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Classical trajectory calculations for collisions between vibrationally hot pyraZine 40332 cm?) and
room-temperature CO are compared with recent diode laser experiments. Ab initio calculations were carried
out to determine parameters for the pairwise Lennard-Jones intermolecular potential. The trajectory results
appear to show good qualitative agreement with preliminary experimental results. The Wghadtisions

occur when the CO happens to lie above the pyrazine plane just as the underlying CH wag executes an
unusually high amplitude motion. Artificially doubling the length of the CO produces results for the angular
momentum transfer to the CO molecule that look quite similar to those for angular momentum transfer to
CGQ;, in analogous pyrazineCO, experiments.

Introduction benzené and pyrazine-pyraziné CET. Time-resolved ultra-

: : _ . ) violet absorption (UVA) is a related technique, pioneered by
Since the Lindemann mechanism was first propdsetias  Ty5e and co-worker®-13 Among the molecules studied are

been understood that _gas-p_hase u_nimolecular reaction r_ate?oluene}o azulené! hexafluorobenzent, and most recently,
depe_nd not only on the intrinsic react|on_rate ofa decomp_03|_ng benzyl radicald? colliding with various partners. Weisman and
reacting molecule but also on the associated rates of activation._orkers have studied energy loss from vibrationally excited

and deactivation: energy Fransfer among the coIhdmg partners.triplet pyrazine by monitoring the energy dependent intersystem
Energy transfer has constituted a rich area of experimental andcrossing rate from triplet to singlét.

theoretical stud?.“f Modem kinetic models, important in areas Kinetically controlled selective ionization (KCS% 18 is a
such as combuann and atmospheric chemistry, use mastet,,_color pump-probe method that gives more detailed infor-
equations to describe rates of energy flow between reactwemation about the functioP(E,E). Excellent agreement is

molecules and the surrounding bath. Accurate energy tranSferobtained with experiment using a master equation analysis. In

;ﬁg%glzns\ﬁz?tge?;?s 2823? 22:3:;;itrlgr?ssf;ri\r?zﬁgalné? w(;ﬁeparticular, this method gives accurate first and second moments

known. When the excitations involve larger molecules, aromatics of the distribution. Results have been presented for relaxation
like bénzene and its derivatives egcited with c'hemicall of azulene by colisions with-heptané,” and of toluene with

S ’ . ically a variety of collision partner Interestingly, in the latter study,
significant amounts of energy-(L00 kcal/mol), it is challenging

. ) . S they find that a double exponential representatioR@&E') is
Eg;h experimentally and theoretically to obtain detailed informa- required for smaller collision partners (He, Ar, and S@hile,

. . for larger partners, a single-exponential function with parametric
A large body of experimental work on collisional energy exponent gives a better fit.

transfer (CET) uses chemical methods of activatidmaser-
based physical methods can provide considerably greater detail
making more direct measurements of properties of the function
that plays a central role in energy transfé(E,E'): the
probability of energy transfer fror&' to final energyE. Time-
resolved infrared fluorescence (IRF) methbdshave been
applied to a number of large molecule systems. Single color
IRF experiments give information about the energy dependence
of the average energy transfehAE(E)[] the bulk-averaged first
moment of P(E,E'). Of particular interest to this work, Miller
and Barket studied relaxation of excited pyrazine with 19
collision partners, including CO and GOr'wo-color IRF studies
provide more detailed information about the shape of the energy
transfer function. This method has been applied to benzene

In the methods above the relaxing hot molecule is observed.
Experiments in our laborato¥ 26 use a different approach: a
narrow diode laser is used to monitor the energy in the small
(initially cold) collision partner, typically C@ under single
collision conditions. Because the collision partner is small, fully
state-resolved data are obtained. The diode laser line is
sufficiently narrow that the Doppler profile of each final
rotational line can be used to determine the post-collision
translational energy. On the basis of these measurements, it is
possible to extradt the exact shape of the higkE portion of
the energy transfer functio(E,E") under single collision
conditions. This method has been used to study activated
hexafluorobenzen®,23pyrazine?®-22.2425and methylpyraziri€
with CO,. In this paper, we describe preliminary results on
vibrationally excited pyrazine colliding with a different cold
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pyridine/CQ,28 and pyridine/HO .32 They have paid particular ~ TABLE 1: Pyrazine Vibrational Frequencies (cm~1)2

