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State-to-State Dynamics of the H+ CDCls(v1"'=1) — HD(?',j’) + CCl3 Reaction
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We report a study of the reaction dynamics of the-HCDCl; — HD(2',j') + CCls reaction with the CDGl

reactant prepared in the C—D stretchs''=1 excited state. Stimulated Raman excitation is used to prepare
the CDCh(v''=1) reactant and coherent anti-Stokes Raman scattering is used to detect thg Hiddduct,

under effectively single-collision conditions at a relative energy of 1.6 eV. Even though the vibrational
excitation energy of the reactant (0.28 eV) is small compared to the collision energy, which greatly exceeds
the reaction barrier height, the vibrational excitation of the reactant increases the reaction cross section by a
factor of 1.66+ 0.15. Despite this, none of the energy added by the reactant vibrational excitation appears
as HD product vibration or rotation. All of it goes into product translation and/or; @®rnal energy.

Introduction

For many years, chemical physicists have uncovered a grea

deal about the dynamics of atomdiatom reaction$. Because
in nature most important reactions involve polyatomic mol-

ecules, there are now attempts to explore more complex

systems-systems of real chemical complexitjnvolving atom

+ polyatom reactions having reaction coordinates that combine,

at least formally, many reactant and product degrees of
freedom?~® However, the information gained from the many
experiments on atom diatom systems forms the framework
for understanding atorm polyatom reactions. The dynamics
of the atom+ diatom systems also provide the benchmark
against which to measure how much of the potential high
dimensionality of the reactive motion actually is important.
Our own efforts to understand the variation of reaction
dynamics with increasing dimensionality of the reactive motion,
or more loosely how the dynamics vary with the structure of
the polyatomic reactant, have focused on reactions with a
specific type of kinematics and thermochemistry. These reac-
tions involve light+ light—heavy kinematics, with H atoms
being abstracted by H atoms to form,Hn reactions that are
thermoneutral, or nearly so. The photolytically generated

reactant H atoms possess large velocities and give collision
energies that far exceed the minimum energy path reactive

barrier heights, so that a large portion of the multidimensional
potential energy surface can be explored.

Our experiments began with a study of thedHCD, —
HD(v',j') + CDs reaction? This reaction has the same ther-
mochemistry and light+ light—heavy kinematics as the
previously studied H+- HCI reaction, which serves as the atom
+ diatom benchmark in these state-to-state dynamics stGélies.
The H/HD products of the two reactions are similar in some
ways. However, while the Hproducts from all the atomt+
diatom H+ HX (X = CI, Br, 1) reactions exhibit negative
correlations between product vibrational energy and rotational
energies (as in fact do all other atotmdiatom reactions), the
H + CD, reaction yields products with @ositive (v'-j")

correlation. Further experiments demonstrated that this unusual

positive correlation exists in the Hproduct of the H+ C,Hg
and H+ CsHg reactions as well and gets stronger as the size of
the alkane increasés.
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This anomalous result, associated with the increased dimen-
sionality of these polyatomic reactants and the multiplicity of

identical reaction sites, indicates that a descriptive dynamics

based on an atonft diatom picture would not suffice for these
systems. It also indicated to us the necessity for stepping back
to a simpler system, one with a reactive motion that was
effectively of reduced dimensionality, that is, involving fewer
modes of reactants and products, compared to that for the alkane
reactions, yet similar to them energetically and structurally. The
system we chose was theHCDCl; — HD + CCl; reaction?

The dynamics of this reaction should have a reactive motion
that is of lower effective dimensionality, and hence more closely
resemble the dynamics of the aterdiatom reactions, for two
reasons. First, because the mass of the Cl atoms is quite large
relative to the H and D masses, the motion of the Cl atoms
should be largely decoupled from the motions of the H and D.
Second, the pyramidal geometry of the @@hagment is very
close to that it has in the CD&leactant, removing the potential
energy gradient along the GX¥imbrella mode that exists in the
H + CD, reaction. Indeed, the dynamics of this reaction do
fall between those of the H alkane reactions and those of the
H + hydrogen halide reactions, showing neither a positite (

j'") correlation nor a negative one.

These observations invite considerable speculation, but no
simple, conclusive interpretation. Given the potential complex-
ity of the reactions, which seems to be realized, and their
distinctive, even surprising, dynamical behavior, one might
expect that more than these relatively few observations would
be required to produce enough knowledge with which to build
a convincing interpretation.

