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A semiempirical theoretical model is developed for estimating the rates of collision-induc&d/Nrational
relaxation from an initially excited vibrational state in a polyatomic molecule to a relatively dense field of
destination vibrational states. The rationale has been to provide a means of estimating absolute relaxation
rate coefficients, with a reasonable level of precision, for relaxation induced by a wide range of collision
partners (atomic, diatomic, and polyatomic) and for a relatively wide range of temperatures. The model is
based on calculating an efficien®/for the vibrational relaxation process by making use of relevant known
molecular and intermolecular parameters. The inelastic rate coefficient for vibrational relaxation then emerges
from a product of this efficiency and the classical Lennard-Jones elastic encounter rate. A feature of the
model is that it uses no adjustable parameters. Comparisons are made between the predictions from the model
and a number of experimental measurements of specific dependencies of vibrational relaxation rate coefficients
(e.g. on collision partner properties, on the initial vibrational state, and on temperature) to characterize and
illustrate the ingredients that deliver the estimateRoA correlation between the predictions of the model

and data from over 100 experimental systems and for a temperature range-f8® R invites the conclusion

that the model is useful for estimating the absolute magnitude of state-to-field vibrational relaxation rate
coefficients in the intermediate regime of final state densities to within an overall accuracy of 30% and with
an average error of10%.

I. Introduction Slawsky, and Herzfeld theo¥/(SSH/T) through a variety of
other theories of varying complexity and accurd®j? In one

_The exchange of vibrational, or thermal, energy between two ot he most recent adaptations of SSH theory, Barker has shown
interacting species is one of the most fundamental propertiesy, 4t ngividual state-to-state processes can be integrated to

in chemistry and physics. This process is of course responsiblep, . iqe a meaningful description eAE| in the large-molecule
for all thermal chemical reactions and the mechanisms by which i+ ot vibrational energies of tens of thousands of wavenum-

systems return to equilibrium. Under ideal conditions (gas phase

small-molecule limit), the process can be followed at its most Anoth idelv adopted ht | ¢ ¢

fundamental levetthe transfer of population between individual . nother widely adopted approach 1o explore energy transter
in the large-molecule limit has been to perform classical or

quantum states of a molecule. When the density of states rises,”” ™| lassical trai lculatioHsThi
it becomes more difficult to chart all destination states. However, Semiclassical trajectory calculatiofisThis approach has pro-

the deactivation of a single quantum state can still be measured”/ded many Interesting results and new concepts, for example,

even when the background density of states is many thousandhe concept of the SU_pergolll§|oﬁs.However, it is not clear

per wavenumber (intermediate case). Beyond this regime (|arge_wh_ether inherent deficiencies in the method (for exa_mple, zero-

molecule limit), when the individual states are poorly defined, POINt énergy) can be overcome to generate further insights into

the “states” become defined only by their energy, and the €nergy transfer.

transfer process is defined by the average amount of energy The problem of small-molecule inelastic scattering has always

transferred per collision. been a fertile testing ground for theory. As experiments have
The small-molecule and large-molecule limits have been the Yielded more and more precise data, so too has quantum

subject of extensive investigation, both theoretically and ex- scattering theory been able to address more complex interactions.

'bersté

perimentally, for many decadés'® Not only are the experi- ~ For example, Clary and co-workéfshave addressed the
mental measurements quite different between these regimeschallenge of using 3D quantum scattering calculations to
(state-to-state integral or differential cross section verAis), estimate vibrational relaxation rates for molecules such ag CO

but the theoretical approaches are also quite disparate. Theorie®2C0, GHa, CsHe, andp-difluorobenzene induced by collisions
applied to the large-molecule regime are typically approximate With He atoms. A combination of coupled-channel methods with

and simple. They probably originate with Landaleller sudden approximations, together with an atammlecule po-
theont! through the Tanczos implementatiérof Schwartz, tential energy surface obtained from self-consistent field
calculations, yields estimates for state-to-state vibrational re-
tPart of the special issue “Charles S. Parmenter Festschrift”. laxation rate coefficients that are in good agreement with
* E-mail: s.kable@chem.usyd.edu.au; A.Knight@griffith.edu.au. experimental data.
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The intermediate case of vibrational relaxation has received model predicts vibrational relaxation rate coefficients each to
much less attention theoretically. In general, it is too complex better than 30% in most cases.
for quantum scattering calculations, but the still-measurable
guantum nature makes the simpler theories or classical trajec-
tories too insensitive. Older theories concerned with the small
intermediate limit have also utilized SSH/T theory. For example,
Tang and Parmenter (T®used a simplified version of SSH/T
theony® to explain the trends in state-to-field rate coefficients

II. Theory

A. Background Theory. In this section, we present a
derivation of a statistical, semiempirical, semiclassical model
: i L e for estimating the rates of vibrational-energy transfer. In the
in benzene across a variety of initial states and collision partners'subsequent section, we will demonstrate by comparison with
The TP model, however, was shown to be not applicable in oyherimental data that the model is sufficiently sensitive to the
other systems of similar complexity (aniline and pyrazine) by o5t important elements of vibrational-energy transfer to enable
Rice and co-worker3"?? who then proposed a different e estimation of absolute rate constants for vibrational deactiva-
symmetry-based model to explain the trends in these mol- tion in many systems under a wide variety of conditions.
ecules?? However, Parmenter et al. subsequently showed that  \ye start by considering the rate of collisional encounters (in
this model did not work fop-difluorobenzené? molecular units, cfhs) between a target molecule and a

There is a wide variety of experimental data on quantum state collision partner,
resolved vibrational relaxation for the intermediate case regime.

The systems range from diatomics (which never reach the k:fa(y) v f(v) dv 1)
intermediate case in complexity) through small polyatomics

(e.g., CH, CHO,, H,CO) and larger aromatic polyatomics where the velocity distributiorf(v), can be anything that the
(e.g., benzene, aniling-difluorobenzene). These data cover environment dictates but is often the MaxweBoltzmann
both the $and $ electronic states, vibrational states with from  distribution. The collision cross section is defined as

1 to 100 quanta, O to 10 000 ctof energy, densities of

destination vibrational states from0 to >200/cnT?, and o(v) =27 f oob(U) db 2)
collision partners ranging from He t@CqF14. It is a challenge 0

for any theory to make a quantitative connection with this \yherep is the impact parameter. When the impact parameter

compendium of accumulated data. is independent of velocity (or temperature) and the velocity
Theories and relationships concerning the vibrational relax- distribution is Maxwel-Boltzmann, then eq 1 becomes

ation process in the intermediate regime, for example, those

mentioned above, appear to have their merit in rationalizing 8k T

trends in the data. We summarize the features that are found to K(T) = op/ — ~=olll 3)

be common to these studies: H
(i) The classical Lennard-Jones collision encounter rate haswhereu is the reduced mass ahg is the Boltzmann constant.

provided a means for rationalizing the temperature dependenceLis the mean relative speed. If the cross section is for hard
of the vibrational relaxation process between room temperaturespheres, then we can define the hard sphere collision cross

and the ultracold supersonic free jet environnfént® section for two dissimilar molecules:
(ii) Propensity rules, based on the SSH/T model for vibra- o
tional relaxationt? appear to explain the relative magnitudes kn(T) = 72d 200 (4)
of state-to-state vibrational relaxation rate coefficients satisfac-
torily. 19.23 wherezd? = ons andd = Yx(da + dg). da anddg are the hard

