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The product-state-specific stereodynamics of the photon-initiated reactionbg)Qfith H, has been
investigated by polarized Doppler-resolved laser-induced fluorescence, under room-temperature bulb conditions.
Product-state-resolved differential cross sections, excitation functions, and rotational angular momentum
alignments are reported for the channels leading to?OgHA'/A"");v'=0N'=5) and OH{IT(A");'=0N'=14)

at a mean collision energy ef12 kJ mot. The data are compared with (state-resolved) quasi-classical
trajectory (QCT) calculations of the linear and angular momentum distributions and excitation functions
conducted on the Schinkéd.ester (SL1) ab initio ground-state potential energy surface, under similar conditions

as the experiments. Overall, excellent agreement is obtained between the QCT calculated and experimentally
determined stereodynamical features. The results are discussed in light of other recent work on this prototypical
insertion reaction and on the related system®¥¢g)(+ HD and CH.

I. Introduction the product-state-resolved differential cross section (DCS)

Polarized Doppler-resolved laser spectroscopy has expandecfl“rGCtly’S’(,5 €., the vector. gorrelatlon between the readeand
the laser “pump-probe” technique from the scalar to the Productk’ relative velocities.
vectorial arena to provide a key general method that is sensitive I general, the rotational angular momentum distribution of
to both the linear and rotational angular momentum distributions AB(#,j’) will be polarized, and the Doppler-resolved spectrum
among the scattered products of reactive (or inelastic) collisions. Will be sensitive to the correlations betwekrk’' andj’, the
The technique is, necessarily, state-selective since it involvesproduct rotational angular momentum. Their full spatial
optical detection (e.g., laser-induced fluorescence (LIF) or distribution in the CM frameP(k k',j"), can be expressed in
ionization (REMPI)), allowing vectorial distributions to be terms of a set of generalized, polarizatiaiependent differential
determined for individually populated quantum stdtésnd cross sections (PDDCS)which are, in effect, scattering-angle-
their direct comparison with those computed through quasi- dependent multipole moments®fk,k',j"). They can be related
classical trajectory (QCT) or quantum scattering calculations to the bipolar moments of the LAB frame distribution deter-
on ab initio or trial potential energy surfaces. In classical terms, mined from the experimental Doppler contduts provide the
the swarm of reactive trajectories can be resolved into subsets,(low-order) moments of th@(k,k’,j") distribution and thereby
populating individual channels, and checked against experi- the azimuthally averaged correlationsk(), (k,j'), and k',j"),
mental observation to provide an extraordinarily detailed, together with the triple vector correlatiork,k’,j’"). Since the
“laboratory-tested”, dynamical picture of the course of individual triple correlation depends upon the dihedral angle between the
reactive collisions. scattering plané k', and thek,j’ plane, its determination reveals

The strategy has been particularly effective in probing the gynamical features that are normally obscured by the azimuthal
stereodynamics of photon-initiated bimolecular reactions through ayeraging associated with the random distribution of collision
the sequence impact parameters.

The ability to determine these correlations for individually
resolved quantum states and to compare the measurements with
those predicted by QG2 or quantum scattering calculatidhs
has opened a new era in the field of molecular reaction

. . . dynamics. The present paper describes the current status of a
Velocity-aligned atomic (or WO'GC.“'?") reagents are_generated long-term, experimental and computational study of the stereo-
through the polarized photodissociation of an appropriate source’dynamics of the benchmark reaction

and the molecular products scattered from their subsequent
collision (in either a bulbor a molecular beam environmént 1 2 e
are probed, after a short delay, by the polarized, probe laser. If O(Dy) + Hy =~ OH(XIL;/ \N'f) + H 1)

the rotational angular momentum of the scattered product, AB-

(¢'J"), were unpolarized, its Doppler-resolved spectrum would and explores the dynamical similarities with the “sister” reaction
simply reflect its speed distribution along the detection axis. of O(*D;) with CH4. A preliminary account of some of the
When C is a structureless atom, transformation from the work has appeared elsewhéfeSection Il provides an outline
laboratory (LAB) to the centerof—mass (CM) frame provides  of the experimental and analytical procedures; section Il
summarizes the experimental and computational (QCT) results;

AD + hy(pol)—A,+ D

A, +BC— AB(/j) + C

’;gﬁ"s‘?csgl";‘gé”%ha;“g:‘;g-cal Chemistry Laborator section IV discusses their interpretation and their relationship
E Un?/versidad Complutense. Y Y to recent studies of the reaction with ¢H4section V offers

® Abstract published irAdvance ACS AbstractSeptember 15, 1997.  a “forward look”.
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Il. Methods moments determined from the Doppler contours by expressing
the experimental contours as expansions in sets of contracted
basis functionng(kl,kg;z/p;k’,q), averaged over the full three-
dimensional spread of reagent velocities