The experiments reported here aim to provide some of that
knowledge by examination of the dynamics of these reactions
from vibrationally excited states of the polyatomic reactant. The
transition state couples vibrational modes of reactants with those
of products, so reactions initiated with'>0 enable more
detailed probing of the transition state than is possible with
reactions from the vibrationless ground state. This is particularly
true for these thermoneutral (or nearly thermoneutral) H-atom-
abstraction-by-H-atoms reactions. These reactions invariably
show very little coupling of the translation of the reactants with
the internal modes of the products, even at high collision energy.

There has been long-standing interest in the reactions of
vibrationally excited molecules. The question of the relative
efficacy of vibrational energy in promoting a reaction at energies
near threshold has been addressed by preparing reactants in
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specific vibrational states and observing the effect on the kinetic The SRE pump is a 75 mJ pulse at 532 nm, while the SRE
rate constant¥?~12 More recently there has been keen interest Stokes is a 55 mJ pulse produced by a dye laser (Spectra-Physics
in mode-selective reactivity driven by vibrational excitatiSn.  PDL-2) operating at 604.9 nm with a fwhm linewidth-e0.25
However, our interest is not in those questions. Rather, we wishcm™. Because of the congested Q-branch ground state
to know how the specific energy present in the reactants is spectrum of CDG, most of the ground rotational levels can be
partitioned into the product quantum states, as a way to visualizeaccessed with the 0.25 cthSRE excitation bandwidth.
the reaction coordinate in these many-dimensionat Blkane Some of the 532 nm beam from the Nd:YAG laser pumps a
(substituted alkane) systems, an effort that is also underway forsecond dye laser (Lumonics HD-500), which gives the tunable
the Cl+ alkane reactions! Stokes beam for the CARS process. This dye laser yields pulses
An unusually well informed reader will note something that of 10 to 15 mJ with a linewidth of 0.060.08 cnTl. The
distinguishes these two systems, though. For the-@lkane remaining 532 nm light, approximately 30 mJ per pulse,
reactions the collision energies are not large compared to theprovides the CARS pump beam. The last part of the 532 nm
reaction barrier heights, due to the heawy light—heavy  second harmonic of the Nd:YAG laser is frequency-doubled to
kinematics and the relatively low energies of the Cl atoms produce~10 mJ of the 266 nm photolysis light.
generated by Gl photolysis, so the effect of vibrational The photolysis beam, the SRE beams, and the CARS beams
excitation, which exceeds the collision energy, is relatively easy gre precisely overlapped spatially, so as to make them coincident
to anticipate. For the H- alkane (substituted alkane) reactions \ithin about 2Qum at their common focus and collinear within
we are studying, however, the vibrational excitation energy is apout 50Qurad. The photolysis, SRE, and CARS beams must
substantially less than the collision energy, which already pass through many optical components to achieve this alignment
exceeds the minimum energy path barrier height. The readerang overlap. Because of cumulative losses at these optical
who is both well informed and skeptical may be asking whether components, particularly losses at the dichroic and polarization-
vibrational excitation of the reactant could make any difference sensitive beam combining optics that make all four of these

at all in such circumstances. It can and does, and a lot of heams collinear and overlapped, the pulse energies delivered

difference.

This is evident in a comparison of the dynamics of the far
simpler H+ Dy(v''=1) — HD(¢',j’") + D> and D+ Hy(v''=1)
— HD(v',j")® + H reactions. Even though the %3.4 eV

to the sample are much smaller than the nominal values quoted
here. The optical layout of the experiment does not allow

accurate measurement of the pulse energies actually incident
on the sample, but these are one-half to one-tenth the nominal

collision energy is much greater than either the barrier height yg)yes.

or the vibrational excitation energy, vibrational excitation of

the reactant diatom very strongly affects the state-to-state temporal sequence of the experiments.

dynamics. While the reactions show nearly indistinguishable
dynamics for/'=0 reactants, vibrational excitation differentiates

Preparation of reactants inf'=1 is the first step in the

Initiation of reaction
via HI photodissociation proceeds 4 ns after SRE. The CARS
probe pulses arrive at the reaction region 10 ns after photolysis.

them dramatically, such that they do not even appear to be taking, 5 giystable delay line makes variation in the relative timing

place on the same potential energy surface. The differences

result from the slightly different vibrationally adiabatic energet-
ics of the two systems, differences which though small are
magnified in the state-to-state cross sections of el
reactions'17