. . . ) o sphere diameters of species A and B, which are experiencin
(i) Many relationships provide a rationalization of the tr?e collision P P 9

dependence of the vibrational relaxation rate coefficient on the The calculated collision rate is sensitive to the choice of
collision partner. Relationships based on both the reduced mass1armolecular potential and henee Our focus here is on
and on the intermolecular potential well depth have been found | i, ational relaxation rates, and several experiments have

to be appropriaté?2’ To some extent, the identities of the yemonstrated that the hard sphere potential is not always

chosen set of collision partners dictate which is more suitable. appropriaté428-31 The Lennard-Jones (6, 12) potential has been
In this paper, we explore the application of a semiempirical demonstrated to contain the essential features required to model

model for vibrational deactivation (i.e., state-to-field relaxation) various trends in observed vibrational relaxation réte® The

based on trends that we have observed in numerous systems.ennard-Jones cross sectiopy is related to the hard sphere

The seeds of our ideas are contained in Tang and Parmenter'sross section via the omega integr@f2.2)":

exploration of vibrational relaxation in;$enzend? but the

application here involves a wide survey of existing data for o, = 0, Q%% (5)

numerous systems and contains some novel features. The

essence of the model is that it provides a quantitative connectionwhereQ(@2* contains the temperature dependence gf The

between the calculation of state-to-state propensities and thechoice of Q22" over otherQ(.9" integrals is to some extent

evaluation of the total rates of vibrational deactivation. We shall arbitrary, but there is a precedent for its d3&0 In any case,

see that the model can be used to estimate absolute vibrationathe difference between the various forms of €4¢9" integrals

relaxation rate coefficients (for vibration to translationaHV  is slight?! k. the Lennard-Jones collision encounter rate

T) energy transfer) for polyatomic systems in botha®d $ coefficient, may therefore be written as
electronic states, a wide variety of collision partners and target
molecules, and a wide range of initial vibrational levels (in k ;= k, Q%Y = 7d’*? (6)

number of quanta and in energy). The experimental vibrational
rate coefficients vary over nearly 4 orders of magnitude; the Vibrational relaxation experiments commonly yield measure-
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ments for the thermally averaged relaxation r&tg which is
the rate of population transfer from an initial vibrational state
lidto a final state|fJduring the course of a collision. It has
been customary to interpret these rates in terms of an “effective
cross section”[I&(]

o= ﬁ

T (@)

The double bracketdllare used to indicate that this effective
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well in rationalizing the collision partner dependence of
relaxation processés’ We have chosen the correlation with
uY3because it specifically excludes factors that are already taken
into account by the well depthe, for the intermolecular
interactions. K is a function ofe.) Also, it is a single-parameter
correlation and hence offers the advantage of simplicity. Finally,
the correlation appears to give an approximately zero intercept
for all of the systems that we have examined. There are
precedents for such correlations involving where the factor

r is fractional, depending on the conditions under which

cross section is not a true average cross section but rather theneasurements were conducted.

ratio of averages (which is not equal to the average of the ratios).
IoMmay be used to define a probabili®/that describes the
efficiency of the vibrational relaxation process relative to a
calculable elastic collision rate:

ki o
Prs=1 = (8)
khs Ohs
or, relative to the Lennard-Jones encounter rate,
ki oD
PL=v =" ©)
ki ou

Equation 9 pertains to direct state-to-state processes (i.e.,
vibrational relaxation from a stafe’ito a state/f(). To obtain

the probability or efficiency for the total deactivation of an
initially prepared statéil] we merely need to sum eq 9 over all
destination states:

ki K

P = Z_ =
ki Ky

B. Development of the Model.Equation 10 serves as the
starting point to develop our model of vibrational-energy

transfer. Our objective is to find a simple means of estimating
P. Becausek ; = o.3[@0) eqs 9 and 10 may be re-expressed as

(10)

k = POdy, 11)
The probability factorP, depends on the properties of both the
target molecule and the collision partner, including the vibrational-
level structure in the target molecule (and if applicable, the
collision partner), the reduced mass of the collision pair, and
features of the intermolecular interaction that are not reproduced
by the Lennard-Jones potential (e.g., anisotropy). The strategy
we shall adopt is to propose thatmay be approximated by a
product of two factors, oney, that depends on the properties
of the collision partner (but is specific to a given target molecule)
and anotherp, that depends on the properties of the target
molecule. Equation 11 is therefore written as
ki =oa x f x O (12)
An empirical estimate ofx emerges from a survey of the
relationship between vibrational relaxation efficiency and col-
lision partner identity for a wide range of systems (see below).
It appears thal® correlates well with the cube root of the reduced
mass for the collision pair:

o =C; X ﬂm (13)

We do not require nor is it suggested that eq 13 expresses a

relationship with any precise mechanistic significance. Indeed,

The second parametef, is calculated explicitly for each
vibrational state of the target molecule. The model presumes
that may be evaluated as the sum of propensities for relaxation
from the initially prepared statg[Jto each of the destination
stategfl]l Our goal here is to seek a simple, relatively intuitive
model rather than a sophisticated theoretical treatment. There-
fore, we have chosen one of the simplest approximatioing
empirical Parmenter and Tang (PT) rutess a starting point
The PT propensity rules are based on the SSH semiempirical
theory'3 for vibrational relaxation (including contributions from
Tanczo$? and Miklav and Fisché?). The SSH model was
simplified substantially by PT by removing all dependence on
the collision partner, including collision mass, intermolecular
potential, and temperature. The PT expression for the relative
probability P for a state-to-state relaxation process contains
only factors relating to the energy difference between the initial
and final states, the degeneracy of the final state, and the total
change in vibrational quantum numbers between the initial and
final states.

The PT formalism proved successful in rationalizing the
relative mode-to-mode propensities for vibrational relaxation
into different destination states from a single initial state in S
benzené? It was later extended by Tang and Parmenter (TP)
to model the relative relaxation rates for state-to-field relaxation
from a number of initial states in benze¥elhe TP model has
been found to be less successful in describing state-to-state
propensities in anilif®2?*and pyraziné? We have found that
with small modifications their model provides a reasonable
rationalization of the trends observed in the state-to-field
relaxation in $ p-difluorobenzen&?

