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Dynamics of the Reaction OfP) + H,S — OH + SH. 2. State-Resolved Differential Cross
Sections and Angular Momentum Correlations
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Measurements are reported of Doppler resolved polarized laser-induced fluorescence of the OH product of
the OEP) + H,S reaction, leading to estimates of the differential cross sections and angular momentum
correlations in the system. &) was produced with translational energy above the barrier to reaction by the
polarized 355 nm photolysis of NOThree quantum states were studied in detail. For the most populated OH
level, " = 1, N" = 6, the scattering for the 'AA doublet was found to be largely sideways/backward, with

the remaining energy appearing as product translation, and measurements of avelagieet scattering
showed similar behavior for the’ A doublet. The same scattering dynamics were observed far'the0,

N" = 13 state. For the rotationless = 1, N" = 1 state the results were more ambiguous, but if the same
distribution of available energy appeared in the SH fragment as deduced for the measurements on rotationally
excited OH, then the scattering was seen to be clearly backward. Polarization measurements of the two OH
levels withN" > 1 showed that the angular momentum veciowas directed perpendicular to the plane
containing the relative velocity vectors of reactants and products. A model of the scattering is proposed
through a planar transition state and is able to account qualitatively for these observationsvetttre
characteristics of the reaction, together with siealar attributes (quantum state populations) reported in the
previous paper. The model predicts that the SH coproduct will be scattered largely forward with respect to
the OEP) atom velocity, with low internal energy, and dominantly in thé A doublet.

I. Introduction momentum differential cross sectiot?°Recent experimental
work includes the work on @D) and HES) reactions by
Fﬁrouard, Simons, and co-workers, including the full angular
c o . :
Jnomentum polarization of the benchmark reaction 3 vith

have provided the opportunity to probe the products of a reaction H2:* >° The reaction of HS) with O, was studied at a variety

on a quantum state resolved level and to derive their angular©f collision energies by Hall et at12 showing the opening of
scattering and rotational angular momentum polarization, al- @ different reaction geometry at the conical intersection of the
lowing the stereodynamics of simple bimolecular reactions to A2 and 2B, surfaces. Zare and co-workers have studied the
be fully elucidated. Two different strategies have been pursued.reactions of CRPs/») with methanes and ethanes in great detail,
The first is the marriage of laser-based probe techniques with producing state-to-state differential cross sections and fully
traditional crossed molecular beams, for example, in the resolving the available rotational polarization parameters in the
reactions of O{D)/S(D) with H, or CN + D, by Liu and co- production of DCI¢" = 0,J" = 1) from the reaction with Cp
workerst~* The second involves the production of a transla- and GDg.212427
tionally hot atom with a known velocity distribution by laser
photolysis of a precursor molecule and has been pursued by S
number of groups using two laser-based probe methods,
olarized Doppler resolved laser-induced fluorescence (LIF), ] .
Senerally undF()eF: “bulb” condition%;2° and resonance-enhan(ced) product. OfP) is produced from the 355 nm photolysis of NO
multiphoton ionization and time-of-flight detection (REMPI- forming atom_s with the|r_ vel_ocmes aligned in the laboratory
TOF), involving coexpansion of the reagents in a molecular frame, and suitable combinations of photolysis and probe lasers’
beam?1-27 The earliest LIF experiments resolved only speed- relative propagation vectors and polarizations allow the cor-
averaged vector correlatio”dut subsequently, it was shown relations between the velocity vectors of reagents and products
that the laboratory velocity distribution of the products contains and the angular momentum of the OH fragment to be deter-
information about the differential scattering cross sectiéh.  mined. The results complement the product state/aidublet
Laser probing is also sensitive to the product rotational angular distributions reported in the preceding paper (paf Bnd
momentunt® and both the LIF and REMPI-TOF techniques together display how the great detail of information now
have been shown to return product state resolved angularavailable from such experiments may produce a simple coherent
picture of the reactive process. The most significant result is

* To whom correspondence should be addressed. E-mail: gus.hancock@that OH is observed to be mainly sideways-scattered, with its
chemistry.ox.ac.uk. Fax:+44) 1865 275410. tati | | t directed dicular to th
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tory, Upton, NY 11973-5000. scattering plane containing the relative velocity vectors of
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The field of reaction dynamics is evolving toward ever more
detailed preparation of reagents and measurements of produ
final states. In the past few years new laser-based technique

The experiments presented in this paper represent an attempt
determine the stereodynamics of thé®)(+ H,S reaction
using polarized sub-Doppler LIF detection of the ORIR
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Figure 1. Experimental Docker geometries A, B, and D for the
photolysis and probe lasers’ propagation vectoasnd electric vectors
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reagents and products, i.e., that it departs from the transition
state with a “frisbee” type motion.

Il. Experimental Section 15
The apparatus was described in detail in the preceding paper (b)
(part 1)3* and only the essential differences are noted here. The
experiments were performed in the same reaction cell as before,
with equal partial pressures of 50 mTorr of Nénd HS. The
photolysis laser beam was propagated relative to the probe laser
and detection axes in three geometries, as defined by DBcker
as A, B, and D and shown in Figure 1. The product OHTX
was probed using LIF via the AX transition on the (0, 1), (0,
0) and (1, 1) bands. Probing on the (0, 1) band used LDS698
dye in methanol, while probing on the (0, 0) and (1, 1) bands
used DCM dye in MeOH. The probe laser bandwidth was
narrowed by insertion of an intracavity etalon with a free spectral
range of 10 GHz and a finesse of 14. The resulting time- 0 ! |
averaged bandwidth in the fundamental was measured to be -0.25 0.00 0.25
0.025 cn1? using a spectrum analyzer (Burleigh PLSA). The . -1
fundamental frequency was then doubled in KD*P to give Doppler shift / cm
radiation in the region 346345 nm for probing the (0, 1) band  Figure 2. Measurements of the probe laser bandwidth on th¢8P

and in the 316-316 nm region for probing transitions in the transition of the (0, 0) band of OH at 298 K. Part a shows the
(0, 0) and (1, 1) bands. The probe fluence was more than experimental LIF profile (points) together with the fit to the data as