Experiment

of the CARS pulses convenient without altering the alignment
of the beams. Vibrational relaxation of the CR®I ''=1 prior

to reaction with the H atoms seems unlikely and is not observed.
The probability of a collision of the CDgIlin »""=1 prior to

HD product detection is very small, and collisionless intramo-
lecular energy transfer seems also improbable, given the fact
that all the other vibrational modes in CQiCGlave frequencies

The experimental apparatus used here is essentially identicathat are far removed from the 2265 chirequency of thevs.

to that used for our studies of the H Dy(v"'=1) — HD(v',j")

+ D reaction®> With stimulated Raman excitation (SRE) we
prepare the vibrationally excited CD{£&nd with coherent anti-
Stokes Raman scattering (CARS) we detect the HHPX
product. Photolysis of HI at 266 nm generates the H atom
reactant.

All five of the required laser beams (two for SRE, two for
CARS, and the single photolysis beam) originate from a single
10 Hz Q-switched, injection-seeded Nd:YAG laser (Continuum
NY81-C-10). The 1064 nm fundamental is frequency-doubled
to produce 536540 mJ of 532 nm light. This beam operates
with a spectral bandwidth of 0.0045 cfand a temporal width
of 6 ns fwhm. This 532 nm beam is split repeatedly to yield
the four beams needed for SRE preparation of vibrationally
excited CDC} reactant and CARS detection of the HD product.
The 1064 nm light from the Nd:YAG that remains after the
first doubling is itself doubled in frequency to produce 80 mJ

These other vibrations occur at 914, 745, 655, 365, and 259
cmL. More compelling in this regard are our actual measure-
ments that show no vibrational relaxation; CARS spectra of
CDClz in v"=1 at delays of 6 and 14 ns were identical.

In the experiments reagents are flowed into a 0.8 stainless
steel reaction vessel suspended within the 6.7 L cell, as has
been described previouslyThe ends of the cell are closed by
quartz windows, upon which argon buffer gas is flowed. The
reaction vessel is open on both ends and in addition has one
port for the introduction of both HI (Matheson Gas Products
reaction grade, 98% purity) and CQQICambridge Isotope
Laboratories, 99.8% D), and two ports for vacuum pumping.
The cell pressures of HI, CDg;land Ar in this experiment are
8, 2, and 10 Torr, respectively.

At the pressure and delay time used in this experiment, we
are not quite in the single-collision domain. However, we
studied the H+ CDCls(v''=0) reaction under identical experi-

of 532 nm light in a second beam. This second 532 nm beammental conditions and found no evidence for any effects of

is used to generate the 266 nm photolysis beam.
The vibrationally excited CDGlis prepared in then, v"'=1)
quantum state. The; vibration is the CG-D stretch at 2265

multiple collisions. There was no discernible difference between
the product distributions obtained under conditions identical to
those used here and conditions that reduced all collision

cml. The SRE process requires two beams, referred to as theprobabilities by one-haff. Therefore, we believe that the

“pump” and “Stokes”, respectively, whose frequency difference
matches the 2265 cmh v, v=0 — v=1 transition frequency.

product distributions reported here represent those of single-
collision conditions within stated uncertainties.
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Q,(4) HD Product CARS Spectra At least 16 scans were recorded, eight with SRE and eight

without SRE, for each reported transition, so as to improve the

1500 quality of the quantum state distributions and absolute partial
cross sections. In addition, CARS reference scans were taken

With SRE to correct for drifts in the CARS detection system and the SRE

reactant state preparation system. Periodic scans of the
relatively strong HD @©5) product transition were taken without
SRE to account for drifts in the CARS detection system. Any
changes in this signal indicate a change in reactant density or
1000 - photolysis efficiency, changes in the Stokes and pump CARS
laser beams, or changes in other variables not connected with
SRE preparation of reactants.

For this experiment, reference scans serve as a guide to the
reliability of the data. Recording several scans helped reduce
the influence of fluctuations among the various scans. The
method of recording spectra for each nonreference Q-branch
transition is also designed to minimize the effect of any linear
drift in the system that does occur. First, we record a scan with
SRE, then continue with two scans without SRE, followed by
two more scans with SRE, two without SRE, and a final scan
with SRE. For each transition recorded in this experiment, at
least two such sequences were performed on separate days,
allowing for more reliable data acquisition and minimization
-0.5 0.0 0.5 of systematic errors.