The PT propensity rules are summarized as follows:

P, O I(AE) x |‘||Ebj|Qj|vj + AyF
j

(14)

wherei andf are the initial and final states as before. Tls
are the quantum numbers for the vibrational modgshat
change following the relaxation event frojifito |f0) andQ; is
the appropriate term in the interaction potential. In the PT rules,
the first factor,l(AE), took three forms depending on the size
and sign of AE.X® We simplify the rules by choosing to
differentiate only between exoergic and endoergic transfer
processes:

(i) I(AE) = exp(—0.01AE) (15)
for exoergic processes, whereas to satisfy microscopic revers-
ibility

AE

(i) I(AE) = exp(~0.01AE) x exp(— k,TT) (16)

there are numerous other empirical relationships that work fairly for endoergic processes.
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The matrix elements in the second factor of eq 14 are L ]
approximated by the scaling law ok p-difluorobenzene, S, 773,5,30, ]
» s 770
|@)|Q lv; £ AvTF = 107" (17) ! s 0 .
i 7770 523,30, ]
In this approximation, each additional change in quantum Qs 02 ol |
- o - ” _ O -
number reduces the matrix element by 10. For guantum number L og -
changes with the samev but differentv, thez’s are determined I S ==
from the standard recursion relations for the harmonic oscillator i C
vibrational matrix elements. These recursion relations relate the 00 E+——+——+—F—+—+
size of the matrix elements for any fixe quantum char!ge.  benzene, S, |
For example, the matrix element for transfer involving a 1.0 | .
1-quantum change from — v — 1 is related to the change [| Best fit 1
from 1— 0 by Model DEL 621"
BIQv — 107 = |VvQ|0 = v||Qorf )
Therefore, in this examplg, = v and 6

|a|QlofF=10"""=0.1

uw (amu1'3)

Similar relations apply in the case Ab > 1 matrix element43

We mav now proceed to evalu The total probabilit Figure 1. Correlation between probability facté= ki/k., and/i_l’3
for the de)z;ctivatign ofilldue to vib?ﬁonal reIaxaE:ion will ge for (upper plot) $pDFB* and (lower plof) $benzené and a variety
. . . . of collision partners. In each case, the line of best fit is indicated by a
proportional to the expression obtained by summing eq 14 over gashed line, and the predictions of eq 21 are represented as a solid
all final states|f(] line.

po Zpif (18) vibrational deactivation rate coefficients for comparison with
these data. Standard units fir are cn¥ s~1. Experimental
results, however, have been reported not only as rate coefficients
in a variety of units but also as effective cross sections, collision
B=c, xS (19) numbers, and collision efficiencies. We have converted these
results where necessary into the appropriate units.
where & represents the sum of propensities Thus, eq 12 The approach that we shall take is to examine each of the
now takes the form variables in turn. First, we demonstrate the validity of tA&
and § factors and then explore the influences of temperature
k = C]‘u”3 x C,S x Wl (collision energy), initial vibrational and electronic states, and
s target molecule complexity.
k= cu§ x o, (20) A. Collision Partner Dependence.In this section, we will

o ) ) ) demonstrate the applicability of thé’?® correlation contained
wherec = ¢C; is simply the combined proportionality constant eq 21 using data relating to benzene @rdifluorobenzene

with units such that the probability factorn'* is dimension- (pDFB) prepared in a single vibrational level (i.e., a fixgd
less. factor for each system). These molecules have featured centrally

The choice of the magnitude fercould in principle be left i the investigation of polyatomic vibrational relaxation, and
as an adjustable parameter, but we expressly seek a model (fopjata are available for a variety of initial levels and collision

predicting absolute rate coefficients) with no adjustable param- hartners. The likely generality of this correlation is based on
eters. As we establish in the following section, an appropriate e data gathered for a representative variety of collision
“universal” choice for the magnitude afmay be derived by paners,

exploring the empirical correlation betweBnand the cube root Figure 1 explores the correlation Bfwith x3in each system

of the reduced mass for the collision pair. For a representative for 1o vibrational levels and a range of collision partners. The
range of collision partners and fér in standard units of ¢ 10t showing data for two vibrational levels in BDFB includes
s™! (molecule™), u in atomic mass units (amujjCiin cm s, the collision partners He, #1D,, N,, SFs, cyclohexane, and
ando, in cn, it is found thatc emerges to be approximately  pEg jtself. For $ benzene, the collision partners are He, H
unity (with units of ama'®). Furthermore, in applying the  p_ N, Ar, Kr, CO,, CHFs, C,Ha, S, and cyclohexane.
model, we find that setting= 1 is applicable for awide range e correlation conforms reasonably well to a linear least-

of temperatures. Hence, widset conveniently equal to unity, g4, ares fit that is constrained to pass through the origin (dashed
we obtain our final expression for the total absolute rate of line) and supports the validity of the’3 relationship at least
vibrational deactivation from an initially prepared stitgviz., for these data. A solid line, representing eq 21, is also drawn in
Figure 1. This line tends to lie somewhat below the data. It
may be tempting to reassign the constairt eq 20 to a value
larger than unity (a value of about 1.2 would be needed in Figure
1 to best overlap the dashed line with eq 21); however, we prefer
There is a considerable body of experimental vibrational to retainc = 1 for simplicity as well as to satisfy our intention
relaxation data available in the existing literature. To examine to construct a useful model that works well enough with no
the reliability of our model, we shall use eq 21 to estimate adjustable parameters. Of course, additional relaxation processes

or

k=5 x u'®x BOx 6, Q" (21)

Ill. Comparison with Experimental Data
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10"°x35 ——————————— The rate displayed corresponds to the combined population
E aniline - Ar ] 3 decay of the two levels. In Figure 2a, we have plotted the data
r O k. - W P ; H
S0t i ] for the level “T” and its overtones and combinations at the
25 E ¢ Zkﬂd aE midpoint of the energies of the states involved. Using the model
- mo%e 1 (eq 21), we estimate the predicted rate coefficients for each

vibrational level. These calculated rates are linked by an eye
line in Figure 2a.

The two measurement techniques (decay of the initial state
and sum of the growth rates) should ideally yield relaxation
rate coefficientski and Zk; that are equivalent. For cleanly
excited levels (i.e., those not containing excitation in T), the
two measurements by CR are in reasonable agreement (Figure
— 2a). However, for overtones and combinations involving the
pyrazine - Ar 10a'6a' @] unresolved level T, this is not the case. For each of these grouped

7 levels, the sum of the individual rate coefficients exceeds the
08 - - total decay rate by roughly a factor of 2. This discrepancy
- 1 between the two measurementskpfvas attributed by CR to
E systematic error in the original paper. We explore this issue a
; little further.

. If one observes the population decay from a number of

E unresolved states, then the observed decay will be a population-

- weighted multiple exponential involving each of the individual

_ decay rates. For example, if two unresolved channels have

I T T identical decay rates (for example, a 2-fold-degenerate vibra-

0 200 400 600 800 1000 tion), then the observed decay rate is simply the decay rate that
E (cm™) one would expect from cleanly exciting one of the components.

) ) o In relation to the aniline data, o factors identify that the
Figure 2. Plot of observed and pre_d_lcted rate constant for vnb_ratlonal two components of the T level (10and 18) should have
relaxation by Ar for (upper plot) anilif@ and (lower plot) pyraziré@ L -
in several vibrational states. In the case of aniline, two experimental similar depay rfaltes, so the observed decay rate will be pseudo-
measurements are availabla direct measurement of the rate constant €Xponential with a decay rate given approximately by the
indicated by open squares and a summation of individual state-to-statepopulation-weighted mean of the two individual rates. Because
rate constants, as indicted by solid squares. The direct measurementgve have no information concerning the population of each
are in better agreement with the model predictions. component of the coincidently excited initial states, we use both
S factors equally to obtain the estimate for(Figure 2a).