2 . . . explained in the text. Part b shows the laser spectral profile deconvoluted
sufficient to saturate main branch transitions in the strong gqm the fit to the data.
diagonal bands and was accordingly attenuated using crossed
Ic.)olarllzers]; The T\bserz]nce k?f ;aturatlon \(/jvaﬁ co'Tf'rr“fed by the  peconvolution may in principle be made by Fourier transform
inearity of signal with probe fluence, and the ratio of main to methods, but these are extremely sensitive to noise in the input
subbranches agreed with the calculated transition probab|I|t|es.data and are not constrained to produce physically realistic

In addition thg form of f[he Doppler proﬂlesz was Invarant o e i, Instead, the probe laser bandwidth was determined using
laser fluence in the regime usgﬂ,40 u cm = Spectra were an iterative constrained nonlinear deconvolufiénn this
rTcordsd |n|_scans o_fh1.32_gr’mr} tEe uItravlloIet toﬂensurg a” approach the known Gaussian transition line shape is convoluted
\(/:vﬁﬁnSOals:sgre :hnoteslt peerr Sg)o?n? \t/vi(teh DSOC?CE) (:)rC)iFr)1 rtc; Ic?é)\})e{[r)ilr(\:gal g by a Fourier transform method with a response function and a
transition ’ starting guess at the laser line shape, and thg regu_lt_ is compared
) with experimental results. The response function, initially chosen
. for convenience to be the measured line shape, is then altered
lll. Probe Laser Bandwidth to reduce the deviation from the experimental result, and the

The shape of the measured Doppler profiles includes a process is repeated. At each step the response function is
contribution from the form of the laser bandwidth, and an constrained to be positive and is smoothed using a Fourier
accurate knowledge of this is essential for successful analysedransform low-pass filter. The process is repeated untilythe
of the results. The laser spectral profile may be obtained by values indicate that the result has converged, at which point
deconvoluting the contribution it makes to a known spectral the response function represents the laser spectral profile. Figure
line shape, in this case a translationally thermalized OH 2 shows an average of nine experimental scans acrossthe P
transition, provided by OH from a microwave discharge (EMS (8) transition of the (0, 0) band together with the fitted result
Microtron 2.45 GHz) in room-temperature;®/Ar. The true from the deconvolution, and Figure 2b shows the resultant
OH line shape is a Gaussian within the resolution of the deconvoluted line shape. The fwhm, 0.06¢ixis a little over
experiment, and the Doppler profile recorded by scanning the twice that of the fundamental bandwidth as measured by the
probe laser over this transition will be a convolution of the spectrum analyzer, and the broad pedestal is thought to arise
Gaussian and the probe laser spectral line shape. from incomplete suppression of the unnarrowed bandwidth by
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the etalon. The bandwidth should be compared with the smallestCM speed and scattering angle and for any combination of the

Doppler widths measured in these experiments,2 cn?, and
as will be shown later, the precision in the differential cross

initial velocities of the reagents.
Composite Doppler profiles for use as basis functions in the

sections extracted from such data is dependent on a knowledgebackfitting of experimental data have been formed in the
of the laser bandwidth. following fashion. Velocities were selected by a Monte Carlo
method from the initial velocity distribution of the &) atom

and the target k& molecule thermal velocity distribution. For
given initial and final states it is possible to calculate the
available energy that can be released as translational energy in
the CM frame. In an A+ BC reaction this will result in a single
possible product CM speed, whereas in the current system
energy may be partitioned into the internal degrees of freedom
of the coproduct SH. A set fraction of the available enefgy,

is thus assumed to be partitioned into product translation for
each basis function in this case. A single polar scattering angle
0y is chosen, while the azimuthal scattering angle is selected
from a uniform distribution. Composite Doppler profiles
Dg(0,0;Up) and DS(Z,O;U,J) can be generated using the relations
listed in the Appendix. This procedure is repeated iteratively
until the results have converged; they are then averaged and
convoluted with the experimentally determined laser line shape
function. A full array of basis functions spanning the space of
the CM scattering anglé, and fraction of available energy
released in translatiofr may thus be formed by repeating this
procedure for the different values of these parameters.

B. Fitting Doppler Profiles. The experimental data are
assumed to be formed from a linear combination of the
constructed basis sets, and thus, a suitable fitting routine is
needed to return the differential scattering cross section and
translational energy release. Several different fitting methods
have been explored and have been found to produce equivalent
. . I results for the determination &f(cos6,) and P(Ft), and two
Here,zp is the measured LAB frame Doppler velocity projection, of these are presented here. The first assumes that the distribu-

andP; andP, are Legendre polynomials. Thggare functions .
that contain geometrical terms, dependent on the experimentalg?/ns of the two parameters are separable and can be represented

geometries (the Docker cases described in Figure 1), on the
particular type of transition being excited (P, Q, or R branches)

IV. Differential Cross Sections from Doppler Profiles

A. Velocity-Dependent Correlations. The basic principle
behind the determination of differential cross sections from
photoinitiated bimolecular reactions was originally elucidated
by Shafer et a2 and the analysis used in the present work is
similar to those described by Brouémhd Halll112We define
the LAB frame of reference as that in which the electric vector
of the photolysis laser forms theaxis, and the hot atom A in
the reaction

A+ BCD—AB + CD (2)

has a velocitya(va,0a,¢a) With an angular dependence defined
by the photodissociation through the translational anisotropy
factor (the distribution of the values @, the angle between
va and thez axis). In the LAB frame a given value ofg, the
speed of the AB product, results in a Doppler profile that has
the forn$-6

D(s) = 5+ %
(vp) = T[QO(UAB) + gZ(UAB)PZ(E) +

AB
Yp
94(Vag) P4(U_)] ;

AB

—Upg < U < Upg (2)

and observed (all possible branches in the present experiments), P(Fy) = F%(1— Fp)° 3)
and on the bipolar moments of the vectors describing the
velocities and angular momenta of reactants and products. The P(cos6,) = (cos6,)(1 — cos@u)d 4)

last correlations are the results that we seek.

