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(Abstract:)

Using infrared laser-excited vibrational fluorescence,
lifetimes. have been measured for HCl1 (v=1,2) in Ar as a function
of concentration and temperature, and for dilute samples of
DC1 (v¥2) in Ar as a function of temperature. For.diIUte

. sec” )
samples at 9 K, the non-radiative decay rates/are (8.1 + 0.7)

x 10% and (3.8 + 0.4) x 10°

for HC1 (v=1,2), and (1.2 + 0.2)

X 102vfor DC1 (V%Z), respectively (the DC1 decay may be

partially radiative). These rates increase slightly (less

than a factor of 2) between 9 and 21 K. The results are
consistent with a relaxation process in which the rate-
determining step is intramolecular V-R transfer. No fluorescence
signal is observed upon excitatidn of the overtone of the HCl

dimer in Ar implying that relaxation of the dimer is faster

than 0.3 us. In concentrated samples the relaxation rate for

'HC1 (v=1) (but not v=2) increases, due to energy-migration

~aided V»V transfer to dimers, which are an energy sink. It is

argued that this syétem belongs to the 'fast migration'" regime.
In N, and O2 matrices, there is no fluorescence following
excitation of HC1 (V=2), presumably due to rapid V-V transfer
to‘fhe host. Spectroscopic measurements of overtone absorption.
transitions are reported. A measurement of the integrated
absorption coefficient for HCl in Ar indicates that the

transition dipole moment differs less than 9% from the gas

‘phase value.
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Lo~ INTRODUCTION

Studies of vibrational relaxation and energy transfer in
simple condenséd phase systems are beginﬁing to'yield many
interesting'results.lv A variety of processes may follow
Vibratiohal excitation of a diatomic or the lowest ehergy mode
of a polyatomic guest species in a éimple solid host: 1)
the molecular vibratidnimay_relax by radiativevdecay; 2) the
vibration may relax by coupling with delocalized lattice
phonons-(V+P); 3) the vibration may reiax,into modes locaiized
at the lattice sife of the guest, such as guest rotatidn (V-R);
4) vibrational energy may Be resonantly tfansferred ffomfone
guest molecule to another leading tp.energy migration; 5) the
excitation may be‘non?resqnantly tranéferred to a'chemically
different‘guest speciés; and 6) a chemical reaction of the
excited molecule may occur. Processés 2 and 3 are the
mechanisms for.vibrational relaxation of an isolated guest
'speciesyapd are collectiﬁely labeled V-R,P processes.
Processés 4 and 5 are V-V processes.

Experimentally observed vibrational relaxation tihes of
matrix isolated-species rangé over several orders of magﬁitude.
Mdleculeé with large vibrational frequencies and large moments
‘of inertia (hence small B constants) relax very slowly. The
~vibrational lifetime of CO in Ar or Ne matrices is 14 ms and
energy decay 1is radiative.z_ Homonuclear diatomics relax even
more slowly. The vibrational relaxation time df Cz_ in Kr‘

is 288 ms,s and those of N2 (xlz) in solid N24 and N, (ASZ)



in rare gas matrices® are about one seéond. The vibrational

lifetime of N2 in pure liquid N2 exceeds 56 seconds.6 .Molecules
with smaller moments of inertia relax more rapidly. Vibrational.
relaxation of OH/OD (A22+)7 and NH/ND{(ASH)8 in rare gas solids,

1,9.

the vy mode of NH; in N,, “and the vy mode of CHSF/CDSF in

Kr10 otcur on a 1-10 us timeséale. In these hydride/deuteride

11 the hydrides are

systems as well as in NH/ND (st) ih_Ar,
observed fo rélax more'rapidly'than the deuterides. Bondybey
and Brus7’8 wefe 1éd to propose‘that guest'rotétion is the
accepting mode for vibrational relaxation. Legay1 has cor-
related existing experimental data-to this hypothesis with a
good degree of success. Radiative decay competes with énd
can be faster than relaxation intd'rotafion for molecules with
iarge moments of inertia. Procesées 1 and 3 appear to be more
important than process 2 for vibrational relaxation in solids.
Resonant and non-resonant enérgy transfers (proceéses 4
and Sj which lead to concentration of vibrational energy on a
small number of highly excited guest molecules have been
reported for CO iﬁ Ar and Ne.2 ﬁong-rénge energy transfer
unaided by energy migration has been reborted_for NH/ND (ASH)
as the energy donor to various acceptors.12 Pimentel and co-
workers reported the first IR-induced reaction in 1960, the
~ cis-trans isomerization of matrix-isolated HONO.'® More
récently, Ambartzumian and co-workers14 have reported the .
'dissociationrof SF6 in an Ar matrix following absorption of
many photons at 10.6 u. Davies et al.15 have observed the

isomerization of various isotopic forms of Fe(CO)4 in an Ar

matrix following excitation of the CO stretching mode.



We have studled nlbratlonal relaxation and energy trans-
fer processes of matrix-isolated HC1 and DC1 u51ng laser-
excited vibrational fluorescence. The HCl system is a parti-
'cnlarly useful prototype. HC1l is a stable'mo1ecu1ar species
of wh1ch SOlld solutlons of known concentratlon can be prepared.
The V1brat10na1 spectroscopy of matrix- 1solated HC1 and DCl

16

has been extensively studied, both‘experimentally and

17

theoretically, and the forces responsible for the spectral

17

perturbations are known. The HC1l-Ar interaction has been

well studied in the gas phase.by molecular.beam scattering18
and by spectroscopic observation of the ArHC1 van der Waals
molec:ule.lg"21 A single potential function for HC1l-Ar which
describes many phenomena of the HC1l-Ar system has been nroposed;22
Finally, vibrational relaxatlon of HC1 by Ar in the gas phase
has been studied. 23
The pfesent studies are performed in the ground electronic
state;‘thus,_}eiaxation processes involving other electronic
‘ manifolds.24 cannot occur. HCl and DCl1l are found to decay non-
radiatively'in_an Ar-matrix; HC1 reiaxes mote rapidly than
DC1 and thus dominance of the V»R relaxation process is inferred.
.The concentration dependence of the relaxation rate of HC1
'_(v=1)_in.Ar is due to energy migration-and non-resonant V-V
_ transfer to the HC1 dimer, which'relaxee much more rapidly
than the monomer.
The experimental techniques for matrix preparation,

spectroscopy, and fluorescence studies are presented in

Section II. The spectroscopy and energy level ‘'structure of



matrix-isolated HC1l and DC1 are treated.in Section III;
Kinetic fesults for.HC1 in.Ar, No» énd Qz_mafriées and pre-
1imiﬁary results for DCl in Ar are preéented in Section IV.
The results are_interpreted in Section V in terms of V»R
rélaxation, and the concentration dependeﬁce of thé v=1

relaxation rate is analyzed.



L. .EXPERIMENTAL

A.. Matrix iselation techniques

Matrices were prepafed using a pulsed deposition technique
uhder a variety of conditions: éitherbtwo or four pulse/min
at an éverage deposition rate of 5-30 m-mbles/hr'(total ﬁatrix),
'and ét depositibn temperatureé between 9 and 20 K.._Argon

matrices of HC1 prepared by‘pulsed deposition exhibit a greater

'degreevof isolation (less polymer) than matrices prepared by

continuous deposition at the same average rate under otherwise
. . C 25 . . . : .
identical conditions, in agreement with previous comparisons

26,27 Samples

of pulsed and continuous deposition techniques.
of pre-mixed gas were deposited onto a sapphire window mounted
on'a'closed-cyc1e he1ium refrigerator (Air Products, Displex
CSA-202) capable of cooling to 9.1 t+ 0.3 K. Témperatures were

measured to an accuraconf 0.3 K with an iron-doped gold (0.7

at. %) vs KP thermocouple'which'Was calibrated against a hydrogen

'vapor pressure thermometer in the range 14-22 K. Temperatures

above 9 K were maintained by passing a dc current throﬁgh a
resistive heater wrapped around the cold station.

" Gas mixtures were prepared on a mercury diffusion pumped,

greased vacuum line, capable of produciﬁg a vacuum better than

1 x__lO_6 Torr, and having a combined outgassing-leak rate of

less than 2 X'IO-S'Torr/hr. Since HC1 adsorbé slightly on

- glass walls, the 5 % sample bulbs wérbvflame& before use and

HC1l pressures were equilibrated before addition of the matrix
gas. Gas mixtures were allowed to stand at least eighf hours

before use to ensure complete mixing. " The mole ratio in the

1



matrix was assumed to be the same as the gas mixture._ Pres-
sures were measured with a mercury triple-McLeod gauge aﬁd‘a
mercury manometer with acCuraéies of bétter#than'Z%L

DCI-was prepared by photochgmical reaction of D2 and Cl2 -
in- excess sz_'The Ciz is entirély consumed by the reaction
and the excess D, removed_by'diSfillétién. Other gases used
were: HCl (Matheson Electronic Grade, > 99.99%), D2 (Mathéson.
Cp, >'99.5%vd, < 0.03% non;hydrogen impufities), Ciz (Matheson
Research Purity, > 99.96%), CO (Matheson Researéh Purity, >
99.99%),.Ar (Mathesoh Ultra-high'Purity, >-99.9995%), N,
(Matheson Research Purity, > 99.9995%), and O2 (Matheson
Research Purity, > 99.99%). HCl and DCl were distilled at =
least once between an isopéntane-n-pentane slush (139 K)
and liquid nitrogen. Before preﬁériﬂgva matrix sample, the
HC1 and DC1 were'subjecfed to atvleast.one freeze-pump-tﬂaw