attention to the dependence of the energy loss on the initial Billes
excitation energy. a  symmetry calculaton VENUS motioh
In early models of CET, strongly deactivating collisions were 1 Aq 1003 1003 s-ring
assumed: collisions that result in substantial energy loss. 2 Aq 3060 3041 s-CH
Subsequent work demonstrated that most collisions are actually 3 Bsg 1356 1356 b-CH/s-ring
weak. Exponential energy loss functions became the Sdut. 6a Ay 290 589 bering
as experiments began to probe energy loss in greater detalil, 7b ég 3gﬁ 3%;% tsjzrc'rl'_?
evidence appear&t>-333 for the existence of a small number g5 Agg 1585 1585  s-ring/b-CH
of collisions that transfer significant amounts of energy: 8b Bsg 1528 1528 s-ring/b-CH
supercollisions. Even if the probability of supercollisions is 9a A 1242 1241 b-CH/s-ring
small, their effect on average energy transfer is potentially 12 By 1011 1011 s-ring/b-ring
!arge?_6 Thus, supercollision events continue to be of interest ﬁ %ﬂ fgig igﬁ zﬁ%
in collisional energy transfer. 15 By 1075 1075 s-ring/b-CH
The majority of theoretical studies of CET in aromatic 18a B 1139 1139 s-ring/b-ring/b-CH
systems have used classical trajectories. Many have probed 192 Bu 1486 1486 b-CH/s-ring
relaxation of vibrationally excited (hot) polyatomics by collisions -0 Bay 1425 1425 b-CHis-fing
. . 20b Bou 3055 3060 s-CH
with a monatomic partner, although there have also been 4, Bag 743 484  w-CH
pioneering molecule- molecule studies. Gilbert and co-wofkers 5 Bog 946 1250 t-ring
studied relaxation of azulene with various rare gas partners. Lim 10a Big 941 1036 w-CH
studied toluen® energy transfer with both Ar and He. Bern- 11 By 799 971 w-CH
shtein, Oref, and co-workers studied tolu#hend benzerf@ 16a A 339 264 tring
. . 16b Bsu 420 393 t-ring
with Ar. Lenzer et af! studied benzene and hexafluorobenzene 17a A, 058 1368 w-CH

with He, Ar, and Xe. Of particular interest in this study was
the importance of low-frequency modes to CET. Lenzer and
Luther*? studied benzene colliding with both He and Ar, with
particular attention to the effects of different interaction program VENUS of Hase and co-workéPsyith some modi-
potentials. Yoder and Barke&rstudied both predissociation of  fications. We have replaced the Adantdoulton integrator with
van der Waals cluster and CET in pyrazine and methylpyrazine a Hybrid Gear routin® that gives approximately an extra digit
with argon. In the first trajectory study of an excited aromatic of energy conservation in a typical trajectory for the same
colliding with a polyatomic bath gas, Lenzer and Luther studied integration step size. The calculations are done on Windows-
benzene-benzené* More recently® Grogoleit et al. have  based Dell PC’s. A typical trajectory takes about 0.75 min on
investigated in some detail the temperature dependence ofa 450 MHz Pentium Il machine. Individual trajectories were
energy transfer from azulene with several rare gas collision animated using the VMD graphics pack&déiasé? provided
partners, along with pyraziregyrazine collisions. code to convert the trajectory output to suitable form.
Quantum mechanical treatment of dynamics involving mol-
ecules as large as these aromatics is immensely challengingCalculation Details
nevertheless, Clary and co-workers have made contributions in | potential Energy. 1. Pyrazine.An experimental and

this area. Reduced-dimensionality quantum calculations showediheoretical study of pyrazine vibrations was recently published
quite good agreement with classical results in a study of py Billes et al5® They obtained excellent agreement between
benzenerare ga$ collisions; low-frequency out-of-plane  frequencies derived from ab initio calculations and their
modes were particularly important to the energy transfer. This experimental results. The full valence coordinate harmonic force
confirms results of Lendvay and Schafzwho compared  fie|d was kindly provided by Bille§ Al of the parameters for
C|aSSIca| and qual’ltum mechan'cal reSLI|tS fOI’ re|axati0n Of the in_p'ane mo“ons (bends and Stretches)' are eas”y incorpo_
smaller excited molecules, particularly £8olliding with rated in the data for the VENUS program. The 17 in-plane
various partners. Jordan and Ctérjooked at energy transfer  frequencies of the pyrazine are quite well represented in the
in electronically excitedo-difluorobenzene. While this study  model (Table 1).
included much less vibrational excitation of the polyatomic than At present, the VENUS program includes code for diagonal
in the present study, there was again quite satisfactory agreemenferms only for the out-of-plane motions (ring torsions and CH
between the quantum and classical results. out of plane wags) so the full Billes force matrix could not be
In this paper we report a classical trajectory study of incorporated directly for these coordinates. Using PC-SPARTAN-
vibrationally excited pyrazine colliding with the diatomic CO PRO ab initio calculations (SCF with 6-31G* basis set and
and compare with preliminary experimental results. In the Moeller—Plesset second order perturbation) were carried out
experiments, pyrazine is excited with a 248 nm laser, and to study the out-of-plane CH wag motion, freezing all remaining
undergoes rapid radiationless decay to the ground electronicatoms. Over a surprisingly large range of this wag coordinate
state. The vibrationally excited pyrazine molecules are quencheda, the potential is quite well described by a harmonic function
by collisions with thermal CO. A high-resolution CW infrared (Figure 1a). It takes about 100 kcal/mol to bend one CH to be
diode laser probes the nascent rovibrational states of CO.perpendicular to the ring. The diagonal force conskaptwas
Rotational excitation is measured by looking at the transient determined from these data, and the two other diagonal constants
absorption signal at the center of specific rotational lines. The (ring torsions) were varied to optimize the fit to the seven out-
transient absorption line profile can be measured with high of-plane frequencies, with particular attention to the lowest
accuracy under single collision conditions; this allows us to frequency modes. The resulting agreement with experimental
determine the translational recoil velocity, through the Doppler frequencies for these seven out-of-plane modes is not nearly as
effect. In the calculations, we use the general classical trajectorygood as for the in-plane modes. (Table 1).