We measure Doppler profiles in the LAB frame, whereas the \here cog, has been rescaled to range from 0 to 1. These
scattering takes place in the center-of-mass (CM) frame. Directfynctional forms have the flexibility to represent plausible
inversion of the LAB frame product velocity distribution to give  physical distributions while suppressing unreasonable oscilla-
the CM distribution is impractical, since the frame transforma- tions and enable the complete scattering angle and energy
tion and initial distributions of parent velocities preclude a gjstribution to be described by four variablasb, ¢, andd.
unique solution. However, forward simulation of a LAB frame  The four-dimensional parameter space of this representation has
Doppler profile is straightforward for a given CM scattering peen searched for @ minimum using a simplex algorithif.
distribution and is described in detail in the Appendix. To extract At each iteration of the algorithm trial values of the variables
the scattering dynamics from the experimental data, we take 3¢ were used to construct trial composite Doppler profiles

appropriate linear combinations of profiles taken with different DO(O,O;z/p) and DS(Z,O;U,)) subject to the constraints that the

. . 0
geometries and rotational branctfésVe construct two LAB  propapilities be positive and sum to unity. These trial profiles
frame “composite profiles”, which we refer to ag(o,o;up)

were then used to evaluate thef with the Doppler profile

and D(2,0;). These form respectively a “top-hat” profile  data. Restarting the algorithm in disparate regions of the
dependent purely on the speed of the product in the LAB frame, parameter space confirmed that §ifeninimum found was not
and a profile whose width is dependent on the speed and whoseurely a local minimum. We call this fitting routine the separable
shape is dependent @h, where6, is the CM angle between  variable method (SVM).

the V6|0City vectorsk and k' and giveS information on the The second method, used by several groups prev|6l}é&
differential cross section. These composite profiles are formed js that of singular value decomposition (SVD). The basis sets
from sums and differences of the Doppler profiles at various for the two composite Doppler profiles were fitted simulta-
Docker geometries (A- B + D for DY(0,0p), the average of  neously to the experimental data, providing a rigorous least-
A —Dand B— D for Dg(z,o;up); see Appendix), and it can be  squares answer. This fitting procedure assumes that the differ-
seen that data of high precision are needed to extract theential cross section arfer distribution are nonseparable. After
differential cross section from differences in observed line the SVD procedure has been applied to the basis set a series of
shapes. We can thus form composite Doppler profiles for any linear combinations of the basis functions are returned, along
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with a weighting vector. Unphysical oscillations in the returned
differential cross section were suppressed by taking only those
combinations returned with a weight that 5% of the
maximum. The combinations taken are then backfitted to the
data to return the appropriate coefficients. Increasing the number
of combinations taken did not significantly increase jieof
the fit. The SVD routine does not apply the physical constraints
of positive probability and sum to unity on the fitted distribu-
tions. A simulated annealing, or maximum entropy, procedure
was also tried, and the results from this were not significantly
different from those given by the SVD routine.

C. Angular Momentum Correlations. The Doppler profiles
are also dependent on the correlated distributions of velocity
and angular momentum vectors, represented by the bipolar
moments excluded in the composite profilB%(0,0;yp) and
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D3(2,0,) used for differential cross section determination.
Polarized angular momentum differential cross sections have
been formalized and their treatment and measurement exten-
sively described both for REMPI-TOF experiments and LIF
Doppler profiles?®29The angular momentum correlations have
generally significantly smaller overall effects on the Doppler
profile line shape, and such a detailed analysis requires
exceptionally high-quality data. The relatively low signal to
noise, coupled with the poor initial definition of the system,
precluded a detailed analysis in this experiment. The angular
momentum correlations have instead been treated in a semiclas-
sical fashion via an extension of the Monte Carlo forward
simulation technique used for the differential cross sections, and
the details are described in the Appendix. An assumed angular
momentum distribution is used to generate composite Doppler
profiles. The same procedure is used as for the differential cross
sections, with the addition of the selection of the CM angular
momentum angles for each scattering angle and fraction of
available energy in translation. Simulations of the experimental
data can then be formed using the measured differential
scattering cross section and energy distribution.

Doppler shift / em”

e
%

e
=N

Signal / arb units
N
=S

e
S

0.0 Wﬁg ! ! o~

0.3 01 00 01 02 03
Doppler shift / cm”

Figure 3. Examples of single-scan Doppler profiles taken in Docker
geometries A (filled circles) and B (open circles) for thg(P3) line
. of OH taken on the (0, 0) band (a) and the(@®) line taken on the (0,
Doppler profiles need to be taken for the three Docker 1) pand (b). Average rotational alignments for use in normalizing the
geometries A, B, and D, probing Q, P, and R branches in order Doppler profiles were calculated from the integral areas of multiple
to eliminate angular momentum effects, but for the OHXA scans and are given in Table 1.
transition there is an additional complication in that the strong
Q, P, and R branches (those wittd = AN) probe opposite\ Agz)(LAB) is the LAB frame averaged rotational alignment of
doublets (for example,  probes the A, Pi; and R; each the product OH with respect to the LAB framexis, the electric
probe the A). This can often be overcome by measurements of yector of the photolysis IaseA(()Z)(LAB) may be conveniently
both the main and satellite lines originating from the same  measured by recording the integral intensity of the transition
doublet level (e.g.,, the Qand B lines), which are split by  for two orthogonal polarizations of the photolysis laser, using
the spin rotation doubling in the upp&X state. In the present  the experimental Docker geometries defined as A and B in
work this has not always been possible as explained below, andrigure 1. The measurements were made during the same scan
in one case\ doublet averaged vector correlations have been by rotating the polarization of the photolysis laser with an
measured. electrooptic switch, a KD*P crystal across which 3.2 kV was
A. Averaged Rotational Alignment. The construction of the  applied. This technique does not suffer from beam walk and
composite Doppler profiles requires that the profiles taken at avoids systematic errors caused by slow drifts in experimental

different geometries and on different branches be correctly conditions. Our measured vector correlations have concentrated
normalized to one another, and this needs to take into accounton three levels, namely, both' And A’ A doublets of the"

any rotational alignment in the LAB frame and the angular = 1 N = 6, F, state and the’” = 0, N’ = 13, R, A’ A

momentum coupling and geometrical factors. This can be donedoublet. The average rotational alignments for these three levels
by integrating the area of the whole Doppler profile and \yere measured from the integral areas of Docker A and B
renormalizing such that the integral intensity is given by geometries probed by the;R6) and Q4(6) transitions of the

