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Dynamics for the CI +C,Hg—HCI+C,H5 reaction examined through
state-specific angular distributions

S. Alex Kandel, T. Peter Rakitzis, Topaz Lev-On, and Richard N. Zare
Department of Chemistry, Stanford University, Stanford, California 94305

(Received 26 April 1996; accepted 23 July 1996

Photolysis of CJ initiates the title reaction at a sharply defined collision energy of 6283 eV.
Nascent product rotational state distributions for HgkE0) are determined using resonance
enhanced multiphoton ionizatidREMPI), center-of-mass scattering distributions are measured by
the core-extraction technique, and the average internal energy ogithgp@duct is deduced from

the dependence of the core-extracted signal on the photolysis polarization. The HCI product has
little rotational excitation, but the scattering distribution is nearly isotropic. Although seemingly
contradictory, both of these features can be accounted for by using the simple line-of-centers model
presented to explain earlier results for therCIH, reaction. In contrast to the €ICH, reaction, the

data suggest that the €C,Hg reaction proceeds through a loosely constrained transition-state
geometry. The reactions of atomic chlorine with ethang]C and perdeuteroethane;[, yield
virtually identical results. These findings, along with the low energy deposited by the reaction into
the ethyl product200+120 cni't), demonstrate that the alkyl fragment acts largely as a spectator
in this hydrogen abstraction reaction. ®96 American Institute of Physics.
[S0021-960606)00341-9

I. INTRODUCTION properties of the products need to be measured. Nonetheless,
, ) ) , . extreme diligence is required for detailed studies of such
A microscopic understanding of bimolecular chemicalgystems: complete product state and scattering information
reactions requires investigation of the conditions undef 55 peen achieved in only a few cases, for examgiéif
which the two reagents come together, the forces that medeefs. 2 and Band H+H,.*® The large nun,1ber of degrees of
ate reagent interaction, and the nature of the producigeeqom in an atom/polyatom reaction magnifies the diffi-
formed. The rigor pursued in the description of a reaction.jry of the problem and usually results in a reduced degree
varies greatly. A few reactive systems have been explaineg jytormation obtained compared with these benchmark
in great detail through the use of theoretical calculations onyom/diatom reactions.
ab initio potential energy _surfaces. In contrast, many single_ After providing an experimental overview, we present
or related groups of reactions are understood through quasiyc| product state distributions and state-resolved angular
classical, classical, or even nonquantitative intuitive modelsy;istributions. Spatial anisotropy measurements are then dis-
The present investigation aims to provide data necessary fQf;ssed as a means of determining the average energy depos-
both rigorous and intuitive descrlpt|ons'.. Our expenmentqlited into the unobserved 8 product. We briefly present
approach is to measure the state-specific angular scattering:o concerning how the scattering changes with product ro-
distributions for a bimolecular reaction product. The result-5+ion and compare the €IC,H, reaction with its fully deu-
ing picture of product motions leads immediately to a physiyerated analog. A simple, intuitive, and self-consistent model
cal understanding of the reactive process, and the quantitqs hresented to explain these results. Comparisons with other
tive data allows direct comparison with the results of gactions of hydrocarbons with atomic chlorine are made,

theoretical studies. , including an extended discussion of the closely related
This paper presents correlated state and scattering megy +CH, reaction.

surements for the gas-phase reaction of ground-state chlorine
atoms with ethane molecules to produce hydrogen chloride

and ethyl radicals Il EXPERIMENT
2

Cl("Pap) + CoHe—HCI+Cots The experimental apparatus and techniques have been
Kinetic studies have established this reaction to be slighthdescribed elsewhere, and a brief overview is detailed here.
exothermic by 2.65 kcal/madl928 cmi'?, 0.115 eV}, with a  Molecular chlorine (Matheson Gases, 99.999%ethane
rate constant of 5910 ' cm® molecule*s™! at 298 K!  (Matheson Gases, 99.99%and helium carrier gad.iquid
No theoretical or experimental investigations have detailedCarbonic, 99.995%are premixed in a Teflon-lined tank. If
the microscopic dynamics of this reactive system. Indeedshielded from light, this mixture does not produce significant
few reactions involving polyatomics have been studied fromamounts of HCI even when allowed to stand for days. The
a dynamical standpoint. In an atom/diatom reactjiitve tra- mixture is then fed through Teflon coils maintained at
ditional domain of reaction dynamigsa small number of —78.5°C (dry ice/ethanol mixture to remove impurities
experimental variables need to be constrained and a fewroduced by metal corrosion or reaction with pump oils or
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greases; the gas mixture is then immediately coexpandesbeed distribution. This method can be used to obtained the
through a pulsed nozzléGeneral Valve 9-Series, 0.6 mm entire three-dimensional velocity distribution through the use

orifice) at 380 Torr backing pressure. of the core extractor, a mask that is placed in front of the
The reaction is initiated by photolysis of it 355 nm  detector and rejects products scattered off the detection axis.
using the third harmonic of a Nd:YAG laser. At this fre- The lab-frame velocity of the reaction product is the vec-

