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Vibrational relaxation of the Blevel of S;(*B,,) benzene is analyzed using the angular momentum
model of inelastic processes. Momentufmetationa) angular momentum diagrams illustrate
energetic and angular momentum constraints on the disposal of released energy and the effect of
collision partner on resultant benzene rotational excitation. A kinematic “equivalent rotor” model is
introduced that allows quantitative prediction of rotational distributions from inelastic collisions in
polyatomic molecules. The method was tested by predidisgate distributions in glyoxal-Ne as

well as J-state distributions in rotationally inelastic acetylene—He collisions before being used to
predict J and K distributions from vibrational relaxation of'ébenzene by K, D,, and CH.
Diagrammatic methods and calculations illustrate changes resulting from simultaneous collision
partner excitation, a particularly effective mechanisnpitd, where some 70% of the available
61—0° energy may be disposed into—@ rotation. These results support the explanation for
branching ratios in -0° relaxation given by Waclawik and Lawrance and the absence of this
pathway for monatomic partners. Collision-induced vibrational relaxation in molecules represents
competition between the magnitude of the energy gap of a potential transition and the ability of the
colliding species to generate the angular momentatational and orbitalneeded for the transition

to proceed. Transition probability falls rapidly as) increases and for a given molecule—collision
partner pair will provide a limit to the gap that may be bridged. Energy constraints increase as
collision partner mass increases, an effect that is amplified \@#jref. Large energy gaps are most
effectively bridged using light collision partners. For efficient vibrational relaxation in polyatomics
an additional requirement is that the molecular motion of the mode must be capable of generating
molecular rotation on contact with the collision partner in order to meet the angular momentum
requirements. We postulate that this may account for some of the striking propensities that
characterize polyatomic energy transfer. 2004 American Institute of Physics.

[DOI: 10.1063/1.1758696

I. INTRODUCTION pears to play a central role in most forms of energy exchange

Collision-induced vibration and rotation state change ianOIVIng d|ato_m|.c molecule$” A simple, effective ap-
polyatomic molecules has been much less studied than tHg0ach to predicting the state-to-state outcome of collisions
corresponding processes in diatonfiddowever the number COI’]SI.StS of direct calculation of the probab!llty oflllnear—to—
of additional excitation and relaxation routes in polyatomic(rotationa) angular momentum conversior{orbital-to-
molecules brings new possibilities, raising fundamentafotational in the case of reactive collisioris’ We explore
questions concerning the dynamical behavior ofthis proposal here in the context of polyatomic collisions
molecule$~® Parmentef, Rice’ among others have drawn with particular reference to6-00 transfer in benzene.
attention to the extraordinarily selective nature of vibrational ~ Collisions involving large molecules pose considerable
transfer(VT) in large molecules. Waclawik and Lawrafice Problems to the theorist, particularly when the fate of mo-
demonstrated that angular moment(#aM ) factors exercise lecular rotations is of interest. Early models of VT based on
a controlling influence on VT in excited benzene. Alwahabithe collinear collision geometfy did not include rotational
et al® showed that rotational transféRT) rate constants in State change. Calculation of VT propensities using quantum
NH, fall exponentially with transferred AM and are unre- scattering methods become intractable when large numbers
lated to the amount of energy transferred. These two experf rotational channels are open and consequently the effect
ments indicate that minimunenergy changemay be less of rotations on polyatomic VT has not been widely explored.
important than minimunangular momentum changde col-  The vibrationally close-couple—infinte order sudd&CC-
lisions involving polyatomics. Molecular rotational AM ap- 10S) technique introduced by Clalyand often used to pre-
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dict vibration—rotation transfefVRT) probabilities in large Energy (cm™)

molecules effectively freezes rotations throughout the colli-

sion. In diatomic molecules the efficient disposal of angular 600

momentum is a critical factor in determining cross-sections 6 Pumped level

for pure RT, VRT electronic energy transféf,vibrational —_——

1
predissociation of van der Waals molecutégnd atom— 500 ' i

diatomic molecule exchange reactidfisDirect calculation
of the probability of linear-to-angular momentum conversion — ,
is fast and yields accurate resuifSExtension to the poly- 400 4
atomic case however is quite challenging. Rotation may oc-
cur about more than one molecular axis and collisions cause 300—
transitions within or between the discrete energy levels that

16” e

1
arise from rotations about these axes. A dynamical AM e
model relates RT probabilities to the AM gap both within and 2000 |
across {,K,,K.) levels?® However, it is often found that
one of either the)- or K-changing processes dominates, par- 100—
ticularly if the molecules are actual or near symmetric tops.
A simpler theoretical approach limited either ¥ or to 0
K-changing transitions might represent a useful contribution 0J L
to this important topic. FIG. 1. Lowest vibrational levels d8, benzene.

Experiments on collision-induced-6-0° vibrational re-
laxation of theS; level of benzene by monatomic and poly-
atomic collision partnefs’ showed the nuclear dynamics of K-changing transition. The model is described in Sec. Il and

momentum disposal to be the controlling factor in this VRTpredictionS forJ- or K-changing processes are compared to
process. Parmenter and co-work¥tén a series of crossed experiment in Sec. IV.

beam experiments, convincingly demonstrated the central

role played by kinematic factors in RT and VRT involving

glyoxal. These results suggest that the AM model of inelastid- QUALITATIVE ANALYSIS OF 6 '—0° VIBRATIONAL
processeé? developed initially for diatomics, might be use- RELAXATION IN S, BENZENE

ful in the analysis of collision-induced transfer in larger mol- Studies of collision-induced ¥%6-0° vibrational relax-
ecules. The approach has both qualitative and quantitativgtion of S, benzene with a wide range of mono- and p0|y_
elements. Graphical techniques in which energy and AMatomic collision partners have revealed intriguing
conservation relationships are plotted as velocity—angulagropensitied:®> Analysis indicates that relaxation is con-
momentum ¢,—AJ) diagrams provide qualitative predic- trolled by factors related to the disposal of angular momen-
tions of rotational distribution shapes and peak values. Caltum and is unrelated to detailed features of the intermolecu-
culations using a hard shape representation of the moleculgr potential. These conclusions were drawn from
and the physics of momentum exchange reproduce experéxperiments in the absence of full resolution of rotational
mental data with high accuracy. features: More recent high-resolution dataeveal the rota-