aThe last seven modes are out-of-plahBeference 53: s = stretch,
b = bend, t= torsion, w= wag.
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120 : plane wag anglet is defined in the interval-90° to +90°, so
100 | Outofplane CHwag the continuing rise in energy as the H bends into the center of
the ring (past 99 is not correctly represented. These flips
occurred rarely, since they require a large fraction of the energy
in the excited pyrazine to concentrate in this one motion. To
prevent this from happening, additional exponential terms were
added between each H and the three atoms across the ring.
. Parameters were chosen so the CH out-of-plane deformation
8 100 matched the Spartan calculations tor= 90 and 100; these
were made quite steep so their contribution near the pyrazine
] equilibrium geometry is negligible.

V (kcal/mole)
N & [=2] 0
o [~} o o

o

[ 20 40 60
alpha (degrees)

1004 b)in-plane

. Details and parameters for the pyrazine potential are available
T g0 . in the Supporting Information. The CO molecule is described
% 60 | by a Morse function witiDe = 332.104 kcal/molfe = 1.12832
§40 A, andp = 2.29898 A1

2. Interaction Potential.The intermolecular potential was
represented as a sum of pairwise terms, as is standard
practice36—4> While this introduces a level of approximation, it

—

60 90 120 150 180

NCH angle (degrees) is probably the only practical approach at this point for systems
of this size. Lennard-Jones pair potentials are often used, with
350 . . ..
300 ] ¢ ring distortion parameters determined using combining réfeghere have been
B 250 | some studies comparing various pair potentials. ®Eifound
E 200 that the steeper 12-6 potential produced greater energy transfer
§15°' . than an EXP-6 potential with the same well depth. Lenzer and
> 123 1 / Luther*? observed that the details of the shape of the potential
0] . mattered more when the interaction well depth was small. They
120 150 180 obtained best agreement with experiment using pair potentials
NCC angle (degrees) derived from inelastic differential cross section data.
Figure 1. Results of ab initio calculations for selected deformations ~ We chose to determine the parameters for the pairwise
of pyrazine from its equilibrium geometry: (a)-& out-of-plane wag; Lennard-Jones 126 terms using ab initio calculations. Since

(b) C—H in-plane bend; (c) distortion of the ring. All distances are the pyrazine is colliding with a heternuclear diatomic molecule,
frozen while one angle is deformed. The other angles are minimized \ya needed a way to determine and represent the anisotropy with

at the SCF level, and the energy of the corresponding structure is s . . :
evaluated with MP2 correction. The solid line is the model potential respect to the CO of its interaction with pyrazine. The use of

evaluated at the same geometry with the parameters used in theCOMbining rules could very well have generated a potential of
dynamics calculation. comparable (or better) quality; we present our approach as a

Pyrazine excited with a 248 nm laser has 40 322 (15 reasor.1a.t?le alternat'e starting point. )
kcal/mol) internal excitation. With excitations this large, one ~ Ab initio calculations (6-31G* MP2) were carried out for
concern is that the trajectories will explore regions where the Various approaches of CO to pyrazine, each at its equilibrium
harmonic description of the potential might be seriously in error, 980metry, as determined by minimizing the geometry at the
or where the definitions of the valence coordinates are prob- Hartree-Fock level, with the same basis. The resulting50
lematic. Several cases were explored with ab initio calcula- POINts were used to find Lennard-Jones parameters for each of
tions: energies were calculated for distortions of pyrazine along the Six intermolecular atomic pairs {&, C-N, C—H and
a particular coordinate, and the resulting energies compared withO—C, O-N, O—.H). The |eas.t-squart.as fitting procedure included
harmonic functions. Figure 1b shows a single CH in-plane ONly those points whose interaction energy was belo@
bending motion. A harmonic potential fits remarkably well, even MilliHartrees (440 cm?) relative to separate molecules. This
for quite extensive displacements. It is also reassuring that it "eSulted in a reasonably good fit to the location and energies of
takes at least 100 kcal/mol to bring either an NCH or a CCH the shallow wells correspondmg to most directions of approach.
angle to 180, if either angle were to become linear in a Res_ults are shown in Figure 2. The Lenna_rd-Jones pa}rameters
trajectory, there would be a discontinuity in the corresponding &re in Table 2. Note that for some of the pairs Gaeoefficient
force. The probability that this much energy will be found in 1S posmve: these pairwise interactions are purely repu_lswe. The
this one coordinate is very small. Figure 1c shows the in-plane fitis better for approaches of CO normal to the pyrazine plane.
distortion of an NCC angle toward 18with all bond lengths The poorest fit is for in-plane approaches of CO along the axis
frozen and other angles relaxed. While the agreement betweerP€tween the two CH bonds: in the model the CO can slide
the model function and the ab initio results is not as good as between the atoms considerably farther than in the ab initio
for the CH bend, it is probably adequate. It was again reassuring"@Sults-
that distorting an interior ring angle to 18fequires excitations However, other approaches toward H (in plane along the
on the order of 100 kcal/mol, since such a distortion would cause C—H axis or from above) are reasonably well described.
the definitions of the valence coordinates for both the ring  Several contour plots for slices of the surface are in Figure
torsion and the out-of-plane wag motion to fail. 3, showing approach of CO to a fixed pyrazine in various

