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Nascent versus “Steady-State” Rovibrational Distributions in the Products of the oP) +
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We report a trajectory simulation study of the(@,j') + Ox(2",j'") collisional process at a translational
temperature of 1500 K with a view to compare the initial and final rovibrational distributions of the colliding
species. As initial rotational and vibrational micropopulations we assume those calculated for the products of
the forward title reaction. Rotational relaxation is found to occur to a larger extent than vibrational relaxation,

a result that is in general agreement with experimental measurements for small and moderate delay times
after the reaction G- O; — Oy(¢v',j') + Ox(¥'"",J"") has occurred. Rather than a single rotational temperature
reported from the experiments, the simulations predict two disparate rotational temperatures close to those
characterizing the nascent micropopulation. An increase in temperature due to vibratiianglational and
rotational-translational relaxation processes is also predicted.

1. Introduction wherem stands for the number of active electrons anthe
number of active orbitals in the full configuration interaction
treatment of the molecular wave function; see, e.g., ref 14 and
references therein] calculations of the minimum energy path
for reaction.

A critical issue in a dynamics study is obviously the intrincacy
and accuracy of the underlying potential energy surface(s) on
which the reaction occurs. For the ®] + O3(A) —
Thus, it has been extensively studied both experimertally 20,(X3%,) reaction, the WignerWitmer rules suggest that the
and theoretically;*? being known from experimerftspecially relevant potential energy surface corresponds to the lowest triplet
designed for sensitive detection of xcited states to be the  giate since it correlates with both reactants and products in their
dominant reaction when the reactants are in their ground grqung electronic states, although the backward reaction may
electronic states; for a review on this and other four-atom g qve on singlet, triplet, and quintet surfaces. Since our analysis
reactions, including their reverse counterparts, with relevance jg hased on the assumption of electronic adiabaticity, we will
in atmospheric chemistry, see ref 13. focus on the lowest triplet surface of,(for possible nonadia-

Despite the importance of the title reaction, recent experi- paiic effects. see ref 15 and references therein).
mental work has emphasized that its theoretical understanding ’

may still be far from satisfactory. By photolizing ozone to
produce OFP), Mack et al® observed the formation of vibra-
tionally excited molecular oxygen in its ground electronic state,
Ou(v), via reaction 1. They also noted that the one-photon
photolysis of ozone carried out at 532 nm cannot produge O

A reaction of paramount importance in the upper atmosphere
since Chapman'sproposal of the Qcatalytic cycle for ozone
depletion is

OCP) + O4('A) — 20,(X°S,) 1)

For tetraoxygen in its ground triplet state, the task of
calculating by ab initio methods the corresponding potential
energy surface with chemical accuracy (1 kcal Mplis
overwhelming. Such a difficulty gets compounded by the fact
that the calculations and modeling must cover the six-

in » > 10, and that vibrational states abave: 4 were actually dimensional (6D) configurational space of the supermolecule.

i Y - A _ 1cl6,17
never observed. Thus, by choosing an appropriate pressure angy following Hernandez-Lamoneda and Rarpg .SOI'S’ we
delay time [note that the ozone photolysis is fotitaibe more ave recentl# calculated by accurate ab initio methods the

than 10 times faster than reaction 1], both the nascent vibrationalpropemes.Of the transition state for the title reaction, including
and rotational distributions could be probed. Of particular the force field that was unknown thus far. Moreover, we have

: . : d such data to obtain an improved double many-body
relevance from their studyis the suggestion that both,O used st 01 .
molecules most likely emerge from the reaction with similar te).(ﬁatn%'c’ﬁih poltjehr;ltéaée”nergy_surtfr?ceb(D?/lBE_Ill)glor gLo_ur_ltt_:l-
amounts of internal energy, which implies the simultaneous riplet . 1hus, mimics the best avariable ab Inito