¢cycle. ‘Ar, N and O2 were withdfawn from a bulb with a cold

29
finger immersed for several hours in liquid nitrogen.
vOccasionally, the Ar was used directly.from the c&lindér.
Infrared absorption spectfa.were recérded on ; Beckman
"IR-12 spectrometer with a resolution of about 1 cm-l. Every
matrix sample studied»Was‘charattérized quantatively using
integrated peak absorbances, with estimated efrors of 15% .
for 30-50% absorbing peaks, and up to 25% for weakef peaks;
Overtone absorﬁtion'speCtra of very thiék matriceé were
recorded on a Cary 14 spectrometer with a resolution of

3 cm 1 at 5600 cm-l, and 1.5 cm™t at 4100 cm™ Y. The accuracy

1 1

of the Cary 14 was calibrated to within 0.7 cm ~ at 5600 cm



by the v=0 -+ v=2 absorption spectrum of gaseous HC¥f28-

The fluorescence éxperiments weré initiafed by narrow
bandwidth pulses from a Nd:YAG laser-pumped optical pérametric
oscillator (OPO) ‘tuned to one of the absorption lines of the
~guest species being studied. Vibrétional fluorescenée from
the excited.sample'was_detected by-a photoconductive infrared
detector. The‘pOSt;détector electronics depended upon the
particular experiment. Three.types of fluorescence experi-
ments were performed: time-resplved emission studies, emission
 .spectroscopy, and fludréscencé excifation spectroscopy. An
overall schematic fér the fluofescenée experiments is shown
in'fig. 1. The OPO and fluorescencé detection equipment have
been discussed pr'eyiou-sly.29 The IR pulses had the following
characteriétics: at 1.8 yu, 13 pJ/pulse, 200 ns duration; at

‘2.4'u,'25 uJ/pulse, 80 ns duration; at 3.5 u, <2 uJ/pulse,

"j-40 ns duration; a repetition rate of up to 75 Hz; and a spectral

-1 30,31

linewidth of 0.2-0.3 cm The OPO idler frequency was

"~ calibrated by single beam absorptidn_spectroscopy on HC1l or
DC1 to an accuracy of 1 cm—l, and a repeatability of 0.3 em L,
The infrafed'beam was collimated by a 25 cm focal length
lens and directed into the métrix. Two excitationrgeometries
were used. For some expefiments in which the first overtone
(Av = 2) is excited, the IR beém‘was passed through the matrix
toward the infrared détector (the final two mirrors in Fig. 1

were removed). A cooled dielectric interference filter per-

mitted transmission of only Av=1 transitions. In other



experiments the geometry of Fig. 1 was used. A 4 cm focal
length CaF, lens focused the excitation to a spot size of

60-80 u at the sample in some experiﬁents;.in other experiments
the collimated beam was used (beam diameter of 260-370 yu at

the sample). Typically, the strongest fundamental line of

the guést was 505% absorbing, which implied one or two percent
ofertone aBsorption for _HCl.32 Sample heating following
focused pulsed exgitation was negligible, since the fhermal

decay time for Ar at 10 K is less than 7'u5,25’34

and thus
is faster than all measured vibrational relaxation times.
Assuming thermal relaxation 15 51ower than vibrational
felaxation, a maximum temperature rise of 3 K‘is calcﬁléted
for focused excitation of - samples wifh M/A greater than 1000.
Heating effects are smallef'under'unfoéused conditions.

A5 cm £f/1 CaF2 lens focused the fluorescence from the
matrix onto a photoconductive meréury-doped germanium detec-
- tor cooled to>14 K. The detector was shielded from 300 K
. background radiation and scattered light by a cooled (77VK)
dieleétric interference filter mounted inside the detector
dewar. - A second inferference.filter mounted outside the
détector dewar furtherbspectrally resolved the fluorescence;
HC1 v=2 > v¥l fluorescence was easily resolved from v=1 - V=O
_ifluorescence. Depending upon the signal amplifier used, the
time response of the detector and the post-detector electronics
 wés,0.4 or 10 us. |
Fluorescence decay traces were recorded with a Biomation

8100, Northern 575 'signal averaging combination. Typically



&

500 to 10,000 shots were avéraged.depeﬁdingtupon the-magnitude
of the fluorescence signal. Single shot signal-to-noise ratios
were as high as five when'a strong absorption line was excited.
The final -decay traces analyzed usually had-S/N’ratios in
excess of 30. .

Lifetimes were obtained by analyzing the decaf‘cufves as'
single or double exponehtials. Amplifier_distortién and finite
S/N'ratios could introduce error into the analyzed lifetimes.
Electronic bandwidths were chosen so,that amﬁlifiér distortion
introduced less than 7% error'in single éxponenfial decays.25
For'S/N ratios as low as 10, error in analyzing single expon-
entials is at most 10%, and this decreases for higher values
of S/N. When two eXponentials'have neariy equal décay times,
extraction of two '"exact' decay timés is difficuit even with
infinite S/N. The'problem was resolved by judicious choice

of IR filters so that particular decay constants were measured

~'in decay traces of spectrally resolved and broadband fluores-

- cence (Sec. IV). When v=1 of HCl was directly excited, an

interference filter did not eliminate scattered light, -since
excitation and fluorescence frequencies were identical. Scat-
tered light saturatéd the detector pfe-amplifier which required
about 100 ps fecovery time. Vibrational lifetimes were measured
from the long time tail of the.fluorescénce decay curves in
these experiments. |

A low reéolution fluorescente spectrum was obtained usingv
a copper-doped germanium detector with a_cooled circular variable

filterv(CVF).37.'The CVF was scanned in 20 cm'1 steps, and the



10

fluorescence decay curve at each step was integrated. The:
major source of error in the emission spectrum was fiuctuation
(<20%) of the OPO power during the experiment. The method of
analysis is discussed in Section IV.

A fluorescence excitation specfrum was produced by re-.
placing the signal.averaging electronics with a gated electro-
metei‘38 (Fig. 1). - The gate opened with theAlaser pulse ‘and
closed after periods up to one millisecond. The‘electrometer
produced a dc output with.S/N proportional to the product of
1aser pulse energy, square root of laser fepetition‘rate,
absorption coefficient at the laser frequency, and decay time
of fluorescence. With a 1 cm-l/minuscan rate and 2 sec time
constant the spectral resolution was. equal to the OPO 1line
widthbof O.2-0.3’cm-1. Species which had fluorescence decay
»times‘of 5-10 us or 1ongér should have produced Qbsefvable

peaks (S/N > 1).

-



LLL.  SRECTROSCOPY

The spectroscopy of matrix-isolaféd ﬂCl'and DC1 has been
well studied.16’17 Thelmohomeric and multimeric Vibration-
..rotation spectra of HCi and DC1 in Ar are firét reviéWed.

Then spectroécopy of non-rotating HC1 in molecular matficés

of N, and O2 is presented. Direct speéfroécopic observations
of overtone absorption in some Ar and N2 matrices are reported.
Finally, the abéOlute absorptioﬁ caefficient of HC1 in an Ar
matrix is reported, from‘which the pure radiative 1ifetiﬁe is

deduced.

A...Spectroscopy. of the fundamental region

Avtypical absorption spectrum of HCl in Ar is shown in
‘Fig. 2. Accurate linewidths are mofe eaéily:measured from
fluorescénce excitatidn spectra. Widths of 1.3 + 0.2 and
2.4 + 0.2 cm_l'(FWHM) at 9 and 20 K, respectively, were found

25 'Assighments of

for both R(O) and P(1) lines. at M/A > 1000.
| transitions to isolated monomefic species and to molecular
éomplexeS'are given in Table I. HCl_monoméf undergoeslhindered
rotation in Ar; the main perfurbation is‘rotafion-traﬁslation
coupling V(RTC).SQ--41 Since the crYstal potentiél acts about
the'center of interaction of the guest, which is displaced
- from the center of mass for asymmetrié molecules, the rotation
of the guéét is coupled to the osciliation of its center dfv
mass. 'This centei of mass‘franslafional motion Corresponds to
a localized lattice phonon mode.42’43

pattern of rotational levels and also directly couples the guest

RTC produces a complicated

11



local mode to the IR active guest vibration,bprpducing the
QR(00) transition (which is a Av=1, AJ=0, An=1 transifion;‘ |
where n is.the'1ocai mode quantﬁm'number).40 ‘Afweakerlpertur-
bation is due to the octahedral crystalline field of the Ar
lattiCé which removes the M sublevel degenefacy for all levels

44, This effect is manifested in the splitting of

5

with J > 2.
the R(1) tranéition of DC1/Ar4 (Table I). The extreme width
of the R(l) transition of HC1l/Ar (as seen in Fig. 2) is due
primarily to coupling bgtwéen J=2 and delocalized lattice
phonons,42 but may also reflect unresolved splitting of J=2
by the crystal field. A transition of HC1/Ar at 2914 cn” L

has been assigned as R(2) by Barnes.17 Extension of Friedmann

41

and Kimel's treatment of RTC to include J=3 predicts an

R(Z) transition at 2917 cm'1,25 in support of Barnes' assign-
ment. An energy level diagram deduced from the HC1/Ar spectra’
is given in Fig. 3. | |

Absorption lines due to several non-rotating molecular
éomplexes-are included in Table i. Only one strbng IR absorp-
_tion has been assigned to the HCl1l dimer; several geometries

have been proposed for this species.46’47

The HC1-H,0 complex
has not been previously reported in Ar matrices. This very
intense absofption is plainly visible even when the HZO respon-

_1{48 The

sible‘fdr it cannot be observed at 3757 or 3776 cm
200 cm-l red shift of the HCl’fﬁndémental upon complexation

with H,0 is consistent with a 200-300 em™! . red shift observed
for HCl'upon Complexafiqn with H,0 in szmatriées.49 The peak

at 2864 cm T in Ar has been identified”’ as due to an HC1-N,

complex. The HCl-sz and~HC1-N2 peaks are very sensitive

12



<

 of M/A

indicators of sample pufity; clean samples with neither

absorption can be produced. | | -
Absorption spectra of HC1l in solid N2 shqw no rotational

or librational structure'.50 An isotopic doublet at 2854 and

2852 cm'--1 has been resolved in the present study in samples

780 or 1000. The spedtrum of HCl/OZ, is qualitatively
similar to that of HCl/NZ. An isotqpic doublet at 2863 and
2861 cm* ié observed at M/A = 980; no evidence for rotation

or libration is found. A plethora of peaks betwéen 2851 and

2736 cm-1 grow in subsequent to diffusion.25
B...Qvertone. spectroscopy

Direct measurements of the first overtone absorption.re-
quired very thick matrices. Matrices of HC1/Ar (M/A = 750),
DCl/Ar (M/A =.740) and DC1/N2 (M/A = 250) were prepared by
continuous deposition at 12 K ét an average rate of 20 m-mole/hr.