In watching preliminary animations, we observed another orientations. While there are several local minima, showing
problem with the initial pyrazine potential: in a test trajectory, preferred approach normal to the ring or in-plane between the
one of the CH bonds flipped from the outside to the inside of CH bonds, the ansiotropy is not great: a temporarily bound
the ring! Ab initio calculations show that it takes about 200  CO may move in various directions around the pyrazine
kcal/mol for this to happen. In VENUS, however, this out-of- molecule relatively easily.
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Figure 2. Ab initio calculation of intermolecular potential with least-squares fit to pairwise Lennard-Jones curves. The dark solid curves are the
Lennard-Jones fit, the points (connected with light curves) are the ab initio results. Pyrazine is at the origin of the Cartesian frame, I)¥iYg in the
plane with theY-axis passing through the nitrogen atoms. CO approaches along various axes, with various CO orientations. The first three rows
show approach along the Cartesian axes: row 1, ab(igormal to pyrazine plane); row 2, along(approaching an N atom); row 3, along

(between the CH bonds). In the first column the CO is oriented with the C atom in, in the second column O is in, and in the last two columns CO
is perpendicular to the direction of approach. The first two frames of row four show an additional in-plane approach, along a line passing from the
origin through one H atom. The remaining frames show approaches along lines normal to the pyrazine plane: row 4, above N, and row 5, above

C and above H.

This intermolecular potential is approximate at best. The ab begins in a specific quasiclassical, J) state. A vibrational
initio points were calculated with the two molecules at their energy is specified for pyrazine, along with its rotational
equilibrium geometries only. Moreover, the quality of the fitto temperature. The relative translational energy is selected from
the calculated points is not high. The fact that some of the athermal distribution at a specified temperature. Some 50 initial
pairwise terms have wells (attractive® terms) while others and final parameters are stored for each trajectory; results from
do not, is curious. We do not claim that properties such as the multiple batches may then be combined and analyzed separately.
location and depths of the various minima are well represented. All reported trajectory average quantities have been normalized
As is always true, the best test of the potential is in the dynamics. so they are reported per Lennard-Jones colliSfomultiplied

[l. Dynamics. Options in the VENUS trajectory program by [bma?/(R(2,2) b 2], where Q(2,2) is the Lennard-Jones
were used to define the trajectory initial conditions. The CO collision integral andb,; is the Lennard-Jones impact parameter.
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TABLE 2: Lennard-Jones Parameters: V = Cy)/r2 — Cgy/r6
(When Cg > 0 Position and Depth of the Attractive Well Are
Included)
atom Cro Ce o
pair  [(kcal A¥)/mol] [(kcal AS/mol] re(A)  e(cm)
C—N 926951.62 2296.48 2.7185 1989.91 E
c-C 1688835.70 —301.53 Q
C—H 18977.589 187.25 2.1593 646.20 _g -
O—N 229549.81 —513.90 o n
Oo-C 347193.88 682.41 2.8255 469.12 o -
O—H 35461.04 173.17 2.4278 295.77
To0om
i — =2
-6000 -4000 -2000 0

E-E' (cm™)

o
£
Figure 3. Contour plots of the intermolecular potential between
pyrazine and CO. Pyrazine is at the origin of the Cartesian frame, lying
in the XY plane, with theY-axis passing through the nitrogen atoms. :
The CO molecule lies in th&XY, XZ, andYZ planes. The CO bond
points toward the origin. In the upper frames the C atom points in, -6000 ~4000 . '29100 0
while in the lower the O atom points in. Distances are in angstroms E-E'(cm™)
measured from the center of the pyrazine to the midpoint of the CO. Figure 4. Energy transfer probabilitp(E,E"). Trajectory results are
Equipotential contour curves are shown in intervals of 100°awith collected in bins 200 crt wide. The elastic peak (interval from100
the highest contour at500 cn™. to +100 cnT?) is off scale. Since the shape is the main object of interest,

the function has not been normalized; hence no scale is given on the
The value used fob,j, 4.525 A, is half the sum of Lennard-  ordinate. The solid line is a least-squares fit of the downwar ¢