guency, more than 98% of the chlorine atoms are producetbr sum of the center-of-mass velocity and the center-of-
in their ground statéCl 2P,,,);® consequently, almost all are mass-frame product velocity. The former is determined by
moving at a single speed of 1680 m/s. The molecular chlothe coexpansion of reagents and the single-channel photoly-
rine precursor and the ethane molecules are assumed by viis, as detailed earlier; the latter is determined by the ener-
tue of translational cooling in a jet expansion to have verygetics of the reaction, the selection of the product HCI inter-
little motion with respect to each other. Therefore, the pho+al energy state to be measured, and an assumption about the
tolysis defines the relative motion between the chlorine atoninternal energy deposited into the unobservegdi{product.
and ethane molecule reagents, which produces a narrow dighe determination of these two vectors, along with the mea-
tribution of center-of-mass collision energies for the reactiorsurement of the third, uniquely defines all angles of the tri-
at 1900 cm? with a 420 cm! Gaussian spreadfWHM).  angle formed, in particular, the center-of-mass scattering
This spread, which results from residual thermal motion ofangle. Thus, the measured lab-frame speed distribution is
the jet-cooled reagents, is calculated using a 15 K transldransformed into the center-of-mass distribution of scattering
tional temperatur.This value is a conservative estimate angles, which yields the state-resolved differential cross sec-
based on the measured 15 K rotational temperature of corion for the reaction. This method for measurement of the
taminant HCI in the expansion. differential cross section, which we call thphotoloc

HCI products are allowed to build for 50—100 ns beforemethod, has been used successfully by several investigators
they are detected with rovibrational state specificity viafor an increasing number of reactive systetid:’~>*
(2+1) REMPI through theF 1A2 stat€™1! or the f 3A2 Calculation of the differential cross section is predicated
state’™® Frequency-doubled light at 240-243 nm from a©n the assumption of the internal energy of the unobserved
Nd®":YAG-pumped dye-laser syste(Bpectra-Physics DCR product. Although this assumption is usually correct for
2A and PDL-3; Exciton, LD489 dyedrives the REMPI pro- atom/diatom systems, polyatomic reagents lead to poly-
cess at the focus of a 50 cm lens. The photolysis laser igtomic products, and one goal of the experiment is to under-
more gently focusedbta 1 mmbeam diameter. Neither chlo- stand the dynamical participation of both products. Making
rine atoms nor reactive products are moving rapidly enougl@ssumptions about the behavior of the unobserved product is
to traverse the photolysis beam radius on the time scaleéerefore unsatisfying; furthermore, the increased number of
allowed for reaction; therefore, chlorine atom densities arélegrees of freedom of a polyatomic product make these as-
constant in time, and reactive product concentrations buil¢umptions likely to be faulty. Therefore, a further measure-
linearly after photoinitiation of the reaction. A slight correc- ment is performed to determine the angle between the center-
tion accounting for the Gaussian profile of the photolysisof-mass velocity and the product lab-frame velocity. This
beam is applied to speed-sensitive measurements of tigle allows a second use of the law of cosines to determine
product. A linear time-to-flight TOF) mass spectrometer en- the center-of-mass product velocity without the need for as-
ables the separation of resonantly producetOH and  sumptions. Unfortunately, this angle cannot be measured ex-
H%'CI* from a variety of other background ions. Integration actly in the current experiment. An averaged quantity related
of the total H°CI" signal as the REMPI wavelength is to this angle is obtained, however, in the measurement of the
scanned over the HCI excitation spectrum results in the prodspatial anisotropy of the HCI product. This measurement is
uct state distribution from the reaction, after correction bycarried out by changing the linear polarization direction of
empirical linestrength factors the photolysis beam on alternate photolysis laser shots so

Measurement of the HCI speed distribution is accom-that the electric vector of the photolysis light lies either par-
plished using the method of core extraction, which has beedllel or perpendicular to the time-of-flight axis. The polariza-
described extensively by Simpsoet al;'® a thumbnail tion flipping is effected by synchronization to the stress cycle
sketch is provided here. HCI products are formed with somé@f @ photoelastic modulataHinds International, PEM-80
nascent distribution of velocities, determined by the initialand the resulting polarizations have a transmittance ratio of
speed of the reagents and the scattering behavior of the syat least 16:1 through a linear polarizer.
tem, as described below. The photoionization process im-
parts virtually no velocity to the created ions, so that the|||. RESULTS
initial speeds of the HCl to be detected mirror those of the . N

. i, . A. Rotational state distributions

neutral precursors. The ion velocities create a spread in the
ion packet as the packet travels in the mass spectrometer HC| REMPI spectra were recorded &% and S-branch
toward the detector. Faster velocities spread more, anttansitions of thé=—X(0,0) band andQ-branch transitions of
slower ones less, as in a Doppler profile. The mass spectronthe f—X(0,0) band, with totalm/z=36 (H**CI*) ion signal
eter is of Wiley—McLaren desidh and is operated under collected and integrated. The signals in these spectra were
space-focusing and velocity-sensitive conditions; thereforeconverted to populations using previously published correc-
this ion profile can be inverted directly to the original HCI tion factors'~*3for the F 1A, state and correction factors for
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FIG. 2. The energetics of the reaction of atomic chlorine with ethane. The

FIG. 1. Plot of the state distribution for the HGI £ 0,J) product from the colligional energy spread is c_alculated following van der Zaetlal” as-

reaction of atomic chlorine with ground-state ethane. Error bars represent 1Suming a 15 K beam translational temperature.

statistical deviations. Relative populations are determined from REMPI

spectra as described in the text.

threshold, other sources of formation cannot be discounted,
especially reaction of ethane with(@®,,,) present as 2% of

the f °A, state obtained from thermal HCI spectfaThe  oyr atomic chlorine reagent. Therefore, resuits for (HEI)
HCI(v=0,J) product rotational state distribution from the cannot be made quantitative at this time.