Figure 2a shows that eq 21 provides a good match with the
directly measured rate coefficierisfor vibrational relaxation
induced by collisions with argon from each of the eight levels
of aniline used by CR. Th&k; estimates are scattered around
the prediction line, thereby suggesting that the discrepancy
between the two CR estimates of total relaxation rate coefficients
may stem from greater errors in their measurements of state-
to-state rate coefficients. As an absolute predictive instrument,
eq 21 provides estimated rate coefficients that match the

k (cm3 s‘1)

06 -

04

0.2
®6a'

0.0

vib (

(other than VVT) may be in operation for some collision
partners. For example, points that lie substantially higher than
the prediction in Figure 1 refer to polyatomic collision partners
that might be expected to display-\,R- or V—V-assisted
vibrational relaxatiort*#> The other smaller collision partners
are, from our own experience and from other stuéd?edJess
likely to derive assistance from-VT,R or V—V mechanisms
when acting as relaxation partners with&nzene.

B. Vibrational-State Dependence ok;. A range of data are
available in the literature that permit an examination of how - e .
well the model predicts the dependencekobn the initially observed dgta for anilineargon to within 20%, with a tendency
prepared vibrational state. We shall make use of vibrational {© Underestimate the observed values~80%.
relaxation data gathered for the four polyatomiesiline, Pyrazine McDonald and Ric# (MR) have used Spyrazine
pyrazine, benzene, and pDFand incorporating a wide range  (CaN2Hs) as a target for vibrational relaxation induced by
of atomic, diatomic, and small polyatomic collision partners. collisions with argon. Their investigation was directed primarily

Aniline. Chernoff and Ric® (CR) explored vibrational at obtaining relative rates for mode-to-mode energy flow and
relaxation pathways in :S(!By) aniline for eight low-lying led to the development of their correlation diagram model for
vibrational levels i, = 0—600 cnT2) using argon as a collision ~ state-to-state vibrational relaxation pathways. MR quote a variety
partner. They obtained rates for collision-induced population of state-to-state relaxation rates for individual channels that may
depletion of the initial state by two methods: (i) the direct be converted into total vibrational relaxation rates by adding
measurement ok from the decay of fluorescence (this rate the rates of all identified channels. There are likely errors in
coefficient is labeled in the notation of CR) and (ii) by a  this procedure, as identified above in the case of aniline, but
summation of the individual state-to-state rate coefficients the data still serve as a useful test of our model.

(labeledk; = =kt , which was labele&k,(i) by CR). Figure 2a Figure 2b shows the experimental rate coefficients, together
(upper plot) shows the measured rate coefficients for each with rate coefficients derived using our model, plotted against
vibrational level plotted as a function of vibrational energy. Two the vibrational energy of the initial state. Figure 2b demonstrates
points are indicated for each vibrational level representing the that the magnitude of the estimated rates matches the observed
estimate ofk; by each of the two techniques. The range of rates fairly well. The observed rates lie above or below the
vibrational energies explored encompasses the lower part of thepredictions by<~50%. However, the observed vibrational-state
S; manifold (0-600 cnT?). The “level” T* corresponds to dependence now appears more poorly catered to by the model.
excitation due to the band overlap of two states: dim 15. This may be a shortcoming in the model or, as we believe,
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simply uncertainty in the data caused by our summation of the , " T " J " T " J " v

L . x4.0 |- -
individual state-to-state rate data to form state-to-field rates. The | Benzene-CO 0 6'10° ]
discrepancies seen in Figure 2b are in fact no worse than those  3s5L i
seen in the data for aniline obtained from summed state-to-
state rates. 30 O 61 .
Benzene: A Case inlving Degenerate Vibrationg.ang and ~ sl O g'112 ]
Parmente®® used their original SSH-based propensity rules to "o I |
investigate relative state-to-field vibrational relaxation rates in wg 20 O 612
S; benzene colliding with CO. Our approach for modeling the &= - O 6'16' 6'1'16"
dependence of on the initially prepared vibrational state is 15 6'1" 7
based on their work, but we have introduced modifications that 10 [ & 1
permit the estimation of the absolute magnitude of the vibra- 1l O Exp 1
tional relaxation rates. Furthermore, we find that the PT 05 6' Model |
treatment for degenerate vibrations needs to be reinvestigated. 00 16' 1
Inthe original PT formulation, the probability that a molecule T T T T
will change its vibrational state during a collision was set E(om™)
proportional to the degeneracy of the final stgte vib
Figure 3. Vibrational-energy dependence of vibrational relaxation rate
Pi—f=gP@i—f) (22) k for a variety of vibrational levels in Sbhenzene under collisional

assault by CQO® Experimental data are represented by open circles.
wheref, is a single nondegenerate component of the final state. The solid line connects rate coefficients estimated by the model for
However, the PT formalism does not cater to instances whereeach vibrational level.
the initial state is also degenerate. We consider three examples
relating to $ benzene vibrational relaxation: (i) relaxation from  If the two degenerate components are coupled (as they are

a nondegenerate state (e.d); Qi) relaxation from a degenerate  in benzene), then the correct propensity may be calculated if
state (e.g. 6; and (iii) relaxation from an overtone of a the quantum mechanical coefficients of the mixing are known.

degenerate state (e.g?)6 For a two-state degenerate system, the state mixing coefficients
(i) Relaxation from a Nondegenerate Sta@onsider the are respectivelyt(llﬁ). In fact, because the relaxation rates
vibrational excitation channeP@~ D! where D is a degenerate  are contributed to equally by the sum of 1- and 3-quantum
mode. D contains the two vibrational angular momentum processes and hence should be equivalent for each degenerate
components (0, 1) and (1, 0). Because the two chanfels 0  component, the extent of mixing will not change the calculated
D@1 and @ — D@0 will have identical propensities in the rate.
calculation ofS, we predict thaP(0° — D) = gr x P(Q° — (iii) Relaxation from Qertones of Degenerate Vibratians
D©1), as espoused in the original PT formalin. Relaxation from the overtone of a degenerate mode (3., 6
(i) Relaxation from a Degenerate StaWhen the initial state  can also be evaluated by distinguishing the degenerate states
is degenerate, the case is different. In principle, it is equivalent as 6a and 6b. Level?6s of course 3-fold degenerate: %6a
to the situation described previously in relation to aniline where 6al6bt, and 6B. Each of the components%and 618 will display
relaxation from two initial states could not be resolved: identical decay rates according to eq 21. However, tHéla
measurement of the combined decay of both of the unresolvedstate may decay at a different rate. To compare with the
states gives a decay rate that is a (population-weighted) linearexperimental vibrational relaxation rate fror) &re must weight
combination of the decay of the individual states. For a the propensities for each component by the population in each
degenerate level (e.g., fof)6 the two components(®” and of the three states. For the coherent excitation of all components,
6D have identical decay rates, so the measured decay rate ishe populations are equal, and we can weight our mean
equal to the decay from either component. Assume for now appropriately. If the decay rates are significantly different and/
that the two components are not coupled. For a particular or the decay curves are measured sufficiently accurately and
degenerate destination channel, however, the propensity mayfor a sufficiently long time, then the multiple-exponential
differ for each component. This detail is not considered in the behavior of the decay may be observed.
PT model; for example, the PT calculation would evaluate the e have applied these rules for degenerate vibrations to the
propensity for 6 — 6'X* as data of Tang and Parment&They have measured vibrational
1 11 1 deactivation rates for a number of; Sibrational levels in
P(6' — 6'X") = 2 x P(6a — 6dX) benzene. Included in these levels are nondegenerate species (e.g.,

where g = 2 for nondegenerate X and %is treated as  0°), degenerate fundamentals (e.gt,ahid 18), combination

nondegenerate. bands of degenerate and nondegenerate levels (éld.a6d

We believe that this formalism is incorrect. Certainly 6a 6'1%), combination bands of two degenerate modes (e'g., 6
6aX!is a 1-quantum change involving, but 6& — 6b'X* s 16%), degenerate overtones (e.g.3),6and degenerate and
a 3-quantum change (loss o, and gain ofve, and vx). A nondegenerate combinations of overtones (e {.0?%6 61112,