The second type of reference scan, not necessary in the H

) . CDCly(¢"'=0) reaction, involves determining the SRE efficiency
Figure 1. CARS spectra of HD{=1j'=4) from the H+ CDCI . . :
regction. The top spgctrum is obginedjwith)stimulated Raman exéitation at regular intervals. We do th.'.s by tf"""“g CA.RS speptra ofthe
pumping 26% of the CDGlto »"=1, while the bottom spectrum has ~ reactant CDGQ-branch transition with and without stimulated
all the reactant in/'=0. Raman excitation. An example of such a scan pair is given in
Figure 2. Such spectra are possible because the dye used in
the CARS Stokes laser has output in the wavelength ranges
needed to probe both CD£Land HD. Because of the large
moments of inertia of the CDgmolecule, virtually all of the
rotational Q-branch lines appear within the 0.25éfandwidth
of the SRE convolution. We performed CARS scans of GDCI
reactant at various intervals throughout the experiment and were
able to determine the percent of population transfer to within
less than+1%. Over the course of the experiment, these
observed SRE efficiencies, that is, population transfers el ,
were in the range 1828% of the total CDGl

The magnitude of a CARS signal is given by

Intensity

Without SRE

Relative Raman Shift (cm’')

Initiation of the reaction via photolysis of HI at 266 nm
produces H atoms of two energies, 1.6 eV (66%) and 0.7 eV
(34%)18 The 1.6 eV H atoms contribute more to the HD
product populations, but contributions from the 0.7 eV atoms
cannot be neglected. If the reactive cross sections for the two
collision energies were the same, the faster H atoms would
produce 76% of the product. Because the potential energy
surface for the H+ CDCl; reaction is unknown, there is no
direct method to determine the relative cross sections of this
reaction at the two collision energies. However, classical
trajectory calculations performed on the-HHX — H, + X
(X = ClI, Br, I) reactions lead us to expect thatsev/ 0o 7ev fOr
H + CDClz is 1 or greater and that the 0.7 eV collisions result @2
in at most 25% of the HD produ&€ Although this contribution S,y = B [g(w;iw,IF,lx”” do (1)
is small, it is not negligible and may affect the product

distributions somewhat. However, the same ambiguity exists WhereB is a constant proportional tg?s andg(w;wad is the
in the other light+ light—heavy — light—light + heavy CARS laser line-shape function, centeredvat F: is a term

reactions studied thus far, including the -H CDCls(¢/'=0) related to focusing and is given ¥y
reaction. Comparisons of this experiment to other experiments )
having the same ambiguity should not be particularly trouble- a2 4 2w, + oy
F,=4r°w, 1+ ——— (2)
some. (2w, — oy
p
Spectra and Data Analysis The third-order nonlinear susceptibility terpi®), consists of

CARS scans over the various,() HD product transitions ~ three components,
were taken with and without SRE to determine the HIp{
populations and absolute partial cross sections. Two such scans, x(3) =y +iy"'+ XNR 3)
for the Q(4) HD product, are shown in Figure 1. These spectra
are presented here for illustrative purposes only. As is the caseWherey andy” are the real and imaginary frequency-dependent
with such CARS spectra, the dependence on product numberRaman resonance terms of the susceptibility, i is the
density difference rather than number density itself, the nonlinear frequency-independent nonresonant susceptibility. According
nature of this density difference dependence, and the compli-to eq 1, then,
cated line-shape function do not allow a simple visual assess- ; )
ment of the product yields from the spectral peak heights. Sw,) O G2+ )+ N+ 2R (4)
Quantitative analysis requires consideration of the complete
functional dependence of the CARS signal on species density,Both " andy” are directly proportional t&\N, the population
which is described below. difference between thev(j') and ¢'+1,') quantum states
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CARS Spectra of CDCly Q-branch with and without SRE
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Figure 2. Representative CARS reference spectra of the GRgU,K)-branch with and without SRE. The scan taken without SRE has an intensity
4.3 times that in the scan with SRE, indicating 26% population transfef+d..

connected by the Raman transition and are dependent on thdranslational energy of the products, which determines the

frequency, linewidth, and Raman cross section of the transition.