Cl+C,Hg reaction is presented in Fig. 1, which shows a cold
rotational distribution with 483 cm ! average energy in
rotation. Levels of contaminant HCI present in our gas mix-
ture before reaction were small compared with signal mag- In the measurement of ion-arrival-time profiles for the
nitudes; this contamination was eliminated from the col-determination of speed distributions and thus differential
lected signal through the use of photolysis on/off subtractioncross sections, removal of background was accomplished us-
The photolysis laser was operated at half the repetition ratag time-jump subtraction. In this subtraction procedure, the
of the probe, which allowed subtraction of signals on anphotolysis/probe time delay is alternated every 20 laser shots
every-other-shot basis. Because most backgrounds, includirigetween two values: A short time delay for which back-
contaminant HCI, did not rely on the presence of the phoground contributions and very little reactive signal are
tolysis laser, they were thus eliminated by this subtractiorpresent, and a longer time delay with the same background
procedure. Because the reactive signal depends on the phoentributions and more signal allowed to build up. This dif-
tolysis for the production of the chlorine atom reagent, theferencing procedure results only in signals that change with
result of the on/off subtraction is to separate the reactivalelay between photolysis and probe laser pulses, which
signal from possible background interference. The photolysigliminates essentially all background interference from the
laser alone caused no ionization. measurement of reactive signal. This more rigorous subtrac-
The time dependence of product formation was meation procedure is necessary for velocity-sensitive detection,
sured to check the nascency of the state distribution. Wén which quickly moving H°CI™ overlaps at the detector
verified that for several rotational states across the distribuwith both *°CI* and 3'CI* backgrounds. Additionally, for
tion, the state distribution did not vary with the time delay small signals{HCI(v =0, J=6) and HClv =0, J=8) prod-
between reaction initiation and product probe on the timestcts| photolysis and probe-inducedd; background contri-
cales allowed for reactive product buildup. Additionally, butions necessitated a linear baseline correction for arrival
products were seen to build linearly with this delay, as isprofiles.
expected at short delays during which reagent chlorine con- The three-dimensional velocity distribution of the HCI
centration does not change. The intercept of this lineaproduct is determined using core-extracted ion-arrival-time
growth could be extrapolated to zero product at laser overprofiles. Two distinct profiles were recorded for each product
lap. Thus, we have seen no evidence of either HCI producdtate: One with the photolysis laser polarization perpendicu-
relaxation or HCI formation from photodissociation of pos- lar to the flight axis, referred to dsg,,; the other with the
sible CL/C,Hg clusters. polarization parallel, referred to ds,. These profiles were
Vibrationally excited HClv =1) was also observed as a recorded concurrently, with the polarization alternating every
reaction product. This product state is not strictly energetiother laser shot. The gphotolysis, which has a pure $if
cally allowed, as shown in Fig. 2, but it is permissible within distribution (3=—1) for CI(?P5,) at this frequency? is the
our spread of collision energies. We measured the ratio obnly source of anisotropy in the experiment. Therefore, mea-
HCI(v =0):HCI(v=1) populations to be 300:1. Given the surements at any two polarizations contain all of the infor-
amount of population and the nearness of this channel tmation describing the three-dimensional velocity distribution

B. Speed distributions and angular scattering

J. Chem. Phys., Vol. 105, No. 17, 1 November 1996
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= FIG. 4. Differential cross section for the reactive product KiCFO, J=1),
s calculated from the measured speed distribution shown in Fig. 3. The cal-
o culation requires an assumption of theHg internal energy. For this analy-
o h - i S
sis, the ethyl fragment is assumed to take negligible energy into internal
modes; this assumption is discussed extensively in the text.
T T T T T
400 800 1200 1600
HCl velocity (m/s) these basis functions were chosen to be equally spaced in

speed, which reflects the experimental resolution. The result-
FIG. 3. (a) Core-extracted ion-arrival profile for HGb =0, J=1), along ing speed distribution for H(Clb =0, J:j_) product is shown
with the calculated best fit function. Spatial anisotropy has been removed b}/ . . . .

n Fig. 3(b); the 1o error bar for each speed is determined

forming a composite profile from the isotropic suy=Ipart 2l e, OF pro- A Lo ;
files measured with the photolysis polarization parallel and perpendicular tffom statistical variation in replicate measurements.