A quantitative model that would predict simultaneads  tional structure associated with thé-60° transition when
andK-changing processes is not feasible at present due to the,, D,, and CH, are the collision partners. This structure is
difficulty of devising a generalized hard shape representatiopartner dependent, being particularly extensive with meth-
for polyatomics. Here we adopt a strategy having more lim-ane. Possible vibrational state destinations frohmtay be
ited aims. We begin by demonstrating that-AJ diagrams  seen in theS;(*B,,) level diagram(Fig. 1). We consider
for the 68— 0° VRT process in benzene give insight into the only those events that populate th& Gibrational level as
nuclear dynamics of the event and the manner in which di- owell as the reasons for those that do not. A brief summary of
polyatomic collision partners may influence disposal of enthe experimental findings is as follows. Monatomic collision
ergy and angular momentum. These show how VRT probpartners areunableto cause transitions 6-0° under the
abilities change when di- and polyatomic molecules are inconditions of the experimefitTransitions occur to other,
volved. These follow explanations given earfiér,but  lower energy gap, vibrational levels with the rare gases how-
arguments are quantified and demonstrate an emerging paver and here the branching ratios appear uniform for He,
tern that stresses the importance of AM in determining col-Ne, Ar, and Kr. This may be deceptive as one of the transfer
lision outcomesv,—AJ plots may be constructed fdr and  channels refers to two destination levels that cannot be sepa-
K-changing collisions separately and,K) changing is rated spectroscopically. In these, rotational excitation in-
readily incorporated if data are available. We next introducecreases with collision partner mass. When di- and poly-
a simple “equivalent rotor” model that allows quantitative atomic collision partners are introduced the most striking
calculations to be made of findlor K distributions follow-  new feature is that transitions to thé Rvel of benzene are
ing RT and VRT. The basis is a rigid ellipsoid having the seen their intensity following the order k>D,>CH,
same moment of inertia and major axis length as that of the-c-C;Hg>C,H,>N,. Furthermore, the extent of thé @o-
molecule along the inertial axis giving rise to particulaor  tational structure varies markedly with collision partner. This
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H, D, are readily calculated from the molecule’s rotational con-
stants and give equivalent rotor lengths of 2.18bAaxis)
and 3.1 A(c axi9). This procedure is discussed in more detail

* and justified in Sec. Ill. As in the case of diatomic molecules,
by values inp,—AJ (or AK) plots are one half of these

equivalent rotor lengths. Equatidi) (the A equation rep-
M ) resents thainmodifiedexpression for LM~AM conversion

that frequently must be modified to meet energy conservation
constraints.

The energy conservation relationship is process depen-
dent. The generic form IAE= 1/2,uv,2 that for the specific
case of VRT becomes

N He A=V + D~ (hobv=iwwd)/B- g+, (@)
2

In EQ. (2), w is the vibrational frequencyv the number of

vibrational quanta excited or relaxed, aBdhe molecule’s

rotational constant. Higher order terms are not shown but are

routinely included in all computations. Equatiof2) is

guantum-state specific as well as ensuring overall energy

'J conservation in the collision and is referred to asEwqua-

j tion. The conservation relations may be plottedasAJ or
p,—AJ plots. The latter form is used here as thequation

FIQ. 2. Dispersed fIU(_)r_escence in thk-60° region following e'xcita'tion Qf for benzene becomes a single linear plOt whatever the colli-

6 in benzene for collision partners,HHD,, N,, and He. Asterisks identify . b . .

the transitions to @1 sion partner. Note that thié plot simply displays the dispo-

sition of final molecular quantum states relative to the initial
state in terms of relative momentum or velocity.

is evident in Fig. 2 where the%features resulting from
deactivation by a range of collision partners are displayed.
The first step in the analysis of benzene VRT consists of A andE plots for the 6 — 0° transition in § benzene are
close examination of relevant—AJ diagrams for this tran- shown in Fig. 8a) for monatomic collision partners with
sition since these may be used to estimate the shape and ped@j=K;=0 and J;=0. VRT here consists of simultaneous
value of the final rotational distributiott. Principally we  vibrational relaxation and rotational excitation and a
shall be concerned with changes occurring within benzenbackward-arching E-plot characterizes this form of
on collision with various partners and thus the diagrams aréransition’ In VRT the maximumJ; calculated from energy
plotted in the form ofmomentumAM plots. A full descrip-  conservation is often considerably larger than that allowed
tion of the construction and use of these figures is containedy AM conservation and the full shape of the arch may not
in recent reviews:® This representation displays energy andbe seen. For eachJ channel the two relationships specify
AM conservation relations for each transition from initial to relative velocities that are allowed or forbidden in terms of
final |v,J) states. The figures thus make clear the nature oénergy(E plot) or angular momenturA plot), thus delineat-
the constraints that operate on each transition. Plots are a@fg, in analogy to the well-known phase diagram, a region
momentum versus rotational AM for théhreshold or  that is allowed by both energy and AM conservation for
channel-opening condition ofa) linear-to-rotational AM  benzene—He collisior{shat shaded in Fig.(@)]. Figure 3a)
conversion andb) kinetic to rotational energy conversion. demonstrates that for a given energy difference the equiva-
The first of these is lent gap in relative momentum terms is a function of colli-
AJ= v, b 2 sion partner reduced mass. Note thatAhglot shown i_n_Fig.
L 3(a) (and in all othemp,—J; plots) has not been modified to
where AJ=change of rotational AM on collision, account for energy conservation. In practice, this is achieved
wn=collision reduced mass, is velocity of relative motion, by constraining permitted values bf'®*in Eq. ().
and b]"® is the maximum torque arm available to convert  As Fig. 3a) illustrates, energy constraints are strongly
linear-to-angular momentubM —AM). b'®is found from  dependent od; and are particularly stringent at low values
experiment to be half the bond length in a homonuclear diof J;. For J;=12 when He is the collision partner the
atomic molecult’'® and an equivalent distance from the LM —AM process is unrestricted by energy conservation.
center-of-mass in a heteronuclear species. Johanging This constraining effect is not readily expressed analytically
collisions of benzene, the torque arm is initially assumed tdhough it is straightforwardly incorporated into a computa-
be the distance from the molecule’s center-of-mass to the Honal routine. Energy constraints set a maximum on the val-
atoms. However, we show later thitandK-changing col- ues ofb, that are permitted in the LM-AM conversion
lisions may be simulated using an “equivalent rotor,” the driving the change and as discussed above may be strdngly
dimensions of which may be obtained from the moment ofdependent. For each finhthannel a new maximutm, must
inertia of the molecule about tHeor c inertial axes. These be evaluated, one consistent with energy conservation. In