production of two vibrationally excited nolecules. However, est_ima_\te of the for_ce field at the saddle_point for reaction 1
such a result is inconsistent with those obtained from dynamics‘_Nh'le_ Its barrler h?'gh‘ has t;egn constr{:uned to have a value
calculation§~8 that favor a spectator bond mechanism: one of identical with that. n DMBE Iézsmce this is sup_ported_ by the
the @ molecules is produced vibrationally excited (“hot”) while therf"a' rate coefﬂuent daftaP 22 (for other Sp.ec'f'c deftaﬂs, see
the other is produced essentiallyzir= 0 (“cold”). This feature, §ect|on 2). Ignoring aspects relatgd to possible conical intersec-
which was first observed in dynamics studiesf the title tions Wh'Ch are know? to appearin the &'AY) fragment and
reaction, has in fact been more recently confiridex the ab most likely extend to other regions of the, Potential energy
initio level via accurate complete-active-space self-consistent- surface, the DMBE Il surface should therefore describe reliably

field [commonly indicated as CASSQRf) or CAS(mn), the dynamic_s of rea_ction 1. In _fact, a dyna_lmics_and ki_netics
study of the title reaction employing the quasiclassical trajectory

* Address correspondence to this author. E-mail: varandas@qtvs1. (QCT) method and the DMBE Il surface has givethermal
qui.uc.pt. rate coefficients in very good agreement with experiment over
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the whole range of temperatures where the calculations andmental results, this led us to conjecture that rotational relaxation
experimental data overlap. We emphasize though that, as inmay take place soon after reaction occurs. However, a second
previous studies with DMBE 1,the QCT results predict that  thought suggests that the disparity of temperatures involved may
only one of the @ bonds emerges vibrationally excited with prevent S1 and S2 from exchanging energy via a rotational
the remainder of the exothermicity channeled into rotation and rotational (RR) energy transfer mechanism, while the possibility
translation of the two ©@molecules. Thus, no breakdown of of vibrational-rotational (VR) energy exchange remains viable.
the spectator bond mechanism is observed. Although this resultOf course, experimental measurements at very short delay times
may bring to question the reliability of both DMBE | and DMBE  could settle the issue of characterizing the nascent micropopu-
Il potential energy surfaces employed for the dynamics calcula- lations, but such measurements were tékerime only down
tions, we emphasize that a detailed structural andfysisthe to 60 ns and hence cannot give a definite answer to the above
minimum energy path for reaction using CAS(16,12) calcula- query. Strictly speaking, the measured distributions may not be
tions has corroborated such a prediction. Of course, one maythe nascent ones but those actually present in the reaction vessel
still argue that the specific mechanism of the reaction is a for a pre-specified delay time, which for the present purposes
dynamical property that cannot be “confirmed” by an electronic will be modeled by the “steady-state” distributiéhmentioned
structure calculation. To go further, one requires the inclusion above. Computer inelastic scattering simulations similar to those
of possible nonadiabatic effects and accurate quantum dynamicgeported elsewhetécould therefore be valuable to clarify the
calculations on the relevant electronic manifold, an issue that situation. The question is then of what happens, upon collisions
is outside the scope of the present work. with the surrounding molecules, to the nascepgPdistribu-

In ref 12, we have also advanced a tentative explanation for ions of reaction 1 shortly after being produced. In other
the existing theoretical versus experimental dispute concerningWords: How different are the nascent and “steady-state
the rotational distribution of the vibrationally hop@olecules ~ distributions at a given temperature”? Because one expects
in the products. We conjectured that the observed rotational félaxation to be enhanced with increasing temperature, we will
temperature could be partly due to a prompt rotational quenching COnsider a temperature of 1500 K in the present work.
after reaction. From their experimental work, Mack ef al. An answer to the above issues will be attempted by running
observed that, under presstiteme conditions ofpr = 1 x quasiclassical trajectori€s?>26on the recent DMBE Il Q(3A)