For HC1/Ar, R(0), P(1), and R(1) peaks (Table I) are observed

in the'fréshly deposited HC1l/Ar sample. Subsequent to dif-

fusion a weak but reproducible peak appears at 5484 ijl; the

latter peak is assigned as dimer. Only one peak, assigned as

R(0), was observed in DC1/Ar, and only one peak‘was observed

: for'DCl/NZ;

Vibrational frequencies and anharmonicities derived from

‘the spectra are given in Table II. Frequencies shift by only

% from the gas phase and anharmonicities equal gas phase values.

The constancy of anharmonicity from gas phase to condensed

phase has been observed in other systems.z"51

13



. integrated absorption coefficient

From a knowledge of the integrated absorption coefficient
of a molecule in a éolid it 1is possible'tO'calculate the molec-
ular transition mpmenf‘and'hence, the radiative lifetime.
However, it is difficult to measure the thickness of an optical
path through the matrix, Jiang et al.‘52 have deduced‘thev
absolute absorption coefficient for CO in Ar matrices and'pure
solid CO by measuring the thickness of their samples.by counting
interference fringes of a transmitted monochromatic infrared
beam during matrix depositioﬁ. They found that the ratio of
integrated absorption intensity of CO in solid environmgnts
to that in the gas phase is accounted for totally by an effective
field féctor.52<'Likewise, Dubost and Charneau2 found that the
radiative decay rate of vibrationally excited CO in Ar matrices
is equal to the gas phase rate corrected for the refractive
index of the hoSt.l Thus., the transition dipole moment for
CO is the same in both the solid environment and the gas phase.
'Matrices of HC1/CO/Arx wére prepared sufficiently dilute
(HC1: M/A = 750 - 4360; CO: M/A = 2040, 3940) that multimer
ébsorptions_were negligible compared fO'monomer absorptions.
 Thén‘iﬁtegrated absorpfion coefficient ratios of HC1l to CO
.were'meaSured;' No direct measurement-Of‘the matrix thickness
Was.required, The samples were prepared and spectra recorded
at 9 or‘20 K with three different spectral slit widths. A
planimeter.was'used to ihtegrate absorbances for these experi-
ments. The results did not vary with temperature or spectral

resolution. The results of five samples gives a value of

14

)
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0.55 ¢ 0.05 for the ratio of HCl to CO integrated absorption
coefficient. The indicdted uncertainty is the staﬁdard de-
viation of a single value from the mean of the five values.
This is, withih-experimental uncertainty, ¢qua1 to- the gas
phase ratio of 0.57 + 0.02.33’53 Thus, the transition dipole

moment of HC1l is, 1ikévCO, esséntially unperturbed by the

matrix environment. The radiative lifetime of HC1 .in solid

Ar should be given byvthé gas phase lifetime multiplied by

0.54 for the local field of the solid.l' The‘gas phase radiative

54

lifetimes for HC1l v=1 and v=2 are 30.5 and 15 ms; thus; in

solid Ar the radiative lifetimes are 16 and 8.1 ms. Gas phase

>> thus,

lifetimes for DC1l are -95 and 52 ms for v=1 and v=2;

its radiative lifetimes in solid Ar are 51 and 28 ms. |
Care was taken in the aboVé'experiments to exclude the

presence of HC1 dimer'Which has an abgorption coefficient

greater than that of the monomer. The total integrated

‘absorption of én HC1/Ar sample always increased after a dif-
- fusion experiment when multimer peaks appeared. In particular,

' the total integrated absorbance was measured for samples of

HC1/Ar of M/A = 980 and 5100 before and after diffusion. The
spectra after diffusion consisted of three well-resolved

polYmeric peaks: dimer, trimer, and high polymer. Assdming

‘the polymeric species have equal transition moments per HCI1

“molecule led to a value of 3 + 1 for the ratio of the squared

transition moment of an HCl1 molecule in polymeric form to one

in monomeric form.
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‘Verstegen et a1.56 measured the abSolute absorption
coefficient of HC1 in solid Ar by cbunting'interference
fringes and found the value to be about four times greater
in the matrix than in the gas phase. All of their spectrasﬁ
contain significant polymer, Whiéﬁ'if weighted equally to
monomer wouid increase. the absorption coefficient reported.
They concluded that the ratio of monomer and polymer absorﬁ-
tion coefficients was ﬁnity; ‘The cause of the discrepancy
between their resulfs and the present results is unclear.
Neveftheless; wevfind_the HC1/CO/Ar results compelling evidence

that the transition moment of isolated HC1l is essentially the

same in gas and matrix.



IV,  RESULTS
A&~~KigsL;s~pxsli~in~xi§§

The OPO excites a single vibration-rotation level of the
gueStimoleCule at t=0, and épectrallycresolvéd fluorescence
monitors the time évolution of the vibrational excitation.
Rapid rotational eqﬁilibration_following:the excitation is
~ assumed. In samples>of low concentration where no guest-guest
interactions occur, relaxation is due to radiative decay or
V+R,P processes (processes 1-3) and population decays are
expOnential.. Subsequent to excitation of N molecules to v=2,

.the populations of v=2, hz(t),:and v=1, nl(t); evplve'according

'

to
| kot - ,
n,(t) = Ne *“ | | (1)
N Kk =k, .t -k, .t
) 21 108 a1
() = —poy le 0 me 1 @

where k-21 and.k10 are the rates of deactivation of v=2 to v=1
and'Vél to v=0, respectively, and direct deactivation of v=2
to v=0 is neglectedf When v=1.is excited initiaily, ni(t)
decays‘exponenfially with rate klO'. | |
When the guest concentrafion increases sufficiently,
“guests may interact with each other by resonantly exchanging
viBrational quanta, and energy can migrate about the sample.
When a second guest spécies is present so that energy may'be
transferred to it, a V-V decay channel opens. Systems in

which energy migration and long-range energy transfer by

17
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multipolar interactions compete with V-R,P processes may
exhibit time-dependent transfer rates and hence, non-exponential decay
kinetics. These rates depend on the relative interaction

1,57 Under conditions for which

strengths and concentrations.
migration dominates (long times and rapid migration) the V-V
transfer rates are time-independent and Eqs.(lj and (2) are.v
valid; individual decay rates have V-R,P and V>V contributions.
| All experimental decéy curves in this stpdy'have been
analyzed using Eqs. (1) and (2). There is no clear evidence
for 1ong-rénge energy fransfer in the absence of migration.
(Decay traceé of concentrated samples subsequent to matrix
annealing appear to deviate from Eqs. (1) and (2), however.)

A more quantitative discussion of migration-assisted energy

transfer is presented in Section V-C.
B  HCL/AZ

The HCl/Ar-System was the most extensively studied.
Decay rates measured by time-resolved fluorescence studies
are.presented‘first. Then emission and excitation spectra,
which proVide additional information on the pathway of
felaxation and the’idehtity of relaxing species and finally,
unsuccessful attempts to observe fluorescence'subsequeﬁt to
excitation of the dimer are described.

Typicai:data and analysis for temporally resolved emission
following direct excitation of HClv(v=2) in a dilute sample
are. shown in Figs. 4 and 5. The fluorescence from v=2 decays

as a single exponential over at least one and a half decades.

PAY



The emission from v=1 rises with the‘same rate constant with .
.which v=2 decays, and decays with a smaller rate constant.
Reciprocal_lifetimes, k21 and klO’ obtained by‘fitting the

data to Eqs. (1) and (2) are presentedlin Table III for the
case of isolated molecules. Decay times'for‘given experimental
conditions were measured from spectrally resolved fluorescence
and from the'total fluorescence. .The latter is thevsum of two
decaying exponentials, Thus,each decay rate is measured at
least twice. The values listed are either the average of many
meaeurements for equivalent conditions'(the uncertainty
indicated‘is the standard deviation of the set of measurements)
or'only one or two measurements (no uncertainty'indiceted).