(0, 1) band, and the J®13) transitions of the (0, 0) band,
respectively. Examples of single switched scans of thg6)

and B(13) transitions are shown in Figure 3 and indicate the
relatively low signal-to-noise ratio for a single scan. A test of
where theb, premultipliers are as defined in the Appendix and any systematic bias in the alignment of the laser beam or in the

V. Results

| = by + blg @(LAB) 5)
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TABLE 1: Measured Areas for Doppler Profiles Taken at Geometries A and
B, with the Extracted LAB Rotational Alignment Factors AZ(LAB)?

transition AJ/B ratio AP(LAB) integral A integra B & D
QiAl),v=1,A 1.000 1.000
Ri1(6), v =1, A’ 0.999+ 0.010 0.002+ 0.016 1.06Gt 0.011 1.06Gt 0.006
Qu(6),v =1, A" 0.954+ 0.015 —0.029+ 0.010 0.874+ 0.010 0.916+ 0.005
P21(6), v =1, A" 1.062+ 0.006 1.028+ 0.003
Pox(13),0 =0, A 1.041+ 0.012 —0.04+ 0.011 1.07'# 0.008 1.033t 0.004
Qi2(13),v =0, A’ 0.852+ 0.011 0.912+ 0.005

aThe final two columns give the normalization factors for the areas measured for geometries A, B, and D calculated via eq 5. The quoted errors
are 2r from the results of multiple scans of the type shown in Figure 3.

fluorescence imaging system can be made by recording thealignment measurements demonstrated the possibility of dif-

integral intensities from switched scans of thg(Q) transition,
which cannot display a LAB frame rotational alignméfthese

ferent scattering dynamics in the twodoublets, and thus we
need to treat these averaged data with care.

measurements were made both on the (1, 1) band with product (2) A high rotational state of the ground vibrational level was

from the O+ H,S reaction and on the (0, 0) band with product
from the 355 nm photolysis of HONO and showed no such
bias, yielding an average A/B ratio of 0.9990.007.

The results of all the measurements are given in Table 1,
where the resulting integral areas in the three experimental
geometries used for normalization of the experimental Doppler
profiles are given with @ errors from multiple scans of the
type shown in Figure 3. The results for the=1,N" = 6, F,

A" and thes” = 0, N’ = 13, k, A’ states both show small
negative LAB frame alignments, while th& = 1, N"' = 6, F,

A’ state shows no alignment within the experimental precision.
Dramatically different polarization dynamics for states differing
only in electronic orbital alignment have been seen befbté.

In each of these cases the polarization was lost on the les
populated of theA doublets and was assumed to be the result

of exit channel effects after the reaction had proceeded on a

single surface. In the present case the\Adoublet is the major
channeP! and the R,(13) transition, which also probes the A

A doublet, shows the strongest alignment. The lack of a LAB
frame rotational alignment does not necessarily imply a lack of
a center of mass frame polarization because of the frame
transformations and averaging effects in the experimental
system, but the different LAB frame alignments, if significant,
do imply either different polarization dynamics or different

S

probed, thes” = 0, N’ = 13, F,, A’ state via the §(13) and
Q12(13) transitions of the (1, 1) band. The preceding p#per
shows that OH/" = 0, N < 6 is produced in the N&H,S
system as a result of the photolysis of HONO, a seemingly
unavoidable contaminant. Furthermore, levels uiNto= 12

are formed by energy transfer from internally excited NO
(produced from the 355 nm photolysis of Mdnto the OH
product of HONO photolysis\N"” = 13, however, was found to
be a nascent product from the-©H,S reaction only.

(3) Finally, the lowest rotational statdl’ = 1, F,, A’ was
probed fors" = 1. The rotational angular momentum of this
state can only be oriented, not aligriédand the only effects
on the shape of the Doppler profiles measurable with the linearly
polarized light used in this study are from the differential cross
section and translational energy release. Doppler profiles are
thus only required from one branch and were acquired via the
Q12(2) transition of the (1, 1) band.

Multiple Doppler profiles (6-10) of each transition were
recorded at each geometry and were averaged to improve the
signal to noise. In all cases the profiles were taken over the full
line shape andahot symmetrized. The averaged profiles were
then renormalized to the correct integral areas as given in Table
1. The composite Doppler profileé®3(0,0;,) and D3(2,0:,)

translational scattering dynamics. This point is discussed in Were then constructed using these averaged profiles and the
section C below. We finally note that the A/B measured ratios '€levant angular momentum coupling factors as described in
shown in Table 1 are close enough to unity to allow rotational Table 2. The data from the,6) and R1(6) transitions probed
state distributions to be determined (and reported in the o the (0, 1) band were also used to construct composite Doppler
preceding papéh without correction for the rotational align- ~ Profiles, averaging the LAB frame rotational alignments mea-
ment. sured for these two states.