Jones diameterdco, 3.70 A’SB anddpyrazine assumed to be that 0) transitions to a double expone_ntia_l Wlth Widtbl§_= —497 cnr? )
of benzene. 5.35 A8 as in refs 8 and 20. anda, = —1168 cn1?, the dotted line is a fit to a single exponential

ch . . . t ¢ be chall . (o = —586 cnt?). The first inelastic point (bin centered AE = —200
00sIng a maximum impact parameter can be challenging c, 1) was excluded from the fit. The logarithmic plot provides evidence
when studying energy transfer collisions. In principle, one wants of the inadequacy of a single-exponential fit.

a large enough value so that all collisions at larigenake no

contribution to the properties of interest. Most collisions at very Vibration: the average change in the vibrational action parameter
large impact parameters are essentially elastic. However, ever(the classical equivalent of the vibrational quantum number) is
at very large impact parameters, a very small fraction of +0.001 with rms value 0.051; only one out of 10 000 trajectories
collisions, typically those with little initial relative velocity, =~ has a change in action greater than 0.5, which would be
drawn by the long-rarige attractive force, spiral in to experience characterized as vibrational excitation, using simple histogram
a close collision. For a sample set of initial conditions, we ran methods. Although the data have not yet been fully analyzed,
10 000 trajectories with @max Oof 9 A. These were then the experiments too indicate little vibrational excitation.
supplemented with another batch of 1664 witbetween 9 and On average, pyrazine loses 502 Crinternal energy per
9.72 A. A few close collisions occur in the supplementary Lennard-Jones collision; 183 crhgoes into CO rotation and
batch: 16 lead to nonzero changes in the histogrammedJinal 324 cn! into translation. The average changelifor CO is
state of CO, but average quantities were the same to 0.1%. A1.9, with the largest observed findl= 48. Rotation increases
maximum impact parametef ® A was used for subsequent in pyrazine too: the average length of the angular momentum

calculations. vector, initially 41.4, changes by 1212 Rotation and vibration
are strongly coupled in this highly excited molecule, so separate
Results and Discussion energies for pyrazine vibration and rotation are not reported.

. - . . ) The calculated pyrazine energy transfer functiR{i,E’) is
In this preliminary study, the trajectories simulate one set of gnown in Figure 4. The average energy gain for the upward
conditions examined in the laboratory. Pyrazine has vibrational q)jisions is 206 cm® while the average energy loss in

energy corresponding to 248 nm excitation plus zero-point qownward collisions is 956 cm. Pyrazine loses energy in 59%
energy (56 700 c total). The temperature is 300 K, forboth o the trajectories. The downward transitions were fit with a
translation and pyrazine rotation. CO is given quasiclassical double-exponential function:

excitation corresponding to = 0, J = 10. (The experiments

have a thermal distribution of CO rotational statds: 10 is P=A{(1—f) expAF/,) + f exp(—AE/a,)}

near the average.) A total of 10 000 trajectories were included.

Collision with hot pyrazine has negligible effect on CO with oy = 479 cnT?, a; = 1168 cnt?, andf = 0.12. These
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0 500 , 1000 1500 Figure 6. Correlation of final relative velocity with rotational state of
J'(J+1) the CO. The root-mean-square velocity is shown as a function of final

J; error bars represent the statistical uncertainty associated with.the

Figure 5. Rotation of CO after single collision, fit to a thermal ; 8 A . h A
sampling. There is evidence for an increase in speedJdyjthrticularly

distribution. The plot is linear for limited ranges of finalLeast-squares _ =V i
fitting of points betweer = 12 and 25 gives a temperature of 481 for the higherJ collisions. The velocity increases 57% betweks

17 K, whereas between 25 and 40, the temperature is£755 K 20 andJ = 35 (as determined by least squ_ares). This increasg is
(uncertainties represent one standard deviation in the least-squares fitycomparable to that determined from the experimental Doppler profiles
of the rotational lines for CO.

values, however, must be taken as quite approximate, since they
are somewhat sensitive to the choice of histogram bin size and
how many bins adjacent to the elastic peak are excluded from
the fit. Thus, better statistics is needed for a precise representa-
tion of the largeAE tail of P(E,E’). The above numbers are for
a bin size of 200 cmt, omitting the first inelastic intervalXE
= —200 cnt?l) from the fit. A single exponential fit [P= Ag
exp(—AE/o)] with a. = 586 cn1! is shown for comparison; it
fails to account for the higiAE events. 3
The analysis determining the average energy transfer from
our diode laser experiments is not yet complete, so we can make LN
no direct comparison between calculated and experimeill iy,
values at this excitation energy. Miller and Barkereasured iy ii‘i
pyrazine/CO relaxation, with an initial excitation of 32 500 E . H
cm™L. From this IRF experiment, they obtained a polynomial E
fit for LAE[downando(E). Extrapolated to our excitation energy, H;
their results givelAEown = 199 cnt! and a = 145 cnrl, 9 -
both significantly less than our trajectory results. While KCSI Figure 7. Determination of the average translational temperature after
experiment¥ often give larger AE's than IRF or UVA one collision. Trajectory results for all CO findl states have been
experiments, particularly at higher excitation energies, it is quite collected in 200 cm intervals. The logarithm of the number of

likely that our calculated average energy transfers are too large.rajectories per bin divided by its mean translational energy is shown
The CO molecule begins in a fixekstate: a microcanonical as a function of translational energy. Since the initial translational energy

distributi Th . ¢ ) t that a th | is sampled from a thermal distribution, quasi-elastic large impact
Istribution. €re IS no reason 1o expec al a therma parameter collisions make a significant contribution at lower final