the TOF axis.(b) Speed distribution of HC{v =0, J=1) resulting from a The reaction is able energetically to populate speeds
_maximum—entrop_y analysis that fits the arrival profil_e _to a comb_ination Ofranging from O to 1815 m/s. The speed distribution shows a
instrumental basis functions. Error bars represenstatistical deviations of . . . .
replicate measurements. small amount of slowly moving product, increasing steadily
to a maximum near the fastest speeds allowable. For the
moment we make the assumption, supported later, that the
of the product. Analysis of these time profiles is accom-C,Hg fragment takes none of the energy available to the re-
plished in two steps through the formation of two compositeaction into internal excitation. Using this assumption, we can
profiles. The first composite profile,, is formed as the sum easily convert the product speed to the center-of-mass scat-
| part 2l perp- This sum removes all spatial anisotropy from tering angle, as explained earlier. Figure 4 shows a plot of
the data and is thus analyzed straightforwardly to yield thehe differential cross section against the cosine of the scat-
speed distribution. The second composite prdfile,, con-  tering angle. The uneven spacing of the points in this graph
tains the anisotropic component of the spatial distributioralong the co® axis makes the nonlinearity of this conver-
and is analyzed in Sec. Ill C to yield the speed dependencgion evident and emphasizes that while the experimental
of the second Legendre mome},qq- resolution is constant in speed, it varies with respect togcos
Figure 3a) shows the core-extracted composite timeThe associated volume element for this conversion is what
profile |, for HCI(v =0, J=1) product from the C+C,Hg  transforms a large preference for the formation of faster over
reaction, recorded with a 62 V/cm extraction field. The dataslower products into nearly equal amounts of forward-
were analyzed in a fashion similar to that describedscattered(cosfd=1) and backward-scattere@cosd=—1)
previously™® A set of basis functions, each describing theproducts.
instrumental response to a monoenergetic speed distribution, Note that large product rotational alignment effects, if
was constructed and calibrated to Cl atoms at known speedpresent, would complicate this analysis and must be evalu-
Owing to the slow product speeds possible for this reactionated along with the speed distributit?® Small HCI
further calibration was performed using(€®,,,) from 481  velocity/rotation vector correlations have been observed in
to 491 nm photolysis of Glv=1);® this photolysis pro- the CHCH, systent® These correlations are determined ex-
duced monoenergetic speed distributions tunable betwegperimentally through changes in core-extracted time profiles
130 and 400 m/s. Basis functions were constructed for phodependent on the REMPI probe laser polarization. We have
tolysis polarizations parallel and perpendicular to the TOFperformed probe polarization-flipping experiments on sev-
axis. Composite isotropic and anisotropic basis functionseral HCI product states for €IC,Hg and have observed
analogous to the isotropic and anisotropic profiles, were themeasurable but very small changes in the time profiles
used to fit the data. Profiles were fit to a linear combination~5%). These changes are small enough to be ignored for
of basis functions using a maximum-entropy analy3® purposes of determining speed and anisotropy distributions.

J. Chem. Phys., Vol. 105, No. 17, 1 November 1996
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FIG. 5. Core-extracted ion-arrival profile for HGlI =0, J=1). This profile (c)
is a composite that contains product spatial anisotropy information; the pro- 1733 m/s
file is generated as twice the anisotropic difference of experimental profiles /
measured with the photolysis polarization parallel and perpendicular to the
TOF axis, | 4nis=2(I par— ! perp)- The solid line shows the fit to the data as a
sum of instrumental basis functions obtained through a least-squares fitting
algorithm. ; \ T
-100 0 100
TOF shift(ns)

C. Speed-dependent spatial anisotropy FIG. 6. Three representative basis functions that predict instrumental re-

The Composite core-extracted time profile sponse for a composite anisotropic profile for single-speed products at 91,

- _ . N . . 912, and 1733 m/s, all with spatial anisotropy-—1. The basis functions
Ianiso_z(l_par. Iperp) for H_Cl(lf_o’ ‘]__1) IS Shown 'n Fig. 5. . showing instrumental response to isotropic profiles for each speed are
This profile is once again fit to a linear combination of basiSshown as dotted lines to demonstrate sensitivity to anisotropy.

functions. These basis functions are anisotropic composites
of parallel and perpendicular bases and mimic the instrumen-
tal sensitivity to product spatial anisotropy. Three represenrelative reagent masses. If the center-of-mass scattering
tative functions are shown in Fig. 6, along with correspond-angle .., were known, the product speed in the center of
ing isotropic basis functions. The sensitivity to spatialmass frameu,c could be calculated from

anisotropy is strongest at high speeds, as evidenced by the 2 2 12

large, sharply peaked form of the fastest anisotropic basis Uricr=[vtier~ Voom 1~ COS' om ]

function. The core extractor causes this behavior at these —Ucom COS Ocoms (2
product speeds by preferentially selecting products with little .

velocity transverse to the detection axis. The slower produc?O thatts, is given by
speeds are less effectively discriminated, and the sensitivity

to anisotropy is correspondingly decreased. Fitting to the
profile | ,,isoWas accomplished using a Levenburg—Marquart 107
nonlinear least squares algoritiifhwhich determined the
first two or three Legendre moments of the speed-dependent
spatial anisotropy. Alternate analyses yield nearly identical -0.6
results. Figure 7 shows the result of the least squares Leg-
endre fit, along with replicate measurement érror bars. _ 047
This plot of spatial anisotropy describes the product spatial &

-0.24
distribution as a function of lab-frame speed,
0.0
do
[ (Vhcts Ophod = do [1+ B(vhc) P2(COS Opned ], (1) 0.2+
UHcl
0.4

in terms of the angled,n, Which is defined relative to the , ‘
polarization vector of the photolysis laser. The quantity 50 HCI velocstg(}?n/s) 1000
B(v ) i1s plotted against ¢ in the figure.