B. Differential Scattering Cross SectionsDoppler profiles Basis functions were then calculated for each quantum state
were acquired for three differemt’, N’ quantum states of the  using the Monte Carlo simulation program described above. The
OH product. exothermicity of the reactidd was taken as-49.4 kJ mot?,

(1) The first is the peak of the rotational distribution:iti= and the OH state energies were taken from the data of Dieke
1, namely,N" = 6 in the R spin—orbit manifold. Doppler and Crosswhité® The OEP) velocity distribution was repre-
profiles were acquired in two ways. First, the(®) and its sented by two equally weighted Gaussians with standard
satellite By(6) were recorded on the (1, 1) band resulting in deviations of 200 ms! and centered on 980 and 1600 Ths
differential cross sections for the" = 6 A" A doublet. with the translational anisotropie8 set to 0.46 and 0.66,
Unfortunately, the more populated state could not be probed  respectivel}:? Recent measurements in this laboratory of the
because of blending in the required ) + Q1(6) lines. NO guantum state dependghvalues in the 355 nm photolysis
Correspondingly, measurements were made olthe 6 level of NO; suggest that the GR) anisotropy will be speed-
probed in the (0, 1) band, but here another problem arose:dependent, but the bulk of the distribution, particularly for the
although good data could be taken on the strong@R and high-velocity atoms, which will have sufficient energy to
Q11(6) lines (probing A and A’ levels, respectively) the  surmount the barrier, is well represented by these vatiese
corresponding satellite lines §¢)6) and B1(6)) were too weak probe laser bandwidth was taken as the deconvoluted function
to be recorded with the precision required. Thus, although we shown in Figure 2b. The basis functions were then calculated

present the fully resolved data on thée' Aevel, the only
information that we have on the' Aevel must be inferred from
the A doublet aeraged data. The LAB frame rotational

as an evenly spaced grid in scattering angle,&psnd as a
fraction of available energy released into translatien, with
11 values in each parameter and witl itérations of the Monte
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TABLE 2: Terms in the Composite Constructions?

composite construction resulting profile
f
1 (U3)(A+ B+ D)Pgg® — (Y3)(A + B + D) D5(0.0z) =5 —
AB
3B, (va)
— D)Pgo® — (A — D)Rgp@ AU v
2 (A —D)"a'® — (A — D)%% D3(2,01,) = — 2 : Boyona(Vae) pz(U_P)
AB Al
3B, (va)
— D)Pgo® — (B — D)Rq@ RN v
3 (B-Dfw?-@E-D% oie0) =~ 55 B P )
4 @A+ B+ D)ge® — (Ys)(A + B + D)0 D022y = X8y (4
o p) 208 2 UpB
5 (A — D)Pgo® — (A — D)Qgp® 5 L f ﬁuA(UA) 6 9 Uy
Q Do(0.23p) = — 200 2 gﬁUAJ(UAB) + gﬁvAZL/ABJ(UAB) P s
B, (a) v, v
6 (B — D)Paq® — (B — D) 20090 )= 1 " 12 )9 N
Dy(2.23,) 20 2 7 ﬁuAuABJ(UAB) P, Vs 7ﬁyAz,,ABJ(UAB) Py Uas

aThe sum or difference of profiles taken on the same rotational branch are listed, for example, in the fer®)fAsignifying the difference
of the geometry A and D profilesroa Q branch. The™ are the angular momentum coupling terms defined in ref 32, suitably weighted and
averaged to account for emission over multiple branches. The resulting profiles include thef factqe®qo® — qo©@ge?) and Bam(vas), the
bipolar moments defined by the moving frame vector correlations. Profile 1 is dependent simply on the speed of AB, the “top-hat” profile described
in the text. Profiles 2 and 3 give the same information, nanf&lyvas(vas), Which is dependent on the magnitudefpf the CM scattering angle,
and hence yields information on the differential cross section. Profitésebntain angular momentum dependent bipolar moments that will yield
information on the product angular momentum polarization.

Carlo selection procedure performed for each element of the there was no significant variation in the differential cross section
array. The reaction has a barrier estiméied 14.2 kJ mot?, with the energy release.
and the effect of introducing the barrier as a step function in  The results for thes” = 1, N' = 1, F, state are more

the reaction probability was to increase the apparent anisotropyequivocal. The signal to noise was poorer for this state because
of the OFP) velocity distribution. The overall effect on the basis g jts relatively low population, and the fitting routines returned
functions was small, and no significant changes in the fitted ¢ \egyits shown in Figure 7. The differential cross section

.(::ff(ter:.ent]lgl ﬁrgss 'Sl'i(:lobnas .We;enfgtggr? on (lar:glu:mg r;hee db?orr'ﬁ.ra appears to be more broadly isotropic with significant energy
; IS tasnion. 1n SIS functions wi ssu ) released into SH product rotation. A closer examination of the
insufficiently sensitive to the barrier for more complicated . - . .
. S basis functions reveals, however, an ambiguity for this energy
functions to be justified. release: forward-scattered products with low translational ener
The basis functions were then fitted to the composite Doppler ) 8 - P ) ay
produce profiles similar to profiles of backward-scattered

profiles using the two different fitting procedures described . . . .
previously. The SVD fits were truncated to the first five or six products with high translational energy. Simulations showed that

singular values, those with weights5% of the maximum.  the fitting routines were unable to distinguish between these
Inclusion of lower weighted components did not significantly WO cases even with noiseless data and illustrate the problems
improve the returneg? but introduced unphysical oscillations ~associated with the analysis of Doppler profiles when the
into the distributions. The errors shown on the SVD fits come Ccofragment has internal energy levels. Accordingly, an assump-
directly from the covariance matrix of the SVD procedure and tion was made that the translational energy release was similar
are shown as @ confidence limits. to that observed for the two previously determined states, and
The composite Doppler profiles and fitted functions for the the basis functions were contracted across suitable energy release
V' =1,N" =6, R, A" A doublet probed on the (1, 1) band distributions. These contracted functions were then fitted to the
and those for the averagéddoublets probed on the (0, 1) band data, and the result shown in Figure 8 yieldgaalue similar
are shown in Figure 4. The returned differential cross sectionsto that of the unconstrained fits of Figure 7 but now with a
and translational energy releases are shown in Figure 5 for bothdominantly backward-scattered differential cross section. Clearly,
probing and fitting schemes. In each case the unconstrained SVDthe results are ambiguous and must be interpreted with the help
fit shows some unphysical negative excursions but overall shows of the other dynamical information obtained about the reaction.
the same general form as the much more tightly constrained the gyerall shape of the distributions shown for tHe= 1,
SVM fit. The SVD distributions have been summed to provide \p — 6, ands’ = 0, N = 13 states is thought to be well

integral differential cross sections over the translational energy determined because the qualitative shape of Iﬂﬁ@ 0)
1 YyUp

and the energy distribution integrated over the scattering angle, =~ :
since no significant variations were seen in the differential proflles could only be reproduced for product scattered sideways

scattering cross section with translational energy release. The" the CM _frame W'th a speed that is near that corresponding
major conclusion from these data is that the product in each ©© e maximum available translational energy. As an example
case is seen to be scattered predominately sideways but witf?" the magnitude of the variation of the composite profiles
an asymmetry toward backward, with the translational energy Prought about by changes in the scattering dynamics, we show
distribution peaking at the maximum energy in product transla- in Figure 9 the calculate®g(0,0;) and Dj(2,0:,) functions
tion. for fully forward and fully backward scattering in OH' = 0,

