modification and due
to the ringing, accurate measurements were limited to decay
rate constants slower than about 7x 10* s~'. The signal
from the InSb detector/preamplifier was captured using a
transient recorder (Biomation 805) and signal averager INi-
colet 1072) interfaced to a laboratory computer (see paper I
for details).

Waveiength resolution was achieved using a three-seg-
ment circular variable filter IOCLI) mounted in a custom
Dewar with the detector and cooled to 77 K. The slits were
1.5 mm, giving a resolution of about 2% of the center wave-
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length. This resolution is sufficient to distinguish C-H
stretch emission bands from HF emission and other interfer-
ences. The filter bandpass and relative wavelength calibra-
tion iwavelength vs rotation angle} were determined using an
infrared spectrometer. Absolute positioning of the rotation
angle was achieved by observing the CO, laser line at 9.26
um and fluorescence from CO, near 4.2 um. We estimate the
absolute wavelength calibration to be accurate to within
~20cm ™"

RESULTS AND DISCUSSION

A survey of the IRF emission was carried out for wave-
lengths from about 2000 to 4000 cm ™' and laser fluences

from 0.6 to 1.95J cm ~ 2. In these experiments, a 1/1 mixture
of 1, 1, 2-trifluoroethane (TFE) in argon at a total pressure of
32-40 mTorr flowed slowly through the cell. Argon was
added to slow the rates of diffusion and thermal conductiv-
ity, and to moderate the temperature excursions. The laser
pulse repetition frequency was 0.2-8 Hz, depending on laser
fluence, and care was taken not deplete the TFE by more
than a few percent. Depending on signal strength, between
50 and 15 000 laser shots were accumulateed for each IRF
decay curve to improve the signal/noise ratio.
Fluorescence decay curves were obtained at wavelength
intervals of 50~100 cm ~ ' and a few representative examples
are presented in Fig. 1-3. Figure 3 shows a relatively simple
exponential decay, while Figs. 1 and 2 show more complicat-
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FIG 4 Time-resolved infrared emission
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{ FIG. S. Time-resolved infrared emission
i spectrum. 20 mTorr TFE and 20 mTorr
; argon, ® = 1.17J cm =2, estimated uncer-
| tainties are + 10%. Note the different
i wavelength scale and see Fig. 4 for key.

|
|
!

—

-Eele! 25cC 23c3 3322
t
3\
)

NAVELENGTH (tm’

ed behavior that is evidence for a collisional cascade. All of
the decay curves were individually least-squzres fitted by
sums of exponentials. By combining the fitted results, we
obtained the time- and wavelength-resolved spectra present-
ed in Figs. 4-6, which correspond to low, medium, and high
laser fluences, respectively.

Inspection of Figs. 46 reveals three distinct spectro-
scopic features at 2980, 3320, and 3500-3800 cm ™', in addi-
tion Fig. 5 shows continuum emission between 2100 and
2500 cm ', which may be due to the so-called "*quasicontin-
uum",'” which consists of overtone and combination bands.

The intensity of the broad feature near 3800 cm ™' in-

iy

3720 4120

creases dramatically with laser fluence. The wavelength cor-
responds to that of the P branch of HF, which is a primary
reaction product'®; the wavelength range of the CVF is not
sufficient to observe the Q branch. This feature changes
width and center frequency as a function of time, indicating
that several vibrational levels of HF are initially formed in
the decomposition of TFE and a vibrational cascade ensues.
The detailed shapes of the decay curves in Figs. 1 and 2 are
explained by the shift and broadening of the 3800 cm ~' fea-
ture. Comparisons of the observed spectra and those for ex-
cited HF reported, or discussed in the literature'® indicate i
that levels up to about v = 3 are significantly populated in |

INTUMSITY (Srtateary)

)

\ FIG. 6. Time-resolved infrared emission
\ spectrum. 20 mTorr TFE and 20 mTorr

argon, ® = 1.95J cm ~¢, esumated uncer-
\ tainties are + 10%. See Fig. 4 for key.
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the decomposition reaction. A more detailed analysis 1s be-
vond rae scope of the present work.

The ongun of the feature at 3320 cm ™' is uncertain, but
it only appears at very high fluences and is about the same
frequency as the C-H stretching mode in acetylene.®® Thus,
we tentatively conclude that it anses from vibrationally ex-
cited F-C=C-H produced by secondary photolysis of di-
fluorethylene products from the pnmary dissociation:

CF,H-CFH, + nhv—CF, = CH, ~ HF 1A)
—+cis- or trans-CFH = CFH ~ HF (B)
—CF-CFH, + HF
—cis- or trans-CFH = CFH + HF , \C)
Diflucroethylene(vib.) + mhv—F-C=C-H + HF . D)

The secondary photolysis [process (D)) can only occur
with vibrationally excited molecules, because the room tem-
perature diffuoroethylene products do not absorb at the laser
wavelength, as discussed in paper L. It is interesting to note,
then, that both products of the photolysis must contain sig-
nificant amounts of vibrational energy. Because of the
strained three- and four-center cyclic transition state struc-
tures, it is expected that vibrationally excited HF and di-
fluoroethylene will be produced, but the extent of excitation
and the apportionment of energy varies, depending on the
particular reaction channel.’® For example, the slightly
higher energy three-center pathway (C) requires isomenza-
tion of the carbene primary product to form diflucroethy-
lene and the difluoroethylene produced by this channel is
apportioned more vibrational excitation than the four-cen-
ter channels.

The spectroscopic feature at 2980 cm ~ ' corresponds to
the C-H stretching modes in TFE.?' The C-H stretching
modes in cis- and trans-difluoroethylene have frequencies™
near 3100 cm ™' and cannot contribute to the 2980 cm
feature. The monotonic decay curves at this frequency (see
Fig. 3i indicate relatively simple collisional deactivation of

the excited TFE and they can be accurately fitted with a
single exponential decay. The empirical fitting on the decay
curves is used in the present work only for the purpose of
extrapolation to obtain the initial intensity: collisional deac-
tivation of TFE is discussed in paper I11.' The experimental
IRF decay curves for 2980 cm ™' were fitted by a single expo-
nential with the Bevington version of the Marquardt nonlin-
ear least squares algorithm.*> The first 6 us of the decay
following the laser pulse was neglected {see above) and the
least-squares result was extrapolated to ¢ = 0 in order to ob-
tain the initial IRF intensities. The initial intensities were
normalized according to the partial pressure of TFE, and the
results are presented vs laser fluence in Fig. 7.