3-quantum change must be less favorable, and indeed the PT6°1%, and 816'1%). This set of data should provide a rigorous
empirical factors suggest that it will occur with a 100-fold lower testing ground for our reformulation of the treatment for
propensity than an equivalent 1-quantum change. Our approachdegenerate states.

therefore, shall simply be to drop the degeneracy factor and The observed rate constants and the estimates deduced from
instead include two levels 6a and 6b with the same frequency.our model for benzene vibrational relaxation induced by
By doing this, theAv = 1 andAv = 3 channels are auto-  collisions with CO are displayed as a function of the vibrational
matically distinguished, and the correct propensity is evaluated. energy of the initially prepared state in Figure 3. Estimated rate
This procedure also applies for combinations of degenerate coefficients for the majority of levels are withit20% of the
modes. observed data. The exceptions are the three lev&g,6'107,
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1 T T T T Level 611(% is 6-fold degenerate. Parmenter and Tang observe

10°x60 .
i m  Experiment | in relaxation from the Blevel of benzene that the vibrational
50 | —O—Model i excitation process involving the addition of a quantunvgf
L 1 (the lowest-frequency vibration) is the most facile deactivation
40 |- n E channel® If the addition ofve is equally facile in relaxation
I 1292 4 3'30" W5°30' i from 6'1C? then this destination state }(#?16) is 12-fold
5'30°y 330 .
30 - n O\ 300K + degenerate. We might expect that any treatment of degenerate
i 5'30" (©) 03 1 vibrations may break down for such a degree of degeneracy,
20 | NA - . S . ;
,Os | especially at the vibrational energies and density of background
0F g 5 O3 | states that surround thé1&? region. To complicate matters
o~ !50/0 6 S1 | further, level 18 displays a large splitting between what are
o 00 f—+——+—+—+—+— believed to be the two vibrational angular momentum comp-
5§ 60 . onents®50 and the 6102 level will be similarly affected. These
- I 3530 m strong anharmonic interactions may influence vibrational re-
50 - 19275 laxation rates, as is the case in situations where Fermi resonance
40 i 300 K O/O ] interactions are involved. H_epce, it is not altoge_-ther surpri_sing
that the relaxation rate coefficient from this level is substantially
- W 530, . - )
30k o i different from the rate coefficient calculated on the basis of our
L v 530 | model. Nonetheless, even though this level presents the worst
3,30, [y~ W530, ) X L
20| . case for comparison with the predictions based on our model,
the calculation still displays an absolute deviatior<@f0% from
10| S the experimental value.
N N ° B pDFB: A Case for Exploring Electronic State Dependence
) 500 1000 1500 2000 2500 3000 3500 (S versus 9. A direct comparison between vibrational
wave number (cm™) relaxation rates in thegSand § states of the same medium-

Figure 4. Vibrational-energy dependencelein both S (lower plotf° to-Iar%e [:;;)I){Iatomlc Iml\/(I)II_TfuL% _\I/_vk?s flrs_t madelﬁatjlflu?robel:]-
and S (upper plot}* p-difluorobenzene. Experimental data are repre- zene by Muller et al( )- e main conclusion from that

sented by solid symbols. The line connects rate coefficients estimatedWOrk was that the vibrational relaxation process was not
by the model (open circles) for each vibrational level. substantially different in the two electronic states. With the

assistance of our model, we can now examine more productively

and &1%. Each of these levels is at least 3-fold degenerate. The the similarities and/or differences between vibrational relaxation
worst fit is for the 6-fold-degenerate levell&?. There may be rate coefficients pertaining to the two electronic states.
a number of explanations for these discrepancies between The calculation of theS factors requires a different set of
observed and predicted rate coefficients. vibrational frequencies for each electronic state, several of which

First, we explore whether there are reasons that our treatmentnay change markedly frome$o S,. The sensitivity of thes
of degenerate vibrations may be incorrect. We have consideredfactor to the surrounding field of destination states is demon-
an equal population of the aa, ab, and bb components in levelsstrated by examining the results of a calculation in which
involving either 8 or 1? and have weighted ou% factors incorrect frequencies are used purposely. The calculation is
accordingly. We have also ignored any coupling between the found to be some 50% astray if the ground-state frequencies
components. It turns out that the ab level has a very simjlar S are used in place of the excited-state frequencies for estimating
factor to that for the other components of & 1, so the the § relaxation rates.
population weighting and coupling are unimportantin any case. The data sets that we examine are (a) thepBFB—Ar
In support of our treatment, the match between observed andvibrational relaxation rate coefficients from the work of MLK
estimated rates for levels @nd 616'1! is excellent (Figure  and subsequently expanded by Catlett ebldior the levels
4). We therefore ask why the estimated and observed rateranging from 0 to 3 (ei, = 2500 cnt?) and (b) data for &
coefficients are equivalent for these 3-fold degenerate levels pDFB—Ar measured by us previously. These data are compared
whereas the model does not work so well fét&, 621, and with predictions obtained using eq 21. We use a hard sphere
notably 610% A closer examination of some of these levels diameter for the excited electronic state that is 5% larger than
that display aberrant behavior is warranted. for the ground state, in keeping with the 5% increase in the

Level 6116 relaxes vibrationally with a rate coefficient that C=C bond length observed in the analogous transition in
is substantially faster than that estimated using eq 21. All other benzene upon electronic excitation. The observed and predicted
levels involving thev¢ vibration, however, are modeled quite rate coefficients for relaxation in botho@&nd § are plotted
adequately. The observed rate coefficient for this level (k67  together against vibrational energy in Figure 4.
10719 cm3 moleculet s71) is only fractionally below that for From Figure 4, we see that the magnitudes of the estimates
level 6116111 (1.80 x 1071 cm® molecule! s71), which lies of ki from eq 21 compare quite favorably with the magnitudes
some 1000 cmt higher in energy and contains the additional observed for vibrational relaxation rate coefficients in both
vibrational mode/; in its character. The addition of extra modes electronic states. This supports the claim that the mechanism
in a vibrational description has been observed to increase theof the vibrational relaxation process is not substantially different
vibrational relaxation rate substantially. (See, for example, levels in the ground and excited electronic states. This should not be
5,30, and 35,30, in S pDFB®° or the addition of a single  entirely unexpected: the hard sphere diameter does not change
quantum ofrzp to any S vibrational description of pDFf8 in substantially as a result of electronic excitation for this case (as
the next section.) The experimental value of the rate coefficient judged by the small increase in the=C bond length £5%)
for 616! therefore may be somewhat high on the basis of these for benzene). Additionally, from the study of pDF&r van
earlier precedents. der Waals complexes formed in supersonic free jets, we know
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Figure 5. Temperature dependence of the mean sp&@dnd of the 0.01 1 100 10000
collision integral®®2" in the range of 0.041000 K. Regions of interest Temperature (K)
in this work are indicated. For the purposes of the calculation, the
molecular system used was naphthateagon Gus = 80 A2 Figure 6. Temperature dependence of thdactor. The temperature
eamlk = 261 K; see Supporting Information). dependence of eachv sum of channels is shown explicitly also. At

very high and low temperature§, becomes constant.

that the well depth of the pDFBAr interaction is only some

30 cnt! deeper in the excited state as compared to that in the
ground staté&? (This is also only a 5% increase.) Of course in
systems where there is a substantial structural change induce
by electronic excitation, one would expect there to be changes
in the vibrational relaxation properties also.