In the latter case an -uncertainty of 15% is reasonable. In
'_experiments where v=1 was. excited directly, values for k10
were consistent with those deduced from the v=2 excitation

experiments. The observed decay rates are much faster than
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the radiative decay rates of 120 and 63 sec_1 estimated in Section

" IITI for HC1l v=2 and ‘v=1 in solid Ar. Hence, the radiative

decay channel is neglected.

fLifetimes for isolated HC1l are insensitive to excitation

»pulse intensity‘and"frequency.‘_The-enetgy of the excitation

nulse was varied by use of neutral density filters. Energy
d-density’was varied thirtyfold by using a 4 cm focal length

~lens to_focue excitation into the sample. The degree of-

y focueinérwas.controlled by.the position of the lens. While
overall S/N was affected by these maneuvers, ‘the temporal
- behavior of the system was unaffected to withinvthe experimental

uncertainty of 10-15%. The spectral width of the OPO'(O.Z cmul)



is less than the width of the HC1 absbfption line (1-2 cm'l)
so it was possible to excite various portions of fhe 1ine
profile;decay times were insensitive to this. Furthermore,
excitation of any vibration-rotation transitidn of the
biSOiated monomer,'P(l), R(0), R(1), and QR(OQ), results'in
the same decay kinetics., VEXCitation on different spots in
the matrix gives the same lifetimes.

The decay rate of v¥2 is independent of concentration
and deposition conditions for M/A = 500-10,000. In a very
¢oncéntrated sample, M/A = 123,‘the’decay of v=2 fluorescence
becomes faster and cannot be fit by a single exponential. It
ﬁay be analyzed as a doﬁblé exponential with decay times at -
9 K of 60 and 170 us and an amplitude ratio of 1. The times
decrease by factors of 3.5 and 7, respectively, upon increasing
the tehperature to 21-K: 'The temperature dependence exhibited
- by isolated molecules; Table III, is much milder.
| The decay rafe of v=1'at 9 K is strongly concentration
dependent for M/A < 2000, Fig. 6 and Table-IV."For M/A < 700,
thevv=1 decay rate is actuaily fastéf than the v=2 decay rate.
Equétion (2) remains valid in this case, but the rise of v=1

fluorescence. corresponds to k10 and the peak intensity of the

v=1 signal is reduced by the ratio of rate constants in Eq. (2).

 The rapid decay of v=1 in concentrated samples was verified by

measurement of k10 following v=1 excitation: in a Samplevofv

M/A = 600, k; o = 5.5 x 10° sec™ at 9 K. For M/A = 123 no

v=1 emission was observed, and v=2 decayed non-exponentially

5 -1

:at rates in the fange 104-10 sec . The absence of v=1

20
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emission shows that kio>5'x 10° sec”l. Decay rates of v=1

at 9 XK, 20 X, and the ratio of decay rates at the two tempera-
tures is given for various monomer and dimer concentrations in

Table IV, Dimer concentrations were measured relative to
comparing

monomer by/ integrated absorption intensities. The monomer

concentration,was then calculated from the M/A value. The
dimer cdncentrations were calculated assuming that the square
of fhe transition moment per HC1 moleculé in the dimer is
2.4‘times_thét of the monomer,‘and is thus subject to a systematic
error. NotWithstanding, k10 is clearly a strong function of
dimer concgntration. Deposition conditions affect k10 by
affecting the dimer concentration. |

' Both‘v=2 and §=1’decay rates increase subsequent to
annealing. For dilute Samples; k21'ihcreases by 20-30%
(M/A = 1000, 5000); The increase in k10 is often a factor
of two or more. .In concentrated samples, decays sometimes

become non-exponential after annealing. Some values of‘k10

. subsequent to annealing are included in Table IV. For these

samples the decay of v=1 remains exponential.
Fluorescence speétra using the CVF, Fig. 7, show which

vibrational levels are populated during the relaxation

- process. Further, from the relative intensities, the propor-
tion of relaxation by V-V vs V»R,P processes can be estimated.

The spectra are insensitive to excitation line and temperature.

R R S TR Vet 4 en e e o Tt O T ey e _ '
No emission “from any: vibrationall 1evels' with: v>20)i% observed,.

SIS to ‘thE ‘Podt resdlution 0f the ‘CVE: (33 icm ) rdther than

to any v=3 emission, which must peak at the -P(1l) line near
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2646_cm-l. Emissiﬁn from v=3 is 1ess.fhan 1% of that from .
v=2 uhderrfocused or unfocused excitation. |

The relative fluorescence intensity in Fig; 7 is obtained
by integrating the fluorescence decayACurve and correcting

for radiative lifetime and optical density of'thefsample:
Corrected signal = (Obsefvéd signa1)7AT6' , _v'(3)

A is thefEinétein coefficient'and T is the‘observéd decay'

_ time (kZITl for v=2 and klo_lvfor v=1), The optical density
factor, §, equals one for 2-1 trénsitions. For the 1+0 band,
S may be calculated.for each line from the measured absorption
coefficient, using accurate linewidths from ﬁhe excitation.{
spectra. Due to the nonuniform thickness of the matrix, the
absorption experiments sampled shOrter;average‘path lengthsv

- through the matrix than the fluoreScence experiments,

* Values of & derived from absorption uﬁderestimate the true
Qpacify of the matrix to fluorescence. Nevértheless, a single
value of §, obtained by weighting individual §'s calculated
_from absorption measurements by a Boltzmann distribution of
rotational states in v=1, is used for the entire band.25

From Egqs. (1)-(3) the ratio of peak heights of ;*0 to 2-+1
gives a value &, which is the number of molecules produced in
v=1 for each molecule excited to vs?. Figure 7 shows values

of 0.5<g<0.8. Other methods of estimating & from the data
-(based oﬁ'R(O) intensity, P(1) intensity, or known total
amounts of sample deposited) yield 0.5<£<1,3, Thus the experi-

mental data limit £ only to this range. ~The simplest mechanism
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consistent with these results is sequential V»R,P transfers,

ve2 + v=1 followed by v=1 + v=0, which gives £=1. Neither V»V(£=2)
nor . two-quantum V-R,P(&E=0)can be a dominant contributor to

the relaxation process. The sequential V-+R,P mechanism is

further supported by the lack of concentration dependence of

k,; for M/A>500 (Fig. 6).

2 1 . »
No fluorescence was observed upon direct excitation of

the overtone of the dimer at 5484 cm-;

at 9 or 20 K. In
particular, for a sample of M/A = 670, no flﬁorescence_was
observed from'the,dimer at 9 X affer averaging 1000 laser
pulses. Upon excitation of P(1) under otherwise identical
'coﬁditions, fluoresceﬁce averaged for 4000 puises‘produced a
240 s decay (v=2+1) with S/N = 80. In this sample the
fundamental dimer and P(l) absofptioh intensities were equal
at 9 K. In a search for dimer fluorescence, the OPO was
moved in 0.7 cm % increments fdr 15 ém’l in both directions
from 5484 cm-l, and_after,éignai averaging at each setting,
‘no fluorescence was observed. In these experiments,. the
'signal’detgction bandwidth was 3 MHz. If the ratio of overtone
to- fundamental absorpfioh is the same for dimer as for monomer;
equal_absorption intenéities of dimer and P(1) meén that the
“number of molecules excited by the laser pulse is the same for
both excitation frequencies. A dimef decay constant of 3 x
106 sec-1 should have been observable in these expefiments.

The fluorescence excitatioﬂ‘spectrum in Fig. 8 shows
isotopically resolved R(0) and P(lj transitions. Only peaks
corresponding:fo isolated‘monoméric species are observed in

excitation spectra. Searches for emission were made with



several samples following overtone excitation of dimers .and
other molecular complexes. The range 5720 to 5350_cm-1 was
scanned at both 9 and 20 K. Signals were obsérved only for
isolated monomeric HC1l. ‘Even in a sample Witﬁ M/A = 123, in
which abouf 10% of the HC1l existed in dimeric form, no dimef,
emission was observed. For the sample of M/A = 670 discussed
above, the S/N for the P(1l) peak in the excitation spectruﬁ‘
was 35 at 9 K. The intéﬁsity,of‘dimer;absorption.and the lack
of dimer fluorescence in this spectrum implies that dimers
decay in less than 7 us. The value of 7.us as an upper limit
for the dimer decay;time is consistent with other excitation
spectra, and consfitutes a conservative bound for the dimer
decay time.

In order to see the ihfluence of impurities on the decayr
 rate of isolated HC1, a'éample doped with air was prepared
 (HC1/air/Ar-= 1/0.2/930). No new peaks occurred in the
fluorescence excitation.spectrum of'this,sample. The presence
of massive impurities did not affedt-the v=2 decay rate at all
(see Table III) and the shdrtening of the v=1 decay rate may
be.ﬁnderstood.in terms of energy transfer to dimer (see Table
IV). The amount. of air present in this sample is.equivalent

to the leak rate of the apparatus integrated for 2 x 106 hours. -
Ce DCLLAX

" Some preliminary results on DC1/Ar matrices are included
in Table III. Experiments were performed exciting DCl to v=2
on several vibration-rotation transitions and monitoring the

spectrally and temporally resolved emission. The DCl experiments
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~were more difficult than the HCl'experiments because’botH the
:'absorption cross section and the emission intensifyvafé émaller
in DCl than in HC1, énd‘the fluorescence signallié proportional
to,the.product of the two. Studies of dilute DC1/Ar samples
necessitated rather thick samples, and the fluorescence from

Vél'WaS weakened severely by the optical density on v=1

transitions. Oniy the k21 rate for DC1l was reliably determined.

The fluorescence'from DC1 (v=2) is a single exponential
over at least one and a half decades. The deéay~of v=2, kél’
is insensitive to which vibration-rotation transition is
extited'(P(ljg'R(O),'and both crystal field transitions of
R(1)), exact position on the line profile excited, and degree
- of focusing of the excitation. The relaxation rate of v=2
- increases by a factor ofv-1.7 bétween 9 and 20 K.‘ Emission
from levels other thah v=1 or v=2 was sought with the CVF,
 -énd-none was observed. The value of kq, is comparable to k,;

for the samples in Table III.