For the HD reaction producl andy” are both quite a bit
smaller thany™NR, so the ¢NR)2 and 2/ xR terms in eq 4
dominate. Becausg is dispersive about the Raman resonance

product transition linewidth, is not automatically specified by
energy conservation for each HD{') product, so the transition
linewidth must be incorporated as an additional parameter in
the fit.

frequency, the CARS spectra also have a largely dispersive form For our earlier H+ D, and H+ HX reaction studies, the
in the region of the Raman resonance, as shown in Figure 1.translational energy of the HD or:hbroduct in a specificy(,j")

By contrasty’ andy" are much larger thaghR for the CDC}
reactant, as illustrated in Figure 2, so th€)f and §")? terms

guantum state is known with certainty without measurement as
a consequence of conservation of energy, knowledge of the total

dominate the CARS signal, and this signal then depends directly available energy, and specification of the product internal energy

on (AN)?, making analysis of the CARS spectra to determine
AN for the reactant very simple and very accurate.

Analysis of CARS spectra in whick andy'" are comparable
to or smaller thanpNR is algebraically complicated, because the
signal depends on the interplay of thé'})2 and 2’ ¥R terms
in eq 4 and thus in a complicated way &N, the laser
linewidth, the focusing of the CARS beams, and other factors.
In our previous CARS experiments, including the H
CDCl3(v''=0) experimen®, AN was determined by using eq 1

via determination of’ andj’. However, for H+ RD reactions
in which RD is a polyatom, the HD product translational energy
must be measured. This translational energy can be determined
from the HD CARS spectrum using a variable transition
linewidth in the CARS fitting procedure. However, obtaining
reliable transition linewidths from modest signal-to-noise-ratio
spectra is not easy.

So, instead of simultaneously extracting the transition line-
width and population from each HD product CARS spectrum,

to calculate ResSig/BacksSig, the ratio of the resonant CARS a method of determining ResSig/BackSig that was insensitive
signal (ResSig) at the vibrational Q-branch resonance frequencyto transition linewidth was devised. This method is analogous
to the nonresonant background signal (BackSig), as a functionto determining the strength of a Gaussian or Lorentzian line

of AN for the particular experimental conditions. For dispersive
spectra, ResSig is the difference betweenSfag,) maximum
(above the nonresonant background valueS@s,g) and the
S(wa9 minimum (below the nonresonant background value of
Swag). The experimental value &N is taken as the value of

shape by summation of all the data points minus the background
level. However, for a dispersive CARS signal, such a summa-
tion is not appropriate. Rather, it is tladsolutevalue of the
deviation from the background which is indicative of signal
strength. Because ResSig is fundamentally a measure of the

AN in the calculation that reproduces the experimental ResSig/ deviation from the background, the sum of the absolute values

BackSig ratio.
With this method only a small fraction of the several hundred
data points per scan are actually used to deterrhivie A fitting

of the difference between the signal and background over 200
points about the Raman resonance is linearly proportional to
ResSig. Previously, a determination of maximum and minimum

method that uses all of the experimentally obtained data values of the dispersive signal using onhp0 points sufficed

improved this analysis markedly for the H Dy(v''=1)
experiment® For this procedure, the entire scan was fitted to
a calculated line shape to extract the correct valuagf

For the H+ CDCli(v''=1) experiment, however, such a

fitting program became problematic. For some scans the least-

for the determination oAN. The use of more data points in
the analysis done here increased the precision and accuracy of
the measurements and allowed for the determination of the
populations given in the following section.

Analysis of CARS spectra yields only the difference in

squares fitting procedure became sensitive to fluctuations in thepopulation between thev'(j') level and the '+1j") level
spectrum at frequencies away from the Raman resonance, whereonnected by the CARS transition. Therefore, determination
the signal-to-noise ratio was low, causing convergence problems.of the population of a«,j') level requires knowledge of the

Also, for this system with diatom+ polyatom products, the

population of the £+1,') level. The population of a given
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(') level is given by TABLE 1: Absolute Partial Cross Sections for the H+
CDCI3(¢'=0,1) — HD(%'}") + CCl; Reactions
) v=2 ) [ (AZ)
NG/ J) = 5 ANG) ©) Auatn state oy o
(0,0 0.020(3)

because no population it > 3 was observed. Some'(') 0,1) 0.032(4)
populations were not measured, so we determined populations (0,2) 0.070(13) 0.033(4)
for (v/'—1j') in these cases by adding the experimentally gg'ig 8-8222%; 8'8228%
determin('a_o'I difference in pqpulation between tb.!ea‘,j') Ie\{el (015) 02127(18) 02044(3)
and the ¢',j") level to an estimate of the population of théj() (0,6) 0.040(13) 0.039(4)
level. These estimates are calculated via a best fit linear 0,7) 0.031(4)
surprisal analysis to the measuredj() populations. (0,8)