The next striking feature of the comparison shown in Figure
4 is the behavior of the rate coefficient as the energy and
character of the initially prepared vibrational level are varied.
Particularly obvious is that levels with 1 or more quanta of mode
v3o in their description display rate coefficients substantially
larger than those that do not contai. This has become known
as the ¥3p effect”. This v effect in pDFB (enhancement of
the relaxation efficiency bysg) was identified first forintramo-
lecular vibrational redistribution (IVR}*54MLK then demon-
strated the influence afs in collision-induced relaxation by a
comparison of relaxation from thé and 330! levels. Thevso
effect in both intra- and intermolecular relaxation was the subject
of further discussion by Catlett et &lIn the case of collision-
induced vibrational relaxation, theg effect is seen to be entirely
rationalized through the calculation &: it is facile in
vibrational relaxation because it is a low-frequency mode. In a
similar fashion, Whetton and Lawrart€ehave explained the
v3o effect in the IVR case.

C. Temperature Dependence ok;. Temperature-dependent
factors in eq 210ur model for estimating vibrational relaxation
rate coefficients has been shown to be reliable for a variety of
large F“.O'ecu'ar systgms whg(e the target molecule is subjecte igh temperature§Av| = 1 channels contribute most to the
to CO.”'S'On.S by a foreign CO"'S'Or.] partner at room temperature. ., magnitude of. In general|Av| = 2 channels (involving
In this section, we seek to establish that eq 21 provides a rel'ablerelatively smallAE) are most important at very low temperature

esttlmatefffo.r trt'e tﬁth°|Ute l;nagnlt(;Jde dOf wbrzt.ltc.)nal r?Iax?tlon unless the initial vibrational character contains a low-frequency
rate coetficients that areé observed under conditions of eXUeme, i, 4jon - n this latter casejAv| = 1 channels may still

low temperature, such as those offered in a supersonic free jetcontribute substantially

naphthalene and Ar (Supporting Information). The mean speed
oils a smoothly increasing function of temperature. TR@?2"
integral, however, decreases with increasing temperature. The
form of the decrease is pseudo-exponential but is not quite
regular.

We have calculate& probability factors for the same range
of temperatures to investigate their temperature dependence. The
probability factors are plotted as a function of temperature in
Figure 6. The temperature dependence of $héactors are
determined solely by upward transitions. A lower limitSas
formed by the sum of downward propensities, which are not
temperature-dependent. There is also an upper limit. At infinite
temperature, the Boltzmann distribution is flat. At that point,
the propensity would be governed solely by the matrix elements
that are analogous to those for downward transfer. The calcula-
tions shown in Figure 6 are for naphthalene in thé level
(evib= 435 cntl). In the Figure, we have also plotted the
temperature dependence of easslr| group of channels. At low
temperature, the dominant contribution to the t&alrises (for
this system at least) from|Av| = 2 channel (because there is
insufficient collision energy to access, vidZ&w| = 1 channel,
levels of type 44X wherevy refers to a low-frequency mode
and the loss of44 involves a largeAE). As the temperature
rises, the gain of a single quantum of a low-frequency vibration
becomes energetically accessible, and the contribution from

pward channels begins to become important. At sufficiently

expansion. , Temperature Dependence between 300 and 3 Kairly
Equation 21 contains a number of factors that are temperature-rigorous test of the temperature dependence and the predictive
dependent: ability of eq 21 would be obtained for a collision system studied
(i) the mean spee@is directly related tov'T; at both room temperature and in the free jet. However, only a
(i) Q2" contains a complicated temperature dependence few such experimental rate coefficients are available, and none
as a function off* = kT/eAM, of these are exactly what is required. The experimental data
(i) S is temperature-dependent via the Boltzmann factor that best facilitate a test of eq 21 are for benzene as the target
governing the upward transfer of energy. molecule. Benzene vibrational relaxation data are available for

The temperature dependence of the mean spdéahd the the same vibronic level #in both the bulb (300 K and the
Q2" integral has been calculated and plotted as a function of free jet (<15 K);5¢ however, the same collision partner was not
temperature from 0.01 to 10 000 K in Figure 5 using éf&fiar used in each instance.
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Figure 7. Temperature dependencelkpbver an extended temperature o S ]
range including the free jet regime and room temperature. The solid 1E-11 > E
guide line joins estimates d§ (solid symbols) calculated using the /4
model. The free jet data are for benzefegon?® the room-temperature 1E-12 7 4
data are for benzereCO and benzeneN,.!8 >4
Benzene vibrational relaxation rate coefficients have been 1E-13 4 i ri Ll Ll PP R
examined in previous sections of this paper to investigate both 1E-13 1E12 1B “53‘101 1E-9
the collision partner and the vibrational state dependence of the k. (Exp.)/cm”s

vibrational relaxation process and the ability of eq 21 to estimate Figyre 8. Correlation showing the satisfactory correspondence between
the rate coefficients. The data for thé level in the free jet  observed and estimatégvalues for all of the systems investigated in
expansion are available only for Ar as the collision partner. At this work (see Supporting Information). The upper plot uses a linear
room temperature, CO and,Mre the collision partners with ~ scale to display the correlation, and the lower plot, a-lg scale. In
the most similar mass and dipole moment. Measureri&tits each case, the solid line thrc_)ugh the_data represents the |dt§Ht|ty
have shown that the rate coefficients for CO andiilucing (e?’;(grtll)m—qitlg(model). The wo lines astride this line define #Ha0%
vibrational relaxation from benzene vibrational levels are similar, '

both being~20% faster than for argon.

Figure 7 shows the experimental rate coefficients for benzene
6! deactivation following collision with argon atoms in the low- We have developed a model for estimating vibrational
temperature regime and for collisions with both CO andal relaxation rate coefficients in molecular systems where vibration
room temperature. Plotted alongside the experimental points isto translational (*T) energy exchange is the dominant
the absolute estimate from eq 21 for benzeamgon collisions. mechanism. Varying aspects of the model have been subjected
The free jet data lie clustered slightly above the line drawn to scrutiny including the vibrational state, electronic state,
through the estimated rate coefficients. The temperature depencollision partner, collision energy, and target molecule depen-
dence is very weak in this region for both the experimental and dence. In addition, we have monitored the predictive merits of
estimated data. As the temperature increases toward roomed 21 with respect to the absolute magnitude of the vibrational
temperature, the estimated rate coefficient climbs to about 4 relaxation rate coefficient. The equation contains no adjustable
times the low-temperature value. The two measured room- parameters, yet it enables the prediction of rate coefficients that
temperature rate coefficients for benzene relaxation lie margin- span almost 4 orders of magnitude with typically better than
ally above the predicted room-temperature rate coefficient for 30% accuracy. Given the overall success of the model, we are
argon as a collision partner, but the match is excellent. If reduced prompted to discuss a number of its features including