Fluorescence excitation spectra of DC1/Ar, as with HC1l/Ar,

- reproduce only monomeric absorption features. In particular,

no dimer emission was observed even when excitation spectra
-werefscanﬁed as far red as 3970 cm-l. Considerations such as
7>;hbs¢.presented for the HC1/Ar dimer yield an upper 1limit for
thé DC1 dimer relaxation time of 160 us.

The radiative decay‘rate-for DC1 (v=2) in Ar was estimated
to be 36 sec-l, so as much as 30% of the decay of v=Z may be
radiative. - The non-radiative decay rate for DC1 (v=2) is at

least 32 times slower than that for HC1 (v-2).

25
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D. HCl/NZ’and HCl/OZi

No fluorescence was observed when HC1l was suspended in
N2 of O2 matrices at M/A = 1000. Direct signal averaging
experiments were performed at the v=0+2 absorption frequencies
| of 5604 and 5621 Cm-l, respectively (calculated using gas phase
anharmonicities), as well as within a frequency range of
10 cm-1 to both sides of these frequencies in 0.7 cm_1 incre-
ments. If the OPO excited line center of thé 042vabsorptipn
at one of these settings, comparison to the S/N for HC1/Ar
systems suggests a lower limit of 6 x 107 sec‘-1 for the-
relaxation rate.25 Fluorescence excitation spectra scanned
over the ranges 5645-5511 cm © in N, and 5666-5543 cm © in

0, yielded no observable peakél Thus, no species with a

lifetime of 10 us or longer was present.
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The important features of the vibrational reléxatiOn'of
matrix-isolated HC1 and DC1 are as follows. In Ar, relaxation
is non-radiative (aided Slightly by radiation for DC1). For
HCl/Ar,k21 is independent of concentration and kiO is independent
of ébncentration for M/A > 2000. These correspond to isolated
molecule V-»R,P rates. The relaxation of HC1 (&=2) is 32 times
faster than that of.DCI‘(v=2), and'the’relaxation rates in;
Crease Slightiy (less than a factbr of 2) over the temperature
range 9-20 K. . The HC1 (v=1) felaxation rate incfeases as M/A.
decreases, and at M/A = 123 is.too fast to be observable.. |
Molecular complexes, shch as.diher, relax very rapidly, as does
HC1 trapped in molecular solids.

That HC1 relaxes.moré rapidly than DCl1 is indicative of
the role of rotation és the primary energy accépting mode, and
will be diécussed in Section A. The weak temperature dependence
of the isolated molecule relaxation rates may be understood
eithef in,termS'of phonon participation in the relaxation process
6r in terms_of J-level dependent'relaxation, Section B.
Migratién-assisted V-V transfer to thé dimer is suggested as
ihe cause of the coﬁcentration dependence of k10 in Séction C.

* The dimer, which relaxes rapidly, is a sink for the HC1 (v=1)
eXéitafioh. A value is estimated for the dipole-dipole coupling
coefficient between monomer and dimer. The rapid relaxation =
of the dimer and of HCl1 in N, and 0, hatrices are discussed in

Sections D and E.
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A._ Mechanism of isolated molecule relaxation

Relaxation of a molecular vibration leads to the préductién
of 30 to 40 phonons. Theories of direcf multiphonon »‘cravmsfersz,g'65
predict that relaxation rates should increase rapidly with
femperature and should decrease as the magnitude of Vibrational
quantum (energy gap) increases. These theories are incompatible
with the weék temperature dependence and»the violation of.the
energy gap law for hydrideﬁdeuteride systems.

Rotation can be an important accepting modg for hydrides
since the Chahge'in rotational quantum number for pure V-R
transfer is much smaller than the éhange in phonon numbervar

VP transfer.1’7’8

_ Legay1 has correlated experimental rate
constants with final rotational quantum number for V-»R transfer,

Jg = (v/cB)%:

k ~ exp(-aJg). | (4)

More detailed treatments have appeared.25’66i’67

For V-R relaxation in Ar of HCl v=2»1, v=1+0, and DC1
§=241, Jg = 15, 16, and 19 (gas phase B values?® of 10.5 and
5.45 c:m-1 for HC1 and DC1l and matrix vibrational frequencies).
‘The increase ‘in‘Jf parallels the decfease‘in relaxation rate
for these proéesses and tﬁe data fit ﬁicely into Legay's
: éorfelétion.l The entire relaxation process subsequent to
excitation of v=2 of HC1l/Ar is shown schematically in Fig. 9. _
.The Separation between J=16 and J=15 for HC1 is about 340 cm I.

Since it is unlikely that there will be an exact resonance

between initial and final vibration-rotation levels in the



relaxing molécule, some pérticipatioﬁ by phonons (espécially
'1oca1 mode phonons) in the V-+R step is necessary fdr energy
conservation. Subsequent rotational relaxation' in the high J
levels wiil'be a multiphonon process, requiring at least five
phonons. of the Ar lattice in the case of HC1 felaxatioh from
J=15 to J=14. |

| For the V»R step to be rate 1imiting,vR+P transfer must
lrapidly remove molecules from the erational levels initially
populated by the V-»R transfer (Fig. 9). If such were not‘the
case, infrafed emission would have been observed from P and R
lines near Jf for.the 1-0 trénsition. Furthermore, simple
single and double ekponential decays would not have béen
_ observed. _A significéﬁt'delay'in 1évels near Jf of v=1 would
“'giveAa.v=2 decay rate, k21, faSter than the observed rise of
émission from £he 1owé$t rotational levels of v=1. In addi-

tion, significant deviation of the v=1 rotational level distri-
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bution from thermal would almost certainly lead to non-exponential

'_decays of v=1.

Level widths of 0.4 and 10 c:m_1 and corresponding . R-»P
relaxation times of 10 and 0.5 psec have been calculated for
J=1 and J=2 of.HCI in Ar.42 Thus, R~+P relaxation of higher J
: ‘levels in times less tﬁan 100 us is not sufprising. This rapid
transfer among the thermally accessible J levels insures that
the observed kinetics must be‘ihdependent_of the J level
initiaily-populated by the laser. The observed rates are inde-
pendent of the rotational line excited and of.the precise laéer
frequency within each line. Homogeneous brdadening by R-P

transfer could account for the latter observation.
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The postulate of rotation~asvthe‘eccepting modeesuccees-
fully rationalizes the observation that HCl relaxes mere ‘ |
rapidlf than DC1, but there is no direct evidence that high
rotational ievelé are in fact populated subseduent to‘vvibr.a'-i
tional relaxation. This situation is anaidgous to gas phase
Vibrational relaxation in which V-»R models are successful in
correlating a great deal of experimental data, but direct

evidence-of population of a high rotational level is elusive.68

B. TemperatUre effects

N N 10 Pt ot Pl Pt s P P ot Pl Pt o) Pl Pl Pt Pt Pl ot Pt Pt P Pt

The relaxation»rates of HC1/Ar v=2-+1 and v=1-0 increase
" by factors of 1.5 + 0.2 and 1.3 + 0.2 between 9 and 21 K. This
fempefature‘effect ié quite small, but it is real and it ‘is
‘the largest reported temperature effect for V»R,P relaxation
of a matrix-iSolatedvspecies. Vibrational relaxationvrates of
NH and ND (Asn) are independent of temperature to wifhin 10%
for T < 25 K in Ar and T < 37 K in Kr,8eas are those of NH and
ND (XSZ) in Ar for T < 30 K;ll It has recently been observed10
that the decay time of isolated CHSF in-Kr increases by a
factor of about 1.2 between 10 and 60 K. Temperéture dependence
may result from phonon participation and J dependent relaxation
rates.

| The V-R step must involve somelphonon participation to
 conserve energy. For exothermic one phonon processes, the
relaxation rate will be proportionélitov(l + n), where n =

[exp(hcvp/kT)-l]-l

is the thermal occupation number of a phonon
mode of frequency ch. For endothermic processes rates are

proportional to n and the temperature dependences predicted



are much greater than}ekperimentally observed. The temperature
vdependences of k,; and k10 for HC1/Ar can be fit by exothermic
pfocesses reduiring one phonon of 12 + 5 and 20 ¢ 10 cm-l,‘
respectively, Fig. 10. More than one phonon may be in&olved
in the exothermic process. For higher energy phonons involved

1 69 and 73 c,m--l for

(up'to 64 cm ~ for Ar deiocélized phonons
the HC1/Ar localized mode) the temperature dependenée will be
negligible in the range 10-20 K. Température dependence is
caused.dnly by low frequency phonons created during relaxation.
Relaxation rates probably.increaSe as the initial rota- |
tional level of the guest increases. Relaxation rates in the‘-
'_gas phase increase as the velocity of the collision pértners
f_increase, and rotational motion efféctively adds its tangential
vélocity to the veloéity of the collision pair.70 The linear
translational motion ih the sbiid arises primarily from the

local mode oscillation of the'guest.25 At higher temperatures

observed relaxation rates should be faster than at lower tempera-

_tures, since contributions from excited rotational levels are

more heavily weighted. The relaxation rate is:

k

]

I £(n,0)kY - (5)

' 8,5 -E(n,J)/kT
£(n,J) ='Q?% o E( ,v)/_
" where f(n,J) is the Boltzmann-factor for the translation-
rotation level (n,J). Q(T) is the guest partition function
and g, 32 E(n,J), and kn’J are the degeneracy, energy, and

s : ‘
relaxation rate of (n,J). (The translational states, n, are

included in Eq. (5) in a formal sense only, since the 73 cm-1
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energy of n=1 precludes thermal excitation in these experiments.)
For HC1/Ar, the partition function can be calculated from the

energy level diagram of Fig. 3:

17/kT ,

Q(T) = 1 + 3e- 5 + 3

e'43/kT e"73/kT o o (6)
with energies expressed in cm 1. If only J=0 and J=1 are

considered:

1.,0,0

k = Q(T) "~ k 1

+ 1-qem % 1%

From Eq. (6) 89% of the guest HC1l is in J=0 or J=1 at 21 K,
and even more population resides in these levels at lower

temperatures. The data for HC1l/Ar are fit to Eq. (7), Fig.-11.