For comparison with the experimental results, the IRF
intensity was calculated by using the population distribu-
tions reconstructed in paper [ and the theoretical expression
for the microcanonical IRF intensity. The theoretical
expression relating IRF intensity to vibrational energy in
polyatomic molecules has been discussed elsewhere in de-
tail.”'?!? The expression is written

Modes Ymas
{E)=N,X Y mv.4° 3 vp,_([E—vhv,)/p,E), )
1= 1
where ¥, is the number of excited molecules, 4 is the
Einstein coefficient for emission from the fundamental of the
ith mode, v is the occupation number of the ith mode, v, is
the maximum occupation number for vibrational energy
E, p,(E)is the density of vibrational states for all s vibration-
al modes, and p, _ , |[E — vhv,) is the density of states for the
s — 1 modes, not including the emitting mode and the energy
contained in it.

Briefly, the theoretical expression is based on the funda-
mental relationship between IRF intensity and vibrational
quantum number,*’ and it incorporates two assumptions: (1|
the harmonic oscillator approximation relating Einstein co-
efficients for higher vibrational levels to that for the funda-
mental and (2} the ergodic assumption, which states that the
vibrational energy is statistically distnbuted among the vi-
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b, brational modes on the time scale of the fluorescence (micro- that the Master Equation from paper [ and Eq. (1) constitute
seconds). The accuracy of this expression also relies on the a self-consistent description of the resuits from three inde-
f: densities of states calculations, which can be carried out us- pendent experimental techniques. Considering the highly
23 ing exact-count algorithms. constrained parametrization of the Master Equation as de-
:; - For the theoretical prediction of IRF irtensity vs vibra- scribed in paper I and the fact that Eq. (1) accurately de-
2 tional energy, the Stein-Rabinovitch method of exact scribes IRF in other systems as well as in this one, we con-
L counts®* was used to obtain the densities of states, based on clude that the reconstructed population distributions are
: the vibrational assignments for TFE.?' The hindered inter- good representations of the actuval distributions and that
"-J nal rotation was treated as a vibration in these calculations. IRF can be confidently used to monitor vibrational energy in
'-_', The Einstein coefficients for the fundamental transitions are TFE excited by multiphoton absorption. This technique is
- not known and they are included in the undetermined scale used in paper [II to determine energy-transfer properties of
:} factor, which also depends on the experiment geometrical TFE.
. configuration, detector sensitivity, amplifier settings, etc. In
Fig. 8, the predicted microcanonical dependence of IRF in- ACKNOWLEDGMENTS
o tensity on vibrational energy is presen.ted in.alrbitrary units. The authors gratefully acknowledge financial support
e To compare the predicted IRF intensities with those 50 1he U, S. Army Research Office. JIMZ acknowledges a
- observed at different laser fluences, the population distribu- ¢}, <hip from the Swiss Fonds National, and TCB thanks
o tions from paper I were used with the microcanonical IRF ¢ 1 ging at the University of Adelaide for his support and
s intensities to obtain ensemble-averaged IRF intensities vs encouragement. Many of the numerical calculations were
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Oy port for the reconstructed population distributions obtained laboratory.
- in paper L. This is a legitimate point of view in that Eq. (1) has
oS been successfully tested is several other systems on other
e molecules,'*"’ supporting the inference that it should accur- 15y Zellweger. T C Brown. and J R Barker. ] Chem Phys 83, 6251
* ately describe IRF in the molecule TFE. The other point of (198$)
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Vibrationally Excited Populations from IR-Multiphoton Absorption. 3. Energy Transfer
between 1,1,2-Trifluoroethane and Argon'

Jean-Michel Zellweger,

Department of Chemical Kinetics. Chemical Physics Laboratory. SRI International,
Menlo Park, California 94025

Trevor C. Brown,
Department of Chemical Engineering. University of Adelaide. G.P.O.. Adelaide. South Australia 5001

and John R. Barker*

Department of Atmospheric and Oceanic Science, Space Physics Laboratory, University of Michigan,
Ann Arbor. Michigan 48109-2143 (Received: July 22, 1985)

Infrared multiphoton absorption at several laser fluences (1079.85 cm™') has been used to generate vibrationaily excited
1.1.2-tniflucroethane molecules at energies below the reaction threshold. A technique is demonstrated 1n which collisional
deactivation of the vibrationally excited molecules by argon was monitored with time-resolved infrared fluorescence from
the C-H stretch modes. The experimental results were simulated by using a full collisional master equation treatment that
incorporated Quack's theory of multiphoton absorption, as parameterized elsewhere for TFE, and a calibration cuive relating
fluorescence to vibrational energy (previously determined for TFE). When the exponential model for collision transition
probabilities was used, the simulations gave (JAE), = (200 & 20) + (0.005 £ 0.002)E, where (AE), is the energy step size
(cm!) for deactivating collisions by argon and £ is the vibrational energy of the excited TFE. The simulations showed that
(AE)4 has a significant energy dependence. but it does not exhibit a detectable temperature dependence over the range from
about 400 to 1000 K. In the [ntroduction, current research activities by several workers active in the area of large molecule
energy transfer are briefly surveyed.

Introduction
Recently, three major questions and several lesser ones have

vibrational energy of the highly vibrationally excited malecule.
and (3) how (AE), varies with the collider bath gas temperature.

arisen about vibrational energy transfer involving large molecuies.
These questions are all concerned with ( A£ ), the average amount
of energy transferred in deactivating collisions, which is related
by microscopic reversibility and detailed balance to (AE), the
average amount of energy transferred in both activating and
deactivating collisions.! The major questions are concerned with
(1) the magnitude of (AE),, (2) whether (AE), depends on the

* All of the experimental work was carried out SR1 International.

Few energy-transfer systems have been examined in enough detail
to address any of these questions and the conflicting results may
stem from the different molecules studied, or from undetected
experimental artifacts.

One of the best approaches to determining the actual reliability
of experimental data is to compare results from several different

(1) For an interesuing discussion of the relative merits of citing (AE) or
(AE),, see Gilbert, R. G. Chem. Phys. Lert. 1982, 83, 21.

0022-3654/86/2090-0461801.50/0 © 1986 American Chemical Society ¢
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for making contributions to our knowledge o

involving large molecules.'® In addition, mf@&?ﬁ&fﬁﬁ
energy® in the energy-transfer act is being investigated by cold-
gas-filter experiments'” and by time-resolved laser diode absorption
measurements.'® The development and application of these
techniques promise to improve vastly knowledge of energy transfer.
In the following sections, we will describe the use of infrared

N experimental techniques. This was one of the primary motivations
of our work on azulene,’ which employed visible and UV laser
photoexcitation to prepare the vibrationally excited molecules at
selected energies and time-resolved infrared fluorescence to
monitor their collisional deactivation. These experiments on a
nonreactive system were intended to test and extend the large body
of energy-transfer data obtained in unimolecular reaction rate
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- studies.’ multiphoton absorption (MPA) t0 prepare ensembles of vibra-
_:‘ Recently, Hippier, Troe. and co-workers* have also investigated tionally excited molecules, which can be monitored by infrared
- photoexcited azulene at one excitation energy, but they monitored fluorescence (IRF).