IV. Discussion

masses and well depths for CO o5 &fe used in place of those (i) trends in prediction accuracy over the range of molecular
for Ar, then the estimated rate coefficient is about 5% higher Systems explored
than that estimated for Ar. This Figure displays fairly conclu-  and

sively that the temperature dependence built into eq 21 via the (i) an extrapolation of various features of the model beyond
mean speed, th integral, and the factor reproduces the  the limits explored thus far.
observed temperature dependence of vibrational relaxation and In i, we are searching for any trends revealed by an error
succeeds in predicting the absolute magnitude of the rateanalysis that might help us interpret the results of our model
coefficients quite accurately, at least in the temperature regimefurther. In ii, we extend each feature of the model including
of T < 300 K. temperature, level, and collision partner dependence beyond the
D. Comparison of Calculations with a Wide Range of limits applied in the experimental data explored here to
Experimental Data. Figure 8 summatrizes the100 calculations investigate whether any of these dependencies can be related
of vibrational relaxation rate coefficients from our model that to those of other models.
have been made for a variety of molecular systems. The raw A. Error Analysis of the Model. Figure 8 shows calculated
data that comprise this Figure are tabulated in Supporting rate coefficients plotted as a function of experimental measure-
Information. The Figure shows calculated rate coefficients ments for the range of data tabulated in Supporting Information.
plotted as a function of experimental measurements. Our There are too many data points to allow individual labeling.
comments, including an error analysis of the model, follow in All data discussed above are included. Two forms of plots are
the Discussion section. shown to highlight the accuracy and provide a gauge of the
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Figure 9. Distribution of errors for the estimation of the vibrational
relaxation rate coefficient by the model, derived from the correlation
displayed in Figure 8. The average error-i80% (i.e., the model is
skewed slightly toward a negative error).

error in the estimated rate coefficients. The upper plot is linear
on both axes. A line has been drawn through the data with a
slope of unity, representing the relationshggexptl) = ki-
(model). Also drawn about this line are two dotted lines
representing the-30% error boundaries. From these boundary
lines, it may be seen that most estimates are with8®% of
the experimental values and that aberrant values deviate mor
often on the negative side of the line.

The lower plot in Figure 8 displays the same information on
a log—log scale. This highlights the almost 4 decades of range
in the data encompassed in our investigations. Again, the line
establishes the equality(exptl) = ki(model), and thet30%
error lines are now parallel to it. The predictive power of eq 21
is constant over this entire range of data. There is no trend in

the percentage error that depends on the magnitude of the From the theory of inelastic scattering

estimate.

e

Kable and Knight

107x15

0.5

wuul
10 000

1 100
Temperature (K)

Figure 10. Temperature dependence of the Lennard-Jones elastic rate
coefficientk,, for a wide range of temperatures (system displayed is
naphthaleneAr, (ous = 80 A2 eum/k = 261 K; see Supporting
Information). At very high temperature$ & 1000 K), the temperature
dependence df.; approache3*3. An inflection is observed irk ; at
temperatures near the magnitude of the well depth.
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We now consider the implications of eq 21 further by
extending the range of parameters explored thus far and
examining how the extremes in these parameters influence the
estimated value. We extend the temperature range up to several
thousand Kelvin and down te-10~2 Kelvin. We explore the
u*? dependence further. Finally, we examine $éactors more
closely, including the way in whicl& changes as the density
of the background increases still further.

Extremes of Temperature Belar. In both the very high

and very low temperature regimes, the temperature dependence
of eq 21 is controlled almost entirely by the Lennard-Jones
elastic encounter rate (i.e., at the extremes of temperature, the
probability P ; is essentially temperature-independent; see Figure
6). To investigate the behavior of eq 21 and hence the estimated
rate coefficient at high and low temperature, we shall therefore
examine the behavior & ; in these temperature regimes.

we expect the rate
coefficient for vibrational relaxation to rise sharply at extremely

Figure 9 displays the error in a different form. Errors have |oy temperatures because of quantum resonances. The temper-
been grouped within classes of 10% and plotted as a histogramaiyre for which such resonance behavior may occur has been a
with frequency. The error distribution is skewed toward negative matter of contentio’-59 However, Schwenke and Truh?&p®
error, the mean being10%. These error analyses indicate that predict the onset of such resonance effects to be when the
eq 21 provides an accurate estimateofithin the 4-decades temperature is-10-3 K, which suggests that the experimental
range of relgxatio_n rate data investigated here. The accuracy ofyaiq pertaining to the very low energy collision regime are
the model is typically=30% across all molecular systems, ypjikely to be influenced by quantum resonances. In contrast,
including small and large polyatomics colliding with a range gome classical theories (e.g., the Land@eller theoryl) have
of collision partners from He to c-hexane with 0 to 3500€m  4te coefficients that approach zero at low temperature.
vibrational energy in either the,Sr S electronic state and Two competing factors influence the temperature dependence
with 1 to 200 cnt* average kinetic energy {1300 K). of the Lennard-Jones encounter rate coefficiehe mean speed

B. Limitations of the Model. In previous sections, we have  Oand the Omega integr&®?2". It has already been shown
explored the limitations of eq 21 within the range of experi- that the competition between these two factors satisfactorily
mental data available. Limitations have included explains the observed temperature dependence from room-

(i) the collision partner: the range covered includes atomic, temperature experiments to experiments performed in supersonic
diatomic, and relatively compact polyatomic collision partners free jets at~1—20 K. If the temperature is pushed still further
(including CQ, OCS, COF, CHF;, CHa, SKs, cyclohexane,  down beyond 1 K, the integral begins to rise quite sharply.
and pDFB); strongly polar species and extremely “floppy” In Figure 10, we have plotted the Lennard-Jones rate coefficient
polyatomics (e.g., long-chain alkanes) are not part of the datak; over a large temperature regime for some typical values of
set considered,; the hard sphere cross section (8¢) And well depth (260 K).