Since we compare here the-H CDCly(2/'=0) — HD(¢/,j’) (g% 8—8%2(1? 8—8%2(?
+ CCly and H+ CDCly(v"=1) — HD(',j’) + CCl reactions, 20'113 O-Olﬁgng 0-017§ 43
it is most convenient and appropriate to determine the partial (0.12) 0.022(8) 0.015(3)
cross sections for the CD4l''=1) reaction relative to the 1,2) 0.0088(35) 0.0102(12)
partial cross sections for the HD product of theHHCDCly(v'=0) 1,3) 0.0101(9)
reaction. This requires only a comparison of the product (1.4) 8-8%22(63) 8-81%3(1%)
populations extracted from the with SRE and without SRE 88 0'019%23; o'oilz%
spectra, obtained in the same experiment at the same time, as 1.7) ' 0.0107(15)
described above, and a knowledge of the amount'efl (1,8) 0.0119(46)
reactant population with SRE. The uncertainty in the determi- 1,9 0.0087(12)
nation of the latter (better thahl1% out of 23%) is small enough (1,10) 0.0115(36)
that it makes little contribution to the uncertainty in the g%g 0.0050(11) ooc')(())%s;(()g)
determination of the relative cross sections. These 'relativ_e Cross (2:3) 0.0030(20) (')_0030(5)
sections can be converted to absolute cross sections since we (2,4) 0.0022(14) 0.0044(6)
have previously measured the absolute cross sections for the H (2,5) 0.0049(6)
+ CDCls(v''=0) reaction to be 0.5% 0.10 A2.° g% 8.8821183 8-8838%))
Results and Discussion a2 Data from ref 92 Numbers in parentheses represent uncertainties

The principal observables in these experiments are the in the least significant digit(s).
individual partial cross sections for all the product HEj() HD rovibrational states, but such changes are jhspecific.

states of the H- CDCl3(¢"'=1) reaction. These are given as The averages/'=0 product rotational quantum numb@&f
absolute partial cross sections for each measured HD rovibra-changes immeasurably from 5.6 to 5.5, but the total reactive
tional product state in Table 1, along with corresponding data cross section into'=0 does increase by a factor of 1.6. CBCI
for the H+ CDCI3(¢"'=0) reaction. The uncertainties quoted vibrational excitation enhances reactive channels leading to HD
are due to uncertainties in the measured product CARS spectrapopulation in»'=0, but such an enhancement is independent
uncertainties in the''=1 reactant population, and the uncertainty of rotational state.
in the absolute cross section of thé=0 reaction, which are A plot similar to Figure 3 for HD in/=1 is given in Figure
accounted for using standard statistical approaéhes. 4. They'=1 data in this figure and in Table 1 indicate perhaps
While somev' " states could not be accurately measured, and a weak change in the product rotational distribution upon
cross sections for them are not given in Table 1, there are enoughvibrational excitation of the CDGlreactant. Similar to what
observed product quantum states, representing about 70% ofs observed for'=0, the total cross section fet=1 increases
all products, to determine with reliability the energy partitioning by a factor of 1.6, but instead of remaining the same, as is the
and surprisal parametetd® The total reaction cross section case ino’=0, here[jlJincreases from 5.6 to 6.8 upon CRCI
of the H+ CDCls(v"'=1) — HD + CCI; reaction, summed  vibrational excitation.
over v and | (using the surprisal analysis to estimate the  Data for HD+'=2 involve large uncertainties and measure-
contributions from those’,j’ states not directly observed) is ment for only fivej’ quantum states, making any conclusions
0.92+ 0.26 A2 about the rotational distributions unreliable. However, using a
The uncertainty in this absolute cross section has its largestlinear surprisal analysis of the)/'€2, j') rotational state
contribution from the uncertainty in the absolute cross section distribution, one can estimate the increase in the t6ta2 cross
of the v'=0 reaction to which it is referenced. The magnitude section upon vibrational excitation of the CQ@b be a factor
of the H+ CDCl3(v"'=1) — HD + CCl; cross sectiomelative of 1.7. Therefore, the increase in cross section is virtually the
to that for the H+ CDCly(»''=0) — HD + CCI3 ground same for all vibrational levels. Because of this, the HIP(
vibrational state reaction is much better established in our distribution is virtually unchanged betweefi=0 andv''=1
experiments. The relative yields of HD with and without reactants. Upon CDgleactant vibrational excitationy’ Cfor
vibrational excitation of the reactant do not require knowledge the HD product increases insignificantly from 0.31 to 0.32. The
of or measurement of as many experimental quantities and thusdetailed product vibrational state distributions for tHe=1 and
have smaller errors. We find that, summed overvathndj’, v""=0 reactions are compared in Figure 5. The absolute cross
the ratioo(v''=1)/o(v"'=0) = 1.66 &+ 0.15. sections intov'=0, 1, and 2 are 0.68(6), 0.18(2), and 0.06(1)
Aside from this overall increase in total product yield, the A2, respectively, fors"=1, while the corresponding cross
product partial cross sections for the H CDCly(¢''=1) — sections fory'=0 reactant are 0.41(1), 0.11(1), and 0.033(4)
HD('j") + CCl; reaction are quite similar to those for the A2
CDCly(v"'=0) reaction. Table 1 and Figure 3 show that for HD A comparison of the energy partitioning in the CR@!I'=1)
product ine'=0 there is an increase in cross sections for most and CDC}(v''=0) reactions is given in Table 2. For both
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Figure 3. HD(¢'=0,") partial cross sections for the # CDCly(+''=0,1) reactions plotted versus the rotational quantum nunmberhe solid
squares show data fet'=1, and the open squares are datadf6+0. Error bars represertl standard deviation. The solid and dashed lines are
linear surprisal fits for the''=1 andv''=0 data, respectively, and are characterizedhy= 8.7 and 6.4, with the C@ltreated as an atom.