Consider HC prOdUCts in a measured internal Stat%IG. 7. HCI (v =0, J=1) product spatial anisotropy as a function of speed,

(v,J) with a mea§ured |ab'_frame speeflc; the center-of- B(v), resulting from analysis of the anisotropic time profile shown in Fig. 5.
mass speed ., is determined by the reagent speed anderror bars representolstatistical deviations of replicate measurements.
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FIG. 8. (a) HCI product spatial anisotropy as a function of speed, as in Fig.
7, with added contours that indicate the calculated relationship betgeen
andv for varying degrees of &5 internal excitation. The outermost curve
shows the predicted form fgB(v) assuming no GHs internal excitation; T : T T " T T T
inner contours are spaced by 500’(911'p ethyl excitation.(b) C;Hs internal ‘}i’fﬁval ﬁmeoproﬁle (n?)o 1.0 05 cgéoe 05 10
energy excitation plotted as a function of HCI velocity. This plot results

from a transformation of the data shown in Figa) as detailed in the text.

FIG. 9. lon arrival profiles and differential cross sections for HZFO0)
products:J=1, J=3, J=6, andJ=8. The profiles are narrower at higher
rotational levels, which indicates slower product velocities and thus a trend

02 + 02 — UZ toward back-scattering in the differential cross section.
HCI com HCI

)

€08 fiab 20 {elv com
whered,, is the angle between the lab-frame velocity,,  product speed. In Fig.(B), the inverted parabola is drawn to
of the HCI product and the center-of-mass velocity,,,, = show the amount of available energy not appearing in prod-
which lies along the velocity of the Cl reagent. Thus, HCluct translation. Averaging the internal energy for each speed,
product at a given speadl,c; and center-of-mass scattering weighted by the measured speed distribution, yieldstd;C
angle 6., appears in the laboratory with anglg, in a cone internal energy of 208120 cm L. This low degree of inter-
about every Cl reagent velocity. This analysis leads to amal excitation justifies the assumption made earlier in trans-
expression for the spatial anisotropy of the product forming the speed distribution into the differential cross sec-
_ tion. Similar measurements of product internal excitation
Prici(vc) = BeiP2(COS fiap). “@ through spatial anisotropy measurements have been per-
Thus, we see that knowledge of the center-of-mass scatteririgrmed for several other system&>?! The treatment pre-
angle allows direct calculation of the lab-frame anisotropysented here allows for direct inversion of the data to produce
and the center-of-mass velocity. Because in most cases myb(v), as contrasted with methods that assume internal exci-
tiple scattering angles are possible for a given value of theation and then forward convolute to fit anisotropy data.
measured speead,q, Buc iS an inherently averaged quantity
that cannot be inverted to yield the scattering angle or center- o
of-mass velocity without further knowledge of the distribu- D SPeed distribution dependence on product
tion of angles averaged. The measuremeng(af) through rotation
the use of anisotropic core-extracted time profiles nonethe- The analysis detailed in Secs. Il B and Il C has con-
less provides dynamical insight into the behavior of thel{ cerned a single product state, HGF0, J=1), populated by
product. the CHC,Hg reaction. These data were presented first and
An assumption of the energy present ipHg internal  most comprehensively because HCI product is most likely to
modes, along with the measurement of the HCl internal statbe formed in this statésee Fig. 1L One of the strengths of
and the known energetics of the system, determines the ethe photoloc technique, however, is its ability to measure
ergy available for kinetic release into products and thus thepeed distributions with complete product state selectivity.
magnitude of the center-of-mass spegg,. This assump- Figure 9 presents the isotropic core-extracted time profiles
tion fixes the relation betweep and v, and in Fig. &a), for HCI(v=0,J) for J=1, J=3, J=6, andJ=8; the corre-
B(v) contours for varying degrees of ethyl excitation havesponding state-resolved differential cross sections resulting
been placed over the experimental data. The anisotropy dateom analysis, again assuming ngHz excitation, are shown
overlaps the outermost contours, indicating that very littlealongside each profile. The speed distributions from which
energy from the reaction appears in the internal modes of thihese cross sections were derived were verified as nascent by
C,H; radical. Alternately, by inverting Eq4) and applying ascertaining that the profiles did not change between very
Egs. (2) and (3), we can convert the measured anisotropyshort photolysis/probe time delays and the delays used to
into an average £{H;s internal energy. Essentially, this proce- acquire the data shown. THe=1 andJ=3 profiles are simi-
dure results in a change in coordinates that transforms Fig#ar, and this similarity is reflected in nearly identical differ-
8(a) to 8(b), a plot of ethyl energy as a function of HCI ential cross sections for these states. A marked change in the
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formed with little rotational excitation and scatters nearly
isotropically in the center-of-mass frame, with a trend toward
increased back-scattering with increasing HCI rotation.