1076 Torr s, rotational relaxation is in general substantial but Potential energy surface. Such a methodology can be justified
vibrational relaxation is unimportant. Note that reaction 1 occurs & Priori from the large atomic masses involved, and a posteriori
much faster than the vibrational and rotational relaxation PY the excellent agreement between the QCT calculaticasd
processes, being essentially complete at their start. Quoting theAPProximate quantum-dynamics restitfwith use of the same
authors? “relative intensities taken at a valuepf = 1 x 1076 (DMBE ) potential energy surface. The paper is organized as
Torr s were found to be rotationally relaxed, but immune from follows: Section 2 provides a brief description of the(%)

vibrational relaxation”. Since typical pressures in the experi- DMBE Il potential energy surface, while the trajectory calcula-
ments were +2 Torr, and hence are comparable to those tions are reported in section 3, and discussed in section 4. The

observed in the middle atmosphere, it follows that vibrational €ONClUSions are given in section 5.
and rotational relaxation processes should be rather slow ony pgtential Energy Surface

the temporal scale of reaction 1. It is therefore unlikely that
more than a few collisions occur before reaction takes place
which supports the scheme recently suggested by one26f us
to obtain “steady-state” distributions. This is based on the
assumption that the distribution after an ensemble of single-
collisions mimics the overall result from relaxation (in the sense
of de-excitation, but to a smaller extent also excitation) in
multiple collision processes especially having in mind that new
O,(v) molecules are meanwhile formed via reaction 1. Of course

the pIaus!b|I|ty O.f SUCh. an assumptlon can only be tested by a dratic force constant$obtained from CAS(16,12) calculations
computational §|mulat|on of all involved processes. employing a [6-311G] Pople-type basisZatith polarization

In the experiments performed by Mack et @lthe best  fynctions for a high level of correlatiof$.Special care has been
rotational distributions were observed for several vibrational taken to model the barrier height of reaction 1. In fact, since
states, with the highest quality data being obtained fgv & the ab initio CAS(16,12) calculations predicted it to be 8 kcal
12-14) at the smallest value @ (=8 x 10®to 1.2 x 10™" mol~ ! higher than the activation energy recommended by the
Torr s). In this case, a plot of the logarithm of the peak heights jypAC Subcommittee on Gas Kinetics Data Evaluation for
divided by 2 + 1 shows a straight-line shape, suggesting that Atmospheric Chemistr§2 such a limitation was overcome by
an effective rotational temperature could still be defined. Thus, constraining the barrier height to be 3.4 kcal mél(i.e., the
a significant amount of rotational relaxation may occur even parrier height in DMBE 1) while its location was set at the
under such experimental conditions. It turns out that the geometry predicted by the ab initio calculations. Unfortunately,
estimated rotational temperature (1480800 K) is relatively after publication of DMBE II, a detailed search of its stationary
small when compared to the highest of the two rotational points has shown a spurious deep minimumDas geometries.
temperatures that we have estimated by running classicalHowever, a high energy seam separates the spuridus
trajectories’® Such calculations suggested that the set of minimum from the @ + O, asymptote, and hence it should
vibrationally hot @ molecules may be divided in two subsets: have no implications in classical dynamics studies for most
one (S1) characterized by high-rotational states and an effectivecollision energies of practical relevance. In fact, test studies of
rotational temperature Of s (high j) = 27000 K; the other  reaction 1 and the nonreactive ® O, collisional process show
(S2) consisting of rotationally cold ) with an effective that no drastic differences occur between the results obtained
temperature oﬂ'f(ftt(low j) = 1267 K. In view of the experi- with DMBE | and DMBE II. Figure 1 illustrates the DMBE Il

All calculations reported in the present work employ the
' DMBE Il potential energy surface for ground-triplet,CBince
it has been discussed in detail elsewhéréwe refer only to
the basic features that may be relevant for the present analysis.
It was obtained by adding an extra four-body extended Hartree
Fock energy term to DMBE |, with the coefficients calibrated
via a nonlinear least-squares fit such as to reproduce the
geometry (which coincides with that reported by Herthez-
' Lamoneda and Raimaz-Solid”) and (approximately) the qua-
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Figure 1. A perspective view of the DMBE |l potential energy surfaces for the lowest triplet stata.d3é2 also the text.