(canonical) distribution will be established after a single transiational energies. The higher energy tail of the distribution (to
collision. However, since a broad range of finklstates is which elastic events do not contribute) suggests a translational
observed, it is useful to analyze the final QGtate distribution temperature about 836 K. Error bars represent one standard deviation
in terms of a thermal distribution, as shown in Figure 5. Since resulting from the statistical sampling.
all trajectories start witll = 10, theJ = 10 peak includes a
large elastic component. No single temperature describes theof events make the largeyJ results quite uncertain, the increase
distribution for smallAJ. There is, however, linear behavior, in velocity asJincreases is quite convincing. This linear increase
suggestive of a rotational temperature, for the larget is consistent with the experiments, where the observed recoiling
transitions. While the statistical uncertainty is significant, there CO Doppler width increases linearly with the magnitudes of
is the appearance of two temperatures_ Least_squares f|tt|ng Oﬁhe increase are Comparable: the calculated velocities increase
the states betweeh = 15 and 25 give & of 481 + 16 K, 56% and the experimental Doppler widths increase 66% between
while those betweed = 25 and 40 give & of 750+ 56 K, J =20 andJ = 35.
where the uncertainties represent one standard deviation in the The final translational energy distribution, averaged over all
least-squares fit. The latter is in reasonable agreement withJ's, is analyzed in Figure 7. The lower energy portion, fit to a
preliminary experimental results, which indicate a final rotational thermal distribution, is reasonably linear with temperature 383
temperature of 950 K for CQ states between 20 and 36. + 6 K. However, there is a sizable contribution in this region
A further comparison with experiment is in the rotational state from quasi-elastic large impact parameter collisions. The higher
dependence of the recoil velocity. The root-mean-square relativeenergy tail is characterized by a higher temperature; fitting
velocities were calculated for each final rotational state of CO; between 1700 and 4100 cfgives a translational temperature
results are shown in Figure 6. Error bars represent the usualof 836 + 82 K (above 4100 cmt there is no more than one
1/N¥2 Monte Carlo relative uncertainty. While the small number trajectory per bin).

3
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2000 4000
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AE pyrazine (kcal/mole)

Figure 9. Definition of impact parameter on the CO (bco): the distance
from the center of mass of the CO to a point along its axis intersected
o by a perpendicular dropped from the center of the nearest atom in
B(CO) A pyrazine at the time of the first zero in the relative velocity (the first

Figure 8. Scatter plots showing correlations among selected collision tUMing point).

parameters. Each point represents a collision. In some cases, a dark

horizontal line results from large impact parameter quasi-elastic at the C end, is clear. Largeat) events correlate with off-
collisions. (a) Pyrazine internal energy loss as a function of the initial center collisions.

relative translational energy (three points at higher translational energies  \jjewing trajectory animations is a seductive and entertaining
are not shown). (b) Final rotational state of CO as a function of final activity. The risk is that patterns will be inferred from what is

translational energy; (three points at higher translational energies are Il and . le. H ith
not shown). (c) Final rotational state of CO as a function of the impact & V€Y small and not representative sample. However, with very

parameter. (d) Final rotational state of CO as a function of an impact large systems and complicated trajectories, such animations may

[

5 10
final Eyans (kcalimale)

parameter defined in Figure 9. provide useful insight. We looked at many animations, focusing
especially on collisions that resulted in large energy transfer.
As in previous trajectory studies on aromatic systéné.46 Obvious in the animations was the expected chaotic motion of

high AE collisions are presentP(E,E') has an apparent large  the pyrazine, with rapid and irregular energy flow within the
AE tail, and a small number of collisions produce very large molecule. In particular, CH bonds often have rather small
CO(Q); the largest seen in this batch was 48. Is there a distinct amplitude in out-of-plane wag motion, but on occasion these
mechanism for these events? Trajectories may be monitored forwags are extreme. Such large amplitude wags play an important
a variety of properties. The number of turning points in the role in rotational excitation of the CO: in most collisions
relative velocity distinguishes a direct encounter from a short producing very large CO rotation, the CO moved into a position
(or even long) lived complex. On the basis of a comparison of above the pyrazine plane at just the right moment to experience
the AE = 0 peak of theP(E,E’) curve with the exponential fit, a swift kick, sending it tumbling away. This occurs both in direct
about 45% of these trajectories are essentially elastic events(one turning point) and in complex collisions, after the CO has
Of the inelastic collisions, about 72% were direct, 15% separated spent some time wandering around, trapped in the attractive
after a second bounce, 6% after three; the remaining 7% werepotential. The orientation of the CO at the point of the kick is
quite complex: one bounced 14 times before separation, while clearly important: if the impact hits CO on the side, nearly
one (of 10 000) was incomplete due to an upper time limit midway, large translational energy is produced. If the impact
imposed on the trajectories. But largéds,,, and AJco events hits CO on the side, toward one or the other end of the molecule,
occurred for both direct and complex collisions. large rotational energy is produced.