A possible interpretation of the HGb =0, J=1) differ-
ential cross section would attribute the broad scattering, with
a slight peak at side-scattering and somewhat symmetric
drop in the forward and backward direction, to a complex-
forming mechanism that dissociates to products parallel to
the rotational axis of the compléX.This interpretation is
unsatisfying. The Ct CH, and CHC,Hg systems are similar
in many ways, and the differences do not seem so severe as
to warrant an abrupt and complete changeover from direct to

o M a : . complex dynamics. More importantly, complex mechanisms
DCI{(v=0, J) usually involve considerable randomization of energy into
internal modes of the products. The extremely cold HCI ro-
FIG. 10. Rotational state distribution for the DGI£0,J) product from the  tational distribution, which takes only 2% of the available
r_eaction C+I-_CZD6HDCI+C2D5. Error bgrs represen_tcrlstatis_tical deviaj energy into rotation; and the low degree OEHE internal
ggﬂzsofsrsegg?tfsTg;iggg?ﬁ tﬁ:ggﬂtdg;?:;?:gyrggrctgﬂher rOtatIcma'excitation, which takes 7%, indicate direct dynamics for this
reaction.
Additional insight into the dynamics of the €C,Hg
shape of the core-extracted profiles occurs, however, for thgystem can be obtained from the speed-dependent anisot-
higher rotational states, which upon analysis corresponds tor@py, analysis of which yields the averageHg internal ex-

Cl+ C,D; = DCI + C,D,

Relative population

shift toward increased back-scattering. citation. The result, that the reaction deposits little internal
energy into the ethyl radical product, not only allows for
E. Reaction with C ,Dg inversion of speed to scattering but furthermore suggests that

ébe ethyl radical has little effect on the dynamics of the re-

Similar measurements to those described in the prece action. This conclusion is further supported by close similari-
ing sections on the GIC,Hg reaction were performed for the ' . PP y cX
ties between the reactions of chlorine atoms witdgand

fully deuterated isotopomer. Significant changes in zero- . .
point energy make this reaction nearly thermoneutsdl= C,Dg as the dynamical effect by the ethyl radical would be

~ 0.3 kcal/moP! The DCI(y =0) rotational state distribution expected to change with complete deuteration. Characteriza-

is shown in Fig. 10. Owing to the decreased exothermicity oﬂOSH(()E;hﬁ] mf:trgot?\ea;f T i&mggs;:dggﬁ;?msesgi:?g t?e !
the deuterated reaction, D@k 1) formation is once again at ’ y P '

the energetic threshold, and although it is observed, the sanpeome out by these data. The ability to make this simplifica-

problems are present as with HE€F1) product from :g:cl.sogfskzile'r:tsereﬁ for attempts to model this and larger
Cl+C,Hg. The state distribution was recorded on Rend Olne rr?odel 01; chemical reactivity holds that oroduct ro-
S branches of thé&(0,0) band of DCI and converted to popu- ! ity produ

. . : . . tational excitation results from an impulsive release of en-
lations using correction factors determined experimentally P

from spectra of thermal DCI samples. DCI is formed in ergy into products from a bent transition state. Under this

higher rotational states than HC for the analogous reactioandeI’ a linear transition state, where transition state angles

e e v oo sy o e ] e s o sl Goors, sl e i
51+4 cm 1, is similar to the value for HCI, 483 cm *. The ’ ’

analogous result of higher rotational states but equal rota\?v:;)dlég?rsspLerizreennczegzwerggu;:tcgﬂjcl:(;?;?gﬁglngi's;rblzgg:}ez'
tional energies was observed for thet@H, and CHCD, y P '

systems The scattering of the DCI product from €C,Dg gni‘;r fg?gigogazt%fénagd ?ng\t';a? S%ittﬁmr;gbgasf ii\)ﬁl/'
is very similar to that of HCI from C+C,Hg. Once again, P PPl Wi u

the spatial anisotropy indicates that very little excitation ap_d|atom systems. For atom/polyatom systems, such as

pears in the D fragment. The trend of increased back- Cl+C,Hg, transition-state forces can be more complex, and

scattering with higher rotational states is also observed foggslljﬁqat't?gnsf Aarslir'nmTgﬁg’:ﬂgﬁﬁft;ﬂgﬁeﬁﬂg'reosl ];grr:ﬁé
the reaction with perdeuterated ethane. X : P poly

molecule as a pseudo-diatomic, for example+8HC,H;s.
Thus, by assuming that energy is released along the C—H
bond, the linearity of the EH-C bond can be related to the
The reaction of atomic chlorine with ethane has beerfinal product rotational distribution.
studied using a photoinitiated scheme that allows the mea- State distributions for several €hydrocarbon reactions
surement of nascent state distributions and state-resolved diftave been published. Distributions from methane, propane,
ferential cross sections for the HCI product, as well as thend isobutane were reported by Varley and Dagdigtgmp-
average internal energy of theH; product associated with pane was reported by Koplitz and co-work&tsind perdeu-
each measured product state. The (€I0) product is terated cyclohexane by Flynn and co-work&rn all cases,