potential energy surface for the attack of an oxygen atom on that will be described next), which explains the fact that some
the terminal atom of ozone. Note théarepresents the distance probabilities in the final distribution may attain valued.0.
between the two middle atomis éndc), while Y is the distance Of course, such values have no other meaning except that of
between atoma andb. Note further that the energy has been offering a direct comparison with the initial micropopulations.
minimized at eachX,Y) geometry by optimizing the polar angles In turn, the corresponding rotational distribution has been fitted
Q, and Q3, keeping the @y bond distance and the angle to the form
00,004 constrained at their equilibrium values in ozone. The 5
differences between DMBE Il and DMBE | are very subtle, hot SN2
and invisible to the naked eye for the covered regions of P = ZAm expl=an(’ = jm)’] (3)
configuration space. =
whereA; = 0.30,A; = 0.62,a, = 0.00391 8, = 0.00454 ) =

3. Trajectory Calculations 46, andj, = 74. This is shown in panels b of Figures 2 and 3,

To run the quasiclassical trajectories, we have utilized the Where a type of line convention similar to that used for the
MERCURY/VENUS98? codes, which have been suitably mod-  Vibrational distribution is employed. It should be recalled at this
ified to () accommodate the DMBEMipotential energy surface ~ POINt that only odd rotational states are allowed for. 8o
for ground-triplet tetraoxygen, (b) recognize the various reaction attempt has therefore been made to distinguish the S1 and S2
channelg®and (c) use several rovibrational distributions (which Subsets of rotationally excited2(2) molecules.
are exact for the diatomic curves employed in constructing the ~TWO possible variants can now be considered for the
DMBE potential energy surfaces). To compare the nascent angrovibrational distributions in the set of,@") cqlhdmg partners.
“steady-state” distributions, we have considered as initial !N case |, we assume that@") are the vibrationally cold
conditions for the colliding diatomics those of the products of Molecules formed in reaction 1, being the vibrational mi-
reaction 1 as if the clock was started at the end of the trajectoriesCroPOpulation modeled by
for the forward reactiod? Of course, the calculated nascent cold o
distributions differ to some extent from those experimentally Py = exp(- cv”) )
reported® but this is not expected to alter drastically the major

conpll_J;lons. For bre\_/ltyz we will d‘?”Ote by thf S,L’JbSCI‘Ipt NASC™ tion has been represented by a single Gaussian in eq 3, with
et ey ot > 17 7. th parameters bianed by fing h resuls of el 22
. . . 1.0, a1 = 0.00384, and’} = 33. The initial vibrational and

T_he proc_e(_j_ure then involved th_e _followmg_ stéfbﬁrst, \{\,/e rotational distributions so obtained are illustrated in panels c
define the |_n|t|al states of the coII_ld_|r_19 SPecies in thgl_q )_ and d of Figure 2, respectively. Although the target vibrational
+ OZ(U”.']”) melasuc process. The initial vibrational distribution function and the actual discretized distribution seem to differ
of,the vibrationally hot molecule_s,_hereafte_r re_pre_sented by O significantly, this is an artifact of the representation due to the
(v/), has ?een chosen to mimic the distribution reported small number of bins that are populated. Case Il assumes that
elsewheré? which is well described by the form O,(") includes both the vibrationally hot and cold molecules,
being denoted for brevity as “total”. The corresponding vibra-
tional and rotational distributions are in this case defined by
the following bimodal distributions:

wherec = 1.94. In turn, the corresponding rotational contribu-

P =B exp[-b(s' — v)7] )

where the optimum values aBe= 0.33,b = 0.0698, andj; =

10.5. The simulated distribution is shown by the dashed line in plotal — phot  pold (5)

panels a of Figures 2 and 3, while the target initial distribution ’ ’ ’

function in eq 2 is indicated by a dasiot line. Note that all plotal _ phot 4 peold (6)
i i i

curves have been normalized at the absolute maximum of the
target function (the same applies to the other micropopulations which are depicted in panels ¢ and d of Figure 3.
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Figure 2. Vibrational and rotational distributions in the simulation study of the vibrationally-kifitrationally cold inelastic collisional processes:
(a and b) hot oxygen molecules; (c and d) cold oxygen molecules. The translational energy is thermalizeth@0 K. Key: -- -, target (initial)
distribution; - - -, initial distribution (actual sampling):, final distribution. See also the text.