The results for the'' = 0, N”" = 13, R, A’ state are shown N = 13 (in this case witlirr constrained to the form shown in
in Figure 6. The returned differential cross section is found again Figure 6). The extreme cases should be compared with the best
to be sideways/backward scattered with the available energyfit (for sideways/backward scattering) shown in Figure 6. The
partitioned predominately into reagent translation, and again, marked differences are the result of favorable kinematics of this
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Figure 4. Experimentally derived composite Doppler profiles of
nascent OH (filled circles) together with their fits from the unconstrained
SVD method (solid lines) and the constrained SVM method (dashed
lines). In parts a and b the composite profiwo,o;up) andDg(Z,O;yp)

are shown for the = 1, N’ = 6, F, A" level, probed in the (1, 1)
band, and in parts ¢ and d these profiles are shown fotldeublet
averaged levels in the’' = 1, N’ = 6, F, state.

reaction at this collision energy and give us good confidence
in the broad conclusions of the scattering dynamics.

C. Angular Momentum Correlations. The full description
of the angular momentum correlations in the CM frame provides
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Figure 5. Differential cross section®(cosf,) (a) and fraction of
available energy appearing in translati®{Fr) (b). Data are for the

V" =1, N" = 6, F, pure A" A doublet probed on the (1, 1) band
(filled circles, SVD fit; open circles, SVM fit) and for thé’ = 1, N"

= 6, F; averagedA doublet probed on the (0, 1) band (small stars
with error bars, SVD fit; large stars, SVM fit). In all cases the scattering
is seen to be sideways (cs~ 0), with an asymmetry toward the
backward (co®, < 0) rather than forward (co%, > 0) hemisphere.
Both sets of fits produce essentially the same scattering, with the
unconstrained SVD fit showing unphysical negative values for the
differential cross section for cd, close to unity.

a daunting problem for an attempt at forward simulation. A
complete description of the angular momentum polarization
would require 2(J + 1) — Y/, polarization-dependent differential
cross sections for each value of fRedistribution?® and clearly
some simplifying assumptions must be made if we are to
proceed. The first assumption that has been made is that the
angular momentum polarization is independent of the cofrag-
ment internal energy. This is justified on the sharply peaked
translational energy distribution for the reaction and the invari-
ance of the differential scattering angle cross section with
translational energy, both of which indicate a single scattering
mechanism. The second assumption is that the angular momen-
tum polarization is independent of scattering angle; i.e., the
polarization-dependent differential scattering cross sections are
isotropic. The dominately sideways scattered differential cross
sections do suggest a single scattering process, unlike, for
example, the forward/backward scattering observed in tHe H
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Figure 6. Composite Doppler profiles and returned differential cross Figure 7. Composite Doppler profiles and returned differential cross
sections and distributions of translational energy forithe= 0, N' = sections and distributions of translational energy forithe= 1, N =
13, R, A’ state of OH. Parts a and b show the experimental data, 1, F, state of OH. Parts a and b show the experimental data, together
together with the SVD (solid lines) and SVM (dashed lines) fits. Part with the SVD (solid lines) and SVM (dashed lines) fits. Part ¢ shows
¢ shows the differential cross sections for the two fitting methods, SVD the differential cross section and part d the distribution of fractional
(open circles with representative error bars) and SVM (filled circles), translational energy for the SVD (open circles) and SVM (filled circles)
and part d shows the corresponding distributions of the fractional methods. As explained in the text, the fitting routines yield ambiguous
available energy in translatioRy. Scattering dynamics are very similar  results.
to those for the" = 1, N = 6 states shown in Figure 5.

There are three simple limiting cases of the relationship of

CO, reactions where the angular momentum polarization was the rotational angular momentum to the scattering plane that
found to vary markedly with scattering andfe. may have obvious dynamical significance. In each casezthe
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that shown in Figure 6d, and the calculated profiles should be compared
with the fits for dominantly sideways scattering shown in parts a and
b of Figure 6.

0.25

the classical limit of high angular momentum the three limiting
cases are the “propeller” motion, withi| |k’ and in thek,k’
plane, the “cartwheel” with)'0k" and in thek,k’ plane, and
the “frisbee” withJ'Tk’ and perpendicular to thiek' plane.
Simulations for these three cases have been performed assuming
the following angular distributions of the angular momentum.
For the propellor a cd9 distribution of thed' vectors relative

to k' was assumed with azimuthal symmetry. The cartwheel
and frisbee both have a 8ifi distribution of J' relative tok’

but respectively have cég and siff ¢ distributions for the
azimuthal angle¢ of J' relative to thek,k’ plane. The
simulations were carried out for each of the three limiting cases

o[or the three composite profiles that are dominated by individual

their fits, indicating qualitatively little difference from the unconstrained Pipolar moments, described in the Appendix and listed in Table
fits in parts a and b of Figure 7. Part ¢ (open circles, SVD fit; filled 2. The previously derived differential cross sections &rd
circles, SVM fit) shows the returned differential cross section to be yalues from Figure 6 were used in these calculations. Com-

backward-scattered when the distributionFefhas the assumed form

shown in part d.