IV. DISCUSSION
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rotational excitation of the product was extremely low.reaction. This simple model results in a relation between
Based on an impulsive release model and analogy toeaction probability and impact parameter

Cl+CH,, for which a linear transition state is calculated?® b2

these rotational state distributions were used to predict tran- ET(

sition states for Cthydrocarbon reactions and to explain

measured product back-scattering foriClH,.%° This pre-  whereE; is the reagent translational energy, is the barrier
diction is verified for Ck-CD,, for which members of our energy, and is the impact parameter, normalized by a dis-
laboratory measured a cold rotational distribution and comtanced at which reaction occurs. This equation can then be
plete back-scattering for the DCI proddétin light of these  more broadly applied to yield a differential cross section,
data, the cold rotational distribution and broad, nearly isotrohased on the hard-sphere relation between impact parameter

pic scattering evidenced by €LC,Hs seem surprising, and scattering angle, to produce the following equatfns;
though they are similar to recent state and scattering mea-

1_32 BEo, (5)

surements on Gnlis_o_butané.7 We present an alte_rnate mo<_jel do l prd?,  —1=<CO0S #<COS Oy
for Cl+C,Hg reactivity that explains how isotropic scattering g cosg — (6)
is consistent with low HCI rotational excitation; furthermore, 0, cosfmax<cosf<1
the model presented is a direct extension of the model usequ
to explain Ch-CD, dynamics.

2E,

COSOpa=1— —. (7)

Er

A. Line-of-centers model These equations qualitatively describe the back-scattering

L ) . , observed for the G+CD, system, where co&,,,=—0.83.

Further insight into how a reaction scatters isotropicallyThe larger collision energy and smaller barrier for@LH,

with little rotational excitation is gained through analogy 1o i, ihis experiment yield co8,,,=0.93, essentially in agree-
. . ax . )

the correlated state and scattering measurements of the vibrgrant with the nearly isotropic scattering seen for the system.
tionally excited reaction GtCH, (v3=1).™ The HCl(b=1) A modified version of the line-of-centers model that includes
product from this reaction is no more rotationally excited ; pyrier dependence db—H—Cl transition state angle, as
than HClv=0) from Cl+CH, (v=0). In contrast to the  , agented by Smith would predict a decrease in scattering
backward—scatte.rmg.seen for the products from ground.—statﬁaltensity in the forward direction, in contrast to the step-
methane, the vibrationally excited products scatter with g nciion differential cross section described in E8). This

distribution peaked sharply in the forward direction. Theseyregiction would model the experimentally observed scatter-
products were posited to result from a nonimpulsive strlp-Ing more accurately; however, quantitative comparison to
ping mechanism that originated from collisions at large im-iis model requires knowledge concerning the-H—Cl

pact parameters that provided little or no torque to the degangition-state bending potential. Note that the simple line-
parting molecule. This system was proposed to show such g centers model makes testable predictions concerning

radical difference in behavior as a consequence of the vibraCHCZ,_'6 scattering as a function of collision energy. The

tional excitation of the reagent. The physical model pre-gcattering is predicted to remain unchanged at higher colli-
sented suggested that the vibrational excitation removed q

S h - ' ion energies, whereas lower collision energies are predicted
significantly lowered the barrier to reaction; a later quasiclasz, produce more side- and back-scattered distributions that,

sical trajectory study of this reactive system required a slighf, o the energy is comparable to the+CLH, barrier, will

well in the potential surface to reproduce the experimentalentyally mirror the complete back-scattering seen in the

38 . : : :
results® In a 5|mllar fashion, a small reactive barrl_er for 'Fhe Cl+CD, reaction. Because of the low activation barrier and
Cl+C;Hg reaction could allow analogous nonimpulsive 4, relatively high collision energy for the €C,Hg reac-

stripping for a vibrationally unexcited reaction, resulting in tion, the role of the ethane molecule is essentially that of a
forward-scattered product and low rotational excitation. The«yy| of hydrogens”; regardless of where the chlorine im-

barrier to the reaction is not known, but analysis of kineticpactS the ethane, a hydrogen atom can be successfully ab-
data yields an activation energy of 70 chat 220-600 K, stracted.

which is 4% of the 1900 cm' collision energy available to

the system. We propose that this large excess of collisioré5 HCI rotation and the Cl-H-C

energy is what accounts for the striking differences in scat- 2Hs transition state

tering between the GIC,Hg and CH-CD, systems; the bar- The transition state for the €ICH, reaction has been
rier height for the latter reaction is estimated at 1370 m predicted to be linear based ab initio calculations®>3®and
which is 90% of the 1495 cit collision energy. a narrowly constrained geometry is indicated by the small