The values are: for v=2~+1: kgio = (2.9 + 0.8) x 10°

k31 = (7.7 £ 0.3) x 10° sec™l; for ve1-0: k030

X 102 and kgal = (1.4 ¢ 0.1) X 103 sec-l. The influence of
higher levels can be estimated if a form for kn’J.is adopted.

Assuming that kn’J increases linearly with J, ko’0 is unchanged

and

= (6.6 + 2.3)

and_ko’1 is decreased about 20%.

| The temperature dependence for HC1/Ar is probably due to
é combination of phonon and rotational effects; it is not
possiblé to experimentally'distinguish the extent of each.
The smaller (null) temperature dependences of the NH and ND
'-relaxation rates may be due to the higher local mode frequencies

and larger rotational constants of NH and ND.



C...Bnergy migration and V=V transfer

The increase of k for HC1/Ar for M/A < 2000 indicates

10
the appearance of a new'deactivation thannel., Two effects of
increasing concentration may contribute: 1) increased range
of V+V fransfer to energy accepting species present in the
sample; 2) increased concentrations of energy acceptors, such
as the HCl dimer. Long-range dipole-dipole coupliﬁg pfovides
. an explanation for V+V transfer processes between isotopes of

CO in Arl’2’71 and frpm NH and ND (AZZ) to various acceptors

in’Ar.lZ_ o ’ l

The mathematical treatmenﬁ of ensemble kinetics resulting
from migration-aided énergy transfer by dipolar coupling is
problematical. In rigid phases in which donors are randdmly
distribﬁtéd, a deSCriptioh of excitation migratidn'in terms of
simple diffusion is inappropriate.72 " Hopping models for

71,73

"excitation migration have been developed. When energy

: o decay ,
migration is very rapid, the/kinetics of non-resonant energy
“transfer to the acceptor is exponential and independent of

1,57,73

the details of migration within the donor system.
the case wheré ehergy migration is not so fast, the donor-
acceptor transfer kinetics following pulsed excitation have a
non-exponéntial portion followed by an exponential portion.

The mathematical form for the exponential portion of energy

transfer in this case depends upbn the particular model.

Criteria for determining boundaries between regions of different

kinetic behavior have been proposed,73 but are hot established.

It is argued below that the increase of kld for HC1/Ar in

33
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concentrated samples is due to V-V .transfer to the HC1 dimer,
that this transfer occurs.in the 1imit of rapid excitation
migration within the HC1 nonomer system, and that all transférs
involve dipole-dipole interactions.

The_rate of energy transfer by Coupléd dipole-dipole
trahsitions from a donorvmolecule, D, to an acceptdr molecuié,

A, separated by a distance R is

6 (8)

W =_CDA/R
e . . : 74
where CDA is given by FOrster-Dexter theory as
3 1 1f | -
C.. = — = | f.(v) £f,(v)dv _ (9)
DA 5121r6cn4\)6 ™ TA D A

where c is the velocity of light in vacuum, n is the refractive
index of the host medium, v is thé-transition energy expressed
in’cm'l, Tp and 1, are the donor and acceptor radiative life-
times in Vacuum, and fD(v) and fAtv) are thé‘donor and acceptor
normalized lineshéped functions expressed in cmfl. For resonant
Lorentzian lineshapes of'the same FWHM, Av, the integral 1is
equal to (ﬂAv)-l.- | |

 Energy migration results when D=A and can be viewed as a
hoppiﬁg of excitation from one donor to another. Due to the
.strohg“distanCe dependence of the fundamental interactibn, Eq.
(8),vthe cloSest donor molecule to a particular excited donor

dominates the energy migration process. Hence, the average

'hopping rate is given by

<W> = J 2L pR)AR o)
2 R

(o)
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P(R) = 4nR%px) exp(- 3 "Rox)) - an

where P(R)dR is the probablllty that the nearest donor to the
excited donor is at a dlstance between R and R + dR 71 Xp is

the donor mole fractlon and p is the den51ty of 1att1ce sites
(number/cm ). The lower 11m1t of 1ntegrat10n, Ro? reflects L

the fact that the dlstrlbutlon of HC1 monomers is not totally
random, since, for example, two HC1 molecules in adJacent sltes
comprise a dimer and do not participate in energy migration.

The distribution of HC1 monomer is assumed to be random for
separations greater than Rd. All smaller separations are
eliminated by aggregation (most likely to dimer) during deposition.
V(When Ro is larger than one nearest aeighbor.separation, the
difference between an integral, Eq. (10), and a more precise
lattice sum is at mostta few percent.) The result of integfation
giVes |

| dmpx,C 3

<> = —L D011, 7703 R P 4Ll ] - azn

Do
3Ro

For cases cohsidered subsequently, the second term is less
than 10% of the first and can be neglected.

Calculation ofv<W> requires values for R and Cy,. A

" value. for R may be estimated. Given an HCl1l molecule at the

or1g1n, the random probablllty of another belng within R of
3

the flrst is 3 nR prCl,.where Xyel ts the teelproval M/A |

value, and theiprobability is much less than one. The ratio

of monomers to dimers is just half this probability:
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X,. ‘
dimer _ 2 __, 3
xmonomer 3 TR, PXyc1 : (13)

Values of R are calculated from the measured monomer and
dimer concentratlons of Table IV. Ro is in the range of 4-6 A
tforthe unannealea sampleé; which corresponds to a physically
reasonable distance of almost two nearest neighbor separations.
An anneallng operation permlts 11m1ted solute dlffu51on The
increases in R to 13 and 19 A shown in Table IV demonstrate
sen51t1v1ty to the precise temperature-time profile.

- For CDD’ the integral of Eq. (9) becomes a Boltzmann-
weighted'SUm of integrals for coupied transitions. The
relevant transitions for HC1/Ar are R(0), P(1), R(1), and P(2).

Assuming Lorentzian lineshapes, the integral is

(&) = Z 6 TTA\).. _f(ni’Ji) f(nj ’Jj) ' (14)
-V V. 1)

{ fD‘(v)f’A(v)d\). ) 1
ij

Where‘\)ij and Avij are.the frequency (cm-l) and linewidth of
the transition connecting rotation-translation level (ni,Ji)
‘of v=1 with (n ,J ) of v=0.

- The average number of resonant hops made during the V-»R,P
'lifetlme 1 of the excitation, -M,= <W> Ts is calculated from
Eqs. (9), (12), and (14), using Boltzmann factors from Eq. (6)
“and an average R0 =5 A The results for v=1 and v=2 excitation
are given in Table V for several M/A ratios. Linewidthslused
ére 1.3 (9 X) and 2.4 (20 K) for R(0) and P(1) lines and 9 cm 1
" for R(1) and P(2) lines. |



Most of the resonant transfer occurs via P(1l) -and R(0)
transitions. The width of the level J=2 and its small thermal
populations make the terms in Eq. (14) corresponding to R(1)
and P(2) contribute less than 0.1% an 9 K and less than 6% at
20 K to the resonant transfer rate. That relaxation of v=2
should be concentration independent.is immediately:dbvious‘.
upon examination of Table V, since for M/A > 500 v=2 excitation
makes less than one hep during its V-R,P lifetime. The
immobility of V?Z excitation is_due to the small overtone
transition moment , and hence a smalvaDﬁ.

It is apparent from Table V that v=1 excitation mo?es
substantially dufing its V»R,P lifetime; even in the moet dilute
sample of M/A = 10,000 v=1 excitation makes a thousand hops. |
At M/A = 1000, v=1 excitation mékes‘lé,ooo‘hops. How much
motion of the v=1 vibren is enough to belconsidered fast
migration?'vThevsalient physical feature of the fast migration
regime is that the excitation|inhabits enough donor sites
Aduring its lifetime so that the entire range of D-A‘interactions
is statistically sampled bylall vibrons. As a criterion for
the fast migrétion regime, it is required that the vibron hop to
at least one site with a nearby acceptor, S0 that the strongest
and least probable b-A interaction is sampled. If the nearby
acceptor were in the nearest neighbof‘shell, the HC1 molecule
would not be isolated, so nearby will be taken as the sphere
of neighbofs just beyond the fifst'nearest neighbor shell ,

(another choice might be the shell of neighbors at R, -
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For fcc lattices there are 42 sites between one and two

nearest neighbqr'distaﬁces;7s’ The condition for fast migration
is '
42-)’lxA > 1 | | o - (15)

where Xy is the acceptor mole fraction. For M/A = 1000- at 9 K,

6

the data of Table V suggest that for x > 2_x 10"°, V-V trans-

A
fer is in the fast migration regime.
The likely acceptor for v=1 excitation is the HClldimer?
'since its:infrared actiye vibrational level at 2818 cm-l'is
more nearly resonant with HC1 monomer thah WithAother polymeric
vspecies, and‘nonrresonént V-V probabilifies decrease as the
energy gap between donor.and acceptor increases.lz‘ Indeed,
: fréﬁsfer of excitation by a coupled P(l).transition of the
monomer’with excitation of the dimer is exothermic by 36 cm_l,
Which corrésppnds to a peak in the phonon spectrﬁm of Ar,69
fesulting in a large density of final states for this process.
'.Using dimer concentrations from Table IV, Eq. (15) is satisfied
 _by a factor of 5-10 at M/A = 1000, and for this and more con-
.Centrated samples V%V transfer to dimer is described in the

fast migration regime.