A. Monatomic collision partners
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40~ (@ J-changing processes are not unambiguously identifiable in
J the experimental spectf&.In diatomics theJ value at which

f A andE plots intersect is generally a good guide to the peak

30- of final rotational distribution both in VR and in the vi-
L, ¢ brational predissociation of van der Waals molectfeBhis
20 o Kr= intersection represents the lowdst(or K;) for which allb,

r up to the maximum available may be used without violating
A-plot Ne—g——% — energy conservation and constitutes the most probable exit
He channel.

The probability of rotational state change falls rapidly
. - Y 33—'—&0 w0 with the magnitude of J,'8%an effect that may be masked
p, (kg m s 'x1 0‘24) by energy constraints. In the absence of specific constraints,
transitions are most probable for lowels] and largesb]'®*.
In the vibrational relaxation a substantial amount of energy
must be converted into rotation in order for the deactivation
to occur. The larger the energy “load” to be disposed of, the
greater is the amount of AM that must be generated and there
A-plot will be limits that, for a given collision partner, will be a
function of the molecule’s moment of inertia. Fot-60° in
benzene Fig. & predicts the most probable exit channel
(for K;=K;=0) to be J;=12 in collision with He. This
value increases markedly with partner mass, becoming 22,
27, and 32 units for Ne, Ar, and Kr, respectively. These rep-
resent substantial AM changes. Experiment indicates that the
probability 6'—0° VRT is very low for atomic collision
partners, rationalized by Waclawik and Lawrahae terms
of the difficulty in disposing of large amounts of AM. Their
data indicate a very small peak with extensive rotational
structure in the appropriate region fot-6 0° VRT when He
is the partnefFig. 2) but the signal was too low to extract a
rate constarit. Thus we conclude that in benzeng=12
represents the upper limit of attainable AM in disposing of
522 cm * with a collision partner of mass4 amu. The con-
tribution from relative motion here is very small. The values
Ji=22, 27, and 32 evidently angot attainable for Ne, Ar,
and Xe, respectively, no signal being observed with these
species and we conclude that these AM changes are too large
to have measurable probability.
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B. Diatomic collision partners

The dynamical behavior described above changes mark-
P (kgm s' x 107 edly when the collision partner is a diatomic molecule. Part

of the energy liberated may excite rotation and/or vibration
EIG- 3. Mgmentum—agglular momentum p:;:_s gﬁgﬂ((%‘ﬁ:) VR; in - in the partner species, thus reducing the energy load to be
enzene. Square symbols represent unmodiptbts[Eq. throughout. - - - : .
(@ E plots [Eq. (2)] for He, Ne, Ar, and Kr(open symbols The shaded disposed of by them\g)t)ratlonall.y excited molecule. Eurther
portion represents the region of momentum—AM space that is allowed by"Or€, the Yalue _Obn may belncreaseds[nce there is an
energy and AM conservation for benzene—Hb) E plots are for H interaction involving two torque arnfd.The influence of the

(circles and D, (diamonds collision partners either in their ground states first of these, i.e., energy load reduction, is readily incorpo-
(open symbolsor rotationally excited 8-2 (solid symbol$. (c) As for (b)

but with N, (diamond$ and CH, (circles collision partners. The effect of rate.d. intop,—J; diagrams. E_xamples when,tand D, ‘f’“e

exciting rotational transitions-86 in CH, (circles and 0-8 in N, (dia- collision partners are shown n Flg(l:_B Where thek relation

monds is shown(solid symbols. assumes no partner rotational excitation and also when the
0—2 rotational transition in Klor D, is excited by collision.

In the former case the diatomics are treated as “atoms” of
terms of the diagrammatic representation this shifts the apmass 2 and 4 amu, respectively. Fos,HeakJ; is lower

propriate point on thé\ plot to the high velocity side of the than for He but a marked reduction is predicted if the tran-
E plot, a process that restricts the velocities contributing to aition 0—2 is excited in H. This represents the smallest
particular channel. Momentum—-AM diagrams may also beallowed rotational AM change in Hand has highest prob-
constructed for K-changing collisions thoughK- and  ability of any rotational transition in this species. Some 70%
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of the available VRT energy is absorbed, leaving just 15%here) In contrast, the averagd observed for & benzene
cm ! to be disposed of. The effect of this is quantified bywith CH, as the partner is 23.Comparison with the AM
incorporating this adjusted E into Eq.(2), leading to theE  plots suggests that GHundergoes only small rotational
curve shown in Fig. ®). The required benzene AM change changes. This is investigated further in Sec. IV.
is much reduced with the peak predicted to shift frdm Why then is transfer with ClHso efficient? We noted
=8 to 4. above that a second effect witholecular partners is that