S the deactivation by time-resolved UV-absorbance techniques and
L, reached slightly different conciusions. Specifically, both studies Multiphoton Absorption/Infrared Fluorescence Technique
\ agree that the magnitudes of (AE), in the azulene system are ) o '

‘ somewhat smaller for efficient colliders than estimated on the basis Infrared multiphoton absorption is fairly general, in that many

of unimolecular reaction rate studies, but Hippler, Troe, and
co-workers concluded that (AE), is essentially independent of
vibrational energy content, contrary to our conclusions, but in
agreement with their own work on other molecules.’

Not all UV-absorbance experiments give energy-independent
values for (AE),. Experiments by Troe and co-workers® on
triatomic molecules give values for (AE), that depend dramatically
on internal energy. Also, in time-resolved UV-absorbance ex-
periments carried out by Nakashima and Yoshihara on benzene’
and hexafluorobenzene.! the results indicate that (AE ), is directly
proportional to internal energy. Thus experiments using infrared
fluorescence on these molecules would provide another useful
comparison.

In a second controversy concerning the properties of (AE),,
different studies have arrived at significantly different conclusions
about its temperature dependence. It was concluded on the basis
of infrared fluorescence experiments® that (AE), shows a slight
decrease in magnitude as the collider bath gas temperature is
raised. On the other hand, multiple-channel unimolecular reaction
studies indicate a very strong decrease in magnitude of (AE),
with temperature,” while UV-absorbance experiments indicate a
weak temperature dependence that can change sign depending
on the efficiency of the collider.'® There is no clear explanation
for these differences. and new experimental techniques may help
to resolve the conflicts.

In a number of different laboratories, new experimental tech-
niques for energy-transfer studies are under development. For
example, photoexcitation based on laser pumping of high overtones
of the C-H stretching vibrations in potentially reactive molecules
has recently been applied in efforts to determine energy-transfer
properties.' 12 Also, several versions of crossed molecular beam
experiments are under study in at least three different labora-
tones.'™'%  Time-resolved optoacoustic methods also show promise

(2) (a) Smith, G. P.; Barker, J. R. Chem. Phys. Lets. 1981, 78, 253. (b)
Rossi, M. J ; Barker. J. R. Chem. Phys. Lett. 1982, 85, 21. (c) Barker, J. R.;
Rossi. M. J.; Pladziewicz, J. R. Chem. Phys. Lets. 1982, 90, 99. (d) Rossi,
M. J., Pladziewicz, J. R.; Barker, J. R. J. Chem. Phys. 1983, 78, 6695. (e)
Barker. J. R. J. Phys. Chem. 1984, 88, 11. ([) Barker, J. R.; Golden, R. E.
J Phys. Chem. 1984, 88, 1012. (g) Forst, W.; Barker. J. R. J. Chem. Phys.
1988, 83, 124

(3) (a) Tardy, D. C.; Rabinovitch, B. S. Chem. Rev. 1977, 77, 369. (b)
Quack. M.; Troe, J. Spec. Period. Rep., Chem. Soc. 1977, 2, 175.

(4) (2) Hippler, H. Ber. Bunsenges. Phys. Chem. 1988, 89 1304 (b
Hippler, H.. Lindemann, L.. Troe, J. J. Chem. Phys. 1988, 83, 3906

(5) (a) Hippler, H.; Troe, J.. Wendelken, H. J Chem. Phys. Lett 1981,
54, 257. (b) Hippler. H.. Troe. J.. Wendelken, H. J. J Chem. Phys 1983,
78.6709. (c) Hippler, H.. Troe, J.. Wendelken, H. J. J. Chem. Phys 1983,
73.6718.

16) (a) Dove, J. E.. Hippler, H; Troe, J. J. Chem. Phys. 1988, 82,1907
(b) Hippler, H.; Nabr, D_; Troe, J., to be submitted for publication.

(7) Nakashims, N.; Yoshihara, K. J. Chem. Phys. 1983, 79, 2727

(8) Nakashima, N.; Yoshibara, K. J. Chem. Phys., in press.

(9) (a) Krongauz, V. V; Rabinovitch, B. S. J. Chem. PAys. 1983, 78, 3872,
(b) Krongauz, V. V.; Rabinovitch, B. S.. Linkaityte-Weiss. E. / Chem. Phys
1983, 78, 5643, and references cited therein.

(10) Heyman. M.. Hippler, H.. Troe. J. J. Chem. Phys 1984, 80, 1853

(11) (a) Chandler, D. W_; Farneth, W. E.. Zare, R. N. J. Chem. Phys
1982, 77, 4447. (b) Chuang. M. C.; Baggott, J. E.. Chandler. D W ; Zare,
R. N. Faraday Discuss.. Chem. Soc. 1982, 75. 17 (c) Chandler. D W .
Miller, J. A. J Chem. Phys. 1984, 81, 455. (d) Snavely. D L. Zare. R N,
private communication.

(t2) Rizzo. T R Crim. F F J. Chem. Phys 1982, 76, 2754

(1)) Coluss, A. J., private communication.

molecules absorb light from high-power CO, lasers. A large
fraction of the irradiated molecules are excited by the laser light,
but the resulting distribution function is broad and must be
characterized, as in the first paper of this series.!® The carliest
applications of the infrared pumping technique analyzed the effects
of pressure on muitiphoton dissociation yields.®2' The analysis
is quite complex, because the laser puise shape and the extreme
temperature excursions after the pulse both play important
roles.?’?2  Moreover, the interpretation depends critically on
accurate knowledge of the specific unimolecular rate constants,
which must be determined in separate experiments. Nonetheless,
the energy-transfer results showed considerable promise.

The present energy-transfer experiments differ from the earlier
dissociation yield techniques in several important ways. The most
important difference is that the energy-transfer measurements
do not depend on reaction yield measurements, but on infrared
fluorescence from nonreacting molecules. Also, milder conditions
are used, leading to much smaller temperature excursions, casing
interpretations of the resuits. There is the added benefit that the
laser pulse shape is not important in the data analysis and uni-
molecular rate parameters need not be known with great accuracy.
However, the dependence of infrared fluorescence intensity on
internal vibrational energy must be known from experiment or
from theory.?® In the second paper of this series, the theoretical
expression relating IRF intensity to vibrational energy was com-
pared to experimental results obtained from infrared multiphoton
absorption, and the comparison showed very good agreement.¢
Thus, the basis for energy-transfer experiments has been estab-
lished.

The approach in these experiments is to use multiphoton ab-
sorption to prepare nonreactive ensembles of vibrationally excited
1,1,2-triflucroethane (TFE) molecules (the initial population
distributions are known with good accuracy, based on the results
of paper t). The collisional deactivation of the excited molecules
is monitored by time-resotved IRF from the C-H stretching modes.
By varying the gas pressure. the deactivation rate can be varied
systematically, and by changing gas composition, the temperature
excursions can also be controlled. Thus, investigation of the effects
of laser fluence and of gas composition enables us to determine
the dependence of (A£), on vibrational energy and on temper-
ature.