0.047 [H + CDCL(v'=0,1) > HD(v'=L,j) + CCl,

0.03

~  0.024

0.01

0.00 T T

Figure 4. HD(v'=1j'") partial cross sections for the # CDCl(+''=0,1) reactions plotted versus the rotational quantum numbefrhe solid
circles show data for'’=1, and the open circles are data {§=0. Error bars represettl standard deviation. The solid and dashed lines are linear
surprisal fits for they'’=1 and+''=0 data, respectively, and are characterizeddby= 4.5 and 4.4, with the Cglreated as an atom.

reactions less than half of the reactant energy appears as HQterized to permit direct determination of its internal energy. In
product internal energy, with vibrational excitation the least addition, the signal-to-noise ratios in the HO[) Q-branch
important energy repository. However, within experimental spectra are too low to permit direct determination of the
error, none of the additional reactant energy represented by thetranslational recoil energy from the CARS line shape at the
v1 v''=1 reactant vibrational excitation appears as HD product current spectroscopic resolution, as discussed above. Inthe HD
rotation or vibration. And, because this excitation raises the product spectra, both with and without SRE, the transition
total available energy, the fraction of energy in HD product linewidths that best fit the data are less than those that would
vibration and rotation actually decreases. Although we have be observed if there were no energy in the £@toduct.

not determined it by direct experimental measurement, this However, because of the present inability to fit the line shapes
means that both the amount of energy and the fraction of the with great accuracy and the low signal-to-noise ratios present
available energy appearing in product translation plussCCl in the experiment, the actual amount of translational energy in

internal energy increase for th&=1 reaction. the HD products has not been determined. As a result, the
It would be more than helpful to know the amount of energy partitioning between Cglinternal energy and product transla-
contained in internal degrees of freedom of the £@Hical. tional energy remains unresolved.

However, the spectroscopy of GG$ not well enough charac- Most of the 0.41 eV of HD internal energy appears as rotation
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0.8
H + CDCl;(v"=0,1) - HD(v') + CCl,4
0.6
N/'\
< 0.4+
o
0.2
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Figure 5. HD(v') partial cross sections for the H CDCly(¢+''=0,1) reactions. The solid triangles show dataf4+=1, and the open triangles are
data fors"'=0. Error bars represestl standard deviation. The solid and dashed lines are linear surprisal fits iotieand.''=0 data, respectively,
and are characterized By = 3.5 and 4.6, with the Cglreated as an atom.