In contrast, excitation of 0—2 in Dis much less advan- b may be enhanced by using the torque arm available in
tageous in energy-shedding terms. The transition energy ihe collision partner. Cllis advantaged in this mechanism
182 cm'l, leaving 340 cm® to be disposed of as benzene by virtue of possessing four equal length torque arms and
rotation. The benzene peak is predicted arodyxd9 when  hence the generation of GHotation is less dependent on
0—2 rotational excitation of P occurs compared td;=12  collision stereochemistry than,N Data for other partners
with no collision partner excitation(Recall from the suggest that this factor may be quite significant. The branch-
benzene—He example that 12 is the limit of AM disposal  ing ratio for 6:—0° VRT with cyclo-propane is larger than
for mass 4 amu partnejsThis enhances the probability of for C,H, and N, despite GHg having the smallest rotational
the 6'— 0° transition as a result of the lowered AM require- constant of these three species. Cyclo-propane has three
ment and there will be additional assistance from the in-equivalent torque arms, each of which is considerably longer
creased torque arm as discussed above. Fh& @ansition than those of the other species involved and relaxes vibra-
in D, has been illustrated for purposes of direct comparisornionally excited benzene quite efficienflyFurthermore, be-
with H,. The small reduction in peak; predicted and the ing quite heavy its velocity relative to benzene will be the
experimental observation that,[@auses significant transfer smallest of the di- and polyatomic collision partners in the
to 0°, suggest that this may not be the most favorable proseries, lengthening the interaction time. This analysis sug-
cess.p-D, can undergo 43 excitation and, although at gests that the future refinement of this approach would incor-
33% it is the minor constituent af-D,, some 60% of the porate effective torque arms appropriate for the different col-
61— 0° transition energy may be deposited in this excitation lision partners.
The 1-3 transition was not included in thg —J; diagram
of Fig. 3(b) for clarity but was included in quantitative cal- 1ll. QUANTITATIVE ANALYSIS; AN EQUIVALENT
culations on benzene—Do be described in Sec. IV. ROTOR MODEL

The kinematic principles described above provide the
basis of a rapid, accurate computational routine for predict-
The interpretation outlined above for,tdnd D, may be ing collision-induced processes in diatomic molecylB&x-
extended to other collision partners studied by Waclawik andending this approach to polyatomics represents a challenge
Lawrance andp,—J; diagrams may be used to identify the due to the complexity of rotational motion in species con-
mechanisms operating in species for which more than ontining more than one inertial axis. In the general case colli-

transition is possible. This is illustrated for CHand N, sions involving a symmetric rotor change bdtendK quan-
which would have to undergo substantiathanges to absorb tum numbers. Simplified models of simultaneods and

a significant fraction of the 6-0° transition. Figure &) K-changing collisions are hampered by the difficulty of find-
showsE plots with these partnersot excited on collision ing an analytic function to represent the shape of the hard
and also whem\J transitions 6-6 in CH, and 0—-8 in N,  wall in molecules other than the linear rotor. Furthermore
have occurred. Note that these are illustrative of an effecthere are relatively few experimental or theoretical data for
rather than representing optimum absorption of energy ointer- as well as intra-K stack transitions. Cross sections for
highest probability. Without partner excitation the benzenel-, K,- and K.-changing collisions are available for the
rotational AM load is high and evidence from the rare gasasymmetric rotor NK,%2! but few others exist. Frequently
partners indicates’6-0° VRT is unlikely without assistance however collision-induced RT and VRT in polyatomics con-
via collision partner excitation. However, even with partnersists of excitation or relaxation directed principally along just
AJ transitions, the AM to be disposed on relaxation remain®ne of the inertial axis, giving sets d&fJ or AK cross sec-
high and @ benzene is likely to be rotationally excited. The tions or probabilities. A more limited first objective in treat-
averagel; is likely to be higher for N than for CH, and  ing this complex topic therefore might be to develop simpli-
therefore CH should be more efficient at relaxing' ®en-  fied semiquantitative models that predict transition
zene, as observed. However, the suggestion that rotationptobabilitiesalong inertial axes within the molecule and to
excitation should be higher for \than for CH, is contrary  leave until later the more difficult problem of axis-switching
to observation. Analysis of Orotational contours gave a collisions. This is the approach adopted here whkrand
T,,=55K for N,, corresponding to an averagh=18, K-changing transitions are addressed separately. We first de-
whereas]; is predicted at~20—21 from the AM plot. Note scribe the model and then use it to calculaté and AK

that AM plots assumé;=0 in 6, whereas the experimental distributions for systems in which experimental data are
J; will be higher than this. To match the observed benzenavailable.

rotational excitation B must undergo substantial changes in A critical parameter in the AM model for diatomic col-

J. (Note that under experimental conditions the averdge lisions is the maximum available torque-arm. This quantity is
for N, is ~3, and theAJ=8 transition 3—11 would absorb half the molecule’s bond length in a homonuclear diatomic
~100 cm ! more energy than the 0—8 transition illustrated or the distance from the molecule’s center-of-mass in a het-