Because of the temperature excursions and because the initial
population distributions are relatively broad, a master equation
treatment is used in data analysis. The master equation imple-
mentation used to simulate the experimental data has been de-

(14) Oref, 1., private communication.

(15) Rabinovitch, B. S., private communication.

(16) Beck, K. M. Ringwelski, A.; Gordon, R. J. Chem. Phys. Let1. 1988,
121,529.

(17) Viahoyanms. Y. P Koshi, M.; Gordon, R. J. /. Chem. Phys.. in pres.

(18) Jalenak, W.. Weston, R. E., Jr.; Sears, T. J.: Flynn, G. J. Chem. Phys.
1988, 83, 6049.

(19) Paper I: Zellweger, J.-M_; Brown, T.C.. Barker, J. R. J. Chem. Phys.
1988, 83, 6251. this paper describes the photophysics.

(20) Baldwin, A. C: van den Bergh, H. J. Chem. Phys. 1981, 74, 1012.

t21) Brown, T. C.. Taylor, J. A.; King, K. D.; Gilbert, R. G. J. Phys.
Chem. 1983, 87, 5214,

(22) Barker, J. R. Chem. Phys. 1983, 77, 301.

(23) Durana. J. F: McDonald. J. D. J. Chem. Phys. 1976, 64, 2518.
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Figure 1. Reconstructed population distributions. These population
distributions are from the master equation treatment, as parameterized
in paper [. For comparison, the 300 K thermai distribution (X 1,2) is
shown in the \op panel.

scribed in detail elsewhere.X2 Recent improvements described
in paper [ consist of using exact-count densities of states, rather
than the Whitten-Rabinovitch approximation, and incorporating
Quack's theory of infrared multiphoton absorption.? Paramet-
erization of the theory to fit infrared multiphoton absorption by
TFE allowed us to reconstruct the population distribution produced
by a selected laser fluence.'’

Although the experimental population distributions are not
uniquely determined by the master equation simulation approach,
the theoretical reconstruction is a good approximation and is used
as input in the energy-transfer simulations. It was shown in paper
{1 that the reconstructed populations could be coupled with the
theoretical expression for IRF dependence on vibrational energy
to accurately predict the observed IRF intensity produced by laser
fluences up to about 2 J cm~2.2¢

Examples of the reconstructed population distributions for TFE
are presented in Figure |. These populations show the broad
distributions often predicted by most models for infrared multi-
photon absorption, but there are additional features that are of
interest. At low fluences, significant numbers of molecules remain
in the initial thermal distribution and are not pumped up the
ladder. This feature is a direct consequence of the behavior of
Quack case C,” which dominates in the sparse density of states
region at low energy. At very high fluences, the population
distributions tend to “stack up” at high energies and become much
narrower. This effect is due to a pumping “bottleneck” caused
by the anharmonic shift of the pumped vibrational mode (a C-F
stretch).'® The anharmonicity is large for energies near the re-
action threshold, because the electronic hybridization of the carbon

(24) Paper 1I: Zellweger, J.-M.; Brown, T. C.; Barker, J. R. J. Chem.
Phys. 1988, 83, 6261; this paper describes the infrared fuorescence observed.
(25) Quack, M. Ber. Bunsenges. Phys. Chem. 1981, 85, 318 (for a treat-
ment that considers fluence-dependent fncuomuon of pumped and non-
pumped molecules, 300 Jang, J. C.; Setser, D. W.; Danen, W. C. J. Am. Chem.
Soc. 1982, 104, 5440).
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Figure 2. Infrared emission spectra. From the experiments in paper 11,
these time- and wavelength-resolved curves correspond to about 20 mtorr
of TFE diluted in 20 mtorr of Ar and pumped at 107985 cm™' with a
laser fluence of 1.2 J cm™. The first spectrum (top solid line) is 8 us after
the pulse, and each succeeding spectrum occurs 10 us later.
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Figure 3. [nfrared fluorescence decay curve. Emission at 2980 cm™ from
9 mtorr of TFE diluted in 81 mtorr of Ar and pumped with a laser
fluence of 1.07 J cm™% the least-squares decay rate constant is (4 09 %
0.22) x 10*s7".
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atoms changes from sp’ to sp? as the molecule reacts by HF
molecular elimination.

Experimental Section

The experimental apparatus and techniques are the same as
those used in papers [ and [I. Briefly, a high-power pulsed CO,
laser tuned to the 1079.85-cm™' transition is used to excite
1,1,2-trifluoroethane (TFE) diluted in argon. Infrared fluorescence
from the C-H stretch modes of TFE is used to monitor the
collisional deactivation of the excited molecules. The IRF is
spectrally isolated with a circular variabie fiiter set at 2980 cm ™.
The resolution of the filter at this wavelength is about 60 cm™',
sufficient to cleanly distinguish the C-H [RF from HF fluores-
cence and other interferences, as shown in paper 11, where time-
and wavelength-resolved IRF spectra were obtained; an example
is presented in Figure 2. The IRF is monitored by using the InSb
portion of a two-color infrared detector (Infrared Associates, [nc.)
and the signal is captured with a transient recorder/signal averager
interfaced to a laboratory computer. The overall time constant
of the detector, amplifiers, and digital electronics is 1-2 us, but
the first 4-6 us of the signal is obliterated by clectrical interference
from the pulsed laser.

Resuits and Discussion

A typical IRF decay is presented in Figure 3, which shows the
effect of the electrical interference. This decay curve was obtained
with 1030 laser shots and it illustrates that the signals are quite
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Figure 4. Infrared fluorescence decay rate constants. The four solid
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from top to bottom. The experimental points show one standard devia-
tion uncertainties.
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Figure 8. Final temperature after equilibration. Calculated by using the
master equation for 9 mtorr of TFE diluted in argon. From top to
bottom, the four curves correspond to 81, 120, 225, and 358 mtorr of
argon.

noisy, even with extensive signal averaging. Nevertheless, a
nonlinear least-squares?® fit of the data beginning 6.6 us after the
laser pulse (which occurs at 29 us) gives the decay constant with
an uncertainty (£1¢) of only about 5%. This level of precision
is adequate for present purposes, but it is not sufficient to detect
more subtle effects, such as deviations from exact exponential
decay.

To demonstrate the application of the technique, a series of
experiments was performed using 9 mtorr of TFE diluted in
various pressures of argon ranging from 81 to 358 mtorr, and laser
fluences up to about 2 J cm~2. These data are presented in Table
{ and Figure 4 in the form of least-squares-determined decay rate
constants and their associated uncertainties. Rate constants
greater than about 2 X 10° s~' are unreliable, because of electronic
response time limitations. At low fluences, the IRF intensities
are very low, resulting in increased uncertainty.