A computer simulation employing the traditional approach procedure (see ref 24), the comparison of these two methods
(ref 31 and references therein) has shown that the abovegives the same result within the error margins. Note that a major
vibrational and rotational distributions can be accurately mim- advantage of the semiclassical procedure is to avoid a decom-
icked with a few thousand trajectories, and it is the very position of the internal energy into vibrational and rotational
conservative results obtained in this way by using a total of components (see ref 12 for a critical assessment).

10* trajectories that we consider as the initial distributions. With  For a given temperature, the rate constant of the collisional
use of such micropopulations, the valuesvadindj for every process ¢}, ji) + Oa(vi; ji) = O2(ey, ji) + Oo(u4, j5), denoted
trajectory can be sampled by the procedure used in ref 24. All by x, is given by the usual expression

other initial conditions are set according to the standard

trajectory procedure. Thus, for the two cases {fumtld and 8k T\1/2

hot—*“total”) defined above, the maximum value of the impact k(T) = ge(W a(T) (8)
parameterlfnay) has been chosen as the largest value obtained

for the O+ Os reactioni?i.e., bmax= 3.1 A. In tum, the initial \yherekg is the Boltzmann constant, the reduced mass of the
distance between the reactants has been fikédfasuch as to reactantsge = s is the electronic degeneracy, ang(T) =
give a negligible interaction between the two reactant oxygen i, 2NN is the cross sectionNg denotes the number of
molecules. Moreover, the translational energy has been sampledyjectories leading to thex process out of a total ofN

by assuming a MaxwetiBoltzmann distribution for a typical  trajectories); the statistical 68% confidence intervahls(T)
temperature off = 1500 K. Note that such a temperature is —  (T)(N — N,/NN)Y2,
similar to the measured average rotational temperature of the
“steady-state” distribution when the delay time is 6P ns. 4. Results and Discussion

After integration of Hamilton’s equations, the rotational . o . o
quantum number has been determined from the classical orbital, Figures 2 and 3 compare the initial and final distributions

angular momentunt,, of each molecule for the two _s_imulatio_n experiments considered in _the_ present
work. Specifically, Figure 2 shows the outcome distributions
2= i+ 1)h2 @) for collisions involving vibrationally hot @molecules with cold

ones (case 1), while Figure 3 shows similar results but for
For the calculation of the vibrational quantum number we have collisions of vibrationally hot @ molecules with the total
adopted the usual semiclassical quantization sch&énough vibrational micropopulation (case Il). The notable feature from
in previous work we have used the more traditional boxing the vibrational distributions is the striking similarity between
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Figure 3. As in Figure 2 but for the vibrational hettotal’ collisional process: (a and b) hot oxygen molecules; (c and d) “total”. Key, target
(initial) distribution; - - -, initial distribution (actual sampling}:, final distribution.

their initial and final shapes, with a smaller degree of similarity =~ Despite the fact that the initial and final distributions show
applying to the rotational distributions. This implies that the similar patterns, this by no means implies that there has not
vibrational “steady-state” distributions do not differ drastically been a significant energy transfer at the microscopic level. A
from the nascent ones, especially in case II. Although the initial quantitative assessment is presented in Tables 1 and 2. In
micropopulations may not coincide with the experimental general, deactivation is more pronounced that activation in both
observation of Mack et af.such results may be viewed as cases | and Il. For case I, the number of vibrationally hot
supporting their findings that vibrational relaxation is unim- Mmolecules that cooled is 1484 (14.8%), while in case Il the
portant, although rotational relaxation could be substantial. [t Number increased to 2343 (23.4%). Conversely, the correspond-
also agrees with a recent observation by one &t that under ing numbers for vibrational warming are 1065 (9%) in case |

the conditions found in the middle atmosphere, vibrational @nd 1905 (11%) in case II. Other relevant indicators are the
relaxation is expected to be less significant than is usually averaged vibrational and rotational quantum numbers before and

believed. It should also be recalled our difficdfyn assigning afterbcollllsmn. For CEE[S;“. It .éh(:. av[%rage_vli)(;agt)lgnar:.Iqutintum
a rotational temperature, even when reaction 1 has started fromggresero': dine ?]isnc]gzr |r:str:a ,lfs'tgg d i"’gt;,, diétribVL\J/tiég/@e
thermalized reactants. This led to a tentative assignment of two b 9 Y S

coexisting types of gfv) molecules having distinct rotational = 9.93. Note from Figure 4 that transitions (no attempt has
9yp v 9 been made to discriminate activation and deactivation processes)
temperatures, namely for= 12. The present results show that