Figure 8 shows four correlations among trajectory parameters. These observations are consistent with previous work. Bern-
Panel a shows the pyrazine internal energy transfer as a functionshtein and Oref observ&tthat largeAE events resulted from
of the initial translational energy. It is clear that translational collisions in which the bath molecule lies perpendicular to a
energy correlates with energain in the pyrazine, but large  wagging C-H bond; the new factor here is that this can produce
energy loss occurs for both fast and slow collisions. Panel b internal as well as translational energy in the bath. Moreover,
correlates two product properties: CO rotation with product the importance of low-frequency modes to energy transfer is
translation energy. As discussed above, on average translationaiell-established! 4748 Large AE collisions are commonly
energy increases withfor higher finalJ. However, this average  observed in trajectory calculatiof;*! indeed there is evidence
behavior masks broad distributions: larde occur with both that trajectories seriously overestimate their importaficur
large and small translational energies, and large translationalresults are consistent with the emerging consensus that super-
energies occur with both large and small's. Panel c shows  collisions do not constitute a distinct category of collisions but
the CO product rotational state as a function of the traditional instead are rare events in the long tail of the funciR{g,E’)
impact parameter. The quasi-elastic contribution can be seenwhose shape is often not a simple single exponential.
in the dark horizontal band dt= 10. As was discussed above, “Long CO”". The current pyrazineCO experiments comple-
some largeb events still produce sizabl&J. More than 2000 ment earlier ones with CQas bath molecul&~222425While
trajectories are in the interval between 8 and 9 A, so the 10 or correct modeling of C@would require a new intermolecular
so decidedly inelastic events are a small fraction. Small impact potential and detailed treatment of the triatomic, including its
parameter events, head-on collisions, give rise to larger energymultiple vibrational modes, in a very simple picture, one could
transfers, but the very larg&J collisions occur at a wide range  view this linear CQ molecule as a longer version of CO. To
of b’s. Panel d correlates CO rotation with a different impact see what such a model would show, we compared the above
parameter, defined as the perpendicular distance along the CQresults with some in which the length of the CO molecule was
axis (measured from the center of mass, with C on the negativeartificially doubled, without changing any other potential
and O in the positive axis) of the nearest atom in pyrazine at parameters. Results are shown in Table 3. The longer rotor does
the moment of the first turning point in the relative velocity not produce major changes in the average energies transferred.
(see Figure 9). The sharp edge of the CO molecule, especiallyComparingd = 10 for normal CO withJ = 20 for long CO,
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TABLE 3: Doubling the Length of the CO Acceptor: (3) Weston, Ralph, E., Jr.; Flynn, G. \&nnu. Re. Phys. Cheml992
Comparison of Average Values per LJ Collision 43, 559.
(4) Flynn, G. W.; Parmenter, C. S.; Wodtke, A. Nl. Phys. Chem.
normal CO long CO long CO
. —10 =10 =50 1996 100,12817.
quantity (J=10) (J=10) (=20 (5) Baer, T.; Hase, W. LUnimolecular Reaction Dynamics, Theory
[E - E'Ocm™) —502 -587 —563 and ExperimentOxford University Press: New York, 1996.
[E— E'llp(cm™) 212 181 218 (6) Barker, J. R.; Toselli, B. MInt. Rev. Phys. Chem1993 12, 305.
[E — E'[down (CMY) —085 —992 —1051 Barker, J. R.; Brenner, J. D.; Toselli, B. M\dv. Chem. Kinet. Dynam.
% down 57.8 65.5 61.6 1995 2B, 393. o
A, 12.2 7.7 11.2 (7) Brenner, J. D.; Erinjeri, J. P.; Barker, J. ®hem Phy4993 175,
[AEandcm™Y) 324 212 327 99. _
AEoldo (cmY) 183 334 233 (8) Miller, L. A.; Barker, J. R.J. Chem. Physl1996 105, 1383.
[AJdo 1.9 145 5.1 (9) Miller, L. A.; Cook, C. D.; Barker, J. R. £hem. Phys1996 105,
largest CO final 48 88 111 3012.