For the higher pressures of argon and lower fluences, the gas
temperature after equilibration is relatively low, but for high
fluences and low pressures of argon, the temperature excursions
are quite large, as depicted in Figure 5. Thus, the decay rate
constants may reflect both dependence on internal vibrational
energy and dependence on collider gas temperature. At the lower
argon partial pressures, collisions between two excited TFE

(26) Bevington, P. R. “Data Reduction and Error Analysis for the Physical
Sciences™. McGraw-Hill. New York, 1969: p 237.
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EABLEI: Iafrared Fluorescencs Decay Rates a3 a Functien of Lager
uence

fluence, J cm™? decay rate, 10% ¢!
81 mtorr of Argon

0.21 5.10 £ 0.65
0.31 5.74 £ 0.41
0.48 492 £ 0.3§
0.68 468 £0.28
0.86 471 £0.22
1.07 409 £0.22
111 362021
1.46 367 £0.17
1.49 325+£0.28
2.00 295+£0.18
120 mtorr of Argon
033 8.71 £ 0.61
0.49 6.57% 0.49
0.73 6.26 £ 0.37
0.97 5.57 £ 0.35
1.43 4.65 £0.29
2.25 336 £ 0.2C
225 mtorr of Argon
0.30 10.75 £ 1.54
0.66 10.00 + 0.54
0.85 9.35 £ 0.41
1.06 7.69 £ 0.49
1.33 6.52 £ 0.31
1.62 6.52 £0.36
1.98 491 £ 0.20
358 mtorr of Argon
0.66 1260 £ 1.75
0.92 14.95 £ 0.98
1.19 11.40 £ 0.81

molecules become more probable, complicating the interpretation
still further.

For all of the simulations, the functional form of (AE)4 was
assumed to be the same as that used in previous work:

(AE)q = B{T /3001 + vE (n
where 8, v, and n are parameters, T is the temperature, and £
is the vibrational energy.

For computer simuiation and interpretation of the resuits, we
arbitrarily assumed that the ( AE)4 parameters for collisions with
TFE can be approximated by those for azulene.d This assumption
can be tested against experiment (see below) and it is not serious
as long as deactivation by argon collisions is dominant. The
assumed Lennard-Jones collision parameters are o = 5.28 A and
¢/K = 323 for TFE, and ¢ = 3.54 A and ¢/K = 93.3 for argon.

For simulation of the results, the following iterative procedure
was used. First, the data set for 225 mtorr added argon was
simulated, assuming no dependence of (AE)4 on temperature.
Here, the data set covers a wide range of fluences and the tem-
perature excursions are relatively small due to the large amount
of argon diluent. This simulation gives information mostly about
the energy dependence of ( AE),, as distinguished from the tem-
perature dependence, because the initial population distribution
of vibrationally excited TFE is controlled by varying the laser
fluence and the temperature excursions are not too great. Next,
the data set at 81 mtorr of added argon is simulated, including
the (AE)4 temperature dependence, if necessary. Here, the
temperature excursions are large, providing a test for temperature
dependence. Last. we return to the first step, if necessary, and
refine our fitting of the 225-mtorr data based on a (AE)g, which
depends on both energy and temperature. This iterative refinement
procedure resuits in an expression for ( AE), that adequately fits
both the 225-mtorr added argon data and that for 81-mtorr added
argon. The data sets obtained at other pressures of added argon
provide additional tests of the simulation.

Following the prescription given above for fitting the experi-
mental data, it was found that an energy-independent (AE)4
simply does not fit over the entire fluence range investigated.




vibrationally Excited Populations

However, the parameters 8 = 200 cm™' and energy depcndence
y = 0.005 gave a good fit over the entire range. In applying these
same parameters to the 81-mtorr argon data set, it was found that
the resulting agreement was very close to the expenimental data,
indicating that (AE)4 does not depend on temperature in this
energy-transfer system. at least for temperatures between 400 and
1000 K. The calculated results are presented in Figure 5 as solid
lines joining the calculated points. Inspection of the figure shows
that all of the data sets are adequately represented by the single,
temperature-independent expression:

(AE)q = (200 % 20) + (0.005 £ 0.002)E 2)

where the energies are expressed in cm™ and the uncertainties
are estimated as the limits of acceptible simulations (future im-
provements in data treatment may include better means for es-
timating uncertainties). The simulations seem to underestimate
the decay rate constants slightly, but the overall agreement be-
tween experiments and simulations is very good.

The very good agreement between simulations and experiments
indicates that our starting assumption about the parameters for
TFE colliding with TFE is not seriously in error. The relative
importance of such collisions increases more than fourfold in going
from the 358-mtorr argon data set to that for 81-mtorr added
argon, but it is still small. The slight underestimate of the rate
constants may, however, be due to a small underestimation of the
parameters for TFE-TFE collisions.

Equation 2 indicates that the magnitude of (AE) is signifi-
cantly smaller than expected from many unimolecular rate studies
using other activated molecules.’ However, investigation of
1.1,1-TFE by chemical activation®” and by infrared multiphoton
decomposition™ studies gave (AE)y = 350 cm™' near the reaction
threshold (24000 cm™), in excellent agreement with the present
results for 1,1,2-TFE, which give (AE)q = 320 cm™' at the same
vibrational energy. In the present study, a wider variation in
excitation energy was achieved. permitting a more direct test for
the energy dependence of (AE),.

Comparisons with other nonreactive studies are not clear-cut.
The results on deactivation of azulene by argon*? predict ( A£ )4
= 367 cm™ at £ = 24000 cm™!, in fair agreement with the present
study. but the energy dependence found in the azulene system (y
= 0.013) is much greater than that found here. On the other hand,
Troe and co-workers have found no energy dependence in any
polyatomic energy-transfer system tkey have investigated,*>' but
the (AE), values they found for argon collider gas range from
about 230 to 420 em™', in general agreement with the present
results.

The absence of a temperature dependence is in good agreement
with other nonreactive system studies of energy transfer?!? and
in clear disagreement with the investigations of Rabinovitch and

(27) (a) Chang, H. W ; Craig, N. L.; Setser. D. W J. Phys. Chem. 1972,
*5.954. (b) Marcoux, P J; Siefert, E. E.; Setser. D. W. /nt. J Chem. Kinet.
1978, 7. 473, (c) Marcoux, P. J., Setser, D. W.J. Phys. Chem. 1978, 582,97
1d) For deactivation of other fluoroethanes by gases other than argon, see
Richmond, G.; Setser, D. W. J. Phvs. Chem. 1980. 34, 2699

128) Jang, J. C.. Sctser, D. W J. Phys. Chem 1979 93 2809
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ot

The Journal of Physical Chemistry, Vol. 90, No. 3. 1986 465

co-workers® on the reactions of isotopically substituted cyclo-
propanes. The reason for the disagreement has not been identified,
but as new techniques are applied to energy-transfer problems
a better understanding of the process will emerge. )

It should be pointed out that the heat capacities of TFE and
argon are approximated in the master equation simulations by
a linear dependence on temperature, whereas the actual tem.
perature dependence is more complex. Thus, for very large
temperature excursions, the temperature dependence (or lack of
it) deduced from the simulations for (AE), may be slightly af-
fected. The magnitude of the error introduced is related to the
difference in the actual equilibrated final temperature and that
calculated according to the linear heat capacity relationship and
the amount of heat deposited by the absorbed laser light. F -
a predicted final temperature of 1000 K in a mixture of 9 mt.
of TFE and 81 mtorr of Ar, the actual temperature is about 110
K. The error introduced is acceptably small at high temperatures
and can be neglected; at lower temperatures, the errors are even
smaller.