. . o involving as much as 4 vibrational quanta have been observed
the rotational thermalization remains incomplete even when thefor the hot molecules in hetcold collisions while in the hot

two rotational ensembles are allowed to interact with each other. “total” case this number reached 6 vibrational quanta. However,
We should note that a choice of a different bining size does he predicted law for multiquantum vibrational transitions (1
not improve the lack of statistics due to the limited number of < A, < 40r1< Ay < 6) is found to vary approximately as
trajectories run. Moreover, doubling its size may have the an inverse exponential of the number of multiquanta involved,
misleading effect of centering the bins at even rotational which implies a low probability of occurrence for high multi-
numbers, which are forbidden forQn summary, one expects  quanta transitions. Such a result agrees with recent measure-
that the temperatures in the steady state/fer12 do not differ ments on @ + O, collisions with oxygen molecules prepared
significantly from those reported elsewh&¢T = 1267 and in vibrational levels between = 23 andv = 27, where
27000 K for the vibrationally cold and hot ;Omolecules, multiquantum transitions involving 8 or 9 vibrational quanta
respectively). have been observédNote that such high quanta vibrational



Nascent versus “Steady-State” Rovibrational Distributions

J. Phys. Chem. A, Vol. 107, No. 50, 200B0931

TABLE 1. A Summary of the Major Energy Transfer Processes for the Hot-Cold O, + O, Collisional Events

type process(= X) Ny Py, % ke, 1003 cmPs?t
deactivation

\aY% (v, 0i) + @) = (v — 1j) + ('+ 1) 241 2.4 34.2£ 2.2

v (v 0)) + (Wi ) = (o = 24 + (v'+ 2 n.o.

VR (v 1) + (v 1) — (o = 1J)) + (i Jp) 849 8.5 120.4+- 4.0

VR (W, )+ () = (v — 29 + (v ) 184 1.8 26.1 1.9

VR (v, J;) + (v, ) = (v — n, f) + (v ]9 60 0.6 8.5+ 1.1

RT @, i)+ @) — @i <)+ (u,’,’j;’< i) 1062 10.6 150.6- 4.4

RR @h) + WD — @3t <) + (D 3419 34.2 484.8- 6.7
activation

\A4 () + (o) = (v + Ljg + (0= 1) 122 12 17.3+ 1.6

A% (i, 1)) + (i J) = (o + 29 + (o'~ 2,jg) n.o.

VR (W, 00 + @) — (v + 1) + ()1 698 7.0 99.0f 3.6

VR (v )+ (v ) = (o + 2,%) + (o 91 0.9 12.9-1.3

VR (v, ) + (i 1)) = (v + njg) + (v ] n.o.

RT (i, 1)) + () = (o Ji > 1) + (i ) 152 15 21.6£1.7

RR @)+ @) — @, g >0 + @) 1548 155 219.58-5.1

2 The symboln in the VR-type processes indicates the size of the vibrational quantum jump, when this is larger than 2

TABLE 2. A Summary of the Major Energy Transfer Processes for the Hot-‘total’ O, + O, Collisional Events