C. Polyatomic collision partners



174 J. Chem. Phys., Vol. 121, No. 1, 1 July 2004 McCaffery et al.

eronuclear specied€ A second important parameter is the dict rotational distributions for 6—0° VRT transfer for ben-
molecule’s moment of inertia. A hard shell ellipsoid based onzene. VRT data in benzene are less well resolved than those
the diatomic bond length and having the appropriate atomifor glyoxal or acetylene but despite this, valuable insights are
masses and rotational constant has proved to be very sucbtained. The method of calculating firbbr K distributions
cessful in quantitative calculations on diatomics. For ours that recently described for diatomic molectl&$" and
simplified model where)- and K-changing transitions are found to accurately reproduce experimental data.
addressed separately, interest is limited to processes OCCY- 1 oval
ring about one well-defined molecular axis. We introduce the - y
notion of an “equivalent rotor,” i.e., a linear rotor having the Analysis of rotational contours in the experimental data
moment of inertia, bond length, and rotational constant of thdor glyoxal indicates thaK-changing collisions dominate in-
polyatomic along the molecular inertial axis of interest. Ro-elastic processé$.The equivalent rotor for glyoxal was de-
tations of this rotor give rise td or K change. This approach termined as in Sec. Ill, though in this case the “bond length”
builds on the principles that successfully describe collisionavas calculated from molecular dimensions, giving a value of
transfer in diatomic molecules. 2.7 A. This approach is appropriate because an AM model fit
To illustrate this idea, considekchanging processes in to experimental RT data by Clegg and Parméftgields
benzene. Here the appropriate equivalent rotor has mass P§*=1.35A. (For this molecule the equivalent rotor bond
amu(i.e., u=32.37x 10 2"kg) and rotational constant equal length evaluated from the rotational constant is very close to
to the B value of benzen€0.18105 cm?). For the case of that calculated from the molecular dimensipriEigures 4a)
AK transitions, the equivalent rotor also has mass 78 amand 4b) show experimental data on glyoxal-Neogether
but now the rotational constant is set atC-B) with the results of equivalent rotor calculations for RT and
=0.0905cm . The choice of equivalent rotor bond length for VRT. Calculated data were normalized to thg=3
is not straightforward since it will be a function of the point probability. Agreement between experiment and model pre-
of impact of the collision partner on the benzene moleculedictions is good. The initial value is unknown and as Clegg
In the absence of fully resolved data the valu@f*is not  etal. report J;<10, we assume initial state Jj(K;)
known and furthermoré andK transitions are not separately =(10,0). VRT here involves excitation both of vibration and
identified in the data. In such circumstances we suggest tha@f rotation unlike the case of benzene relaxation. VRT in this
unless there are data indicating an alternative value, a comnodel requires no separate mechanism for vibrational state
servative approach be adopted in which the equivalent rotaghange! Transitions to the new state require velocities suf-
bond length is evaluated from the mass and moment of ineificient to overcome the momentum “barrier” that is apparent
tia from the expressioh= ur?, wherel is obtained from the in the velocity—AM plot and enters the calculation as an
appropriate rotational constant. Note that the appropriat€nergy constraint:
mass to be used in such a calculation depends on the location Figures 4a) and 4b) demonstrate that both RT and VRT
of the inertial axis in the molecular frame. Here again we usérocesses in glyoxal are predicted with quite reasonable ac-
a conservative approach and comment later on alternativesyracy. Experimental uncertainties are not reproduced here,
highlighting the need for fully resolved data. In benzene, thebut very few calculated points lie outside the experimental
equivalent rotor bond lengths are 2.18 and 3.1 A for rotationgrror bars'® The level of agreement obtained is quite encour-
about theb and ¢ axes, respectively. The equivalent rotor aging, particularly since the data reported by these authors
approach reducek or K-changing collisions in a polyatomic are the most extensive collision-induced cross sections avail-
to angular momentum changes in the “equivalent” diatomic.able for a polyatomic molecule. Use of an equivalent rotor
The probability of LM—AM conversion is calculated using bond length also gives good results.
the dimensions of the molecule of interest or via the method
described above with energy constraints imposed bylthhe  B. Acetylene
K quantum levels. The method is transparent and parallels

:jechmques;:sed in the T'elfl O.f dlat;mmdcolhsmnhand r_eacla'(_oryaving the actual molecular lengthe., 3.32 A is likely to
yn;r?lcs. gwever Za cu g‘uonks ased on sufc ab5|mp| 1®Pepresent the molecular dynamics quite accurately. Henton
model must be tested against known data before being used 122" performed  hard  shape calculations  for

more widely. C,H,—He/Ar/H, similar to those described here using poten-
tial energy surface data for the ellipse dimensions. The initial
rotor state chosen for comparisondis= 10 thus both relax-
ation and excitation occur. Experimental and calculated data
Experimental data that would test the equivalent rotorare shown in Fig. &) where agreement is seen to be good.
model are relatively sparse, given that a reasonable numbdiis also was found by Hentoet al?? and is not wholly
of data points are required to evaluate the method. Data fromanexpected since the method is very successful in diatomics.
two experiments are used here, the first being the extensiidowever this example constitutes a valuable test of this ap-
K-changing RT and VRT cross sections for glyoxal-Ne col-proach in which kinematic properties take precedent over
lisions reported by Cleggetall® the second being those related to the intermolecular potential. In this species
J-changing RT rate constants in acetylene—He encounters tifie equivalent rotor bond length cal culated from Bhealue
Hentonet al?? Here equivalent rotor model predictions are is markedly less than that evaluated from the molecular di-
compared with experiment and the method then used to prenensions. Calculations using this reduced value give reason-

For a linear rotor such as acetylene a pseudodiatomic

IV. CALCULATIONS USING THE EQUIVALENT
ROTOR MODEL
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K' FIG. 5. High resolutior(1 cm™?) dispersed fluorescence spectrum of t@e 6
band of benzene obtained in a benzenes€kpansion following excitation
of six different initial rotational distributions within6

(b) Glyoxal-Ne VRT C. 6'—0° transfer in benzene
0.06 Momentum-based constraints strongly influence events
that involve the release of energy such as the-6° vibra-
tional relaxation in benzene. This constitutes a subtly differ-
ent process to the rotational or simultaneous vibration—
0.041 e ~O-caic rotational excitation in acetylene and glyoxal since now
'OE.. -@—-oxp vibrational relaxation accompanies rotational excitation. The
o]