. . . (10) Hippler, H.; Troe, J.; Wendelken, H. J. Chem. Phys1983 78,
the average change in the rotational energy of the CO is note709. Hippler, H.; Troe, J.; Wendelken. H. Jl. Chem. Phys1983 78,
very different; but this, of course, means that the population of 6718.

high final J states in the final CO is strongly enhanced: the (#2 ?Aa_mgqml'('\’r't-? EiP?_i'.e" IH'r; Eo_e:r;“" Cgerg-hphysélﬁsgfgéfgé-
average value oAJ has increased by more than a factor of 2. 2805. » M. DECKert, ., Hippler, 1., 1roe, J. Fhys. Lhe '

The distribution of finalJ states for the long CO are quite (12) Damm, M.; Hippler, H.; Olschewski, H. A.; Troe, J.; Willner ZI.
comparable to those observed experimentally for pyraz@®, Phys. Chem199Q 166, 129. _
V — R,T collisions? although averages over a distribution of _(13) Damm, M.; Deckert, F.; Hippler, HBer. Bunsen-Ged.997 101,

initial J states must be made before a quantitative COMParison™ 1 sy gevilacqua, T. J.; Andrews, B. K.; Stout, J. E.; Weisman, RI.B.
can be made. However, these results are suggestive that ahem. Phys199092, 4627. Bevilacqua, T. J.; Weisman, R. B.Chem.
determining factor in the differences between CO and,&D Phys.1993 98,6316. McDowell, D. R.; Wu, F.; Weisman, R. B.Bhys.

. ; Chem. A1997 101,5218.
least for the V— R,T events, is the length of the rotor. (15) Luther. K Reihs, KBer. Bunsen-Ges. Phys. Chet8sg 92, 442.

. (16) Hold, U.; Lenzer, T.; Luther, K.; Reihs, K.; Symonds, A.EBer.
Conclusion Bunsen-Ges1997, 101,552.

; ; : ‘o ;- (17) Hold, U.; Lenzer, T.; Luther, K.; Reihs, K.; Symonds, A. L.
Classical trajectory calculations for collisions between vi Chem. Phys200Q 112, 4076.

brationally hot pyrazine and cold collision partner CO appear — (18) Lenzer, T.; Luther, K.: Reihs, K.; Symonds, A.L.Chem. Phys.
to show qualitative agreement with preliminary experimental 200Q 112, 4090.

results. After a single collision with hot pyrazine, there is litle _ (19) Mullin, A. S.; Park, J.; Chou, J. Z;; Flynn, G. W.; Weston, R. E.,
vibrational excitation of the CO. The CO molecules have a " 22‘9% Fl]hgsisaga’_ :;.5"15% C. A: Flynn. G. W0, Chem. Physl995
distribution of rotational states that can, at least for the higher 1O§,6%)32.u Mo A= Miehaets, & A Fynn, ©. 15 Hhem. Fhy

J states, be described by a rotational temperature around 700 (21) Michaels, C. A.; Mullin, A. S.; Flynn, G. WI. Chem. Phys1995

K. Recoil velocities increase with the final CO rotational state 102 6682.

for the higher CO J levels. There is evidence for a biexponential 5%2) Michaels, C. A.. Flynn, G. W.J. Chem. Phys1997 106

P(E,E), although the statistics for largeE events make the (23) Michaels, C. A Lin, Z.; Mullin, A. S.; Tapalian, H. C.; Flynn, G.
determination of the parameters uncertain. The very high AE W. J. Chem. Phys1997 106, 7055.
collisions (supercollisions) occur when the CO sits above the _ (24) Michaels, C. A;; Mullin, A. S.; Park, J.; Chou, J. Z.; Flynn, G. W.

; ; ; J. Chem. Phys1998 108, 2744.
pyrazine plane just as the underlying CH wag executes an (25) Sewy, E. T. Muyskens, M. A Rubin, S. M.: Flynn, G. W.:

unusually high amplitude motion. On the other hand, the pyckerman, J. TJ. Chem. Phys2000 112,5829. Sevy, E. T.; Muyskens;

calculated average energy transfer is too large, significantly M. A.; Rubin, S. M.; Flynn, G. W.J. Chem. Phys200Q 112,5844.

larger than that extrapolated from the results of Miller and 20(()%6)11%6\5/3&5 T.; Rubin, S. M.; Lin, Z.; Flynn, G. \W. Chem. Phys.
B\ el 1 ; : ,

_Barker. While this may suggest thz_at our intermolecular potential (27) Seiser, N.: Ju, Q.; Flynn, G. W. Manuscript in preparation.

is somewhat flawed, the qualitative features of the model are  (>g) wall, M. C.; Stewart, B. A.; Mullin, A. SJ. Chem. PhysL998

likely to be correct. This study has focused on a single pyrazine 108, 6185.

excitation, one temperature for translation and pyrazine rotation, (29) Wall, M. C.; Mullin, A. S.J. Chem. Phys199§ 108,9658. Wall,

and a single CO initial rotational state. The effects of varying \,\/Avé |(|:';V|Lecm-0|_ﬁé rﬁéﬁs'jo\'\"S“',",\'}I'um'nSA‘]'S%h%hgrﬂeg‘ﬁy’;%%% 11%: %%

these parameters, as well as looking at different mass combina-" (30) Fraelich, M.; Elioff, M. S.; Mullin, A. SJ. Phys. Chem. A998
tions, will be the focus of a future publication. 102,9761.
(31) Elioff, M. S.; Wall, M. C.; Lemoff, A. S.; Mullin, A. SJ. Chem.
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