[n conclusion, this demonstration shows that the technique of
infrared multiphoton absorption excitation gives results in good
agreement with other methods of excitation, when the population
distributions have been thoroughly characterized. IR-MPA has
the added advantages over other excitation methods, however, of
easily controlled excitation energy (simply by changing laser
fluence) and of applicability to many different classes of molecules.
In principle, any technique for detection of excited molecules can
be combined with IR-MPA for energy-transfer studies. For
example, time-resolved ultraviolet absorbance has been used in
the past to monitor the vibrational energy produced in infrared
muitiphoton absorption experiments,”® and very receatly it has
been applied to collisional energy transfer in such systems.® In
the present work, infrared fluorescence has been shown to be an
effective method for monitoring energy transfer.

The results obtained for argon collider gas and excited 1,1.2-
trifluoroethane are in reasonable accord with results obtained in
other studies of other excited molecules. The results indicate a
small (AE)4 energy dependence and no detectable dependence
on coilider gas temperature.
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Sums of Quantum States for Nonseparable Degrees of Freedom: Muitidimensional

Monte Carlo Integration

John R. Barker
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Building. The University of Michigan, 4nn Arbor. Michigan 48109-2143 ' Recewed: January 21, (987

A Monte Carlo method 1s descnbed for highly efficient muitidimensional integration. The sampling techrique 1s not restricted
to hyperdimensional rectangles. but 1t can be applied to more complicated domains. [f known, the boundaries of an arbitrary
irtegration region can be used to define the sampling domain, resulting in Monte Carlo sampiing with unit efficiency W hen
apphed to calculating sums of states, the method in principle can include ail molecular degrees of freedom, coupled 1n any
tashion. The Monte Carlo integration method 1s demonsirated by calculating the vibrational sums of bound states for H.O
and CH,O. based on their spectroscopic constants. including all diagonal and off-diagonal anharmoniciies. The method
was found to be highly efficient and practical for calculations involving moderate-sized molecules. even for vibrational energies
substantially above the dissociation energy  The resuits show that inclusion of the off-diagonal anharmonicities produces
4 significant increase in the calculated sum of vibrational >tates.

Introduction

Sums and densities of molecular states are needed 1n calculations
of RRKM unimoiecular rate constants, energy-transfer systems,
infrared muluphoton absorption. radiationiess transitions. and any
svstem 1n which detailed balance is invoked. Thus, methods are
needed for calculating the sums and densities of molecular states,
regardless of the nature of the degrees of freedom and whether
they are coupled.

[n vibrationally and rotationally excited moiecules. the degrees
of freedom are strongly coupled. affecting the dvnamics of in-
tramolecular vibrational relaxation. At high energies, near and
ibove reaction thresholds. the coupling can be very large, seriously
atfecting the sums and densities of states. In fact, the “transition
state”—with frequencies different from the ground-state
molecule—is a device that 1s used to account for the effects of
coupling.

The Beyer-Swinehart algorithm! (and its extensions by Stein
and Rabinovitch?) revolutionized calculations of molecular-state
sums (G(E)) and densities (p(£) = dG(£)/dE), since its high
efficiency made exact counts of states practical for most mofecules.
Despite 1ts great usefulness. an unfortunate limitation of this
slgorithm 1s that it can be applied only to separable degrees of
freedom. In principle. the method of steepest descents and other
methods based on approximate inversion of the partition function?
can be used for nonseparable degrees of freedom. but the partition
functions are not known, making this approach impractical.

Several groups have applied Monte Carlo techniques to the
problem of calculating G(E) for nonseparable degrees of freedom.
Monte Carlo techniques are attractive, because they do not depend
on the particular degrees of freedom or its coupling.* [n a recent
publication. Doll showed how the semiclassical G(£) for a classical
Morse oscillator can be obtained by application of “crude” Monte
Carlo techniques:® nonseparable potentials can be treated by the
same method. Farantos. Murrell, and Hajduk applied stratified
Monte Carlo sampling to calculate semictassical G(E)'s and p(E)'s
for coupled vibrational and rotational degrees of freedom.® In
developing a Monte Carlo version of transition-state theory,
Viswanathan, Raff, and Thompson’ developing an interesting
Metropolis-Markov chain technique for calculating densities of
states for coupled, anharmonic potentials.

1) Beyer. T, Swinehart. D F Commun 4CM 1973, /6. 379

12) Stein. S. E., Rabinovitch, B. S. J Chem. Phys 1973, 58, 2418

1) Forst. W Theory of Ummolecular Reactions: Academic: New York,
1973, p 104

14) Noid. D W, Koszykowsks, M. L, Tabor. M . Marcus. R. A. J. Chem.
Phus 1988, 72 6169

15y Doll, ] D. Chem. Phys Lert 1980, 72 139

16) Farantos. S C, Murreil. J N . Hajduk. J C Chem Phvs 1982, 65.
(99

17y Viswanathan, R, Raff, L. M. Thompson. D L J Chem Phys. 1984,
3/ %28

As pointed out by Farantos et al..* much of the research in-
volving Monte Carlo methods 1s motivated by the need to increase
efficiency. The straufied sampling technique they used (developed
by Friedman and Wright?®) is relatively efficient and is avaiabie
s a “canned” computer code. but it appears to be cumbersome.
Moreover, the “strata”™ are constrained to be hyperrectangles, even
when other geometries would give greater efficiency.

In the present paper. we describe a relatively simple Monte
Carlo sampling technique that gives unbiased estimates and which
has a high efficiency. Morzover, the sampling technique can be
easily applied to any arbitrary sampling geometry. This feature
may enable development of stratified sampling schemes and im-
portance sampling schemes”'® that capitalize on the optimum
geometry of particular problems. Even without such refinements,
however, the method is practical for sums of states calculations
on moderate-sized molecules.

In testing the sampling technique, quantum G(£) was calculated
from recent spectroscopic data for the (nonseparable) vibrational
modes of water'' and of formaldehyde.'? The results show that
the coupling among the vibrations can significantly increase G(£)
at moderate energies, compared to the G(E) calculated for se-
parable anharmonic vibrations. This result s particularly im-
portant in comparisons of transition-state theory rate constants
calculated from potential energy surfaces, when tunneling (or some
other effect) 1s invoked to explain differences from experiments
or from the results of other calculations.