(ii) the target molecule: when the molecule becomes vibra- In the region ofT < 1 K, the Lennard-Jones elastic rate has a
tionally too simple, there may be insufficient averaging over very flat dependence on temperattdropping by only~40%
final vibrational states, and hence the average matrix elementbetween 1 and % 1073 K. In this regime, Q2" is a sharply
used in theS factors may not be appropriate. rising function of temperature.
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As the temperature extends substantially beyond room is what has been observed fgrdnd OCS, with iodine having
temperature, the dependencédé again found to be controlled  a vibrational frequency 0f100 cnt?, and OCS~520 cn?.
almost solely byk ;. As we extend the plot in Figure 1@, For diatomics with higher vibrational frequencies, it is possible
continues to rise. To examine the functional form of the that the resonance may never be reached, all collision partners
temperature dependence at very high temperature, we havebeing too heavy. Therefore, only a decreasing propensity with
plotted the correlation betwedR/3 and T alongsidek ;. It may collision-reduced mass would be observed, as is predicted by
be seen clearly that at temperatures abevE000 K the SSH theory.
functional form of thek ; temperature dependence approaches  Further insight into this effect might be obtained in measure-
T3 [30) of course, is dependent A% Q22" reduces thisto  ments of state-to-state propensities where the different channels
T3, Temperature-dependent factors related T&¢® appear provide a different amount of vibrational energy exchange for
regularly in classical theories of vibrational relaxation at these the same collision partner. The environment of the supersonic
temperature$ The classical theories have been more successful free jet may also assist in unravelling this issue by providing a
in describing the temperature dependenceékdh this high- much slower collision partner for the same mass. Velocities can
temperature regime. Indeed, the Landdeller repulsive be changed routinely by a factor of-3 (a temperature change
interaction modéf provides a temperature dependence for the of a factor of 15) whereas at higher temperatures this is
relaxation rate that is dependent©¥. SSH theory has a similar  substantially more difficult to achieve.
temperature dependentdog(P) is related to-T~*3 We would In our development of the model, the estimationl GXE)
not necessarily have expected that our model, described by eqyas simplified to differentiate only between exoergic and
21, held true well above room temperature. HOWeVer, it is endoergic transfer processes (eqs 15 and 16) Because our
pleasing to find that our model does, in fact, display a objective has been to develop a simple model for estimating
temperature dependence in this high-temperature regime thaktate-tofield rate coefficients that uses no adjustable parameters,
is consistent with many existing theories. we have expressly excluded a consideration of a collision

Influence of the Collision PartneiThe dependence on the partner-sensitivé{AE). This embellishment might be warranted
collision partner that has been built into eq 21 is probably the (indeed desirable) for a model designed to evaluate state-to-
weakest link in the model. The true dependenceé ain the statepropensities. However, the heavy final-state averaging that
collision partner is both varied and complex. Certainly any occurs in our state-téield model means that a collision partner-
function based solely on reduced mass, in whatever form, cannotdependent(AE) is an unwarranted complication given that the
be expected to reproduce the observed dependence on th&odel works satisfactorily in its absence.
collision partner well. We have ignored entirely all polar Influence of Vibrational-Leel Structure.The S factors are
collision partners (except molecules with only small permanent one of the most important components in our semiempirical
dipoles such as CO). For dipolar molecules, an interaction model of vibrational relaxation. They are the dominant factor
between the permanent dipole of the collision partners and eitherin scaling the magnitude of the estimate provided by eq 21.
the quadrupole or an induced dipole in the target molecule The dependence & on the vibrational state reproduces in both
means that the Lennard-Jones (6, 12) potential around whicha relative and absolute sense the observed vibrational-state
we have built our model does not necessarily portray adequatelydependence in most cases. We build on the success of our
the true intermolecular potential. Additionally, we have rejected calculations ofs and make some further comments concerning
data relating to relaxation with vibrationally complex collision the vibrational relaxation process.
partners (e.g., alkyl chains). In those cases, the opportunity for - The overriding influence in determinirigfrom eq 21 comes
resonance-enhanced-\¥ processes becomes significant, and  from &, which is in turn dominated by the exponential energy
the model is not able to cover such cases. gap behavior of the matrix element. The falloff of the

Even within these constraints, however, there are still exponential is set somewhat arbitrarily a8.0IAE and was
complications that are revealed by the experimental data. Datachosen by Parmenter and TaAgn the basis of some results
for the noble gases (rigorously-VT only and zero permanent  of SSH theory. (See also Yardl8yThe factor of 10 that was
dipole moment) provide some points for discussion. SSH theory chosen to distinguisfid|Q|10P from |[0|Q|2[F is also somewhat
and many experimental results for diatomic relaxation actually arbitrary and is based on the typical magnitudé\of= 1 and
provide a probability for relaxatiorP that decreases with  Av = 2 propensities observed in mode-to-mode studies in just
increasing mass of the collision partA&For larger polyatomics,  a few system&?61We believe that the success®is entwined
as we have seen, the dependence is quite the reverse. There aig the averaging that is carried out by summing the propensities
some data provided by Steinfeld on iodine relaxafidamwhich for all destination states. However, even when the number of
both are observed to occur; an increadihgith reduced mass  normal modes is relatively smafk often provides a reasonable
when the mass is small, followed by a leveling off and a estimate fork. What is surprising is the generality and
decrease with reduced mass for larger masses. The turning poin¢onsistency of the size of the matrix elements that have been
for iodine—M relaxation is at a collision partner mass of about used across a large variety of molecular systems.

50 amu. For different molecules, the turning point is seen to  We turn our attention to the behavior &fin regions where
move. For OCSM collisions, P rises from M= H, and M= the density of background vibrational states becomes very high.
He but then has diminished substantially for #1 Ar.61 An The highest background density of states explored thus far is
interpretation of this effect is a resonance between the velocity ~200 vibrational states/c in Sy pDFB. As the density of

of the incoming molecule and the vibrational frequency of the states rises and the description of the initial state becomes more
target moleculé? As the velocity (dictated of course by the complex, so too will theS factor rise. For the higher levels
mass of the molecule) decreases (i.e., mass increases), it magtudied in pDFB, the relaxation rate was found to be ap-
move into and then out of resonance with the vibrational proximately the Lennard-Jones elastic encounter rate. We
frequency of the target molecule. For a higher vibrational question whether the vibrational relaxation rate coefficient will
frequency, then, it is reasonable that the turning point (or continue to rise witt& or whether some upper bound be reached,
resonance mass) moves to lower mass (higher velocity). Thisfor example, some inelastic rate coefficient calculated with a
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more precise intermolecular potential. Evidence from work on S.H.K28 The work has drawn some of its inspiration from the

pDFB indicates that some upper bound may be reaéh€his insights and experimental creativity of the contributions made
upper bound may not be the Lennard-Jones elastic rate; howeverto the field of large-molecule vibrational relaxation by Professor
it probably lies close to it. Charlie Parmenter over some 3 decades. The opportunity to
participate in an edition of this journal commemorating Professor
V. Summary Parmenter’s 70th birthday was a very welcome stimulation for

. i . ) . usto get together and present this theory formally and, in doing

We have proposed a simple semiempirical, semiclassical o pay tribute to a member of the physical chemistry community
model to estimate the rates of vibrational relaxation for a wide \yhose influence has touched us so deeply. Both A.E.W.K. and
variety of molecular systems. The model is based on calculatings 1 k. have relished deeply the numerous collegiate and

an efficiency P for the vibrational relaxation process. The personal interactions we have been privileged to enjoy with
vibrational relaxation rate coefficient is calculated as the product charlie Parmenter.

of P and the classical Lennard-Jones elastic encounter rate. The

probability is dependent on a calculation that carries out a  sypporting Information Available: A tabulation is avail-
summation of a set of mode-to-mode propensities. The prob- aple of the experimentally determined rate coefficients for state-
ability is also taken to be dependent on the cube root of the to-field vibrational relaxation used in the comparisons between
reduced mass of the collision pair. There are no adjustable theory and experiment (presented graphically in this paper as
parameters. The calculated vibrational relaxation rate coefficients Figure 8) The data include measurements from many labora-
using the model have been compared to a variety of experi- tories for a range of target molecules and a wide variety of
mentally obtained rate coefficients involving more than 10 collision partners. This material is available free of charge via
molecules colliding with a variety of collision partners at the Internet at http://pubs.acs.org.
temperatures from 1 to 300 K. The accuracy of the calculated
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