The behavior of the GtCD, system was explained preexponential factor in the thermal rate expressiarsimi-
through the use of the line-of-centers motfelhis model lar calculation shows the @IC,Hg transition state to be
states that for an activated reaction, any given collision profinear® A first assessment might predict this geometry to be
ceeds toward products if and only if the reactive barrier istightly constrained based on the chemical similarities be-
exceeded by the collision energy along the line of centers ofween CH and GHg. However, the preexponential factor is
the reagents; motion transverse to this line does not affect theight times greater for the &IC,Hq reactiont which pre-
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dicts looser steric requirements at the transition state. Underonsequently, the rotational distribution is cold. Note that
the nonthermal conditions of this experiment, the-rCLbH;  this model attributes the cold rotational distribution of these
reaction produces hundreds of times more HCI product thaproducts solely to the kinematics of the reactive collision and
was seen in previous studies of the+@H, reaction. Al-  requires no assumptions of the transition-state geometry.
though this ratio cannot be made quantitative because of dif- Trajectories that result in back-scattered products require
ferences in the nozzle expansion, we conclude that ethane $¢ronger interactions, as the chlorine atom must abstract hy-
far more reactive than methane, beyond the extent explairdrogen from the ethane and then recoil from the ethyl radi-
able by the differences in product scattering between the twoal. These products might be expected to be formed more
systems. For any scattering angle, and for any HCI produdmpulsively. Back-scattered products are indeed correlated
state, the interaction of chlorine atoms withHg is more  with higher rotational states, as can be seen from the rota-
likely to proceed toward reaction than for gHNe draw the tional dependence of the differential cross section presented
conclusion, based on thermal rate data and the observéd Sec. lll D. Even the back-scattered products, however, are
magnitude of our signals, that a larger proportion of thenot rotationally excited significantly compared with the total
Cl+C,H, potential energy surface is reactive—that is, theenergy available to products. By assuming these products are
reaction proceeds through a “loose” transition state. formed impulsively, we can predict a strongly linear transi-
While a loose transition state and broad, near-isotropidion state geometry; however, a nonimpulsive mechanism
scattering are in accordance with a large thermal rate for thand a geometrically unconstrained transition state are more
Cl+C,Hg reaction, these must be reconciled with the ex-in accordance with the observed reaction rate.
tremely cold measured product rotational distribution. ~ The chemical similarity of the GICH,(CD, and
Simple models of reactivity describe the rotational excitationCl+C;Hg reactions is reflected in that both abstractions pro-
of the product as the result of an impulsive “push” at the ceed via direct dynamics, and both are explained qualita-
transition state. These models suggest that a cold rotationively by a simple line-of-centers model, indicating that re-
distribution indicates that th€—H—Clbond is always linear ~agent translational energy along the reactivet&-C axis is
at the transition state, resulting in little or no torque concomi-effective in surmounting an energetic barrier to abstraction.
tant with product formation. This strict geometrical con- Differences in product scattering are explained under this
straint is at odds with the observed reaction rate. A similaimodel as the direct result of a lower energetic barrier for the
discrepancy was discussed for ther@l;D,, (deuterated cy- Cl+C,Hg reaction. We propose that the similarity in product
clohexang reaction by Flynn and co-workef$,who also ~ rotational state distributions does not indicate similar geo-
measured cold DCI product rotational temperatures. For thahetric constraints for the two reactions, and we rely instead
system, it was suggested that low-frequency modes of then thermal reaction rate measurements to predict a loose,
hydrocarbon reactant could allow a large thermal rate and geometrically unconstrained transition state for+ChHg.
linear transition state. Under this modeL the Zero-point mo.ThiS loose transition state is reconciled with the observed
tion associated with C—D bending modes was posited to beold rotational distribution by the proposal of a reaction
sufficient to bring the reactants into a linear configuration formechanism that does not involve significant impulsive re-
a large percentage of collisions. This model could be applietease of energy into products. A further experimental verifi-
to Cl+C,Hg but does not explain in a fully satisfactory fash- cation of the differences between thet@H, and Ch-C;Hg
ion why similar C—H motions in the GICH, reaction result transition states is available in the study of the effect of re-
in a far smaller thermal rate. agent vibrational excitation on reactivity. Previous studies of
We submit an alternate explanation wherein products ar€l+CH, (v;3=1) have shown that the effect of vibrational
formed without impulsive release. The connection betwee@Xcitation is to both lower the energetic barrier and to loosen
transition-state bend angle and product rotation results frordeometrical constraints to reacti&t:*A similar study of the
a model involving sudden forces at the transition state. Thigeaction of chlorine with vibrationally excited ethane is the
connection is complicated by forces of longer duration or oftopic of a forthcoming publication.
longer range than are normally considered in the domain of ~The preceding arguments show that no straightforward
the reaction transition state. Therefore, any reactive mechdglationship necessarily holds between the reaction
nism that does not require a sudden force on the departingjansition-state geometry and the measured rotational state
hydrogen atom allows low rotational excitation to resultdistribution. The results presented in this paper also demon-
from a wide range of geometries. strate that no simple correspondence exists between state and
Forward- and side-scattered products from+ClHg are  scattering distributions. We emphasize that both product
assumed to result from near-miss and g|ancing impacts of th@ate distributions and scattering information are necessary to
atomic chlorine on the ethane. Because very little of thedetermine the broader dynamics of the studied system.
translational energy is coupled into the reaction coordinate
for these traje_ctc_mes_and be_cause these traJ_ectorles requige  NOWLEDGMENT
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