parisons with the experimental data are given in Figure 10 for
the " = 0, N” = 13 level. The data are now taken for some

axis may be considered to be the product scattering direction,cases from “differences of differences” (e.g., in Figure 10a the

k', with the scattering plane containing thkeandk’ vectors. In

profile is the difference of the (A- D) profiles for the Q and



10660 J. Phys. Chem. A, Vol. 103, No. 49, 1999

1-0 — 000

T

e

RS

S
« =

(=]

. ~ . P ‘0 05
| ~ 4.7
-0.4 -0.2 0.0 0.2 04

Doppler shift, v, / cm”

-0.2 0.0 0.2
Doppler shift, v, / cm™

0.4

-0.2
Doppler shift, v, / cm™

0.0 0.2 0.4
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(dashed line), “propeller” (solid line), and “cartwheel” (eatash line).
Despite the poor quality of the data, it can be seen that the “frisbee”
motion best represents the dynamics.
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1.213A

Figure 11. Calculated geometry of the planar transition state in the
O(CP) + H,S — OH + SH reaction, according to ref 42.

VI. Discussion

From the results presented in this and the preceding paper
we now attempt to construct a model of the dynamics of the
reaction. We first summarize the major findings for the OH
product.

1. The reaction produces OH in botti = 0 andv" = 1,
with the rotational distribution in"" = 1 reaching the energeti-
cally accessible limit and indicating an efficient conversion of
reagent translational energy into OH rotatfn.

2. There is a preference for formation of QH = 1 in the
A' symmetric A doublet for all values ofN". There is no
significant spin-orbit propensity?!

3. Differential cross section measurements on the maximum
populated levely” = 1, N' = 6 showed that for the AA
doublet the scattering was largely sideways/backward, with the
remaining energy appearing largely as relative translation, i.e.,
little rotational excitation in the SH cofragment (Figure 5).
Separate measurements that averaged the Awdoublets
showed the same effect, implying that the scattering kinematics
appears to be the same for bothdoublets in this state. For
thev" = 0,N" = 13 A’ level the scattering was again sideways/
backward peaked with the remaining energy appearing as
translational motion. The angular momentum in the OH product
indicates that it departs from the transition state like a frisbee.
For the rotationless”” = 1, N" = 1 state the results are more
equivocal, but if the SH internal energy is assumed to be low
(as deduced in the other quantum states), then the OH product
is backward-scattered.

Sideways scattering has been observed in a number of
molecular beam studies of which two extremes can be consid-
ered. The first, exemplified by the # C,H,4 system, results
from the breakup of an oblate symmetric top collision complex,
which has lived for many rotational perioésThe nonstatistical
nature of the rotation&! and vibrationa distributions appears
to rule out the possibility of complex formation. Sideways
cattering in the direct &)+ OCS reaction has been attributed
to side-on attack of the electrophilic O atom on the S followed
by recoil along the breaking CS boAHSuch attack in the
present system might be expected on the HOMO of the S atom,
an out-of-plane p type orbital, but this would form a pyramidal
transition state that is believed to lead totHHSO productg?

P branches) and hence are subject to considerable experimentatyrthermore, the present preference for one ofAhdoublets

error. Despite the poor experimental quality, it is apparent from
the simulations that one of the limiting cases, the frisbee, is

may indicate a plane of symmetry in the transition state. We
thus favor a direct H atom abstraction from a planar transition

much closer to the data than the others. In particular the otherstate from which sideways scattering dominates.

two limiting cases both fail conspicuously on one account each,
that is, the IargeDg(Z,Z;up) moment shown by the propeller
simulation and the negativléS(O,Z;up) moment shown by the

In part 1 we discussed an explanation for the predominance
of the A' A doublet in terms of the calculated planar transition
state for the reactiofi, and we now consider if this planar

cartwheel simulation, both absent in the data. The last of thesetransition state is compatible with the vector correlations
would correspond to a positive LAB frame averaged rotational described above. Figure 11 shows the calculated geometry of
alignment, which as shown in section V.A is not observed. These the transition state; the reaction has a barrier such that under
simulations thus give us strong evidence to support a frisbeethe present conditions the majority of the approachingPd(
type motion of the product OH in the' = 0, N' = 13 state. atoms that reach the transition state have their kinetic energy
A similar conclusion was drawn for the data of thie= 1, N" converted into potential energy of the system. The impulse along
= 6 state. the breaking SH bond secures a high rotational energy in OH
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and predicts low rotational energy in SH as the impulse passesof the cofragment (rarely seen in laser-probed experiments) a
close to the center of mass of the latter. If the translational possibility#3

energy derives only from the impulse (i.e., that this is large in

comparison with the kinetic energy of the O atom in excess of VII. Conclusions

the barrier), then the diatomic fragments will recoil with their Doppler resolved LIF on the nascent OH product of th&r(
relative velocity vectok’ along the line joining their centers = 1y g reaction has been used to study its angular scattering
of mass, i.e., essentially along the line between the O and Syn4 angular momentum polarization. The broad conclusions are
atoms in the transition state. Sideways scattering can be seefpat oH in " = 0,N' =13 and ins” = 1, N = 6 is
to originate fromk vectors (which are largely along the O atom  gominantly sideways/backward scattered, with the remaining
velocity) that lie perpendicular to this line, i.e., from O atom  energy appearing largely as translational separation of the
trajectories that are approximately parallel to a line joining the fagments. Polarization measurements indicate that the OH
two H atoms in Figure 11. Backward scattering can also be |eayes the transition state with a “frisbee” type motion, its
seen to be a possibility, but forward scattering (as might be 4tational angular momentum vector being perpendicular to the
expected in a direct stripping mechanism) appears unlikely. OH scattering plane. Backward scattering is deduced for the
would depart the transition state rotating with the angular siationlesy’ = 1,N" = 1 level, providing the assumption is
momentum vector perpendicular to the scattering plane, the made that the rotational energy distribution in the SH fragment
frisbee type motion observed. We see in this highly simplified 5 similar to that deduced for the other levels. A model invoking
model that sideways trajectories would be favored over back- 5 planar transition state is used to explain both these data and
ward because of the Iarger possible angle of attack _of the O the observations of a dominantly A doublet propensity and
atom, but a fuller explanation of the strongly preferred sideways ap efficient conversion of high reagent translational energy into
scattering might reflect the steepness of the angular anisotropyoH rotation reported in the previous paper. The model makes
of the PES near the transition state. predictions about the scattering of the SH coproduct, and
This simplified model neglects the range of transition states experiments designed to probe the more easily detectable SD
that are possible above the barrier. A more bent transition statespecies from the G- D,S reaction are planned in this laboratory.
(the O—H—S angle smaller than 164)5would lead to higher
rotational excitation, and since this can only occur for higher  Acknowledgment. We are grateful to the EPSRC for support
energy collisions, it could lead to the efficient mapping of excess of this work through the provision of studentships (M.L.C. and
kinetic energy into product rotation that is observed. A stripping G.A.D.R.).
mechanism might be expected at these higher O atom kinetic
energies, which, from the arguments expressed above, wouldAppendix