rel. cross-sect

0\2 most intense transitions will be to those’@) channels that
0.024 988000 most efficiently dispose of the available energy into angular
e momentunt! Here we calculate the probability that impulse
\o o from the excitedvg vibration will be converted into rota-
e} tional AM of the target molecule. The equivalent rotor
°'°°0 5 10 15 Dozoo method was used as previously described with the effect of
K, energy transfer into partner rotation simulated by reducing
the 522 cm? of released energy by the amount given up to
the partner. The most efficient means of reducing energy load
(C)C He in general is through collision partngibration and experi-
601 o) ment indicates that polyatomic collision partners having vi-
RT brational modes<522 cmi! strongly enhance %-0°
50+ VRT,?* but none of the partners considered here has modes
of sufficiently low energy folv—V transfer.J- and K-state
distributions were calculated for benzene~H-D,, and —
- CH, and compared to data from high-resolution
-l-ent experiment$ of which Fig. 5 is a representative.
20 ~O-cde Before describing the results of the calculations we sum-
10: a g marize thf relevant expe_rimental find_ings_ of Waclawil_< gnd
U Q Lawrance: (i) Some rotational relaxation is evident within
M — Qoo the 6 and @ levels, particularly for H, but this does not
-10 5 0 5 10 15 affect the nascent®Orotational distributions on the experi-
AJ mental timescale(ii) The experiment excites initial rota-
FIG. 4. (@) Rotational 0.0)—(J.K;) and (b) vibration—rotation 63,0y ~ 1oNa! states in & with J;=4-15. The § contours are simi-
—.74J,K) transfer in glyoxal—Ne coliisions. Filled symbols represent ex- 1ar for each laser detuning.e., J;K; range and so the ®
perimental dataRef. 16 and open circles are those calculated by the contours were averaged over all initial distributions prior to
equivalent rotor m_ethod(c) E_xperimentaI(Ref. 26 (filled squares aqd fitting. (iii) Boltzmann fits to the ® contours yield nascent
gat':ul_a;e:((:c;;ﬁ;?o:srcle*; relative rate constants for RT fromk=10 in T,.= 19, 41, and 93 Kaverage);=10.5, 15.7, and 23)Sor
2 ' H,, D,, and CH, respectively. (Fits were used by
able agreement with experimental data however and, toWaclawik and Lawrance to estimate averahewithin 0°
gether with the calculations of Henten al,?? implies thata  and the values should be viewed as indicative rather than
more extensive data set would be helpful in determiningabsolute. The distributions drop more slowly at highthan
equivalent rotor dimensions. they rise at lowd and so the average is somewhat higher than

rdl. rate const.
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the J value at the distribution maximunfiv) Calculation of  higher than of 8-4. The predicted distribution for-82 is

the 0® emission contours assuming an exponential decay ibroad and a Gaussian fit peakslat 21. The thermal distri-

AJ andAK suggest that thK state distribution is very broad bution extracted from experiment is also broad and peaks
when CH, is the partner. ~J;=21-22. This suggests that the-<® and 0—8 CH,

The benzene equivalent rotors usedliror K-changing  excitations are unlikely since these result in benzineeaks
calculations were described earlier. Calculations were perat 17 and 13, respectively. Thus, on the grounds of fit to
formed for relaxation from § J,=4, 7, 10, 12, 15 averaging experiment and transition probability, the-@ excitation in
the @ J; distributions oved; with equal weight. All allowed CHj, is the most likely process accompanying-60° VRT
collision partnerrotational excitations were considered and ain benzene. The extent to which collision partner rotation
representative selection of calculated distributions is showmids or hinders overall AM balance may also be a factor and
in Fig. 6. H, has only one allowed excitation, the<® rota-  will potentially restrict some collision partner rotational
tional in p-H,. With D, both 0-2(0-D,) and 1 channels, an effect discussed in greater detail by Waclawik
—3 (p-D,) may occur. In CH, rotational excitations 82,  and Lawrancé Analysis of high resolution gHg—CH, data
0—4, 0—6, and 0-8 were included and both- and suggests thakK-changing processes are important for this
K-changing collisions were investigated. These calculationair and Fig. éc) shows predictedK; state distributions
yield information on likely transitions in the collision partner when the 6—0° relaxation occurs exclusively by
as discussed below. Figuréap showsJ; distributions pre- K-changing collisions from the (R;) level of 6' benzene.
dicted in the @ level following collision with H,, D,, and K distributions were calculated fét; =4, 7, 10, 12, and 15
CH,. 0—2 rotational excitation was assumed in each partnefor each of the collision partner rotational excitations B,
and thus varying amounts of the 522 chenergy have been 0—4, 0—6, and 6-8. The figure illustrates the effect re-
shed. A broad and rather lumpy profile results in which peakéerred to above in that the distributions shift markedly to
associated with the fivg; states are often discernible. Ex- !OWGF values ofK; as excitation within the collision partner
perimental § rotational contours are similar for all initial Increases.

61 J, K distributions and will contain contributions from all
pathways, not just those involving=0— 2 in the collision
partner, the individual contributions being unknown. Fgr, H
where the final distributions are most sensitive to dheis- ~ A. Collision partner dependence of vibrational
tribution, V—T transfer is a likely contributor to 5-0°  relaxationin S, benzene

relaxation and this will smear the findldistribution. We have described qualitative and quantitative methods
Calculated distributions are compared in Figo)owith  for analyzing collision-induced rotational and vibration—
the thermal distributions found by Waclawik and Lawrancerotation Change in po|yat0mic molecules, illustrated with

to fit observed rotational contours. THe distributions were  special reference to the'6-0° transition in benzene. The
determined by summing oveé¢ state populations. Compari- analysis supports and quantifies that of Waclawik and
son of Figs. ) to 6(b) shows that the); distributions ex-  Lawrancé on the manner in which collision partners influ-
tracted from experiment are remarkably similar to those preence this relaxation rate. It is not essential to have state-to-
dicted by the equivalent rotor calculation. A Gaussian fit tostate data or full rotational resolution of product states to
calculated H data yields]J{"™=10 and that from the thermal achieve insight into the factors controlling VRT in polyatom-
distribution[Fig. 6(b)] is Jy=9 for H,. Given the approxi- ics. A useful overview is gained through the use of
mations involved, this represents satisfactory agreement withomentum—AM diagrams which illustrate the manner in
experiment. In the absence of collision partner excitation thevhich released energy may be disposed into rotational exci-
distribution for GHe—H, peaks atJ;=13. The calculated tation of benzene. They also show the energy and angular
distribution for GHz—D, also assumes-82 excitation in  momentum constraints that operate on product rotational
D,, the lowest energy transition in the maj&7%) compo-  channels and identify those rotational states on which these
nent 0-D,). The peak is ad;=12, compared with a value constraints are lifted. The lowedt of this latter group fre-
of 13 for the thermal distribution. The transition—=B is  quently provides the principal exit channel for the relaxation.
feasible inp-D, and may represent a favored route since a  Graphical methods illustrate how the AM “load” is re-
greater proportion of the %6-0° VRT energy can be dis- duced when the collision partner absorbs some fraction of
posed of. However for this case the rotational distributionthe energy released. For the collision partners considered
curve peaks betweeh=10 and 11. Thus the calculated dis- here this occurs by partner rotation. The load reduction is
tributions in conjunction with experiment, suggest excitationlikely to be very effective when collision partneibration is
of the 0—2 transition ir-D, is likely to dominate the deac- excited. Recent wofk reveals that the - 0° transition in
tivation process. benzene becomes the dominant relaxation pathway when
Figure Ga) also displays thé; distribution assuming the partner vibrational excitation is feasible, consistent with our
0—2 rotational transition in Ckl The benzene Drotational  expectations. Kis a very efficient promoter of VRT since
distribution peak moves steadily to lowdy as the propor- over 70% of the 522 cm' released in the 6 0° transition
tion of disposable energy used in partner rotation is in-may be disposed into-82 rotational excitation of kl. D, is
creased. Transitions—82 and 0-4 in CH, differ little in reasonably effective with a smaller fraction of load shed on
energy and the benzenk distributions for these two are exciting 0—2 in the diatomic. Momentum—AM diagrams al-
rather similar. The probability of 82 is expected to be low these effects to be quantified, showing the reduced ben-