In the fast migration regime, all donor sites are equi-

valent and the time-independent transfer rate is given byl»’3
Ckqg = ko + Coax, Lo (16)
10~ % * “pa*a B |
: : i

where k0 is the unimolecular V-»R,P rate and the sum is oveér all
lattice points, at distances Li from the origin. Assuming that

monomers and dimers have a minimum separation of Rb’ the sum in



Eq. (16) is evaluated as an integral to give
_ 4TrprCDA
k - k + .
10 7o :
3R0

(17)

Values for CDA'for monomér-dimer coupling”ére calculated from
Eq.‘(17) and presented for 9 and 20 K data in Table IV.
Values are calculated only for those samples for which the
uhceftainty in (klo-ko)‘is‘less than the magnitude. The

- average for»CDA is perfqrmedvon logarithms bf CDA’ ahd the
error is one standard_deviation of the fit.

- 38 cm6/sec (range is 2.0

The average Cp, at 9 K, 4 x 10
to 8.0 x 10-38) should be compared to the monomer CDD-Valﬁe
for R(0) or P(1) tranéitions, which is calculated to be 4.6
X 10_35 cm6/sec. ‘The value of CDA depends somewhat on the
choice.ovao. . 1f monomer-dimer pairs are allowed to occupy
all relatiye positions except nearest neighbor; fhe CDD values
obtained from Eq. (16) are 50% larger than thoée in Table IV.
The dimer concentrations have an uncértéinty of up to a factor
" of 2 due to the value chosen. for the dimer trahsitionfmoment,
and this uncertainty is passed on to CDA' In view of the range
‘of individual CDA. .
=10

values, these uncertainties are not important.

-37.4+1

Certainly C cm6/sec is safe.

DA
It is. conceivable that migration aids V-V transfer to an
"unidéntified trace contaminant in thé~system; -In particular,
the HCl-Né complex‘absorption is nearly resonant with HC1
monomer,' However, the HC1-N2'Comp1¢x could be reduced to

subspectroscopic concentration and was for most samples. The

CDA value for V-V transfer to thé dimer obtained from the
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air-doped sample (Table 1V) is consistent with vaiues of other
samples, so the substantial impurities present in thié‘sample
do not accept a large fraction of the excitation. The effect
of systematic impurities in.either the HC1 or Ar reagents used

cannot explain the data of Table IV.25

The'lérge_concentration
and near-resbnance of the dimer make it the best‘candidate for
energy accépforQ It is'possible, however, that uncontrolled
and often unknéwn (Subspéctroscopic) concentfations ofHCl-N2
could be responsible for some scatter.in the V-V data.

In summary, the increase of k with decreasing M/A has-

10
been interpreted as migration-aided, dipole-dipole V-V transfer
to the HC1 dimer. The migration is rapid enough td‘average

all monomer sites with respect to dimers, and a value of the

monomer-dimer coupling coefficient, C has been deduced.

DA’
Monomer-dimer coupling is 1000 times weaker than monomer-monomer

coupling.
D.. . Rimer relaxation

- No fluorescence is observed upon excitation of the HCl.
 dimef at 9 or. 20 K, implying that the relaxation of the IR
aCtive dimér vibration is probably faster than 0.3 us and

' ;értainly faster than 7 us. Energy is most probably trans-
:ferréd fo'the bending modes of the dimer. Thé higher frequency
-ﬁpdes of polyatomics are known to relax rapidly by way of
lower frequency vibrations..76 Thus-it is not surprising that

‘the HC1 dimer is a sink for vibrational energy. The second

stretching vibration is unlikely to play a role if it is



higherlin energy than the-strongly;iR»active Vibrat_ion.47
If it is lower in energy, relaxation could proceed through
the second stretching Vibfation._ If the two levels are
separated by less than 30 Cmi1,77 then the second v1brat10n

- cannot be a bottleneck in order for no dimer emission to be

observed at 20 K.
Et~~39lgsétign~ig;ﬂ2t§~é~92~~@L£iss§

Spectrostoplc observations indicate that at thermal
energles below 20 K HCl1l does not undergo rotatlon in the
- molecular matrlces N2 and 02. It is unlikely that the barrier
‘to rotation ‘is as 1afge as 2800vcm_1; however, so at energies
corresponding to that of a vibrational quantum, rotational
motionhshould be less restricted. .Vibrational relaxation
v into.rotational motion should occur on a time scale similar
to that for,HCI/Ar. V+V transfer from HCl to the vibron band
of the host lattice is a possibility in N2 and O2 host lattices
~that 1is not present in an Ar lattice, and it is likely that
| the lack of observable fluorescence from HC1 in the molecular
lattices is due to such rapid V-V transfer. Transfer from

178 is exothermic

HC1l to the vibron band of a-N, at 2327 cm
by about 500 cm-l_and would be a low order and hence, rapid’
proceSs’if excess énergy is absorbed by local modes or lattice
phonons. Once the ekcitation has entered the host vibron band
it cannot be observed in fluorescénce, although it may persist
for times as 1ong'as one second.4 It is somewhat surprising

that V-V transfer to the a-OZ vibron mdde at 1552 c‘m-l 79 is
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so fast that no HC1 fluoréscencevis‘bbserved, since 1200 cm"l

must be dissipated into phonons, local modes or rotational
motion. However, q-Oz has higher frequency acoustic modes

than Ar.’®



V1.  SUMMARY AND CONCLUSIONS

in'this.work relaxation rates havé.beén'measuredﬁfor
v=2 and v=1 of HC1/Ar as a function 6f concéntration and
" temperature, and for v=2 in dilufe sémples_of DC1/Ar as a
function of temperatﬁré. The non-radiativg'relaxation raté'
for v=2 6f HC1l/Ar is 32-@5 times faster than for v=2 of
DC1/Ar, inuspite of the fac; tHat_HCl hés a larger Vibrationa1
:frequency than DCI1, ahdiso must ultimately‘tfansfer moré
energy to the.host lattice, Thé rates increase only slightly
(less than two-fold) between 9 and 21 K.“Tﬁese'results
indicate that VR relaxation occurs. The rate limiting step
is creation of a higﬁly rotationally exéited guest molecule.
Subseqﬁent relaxation of_rbtation into lattice phonons is
4rapid. The weak temperatﬁre dependence is due to low-order
: phonon particiﬁation ahd/or variati&n_of relaxation‘rate-with
particular quantum level of the éxcitéd guest.! |
Relaxation of HC1/Ar.(v=2) is indeﬁendent of';oncehtration

for M/A "> 500. Tﬂé relaxation rate froﬁ v=l is concentration
'indepeﬁdent for M/A > 2000, and rises rapidly fér M/A < 1000.
- The increase is due to energy'migfatién df v=1 excitation froﬁ
' .mthmér‘to monomer by résonant dipolerdipolé coupling which
.‘allowS.energy to be irreversibly transférred to‘the HC1 dimér.

uDirect’excitation expefiments'indicaﬁe-that the dimer relaxes
very rapidly and hen;e dimer, which is preseﬂt in increasing
concentration as M/A decreases, acts as an energy sink. The
relaxation of v=2 is much less sensitive to dimer (and all

other guest species) since resonant transfer of two quanta is
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too weak to produce energy'migration. It has been argued
that for HC1l/Ar migration-assisted V-V transfer to the dimer.
belongs to the fast migration regime;:and“the mohomet-dimer
coupling coefficient hes been.estimeted on this basis - In~
N2 and O2 matrlces, HC1 relaxatlon is too rapid for observatlon,
presumably due to V-V transfer to the host. N
Spectroscopic experlments show that the trans1t10n moment
of HC1 monomer in Ar is not perturbed_notlceably by the matrix
environmeht. Also, the ahharmonicity of.HC1 and DC1 in Ar

and N, matrices is unchanged fromvgas to matrix.
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Table I. Absorption frequencies of HCl and DCl in some matricesa

v | | Assignment HC1 frequency DC1 frequency
Ar Matrix:  Qz(00) 2944 2149
R(2 2913 . 2108
R(l):lu ig | 2897 - 20992
2g v 2095
R(O)H2§C1 - 2888 2090
H>'c1 2886 2088
P(l)H§3C1- T 2854 | 2070
H”'c1 2852 2067
P(2) 2844 2061
'Hc1-Néb 2864 2073
HCl-HZOC , _ 2665 | 1935
dimer 2818 2040
timer 2786 2019
R(Y 5663 |
R0 5656 4117
pnd 5622
dimerd 548442
Néma_trix:C _ 3SCI monomer 2855 2067
| 37C1 monomer . 2853 : 2065
Monomerd v. ' : . 4080
| Oz'matrix:C : 3501 monomer 2863
37Cl monomer 2861

"~ %Unless otherwise specified, frequencies and a551gnments are
from Hallam, Ref. 16. All frequencies are accurate to +1 cm~1
~unless other error 11m1ts are quoted.

bFrom Ref. 50.
“This work. |
dOvertone absorptions from this work.
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Table II. Frequency and anharmonicity for HC1l and DCl in
various matrices (cm™1)

Systema . w0+lb w0+2b REC | WeXg
N .