TABLE 2: Energy Partitioning in the H + CDCl3(2"'=0,1) failure of any of the additional reactant energy to appear as
— HD(#'j') + CCl3 Reactions rotation or vibration of the HD product surprising by contrast.
quantity V=02 v'=1 difference Large curvature in the reaction path after the reaction barrier is
Ean (€V) 19 20 0.28 surmounted c_ould mix the degrees of_freedom that_ are parallel
E.OeV) 0.14 0.14 0.00 and perpendicular at the saddle point. Such mixing could
[EOEV) 0.28 0.27 -0.01 dissipate what was initially the €D stretch vibrational energy
v'=0 0.28 0.24 -0.04 so that it would be distributed over the many degrees of freedom
¢ v=1 8-(2);3 g-g;” +060(?o of the products. Since the density of states of thesC&ilical
ff 0.15 0.12 003 are so high, while the HD density of states is so low, much or
all of the energy could appear as internal energy of the radical.
* Data from ref 9. However, this seems dynamically unlikely, given the disparity

in the time scales of the motions of the light H,D atoms and
the heavy Cl atoms and is at odds with the observed energy
disposal in the H CDCls(v"'=0) — HD(+',j') + CCls reaction.

The C-D stretch vibration is perpendicular to the reaction
coordinate in the asymptotic reactant valley, so curvature of
the reaction coordinate prior to the barrier crossing is needed
to couple it to the reaction coordinate. However, for the system
p to evolve so as to channel what was initially the-© stretch

vibrational energy largely into product translation, the reaction
N path curvature after the barrier crossing would have to be small.

selective channeling of reactant vibration into product vibration This too seems dynamically unlikely in this slightly exoergic
at all. By contrast, the adiabatically endoergicHD,(v''=1) reaction.
reaction exhibits a small, but definite, increase in vibrational ~ The answer to which of these (apparently unlikely) dynamical
excitation of HD upon reactant excitatidhand the adiabatically ~ behaviors is the actual behavior depends on an actual measure-
exoergic D+ Ha(2/'=1) reaction shows a strong propensity to ment of the product recoil energy. In fact, a better understanding
produce vibrationally excited product HI. of all the H + polyatomic RH— H, + R reactions we have
Vibrational excitation of the CDGlreactant in the H- CDCls studied so far rests on making such measurements. We are now
reaction adds 0.28 eV to the initial energy. While this energy attempting to provide just such information, using our new
is a significant amount, it is smaller than the 0.36 eV Microscale time-of-flight velocity measuremefts.
exothermicity of the reaction and much smaller than the 1.6 It would also be helpful to know how much of this behavior
eV collision energy that is already well above the reaction is a consequence of the polyatomic nature of the GP&zictant
barrier. Yet, the addition of this vibrational energy does increase and how much is due simply to the thermochemistry of the H
the reactive cross section, by a factor of 1466.15, an amount ~ + CDCl; — HD + CCl; reaction. The strong divergence of
that while hardly dramatic, is still significant. This increase the dynamics of the H- Dy(v''=1) — HD(¢',j') + D*® and D
implies that the &D stretch coordinate is an important + Hy(v''=1)— HD(2',j') + H®reactions, which are essentially
component of the reaction coordinate even at high collision indistinguishable for reaction from"=0, tells us that our
energy. understanding of the dynamics of vibrationally excited reactants
This makes the absence of any selective enhancement of anys poor, even for the simplest systems. For that reason, studies
particular HD product rotational or vibrational states and the of the H+ HCI(v''=1) — Hy(+'j') + Cl and H+ HBr(v''=1)

(0.27 eV), but the changes from th&'=0 reaction are
insignificant. Interestingly, the average rotational energy for
v'=0 decreases slightly, while the average rotational energy for
v'=1 increases slightly. Such a positive correlation between
rotational and vibrational energy exists in the HD andkbduct
of the v"'=0 reactions of H- CDy4, H + C;Hg, and H+ CsHg,
but the HD product from the H- CDCls(v''=0) reaction shows
no correlation. The average vibrational energy in the H
product does not change upon CDRGibrational excitation
despite the adiabatic exoergicity of the reaction. There is n
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— Hay(v',j') + Br reactions, which have the same kinematics as
the H+ CDCIl; — HD + CCl; reaction and thermochemistry
that bracket its own, would be desirable and are planned.
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