V. DISCUSSION AND CONCLUSIONS
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FIG. 6. (a) Calculatedl; distribution following (6',0)
—(0°,J;) VRT by H, (squares D, (circles, and CH,
(triangles. Each distribution is an average &f=4, 7,
10, 12, and 15. Rotational excitatior<2 is assumed in
each collision partneikb) Experimental); distribution
following (6%,0)—(0°J;) VRT by H, (squares D,
(circles, and CH, (triangles. J; is obtained from the
thermal distributions that best fit averaged experimental
D, 62 rotational contours summed ovérstate populations
for a particulard. (c) CalculatedK; distribution for &
—0° VRT in benzene—Cldassuming 8-2 (square}
0—4 (circles, 0—6 (triangles, and 0-8 (diamond$
rotational excitation in Cll. Each distribution repre-
CH, sents an average ¢f,=4, 7, 10, 12, 15.
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zene rotation requirement that accompanies the “rotationalland the probability of transition drops rapidly @s) in-
assisted” VRT process. When GHind N, are the collision creases. However, a molecule such as,Cls enhanced
partners the load-shedding efficiency is much reduced sincefficiency since it may present any one of its four equivalent
large AJ transitions must occur within these species to ab-C—H torque arms to convert the vibrational impulse into ro-
sorb a reasonable fraction of thé-60° transition energy tation. Cyclopropane is also advantaged in this respect and
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has a longer torque arm than other species considered her¢ 507
The branching ratios and rotational temperatures for 6 AJ

— 00 deactivation reported by Waclawik and Lawrahfm a 40-
range of collisional partners may be rationalized using these
arguments and information from momentum—-AM diagrams.

B. The equivalent rotor model

The equivalent rotor model assumes that the critical pa- !
rameters governing state change in polyatomics are those 44
that determine collision outcomes in diatomic molecules
where key molecular factors are bond length and moment of o
inertia”® For transitions generating rotational AM along a 0 ) 10 20 30 40
specific molecular axis the polyatomic is simulated by an
“equivalent diatomic” whose mass, rotational constant, and
length are determined from the shape and size of the poly g 7. A andE plots for benzene-rare gas RT to illustrate the increased
atomic molecule at 90° to that axis. The model is tested bynergy constraints as partner mass increases. The figure represents RT from
comparing predicted RT and VRR; distributions in glyoxal ~ Ji=15 of S, benzene.
and J; distributions from RT experiments on acetylene with
those obtained experimentally. The accuracy of the calcula- o . . o
tions is encouraging, indicating that the method is a useful  Similar behavior has been observed in the vibrational
first attempt at the difficult task of predicting the collision élaxation of diatomic molecules. Whereas early work fo-
properties of polyatomic molecules. No attempt is made t¢?uS€d principally on molecules in low vibrational levéls,
extend the method to axis-switching transitions. In the abihe development of stimulated emission _pumfﬁngnd_ of
sence of fully resolved data on benzene equivalent rotoPVertone pump{nﬁ’ has allowed investigation of species in
bond lengths are estimated from moments of inertia of thdghly excited vibrational statésLight collision partners are
molecule about specified axes. This avoids the difficulty ofMUch more effective quenchers of large vibrational energy
estimating torque-arm dimensions from anisotropic strucdaPs than heavy species for molecules in low and high vi-
tures and could be regarded as erring on the side of cautioRrational states. Single quantum relaxation often dominates,
The investigation of VRT in this species with full rotational €Ven when the diatomic is highly excited and evidently there
resolution would greatly assist the refinement of this simpli-aré limits to the amount of energy that may be released on
fied model. collision however much is contained initially within vibra-

The equivalent rotor method was used to calculgter  tional modes. Yangt al*° observed that the =22 level in
K distributions following 6— 0° relaxation by H, D,, and ~ (*X)NO is not relaxed by Ar and He but the VRT rate con-
CH,. Calculations were performed fd¢=4, 7, 10, 12, 15, stant becomes large when $ the6coII|s.|on partner. Ex.perl—
and 0-2 partner rotational excitation was assumed. Goodnents of Lester and co-workérs® on vibrational predisso-
agreement with experimental was obtained. The calculation$iation of van der Waals molecules demonstrate that
distinguish shifts inJ; (or K;) as partner excitation changes, dissociation lifetimes are redyced by many orders. of magni-
permitting identification of probable rotational transitions in tude when a substantial fraction of the energy of dissociation
the partner. The benzene rotational shifts may be quite larg¥ shed as partner wbrano_n or rotation. At the same time the
and study of this hidden process becomes feasible despite tR@9ular momentum load is much reduced as seen in the re-

lack of resolution in the target species. sulting rotational diSt_”bUtiO”_?- o
Significant questions arise from these observatigns.