Theory

The sampling algorithm described below can be applied to
continuous variables, discrete variables, or a combination of the
two. Since the motivation of the present work is the calculation
of quantum sums of states. the descriptions will be based on
discrete random variables (quantum numbers), but the approach
is easily generalized to any muluiple-dimensional integral or sum.

[n “crude” Monte Carlo® sampling, each random vanable s
sampied independently and uniformly, resulting 1n a umtorm
distnibution of sample points throughout the hyperrectangle defined
by the resoecuve ranges of the independent variables. The varuable
ranges are chosen so that the integration region lies entirely within
the sampling hyperrectangle. If the sample potats falt within the
integration region, they are counted successes and the integral

(8) Friedman. J H, Wright. M H. 4CVY Trans Math Software 1981,
7. %6

(9 Hammersiey, J M. Handscomb, D C Monte Carlo Methuds.
Chapman and Hall: London, 1964

(10) Rubinstern, R. Y Simulation and the Monte Cario Method, Wies
New York, 1981

(11) Benedict. W S, Gailar, N . Plyler. E K J Chem Phis 1986 4.
1139

(12y Retsner. D E.. Field. R. W . Kinsey, ) L. Dai. H-L J Chem Phis
1984, 30. 3963,
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S is given by the sampling volume (¥,) muluplied by the ratio
of successes () to trals (V).

S=Vna/N (0

If the tntegration region is not a hyperrectangle and of about the
same size as V,, the efficiency (here defined as ¢ = n/.V) can be
very low, resulting in poor precision of the Monte Carlo method.
For multidimensional integrals, this poor efficiency can cripple
the approach, since astronomical numbers of trials must be cal-
culated for high-precision resulls.

To improve the efficiency of the method. numerous “variance
reduction™ methods have been developed.*'® The approach
adopted here is to choose a sampling domain that resembles the
integration region as closely as possible: in the limit, the sampling
domain may be identical with the integration region. In general,
the ideal sampling domain is not a hyperrectangie of independent
variabies but a more complicated shape; the sampling range of
a given vanable will depend on values already selected for the other
variables. Moreover, the distribution of sample points 15 not
umform throughout the sampling domain, necessitating the
calculation of appropriate weighting factors.

For Monte Carlo integration. consider a multidimensionat
sampling volume ¥, defined in a space of discrete variables (e g..
quantum states). The gth sample point, or cell, is designated by
a complete set of variable values (quantum numbers). Equation
1. for any type of sampling. can be written 1n terms of the total
G cells and weighted sums over f{g)V, and .V, where f(g) and
N, are the value of the integrand and the numbers of trials
performed at the gth cell

S = V,Zw’f(g)N!/ ZW,-V,

where the summations extend over the G cells. Equation 2 can
be used with any type of sampling to obtain estimates of §.
However, the sampling volume ¥V, must be known, as well as the
weight function w,. For complicated sampiing domain boundaries
{as in sums of states calculations), ¥, may not be known.

For the special case of uniform sampling, the sampiing domain
is a hyperrectangle of volume ¥, containing G (= at}) cells and
the weight function is a constant

wo=1/G = lim ¥V, /¥
V-

2)

(3)

where .V = 3"V, is the total number of trials and wy is the
weighting function.

For uniform sampling, eq 2 is an unbiased estimator for S
Now suppose thai we employ weighted sampling with normalized
weight function w, in a new sampling volume ¥, that is completely
enclosed within V,; the new sampling domain contains G’ cells
(of the same size as in V), but we do not, in general, know the
value of either V, or G The weight function can be expressed
as the ratio of the number of trials .V,’ at the gth cell divided by
the total of trials V' made using the weighted sampling technique:

Wy = liT. NN e}
Using this identity, we can connect the number of trials at the
gth cell that are made using uniform sampling to the number that
are made using the weighted sampling method:

\lim fNYN = (wy /W), /NI 15a)

Jim N/ = (e /w VN 5b)
For complicated integrands. eq Sa must be used. but for simple
determinations of volume, the function f(g) equals umity nside
the volume and zero outside the volume. Thus, 1n eq 3b we can
write n, in place of f1g)V,. where n.’ is the number of successes
obtained with weighted sampling at the gth cell. These equations
are used to express the numerator of eq 2 in terms of " and the
denominator in terms of V' = w3 (V, /w,). from eq §

S = w b N ' TADY, /W, (6a)

2w, b, NS, W, (6b)

1

oA AR
L ’.ﬁ !"*L.)‘ 0-‘? S

Barker

where the summations extend over the G’ cetls. Note that the
number of cells in the hyperrectangle 1s G = aVyand wy = | G.
Thus, w,¥) = 1 ’a, and we obtain an expression for the integral
that does not explicitly depend on knowledge of b,
= Al ;o
S =ta¥) :ﬂg)‘\r‘/n‘ ("a)
= ia VY '
S = (a¥) En,/w‘ ("b)
Note that the summations in ¢q 6 and 7 extend only over the G*
cells contained in the new sampling domain, because there are
no trials outside that region. Of course, not all ceils will be
<ampled. and so the sum extends only over the sampled cells. Thus,
we do not need to know the vaiue of G~
The precision of the Monte Carlo estimator 1s monitored by
the usual expression® for the estimated error of the mean

ot = NIV - D' Ew flg) N, - S)*

where o 1s the standard deviation of S.

Equation 7 is completely general, and it also applies to sampling
in continuous variables. For discrete variables, the proportionality
constant a is conveniently set 1o unity, so that the number of cells
in the hyperrectangle is numerically equal to ¥,. Equation 7a
15 the general result, while eq 7b is specifically appropriate for
calculating volumes in multidimensional space.

Note that eq 7b can be used to find V,, the volume of the
weighted sampling domain, if the boundaries of the volume are
known and if wy is known. This fact can be particularly useful
in calculating unknown volumes in multidimensional space when
only the volume boundaries are known, since the sampling domain
boundaries can be set cqual to the boundaries of the unknown
volume: every trial will be a success, leading to unit efficiency.
Nonetheless. many trials must still be made, because the limits
expressed in eq 4 and 5 are required.

To utilize eq 7. we need to define a normalized distribution of
sample points, from which w, can be calculated. A distribution
of sample points that can be tailored to arbitrary sampling ge-
ometries is presented 1n the next section.

(8)

Sample Point Distribution and Sampling Algorithm

The following algorithm defines a distribution of sample points
constrained to an arbitrary sampling domain.

1. Choose an appropriate sampling domain tn s-dimensional
space that compietely encloses the integration region; express it
as

8 = Fle ...ty 19)

where eq 9 defines the (s - 1)-dimensional boundary surface in
terms of the vanables ¢, ... ¢,.