be associated with high\(" > 8) rotational levels in OH(" = We consider here the simulation of a Doppler profile
1) and which were not probed in the current experiments. We appropriate to the OH product of the B + H,S reaction,
note that the dynamics of the model would be broadly the same yhere OP) is formed from the polarized photodissociation of

for either A doublet; both mechanisms that give rise toafd NO,. In common with Brouard et &l.we first define three
A" states outlined in part 1 result in repulsion along theHS  frames of reference. These are the laboratory (LAB) frame, in
bond. which the electric vector of the photolysis laser formslasis

Backward scattering is observed to be favored in the and in which the hot atom A has a velocity(va,0a,¢a) With
rotationlesdN" = 1 state of OH{" = 1) if Fy is constrained to  an angular dependence defined by the photodissociation af NO
the same values as found for highéf levels.N" = 1 states The overall hot atom velocity distribution, allowing for possible
would be formed either from a transition state in which the internal energy in the NO cofragment and for the effect of the
S—H—0 atoms are linear or in whichJ3 in-plane rotation can  thermal motion of the precursor, can be writteA*as
compensate for the angular momentum transferred to OH as
the SH bond breaks. Backward scattering would be expected A(vp)
for the low proportion of trajectories in which the O atom 1(ua0n) =11+ B, (va)Po(COSOL)]  (AL)
velocity was along the -SH bond, but this argument would
requ_ire tha}t trajectories that Woul_o_l appear to sample such a "”earwhereA(yA) is the speed distribution agtba(va) is an (speed-
configuration from O atom velocities that are not along thé-S dependent) anisotropy parameter for the 355 nm dissociation
bond (and would lead, for example, to sideways scattering) either of NO,. The target molecule BCD has a MaxweBoltzmann
never reach this transition state because of repulsion or samplg,e|ocity distributionvecp(vscp,fsco, Pecp), and we can cal-
instead the bent transition state of Figure 11. Such conclusions,qjate the velocity of the center of magsy = yva + (1 —
however, are based on assumptions on an interpretation of the,)y, wherey = ma/(ma + mecp). The second frame of
N" = 1 data that is not unambiguous. reference is the “moving” frame and is referenced to the hot

The model results in predictions for the unobserved SH atom velocity, which forms the axis of the system, with the
fragment. First, the rotational energy will be low, but most zxplane defined as that in whichy, andvcy lie. Finally, we
scattering models in which an impulse is given to a transferred have the center of mass (CM) frame. This is referenced to the
light atom will predict low rotational energy in the remaining relative collision velocityk = va — vgcp, With the positivez
fragment. TheA doublet ratio should favor the asymmetri€ A direction being in the direction of motion of the hot atom, and
state as described in part31.Scattering of SH should be the product scatters in this frame with a velocitgu,0y,py).
dominantly sideways and forward with respect to the incoming The zx plane is defined as that in whidhandk' lie, and the
O(P) atom, with again the frisbee type motion favored. LIF azimuthal scattering angley, is then defined as the angle
cannot be carried out on the SH fragment because of predis-between the CM framexplane and the moving franeplane,
sociation of the uppe" state, but deuterium substitution leads with the convention that the angle is positive for rotation of the
to a high fluorescence quantum yield for rotational lewlss CM zxplane away from the moving franex plane. The polar
10 inv' = 0 and would render the observation of the scattering angle that separates andk is defined aglk, while the polar
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dependent purely on the speed of the product in the moving
v, R e L frame, which is the same as that in the LAB frame, and a profile
8, Willk whose width is dependent on the speed and whose shape is
u dependent on an anisotropy parameter that is lahglpdag-
(vag). This anisotropy parameter is simply the second-order
Legendre polynomiaP,(cosa), where cosx has been defined
B e T in eq A3 and depends on the CM scattering artigleWe can
thus form composite Doppler profiles that are dependent on the
moving frame velocity derived via eqs A1A4 for any arbitrary
Vem center-of-mass speed and scattering angle provided we know
the initial velocities of the reagents.
Angular Momentum Correlations. In the classical limit,
for each scattering event we may consider the angular momen-
tum vector, J(J,05¢7), to be pointing into some solid angle
sin0;dA;dg; in the CM frame. This may be rotated into the

S
(KRN
\
Vo
N
A,
/
,
'
,

0.y moving frame by application of the Cartesian rotation matrfées,
using the Euler angles that relate the two frames, nameby,,(
o Wac [l k Ok, 0). This yields a new angular momentum vect@d',0; ,¢J)

referenced to the moving frame axes. The Doppler profiles are

sensitive to the moving frame bipolar moments, which may be
Voo generated using the functions given in Table 2 of ref 46. The

Figure 12. Vectors and angles relating the frames of reference _angular moment_um dependent blp_ol_ar mome_nts may be |sola_ted

explained in the text. in the same fashion as those describing the differential scattering

cross section, and the three resulting composite Doppler profiles
angle that separateg andvcy is defined ag)cm. The various are also listed in Table 2.
vectors and the angles that relate them are shown in Figure 12.
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