Why are lightest collision partners most effective in bridging
large energy gaps? Heavy partners that carry substantial mo-
The findings of this study may be of wider significance, mentum might be expected to be more effective than light
an obvious parallel being vibrational predissociation of vanspecies.(ii) What limits the amount of energy that may be
der Waals moleculés?>2?®but there are numerous situations released in a relaxation process? No obvious explanation ex-
throughout chemistry in which large amounts of energy muststs in terms of, say, energy conservatidii,) Why is vibra-
be disposed of when a molecule changes state. We suggeginal relaxation in polyatomics so mode specific? Trsen-
that the efficiency with which a system converts this energysitivity of inelastic cross sections to kinematic factors was
into rotational and orbital AM greatly influences the prob- addressed by Claret al3! and Fig. 7 illustrates the origin of
ability and speed of the transition. In thé-6 0° transition in  this effect in benzene. Energetic constraints are strongly en-
benzene a controlling factor appears to be the ability of benhanced as collision partner mass increases and at the same
zene to generate the appropriate amount of rotational AM a@ime the number of channels subject to these constraints in-
the same time as deactivating themode. Experiment indi- creases dramatically. Figure 7 is constructed for RT jn S
cates that, for a given system, there are inherent limits on theenzene J;=15) and demonstrates that although heavy part-
amount of energy that may be released in collision-inducechers bring greater momentum to the collision, the number of
VRT and that the process of angular momentum creation setllowed trajectories for a given channel is diminished by
these limits. energy conservation, and affects mdfechannels as reduced

CH,-rare gas
RT from J=15

p, (x10*'mkg s™)

C. Relaxation pathways in polyatomic molecules
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mass increases. This is a feature of diatomic RT cross sethe energy gap that may be spanned in a relaxation process
tions and increases strongly with. Thus light collision and this is reached when tleor K change that is a neces-
partners will generally improve the efficiency of processessary accompaniment to the energy release has become too
that take place through the generation of rotational #M.  large to have significant probability. Critical factors in this
What does experiment tell us regarding the remainingare the momeis) of inertia of the molecule and the length
questions from the preceding paragraph? Benzene data, té available torque arfs), i.e., bl'®. Alleviation of this re-
analysis of Waclawik and Lawranéé,and the theory pre- striction may be achieved by choosing a light monatomic
sented here suggest a general principle in molecular collisionollision partner or, alternatively, a partner capable of ab-
dynamics for processes that involve the liberation of energysorbing a substantial fraction of the released energy prefer-
Whether or not the process occurs and, if it should occur, itébly in the form of vibration since in this way no additional
rate constant or cross section is governed by the ability of théM is generated. The high selectivity of pathways in vibra-
molecule and collision partner to convert impulse into rota-tional transfer in polyatomic molecufe$may be a manifes-
tional AM. Molecules vary considerably in their ability to tation of this same principle though with some additional
convert momentum change into rotation though the controlconditions. In vibrational relaxation, the nuclear motions on
ling factors are now understodd.The 6'— 0° transition in ~ collision must be such that the required amount of rotational
benzene is of particular interest since this relaxation is jus@ngular momentum is generated asmultaneousvibra-
observable for H&Fig. 2) but no signal is seen when heavier tional state change occurs. These conditions place strong
rare gases are collision partners. This transition becomegpnstraints on the forms of the vibrational modes undergoing
measurable, though still small, for He when benzdgés deactivation and excitation, on the direction of collision part-
the target speciédwhere now the 6—0° energy gap is 498 ner approach and on the efficiency with which a molecule
cm™ L This 24 cm’! reduction compared toEls lowers the ~ can convert impulséi.e., orbital or linear momentuyrinto
AJ (and/orAK) required to absorb the released energy andnolecular rotation. It is observed, for example, that the trans-
there is a small increase in probability. The effect by whichfer 6'—4" in benzene does not occur even though it is en-
light gases enhance transfer to energy levels having largergetically favored and other|[Ar|=2 transfers are
energy separations is well established, having been observé®served. The case of glyoxal provides a particularly vivid
in benzenad>® and also inp-difluorobenzené* What then example where rotation about theaxis accompanies activa-
is the cause of these limitations on the energy that may blon or deactivation of ¥, a CHO-CHO torsional modé.
liberated? Clearly this is an effect of some significance. Infere the torque arm for linear-to-angular momentum conver-
the 6!—0° transition in benzene, all the available energysion leading tok-axis excitation is substantial and thus the
within the S; excited electronic state is released but in nu-needs of vibration and rotation are simultaneously satisfied
merous other instances this is not the case and strict limitgy @ collision that impacts, for example, on one of the H
appear to exist on the de-excitations that may occur despitafoms. In the case of vibrational excitation the ability to ex-

there being high levels of excitation remaining within a spe-Cité simultaneous rotation greatly adds to the overall VT
cific electronic state or within the molecule. cross section since this latter quantity is simply the sum of

Why is all excess energy not released in collision-f‘he rotational transitions between.the two manifdftShus
induced de-excitation and transition to the lowest level thdn large molecules where many vibrational modes exist, the
norm in all collision-induced processes of molecules in exuclear motion of the vibrational mode undergoing deactiva-
cited vibrational and/or electronic states whatever the maglion must be such as to provide impulse that will generate
nitude of the energy gap to be overcorffehis appears very molecu!a_r rotation abou_t tha or the c axis on impact wnh
rarely to be the case. The work described here suggeststﬁe collision partner. Th|_s_|s likely to be a stringent require-
possible, relatively simple explanation for this phenomenonMent and hence selectivity among modes for relaxation is
In the vibrational de-excitation process there is conversion ofXPected to be high. However, when all factors are opti-
the impulse generated on contact between collision partnéf",zed’ highly efficient vibrational relaxation would be an-
and the vibrationally excited benzene molecule into benzenliciPated.
rotation, orbital angular momentum of the collision pair, and,
where feasible, internal excitation of the collision partner ACKNOWLEDGMENTS
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reactiori® when all reactant orbital AM becomes product ro-

tation. TheJ and/orK change that must be induced on relax- | _
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