HC1(gas)S 2886 5668 2001 52
HC1/Ar 2871 + 1 5639 + 1 2974 + 4 52 + 2
HC1/N, 2855 £ 1

HC1/0, 2863 + 1

(HC1) ,/Ar 2818 + 1 5484 + 2 2970 + 5 76 + 2
DCl(gas)® 2091 4128 2145 27
DC1/Ar 2080 + 1 4107 1 2133 + 4 27 + 2
DC1/N, 2067 + 1 4080 + 1 2121 £ 4 27 + 2

a

Values used are for the 35Cl iéotope.

b .y . . _
Pure v1brat10na1 frequency 1sl[wR(0)»+ wP(l)]/Z' |
C From Ref. 28. Uncertainties are less than 10> cm L.



Table III. Relaxation rates for isolated mdlecules in Ar (103 -1)
M/A o : o T(K + 0.4)
_ - 9.1 12 f114 15 16 17 18 19 20 21
HCl:v=2~>1 ‘ ’ '
527+5 3.59+x0.07 _ 5.6
670120a 3.730.3 ' 5.5%0.2 '
930£30 3.6+0.5 4.2 - 4,9
960120 "4.2%0.6 : ‘ 5.7%0.7 _ 6.3+0.2
. 9801%30 3.8i0.6b 4.7 4,6 4.9 5.8
290030 4.7+1.2 - 4.7%1.0 _ 5.6 .10, 6.2%1.6
5100100 3,730.2 4.5%0.6 5.3%20.8 5.6%0.5 6.0
10,000%1000 3.7£0.2 4.50.2 4.6%0.2 : 4,9%0.3 5.420.8
Average 3.810.4 4 ¢+0.5 - | 5.7%0.6
HC1:v=1-0 : ' - 4
2380t60C 0.88%0.09- 0.82 0.96 . : 1.0 1.2
2900+30 0.840.09 , 0.89 - - : 1.0 1+0. 1.1%0.1
5100x100 0.7620,09 -0.85%0.10 - 0.82%0.05 0.89 _ 0.93
10,000%21000 0.75+0.02- 0.77 0.98 ) 1.0
Average 0.8110.07 0.8110.04 1.1%0.1
DCl:v=2~>1 : : L
3270160 0.11+0.01 0.13 - 0.17 -
4800100 0.12+0.01 0.15 0.18 : 0.19 0.20%0.01
Average 0.12%0.02 0.14+0.02 0.1840.01

b
c

d

17.5 K..

? Air-doped sample: HC1/Air/Ar = 1/0.2/930.
Value diséardéd in computing averageé.

Direct v=1 excitation.

]



Table IV. HC1 v=1»0 Relaxation data and monomer-dimer coupling coefficients

M/A xMole fractionsx(lﬂ—s) 310(10353° 1) . k(20) Rga. CDA(l0 §7cm6/secj5
monomer dimer 9 K 20 K k(9) (A) 9 K 20 K
12342 6.6 *0.1  0.68 *0.01 >500 >500 , 4.0 |
52745 1.78 +0.02  0.049%0.005 8.5 #2.5  27¢+7  3,1x1.78 4.0 0.94 3.1
600£30%  1.58 £0.08 0.028£0.002 5.5 0.3 3.7 0.78
670£20 1.46 +0.06 0.030%0.005 6.5 1,8 113  1.7%0.9 4.0 1.1 2.0
920¢30%  1.00 £0.03  0.033%0.003 0.95%0.11 1.1 1.2 5.2
920£30°  0.50 £0.02 0.14 0.02 1.9 13 1.6
9030£30°  1.00 £0.03  0.026£0.003 1.6 0.2 1.3 4.8  0.31 0.39 -
960+20 ~ 1.03 £0.03 0.017%0.005 1.2 0.2 4.1 0.15 o 0.19
98030 1.00 #0.03 0.020%0.003 1.2 #0.1 4.4 0.16 |
990420 0.91 #0.03 0.016%0.002 1.6 +0.3 2.1+0.3 1.3%0.4 4.4 0.39 ©0.54
11000420 0.89 £0.02 0.038£0.004 2.0 £0.2 2.2:0.6 1.1%0.4 5.9 £ 0.60 0.60
2380+60¢  0.38 £0.01  0.004%0.001 0.88%0.09 1.2 1.4 5.0 o
290030 0.345£0.003  <0.004  0.84t0.09 1.1 1.3~ <5.3
5100+100 0.196%0.004  <0.004 0.76%0.09 0.93 1.2 <7.7
5100£100° 0.118%0.006 0,026%0.002 0.88%0.06 | | 19
10,000£1000 0.10 %0.01 <0.004 0.76£0.02 1.0 1.3 <12 s | |
Averageh ' L . : 1.310.2 4.510;7i "37.4%0.3 10_37'110'5
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Foothotes for Table IV

Calculated.from‘Eq. (13).
Calculated from Eq. (17).
T=20 + 1 K.

Direct excitation of v=1.

Sample prepared by ahnééling sample listed
directly above it in the table.

Air-doped sample: HC1/Air/Ar = 1/0.2/930.
This value discarded in_averaging k(20)/k(9).

Error is ohe‘standard deviation of the data set.

Anhealed samples are not included in the average.
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Table V. Resonant hops for v=1 and v=2 of HCl/Ara’b

M/A ) V%O*_—*.V:l . . V=0__<_——>.V = 2 y
YL (9 K) Y{(20 K) Y9 X) Y (20 x)
100 1.6(5) 7.8(4) - 4.1 1.7
500 3.1(4) 1.6(4) .82 .35
1,000 1.6(4)  7.8(3) 41 7
2,500 6.2(3) 3.1(3) .16 .069
5,000  3.1(3) 1.6(3) .082 - .035
10,000  1.6(3). 7.8(2) 041 017
2 powers of ten in parentheses: 1.6(5) = 1.6 x 10°.
Lifetimes used are f(v=1, 9 K),= 1.3 ms,
t(v=1l, 20 K) = 1.0 ms, t(v=2, 9 K) = 0.28 ms and
t(v=2, 20 K) = 0.18 ms.



57

ELGURE CARTIONS

PR A~

Fig. 1. Schematic for flﬁorescencé expefiments. The 6ufput of

the OPO is collimated, filtered, and directed into the matrix;

sometimes the excitation is fdcused, és shown. Fluorescence‘is

| focused onto a cooled Gé:Hg photoconductive detector. A phbtodibde _

‘pulse, sYncﬂronized with the Nd:YAG'pulse, triggers the electronics.

~Fig. 2. Representative absorption spectrum of Hdl/Ar. Deposition_

conditions: 9 K, 6 mmoles/hij total'deposiped’= 15 mmoles.

:Fig. 3. Energy level diagram for HC1/Ar. The spacings. are

derived ffbm,the data of Table I, and the finite widths of the

levels are néglecfed. J is the rotationﬁl quantum number and 'n

_is the local phohon mode (translational) quantum nﬁmber. |

v‘Fig; 4. 1Spectraily resolved decay traces from HC1l/Ar, M/A = 5100
+ 100, 18.2 + 0.2 XK. Excitation is at 5656 cm’l, v=0+2, R(0)>°

' 3;transition,_with-8.uJ/pulse energy. Curve a is v=2~+1 fluorescénce
: and is.the‘averaged signal of 2048 shots.  Curve b is the v=0-+1
- fluorescence and is the éVeraged result of 4096 shots. The re-
iuduced S/N of curve b as compared to curve a is due to poor over-
fﬂlap of the spectrally resolving interference filter and‘the v=1+0
emission band. The baséline undershoot of curve b is the result
‘[bf_ﬁO'Hz pickup. Deposition conditions: 9 K,23 mmoles/hr;

total deposited = 52 mmoles.

Fig. 5. Analysis of spectrally résolved decay traces of Fig. 4.

" Curve a (@) is a single exponential, Eq. (1), and curve b (0,0)
is the sum of a rising and falling exponential, Eq. (2). |

'HFig. 6. 'Concent}ation dependence of HC1/Ar relaxation rates at

9 K. Samples shown were deposited under similar conditions: 9 K

~and 20-30 mmole/hr. Data is from Tables III and IV.
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Fig. 7. Fluorescence spectra of HC1l/Ar, M/A = lQQQ'f‘ZO. The
histograms are normalized 1ine emission spectra calcdlated for
a Boltzmann dlstrlbutlon of rotatlonal levels of the em1tt1ng
v1brat1ona1 level; P and R 11nes are 1nd1cated for v—3+2, v= 2+1
- and v=1-0 bands. Lowest trace is data uncorrected for optlcal
: deneity.of v=1-0 tran51t10ns.
Fig.‘§; Fluorescence excitation spectrum for-orertone excitation,
HCl/Ar, M/A = 980 f 30,>9vK. Deposition.conditions: 9 K,
19 mmoles/hr; total'deposited'= 12 mmoles. | | |
Fig. g{. Overall schematic of relaxation of HCl(V=2)/Ar, The
rate limiting steps are V>R processes; k21.and klO; The V+R step
produces'a highly excited rotational level which can ranidly
relax by energy transfer to phonons, n. The pnonone shown are
73 cm -1 energy, corresponding to the HCl/Ar local mode. |
Fig. 10. Temperature dependence attributed to phonon partici-
pation in HC1l/Ar V=R nrocesses Data are 1solated molecule V-R,P
rates from Table III. The sol1d curves are calculated for
exothermic phonon processes and are normalized to the 9 K
relaxation rate; tne phonon energies are indicated in cm’
Fig. 1ll. Temperature dependence attributed to Variation of -
rate nith Jflevel.' Isolated.molecule V+R rates of Table III
are fit to Eq. (7): nO(T) = Q(T)-1 is the fraction of:moleculesv

in J=0. Results are in the text.
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