type process(= X) Ny Py, % ke, 1078 cmP st
deactivation
A4 () + (@) — @ — 1, + @'+ 1) 246 2.5 34.2+ +2.2
A% (v 0 + (i) = (o = 2,]9) + (v'+ 2,j9) 62 0.6 8.8+ 1.1
A4 (v ) + (i ) = (@ = n, j) + (v +n, j) n.o. - -
VR W)+ @iy — (o — 1, f)+(u;: ir 499 5.0 70.8£ 3.1
VR (v 1) + (v 1) — (o = 2,Jp) +(y 4 31 0.3 4.4+ 0.8
VR (v i) + () = (v = jp) + (@) Uis ] 31 0.3 4.4+ 0.8
RT @, 3+ (i) — (v Js < .)+(v ”<j{) 342 3.4 48.5+ 2.6
RR @, i)+ @ — L <)+ @) 1530 15.3 216.9% 5.1
activation
W (WL + @i — @+ 1)+ @'—1,j) 407 4.1 57.7:2.8
\A (b)) + () — (7 + 2. + (= 2,]7) 125 1.2 17. 74 1.6
Vv (L) + (i) — (@ +n, ) (= n n.o. - -
VR WL+ @ — @+ 1,00+ @D 470 4.7 66.6+ 3.0
VR () + (i) = (v + 2,19 + (v 1) 62 0.6 8.8+1.1
VR @)+ @) — @+ )+ () 31 0.3 4.4+ 0.8
RT @30+ (i) = (h J > 5) + (W s> 5 158 1.6 22418
RR i) + @I — @iy > 3 + @) 1221 12.2 173.%+ 4.6

a2 The symboln in the VR-type processes indicates the size of the vibrational quantum jump, when this is larger than 2.
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Figure 4. Probability of occurrence of multiqguanta vibrational transi-

Av

tions in hot-cold and hot“total” collisions. Also shown are the
statistical error bars. See also the text.

transitions observed in the present work refer to VR (vibrational
rotational) and VT (vibrationattranslational) processes, since

for VV transitions the only observed cases w&ve= 1 or 2.

This result seems to be in accord with the work of Balakrishnan
et al.2who noted that, for the highly vibrationally excited case
Ox(v) = 25) + Ox(¢" = 0), the VT process is the major

guenching mechanism. We further note that transitidng =
+1 are expected to dominate for harmonic oscillators, although rotational relaxation occurred as a function of time, which may
multiquantum jumps are included even in the traditional imply that the translational energy increased with time. How-
Landau-Teller model of vibrational energy transfer with use ever, such a conclusion is not obvious from their results and

of an harmonic oscillator targét. Of course, multiquantum
transitions may also occur for realistic anharmonic oscillators
such as the @diatomic curves used in the DMBE potential
energy surface. Correspondingly, the results for the nascent and
“steady-state” rotational distributions af@ld,sc = 65.58 and
[jJlds = 61.78. This may in short be indicated @8[Jasc-ss =
10.53—9.93 andJ [{asc-ss = 65.58—61.78. Instead, the corre-
sponding changes for the “bath” molecules are the following:
@' [dase-ss= 0.43—0.00 and]l' [ase-ss= 34.07—33.95. In turn,
case Il is characterized QY [dase-ss = 10.45-9.88, [l [dasc-ss
= 65.15-62.98, [J''[Jase-ss = 8.33—7.63, and[jl'[dasc-ss =
51.04-50.45. Interestingly, both the hot and “bath” molecules
suffer on average a slight vibrational and rotational cooling.
This implies that the internal energy of both species is transferred
to a significant extent to the translational degrees of freedom.
This leads us to predict a temperature increase of the gas inside
the reaction vessel with delay time, which may be estimated
from the excess kinetic (translational) energy in the bath after
relaxation took place (i.e., in the “steady-state” distributian),
E;>°°"*° and the heat capacity of the gas. For case I, oneAhas
1SS = 0.75 kcal moll, which leads us to predict a
temperature increase ofT = 149 K, while in case Il the result
is AE;°°™°= 0.81 kcal mot?, leading to a predicted temper-
ature rise ofAT = 161 K. We note that Mack et &lobserved
that vibrational relaxation was small, and that significant
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certainly the extent of internal energy transferred to translational hencelocal thermodynamic disequilibriummust be considered
motion has not been quantified. Of course, a word of caution is if accurate results are to be expected from atmospheric modeling
necessary in comparing with experiment, since the micropopu- studies in the middle atmosphefe6.37

lation distributions used in the simulations are not identical with
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Since in case Il the gap between the initial vibrational states of Eds.; Kluwer: Dordrecht, The Netherlands, 1991; p 55.
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