2. Starung with all ¢, at therr minimum values, calculate the
maximum value of ¢, consistent with eq 9. The range of ¢, 1s then
given by

Ri=t -t (continuous variables)

i m:in

R =1+r¢ (discrete variables)

mar " Uimin

3. Use a umformly distributed random number L (0 £ U <
1) to select a value of v, from the range R,

t = UR + ¢y (10

(note: truncate ¢, for integer variables.)

4. Repeat steps 2 and 3 for each ¢, but in eq 9. use the values
already selected for the preceding variables. Continue this process
until values for all variables have been selected. consistent with
eq 9. This will result in the selection of a sample point within
the sampling domain defined by eq 9. Note that the range of the
ith variable is conditional with respect to all variable values
previously selected.

§ Culculate the weighting factor, w,, for sample point ¢

we = [IR,

Ll

(rn

where R, 1s the range of the ith variable.
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Figure 1. Two-dimensionai samphing volume

6. Determine the value of f1g) (or whether the tnal 1s a success
or a failure) and add the results to the summaunons in eq 7

7. Test to determine whether the maximum number of trials
or a criterion for precision (e.g.. relative standard deviation) has
been reached: if 5o, terminate the calculation.

8. Although not strictly required, the order of selection of the
variables can be shuffled to eliminate the variable weighting that
depends on their order of selection (see below).

9. Return to step | and initiate a new trial.

The distnibution of sample points that results from this al-
gonthm is normalized but not uniform. Furthermore. the variables
are weighted depending on the order in which they are selected.
This 1s most easily demonstrated for discrete variables, ¢ g.. ¢,
corresponding to vibrational quantum numbers.

For example, consider a molecule containing two separable
vibrational modes

E=rvw +rw (12)

where £ is the vibrational energy in excess of the zero-point energy
and the w,’s are the harmonic oscillator energy levei spacings. This
equation defines the two-dimensional sampling domain shown in
Figure 1. The sum of vibrational states is the area enclosed by
the diagonal line and the two axes. (For simplicity, Figure |
depicts the case when w; = w, but this condition is not necessary,
in general.) (Note when anharmonicities are included, the straight
diagonal boundary is repilaced by a curved line, making this
problem much more difficult.)

The sampling algorithm and weighting factor reflect the
probability of selecting particular pai:s of variables. In Figure
1. energy E corresponds to up to two quanta in either of the two
modes or one quantum in each mode. Selecting v, first, the range
R, =3 (ie..v, =0. 1. 2)if the selected value is ¢, =0, then R,
=3 (ie.tv;=0,1.2), butifv, = 1or2 then R, = 2or I,
respectively. Thus, the probability of choosing a particular pair
of values is (R,R,)"', as noted in Figure 1. this probability is just
the weighting factor w,. Naote that the weighting factor 15 nor-
malized:

r

Tw, =1 (13)

As shown in Figure 1, the distribution of sample points is not
uniform. The algorithm tends to weight the higher energies more
heavily than the lower energies. Variables chosen eariier in the
sequence are more often selected with higher quantum numbers
than those selected later. This causes no problems for sufficient
numbers of trials, but convergence appears o be faster when the
selection order is shuffled between tnials. Shuffling eliminates
the weighting due to selection order, but the higher energy points
are still selected more often than the low-energy points. This
constitutes a fortuitous “importance sampling~ effect that is de-
sirable in calculating sums of states, where the sum varies more
rapidly at high energies.

The computational speed of this Monte Carlo method depends
on the efficiency e, which can equal unity. and on the computation

The Journal of Physical Chemustry. Vol 91 No 14 487 1851

of the boundaries. weights. and integrand. This algorithm cal-
culates the weighting factors “on the fly™ and without knowing
b, improving the efficiency of the method. since weights are
calculated only for the points actually sampled. The necessity
of calculating the boundanies of + from eq 9 costs some com-
putational labor, and thus simple boundaries are desirable. Other
factors can also affect computational speed. For example. the
cost of shuffling the ordering of the variables must be weighed
against the cost of simply running more trials. We have not
cxplored all of these discretionary factors but have arbitrarily
chosen to shulfle the ordering after every trial.

Sums of states for individual symmetry species are useful for
various purposes. Several authors have described methods for
calculating the sums of states for individual symmetry species in
molecules with separable degrees of freedom.!3-'S  For nonse-
parable degrees of freedom, the same symmetry species apply.'®
but the sums of states will be affected by the coupling. The present
approach lends itself naturally to calculating sums of states for
nonseparable degrees of freedom, because complete sets of
quantum numbers are sclected in each trial. The symmetry species
of each vibrational state can be determined by application of
Tisza's rules'” or the simplification described by Lederman,
Runnels, and Marcus.'> The number of successes for each sym-
metry species can be stored separately to give the sums of states
of each type.

Sampling Domain for Coupled Vibrational States

For nonseparable anharmonic vibrations, the conventionai
expression for the vibrational energy in excess of the zero-point
energy is

3 s 3
E=2o(w + X))+ L XX0p, (14)

Y =i >0

where w, are the frequencies and X, are the anharmonicities. This
equation defines the boundary of the integration region for bound
states, and it can be used to define the boundary of the sampling
region. A relatively simple calculated boundary is obtained if only
the first summation term is retained: this corresponds to separable
vibrations. When the off-diagonal anharmonicities are small, the
“separable™ boundary closely approximates the actual boundary
and it 1s a good choice, but when the couplings are larger, the full
equation can be used (see below). To ensure that the integration
region is contained entirely within this sampling domain. the
boundary is calculated for the energy E, = 3E, where 3 2 1. For
anharmonic vibrations, the magnitude of 3 will be of the order
of unity, if X, = X,

The most accurate boundary can be calculated during the
quantum number selection process by taking into account the
quantum numbers already selected and including the off-digonal
anharmonicities. This is done by using eq |4 to calculate the
energy already assigned to the first (k - 1) vibrations and sub-
tracting this energy from £, = 3E. The remaining energy is then
available for assignment to the kth and subsequent modes. as
follows.

If the unassigned energy £, is greater than the dissociation
energy of the kth mode, the maximum quantum number (the
dissociation limit) is

s
Ceman = Uiup = _""'k + ;l'r"..‘/(:'ru) (13
>

If. on the other hand, £, is less than the dissociation energy. t'g my,
1s given by

Ceman = Ceptl = [U+ E. /(X v (16}

, (13) Lederman, S. M. Runnels, J. H.. Marcus. R A J Phys. Chem 198},
97. 4364.

(14) Sinha, A, Kinsey, J L. J Chem. Phys 1984, 50, 2029

(15) Quack. M. J Chem. Phys 1988 82, 3217

(16! Wilson, E. B, Decius. J. C. Cross, P C. Molecular bibrations.
McGraw-Hill: New York, 19¢5: p 151

117) Tisza. L Z. Phys 1933, 92, 48, also. ref 15 p 331 (f
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