A. Experimental Procedures. These have been amply
documented elsewhéfé3so only a brief summary will be given
here. OfD,) atomic reagents, generated via photodissociation
of N,O using linearly polarized ArF laser radiation at 193 nm, K KK ,
were allowed to collide with Kunder “bulb” conditions at room Do(kykpvp) = Z Zonkzqieo(krkz??fp;k q) 4)
temperature. The OH radicals, scattered through reaction under 9=
single-collision conditions, were detected by a second polarized . - .
laser, delayed by 200 nsl(= 5 data) or 110 ns\ = 14 data) and_follo_wmg_g Iegst-_square§ fitting proce_dure. Analysis of the
and tuned to excite transitions in the OH{X) laser-induced profiles identified in (i) and (".) above, which hate=k =0
fluorescence (LIF) spectrum. The total pressure in the flowing or2 ke =Kk - 0, andq ~ 0,.y|elds the Legendre moments of
1:1 gas mixture was held at 13.3 P & 5 data) or 11.0 Pa the (conventional) differential cross section,

(N = 14 data). Doppler-resolved LIF spectra of OH were d

recorded using three alternative excitation-detection geometries Zjﬂ _E 90 _ } K P, (cos6,) (5)
(cases A, B, and B'19. ForN' = 5 the?[Iz, state was probed o do.  odcoso. ZZmDO K t
with the main R; and Q; and satellite B and Q; transitions, t t
and forN' = 14 the?Ily,, state was probed with the mainP
and the satellite @ transitions. This enabled the two lambda-
doublet component§](A') andII(A"), to be probed separately
for each level. The probe laser bandwidth was measured to b
0.104 0.01 cnT. Spectral saturation was avoided by frequent
measurements of the relative intensities of the main and satellite
lines or by ensuring a linear relationship between the probe
power and the integrated intensity. The absence of collisional
relaxation was established by checking the insensitivity of the
Doppler contours to changes in the probe laser delay time.
Successive spectra were summed to achieve adequate-signal
to—noise ratios. The normalization procedures followed those
employed in earlier studi€s:.1”

B. Analytical Procedures. 1. Doppler Profiles. Composite
Doppler profiles, constructed by summing appropriate sets o
experimental data recorded using alternative geometries and
rotational transition$31” were used to project out individual
moments of the vectorial distributioR(k,k’,j"). The corre-
sponding Doppler line shape functions may be writteéhl as

Because of the spread of D)) velocities (see below), and hence
reaction collision energieg;, it was found necessary to allow
for the effects of an excitation function, i.e., collision energy
edependence of the reaction cross sectiofk;), in the data
fitting. This is included as a separate expansion in Legendre
contracted basis functions in reagent translational energy, which
are fitted simultaneously with the DCS. Random sampling
ensures that the full range of parameters (e.g.6¢os E;) are
included in the simulations of the Legendre moment contracted
basis sets. The resolution is determined by the truncation point
of the series in eq 4. In the fitting of the profiléig(o,o;up)
and D§(2,0;up), for example, five moments were requiredin
and up to six moments were employed in égs The method
f of fitting, however, assumed no dependence of the DC§;0n
The remaining PDDCSs with = 2 andq = 0, 1 and 217
namely (16)(dozd/dwy), (1/0)(do21-/dwy), and (16)(dozz+/dw),
which reflect (even moments of) the full angular momentum
distribution,P(k k’,j"), were extracted using a procedure analo-
gous to the DCS. Each bipolar moment is dependent on the
- = three PDDCSs, and simultaneous fits to the three composite
Dg(kl'kZ;”p) - fu=yp(1/2U) Bo(kykziv) P (v/v) dv (2) profiles listed in (iii) using eq 4 yield the expansion moments
of each renormalized PDDCS written in the fdrin
wherev is the speed of the product anglis the component of

v along the probe laser propagation axis. T{{ka,kz;2) 1 d0yqe| |[1 dogg . K
coefficients are the rescaled laboratory frame bipolar morfients ;E - Z”kqick'+q(9v 0) (6)
averaged over the spread of atomic and molecular reagent veloc- t
ities, andPy, are Legendre polynomials. In the present context,
the composite profiles of prime concern are I()S(0,0;up),
which reflects the laboratory speed distribution of the scattered
products (and for a triatomic system at fixed collision energy,
the CM DCSK, k"), (ii) D§(2,0;z/p), which reflects the product
angular distribution in the laboratory frame, and (iii) the set
D3(0,2;p), DY(2,2:vp), andD3(2,2;), which reflects the prod-
uct rotational polarization, again in the laboratory frame.

The full spatial distribution of the three vectoks k', and;’,
in the CM frame, can be expressed as an expansion in modified
spherical harmonics® The moments of the distribution (the
expansion coefficients) can be written either as a set of bipolar
moments or a set of generalized polarization-dependent dif-
ferential cross sections (PDDCSSs),{{fowgdwy), i.e.

o do,

Least-squares minimization was employed to extract two
expansion coefficients for each renormalized PDDCS, with the
latter constrained to the limiting values identified previously
by Aoiz et al® Integration of the PDDCSs over some or all of
the scattering angle8;, provides rotational angular momentum
distributions P(k,j") and polarization parametera;f 78 (see
section 1IB3), averaged over some or all of the scattering angular
distribution. (Note: although odd moments of the full distribu-
tion cannot be determined in the present experiments, which
use linearly polarized light, they may be accessed in the future
by employing a circularly polarized probe laser; they may also
be extracted from the results of QCT calculations, which
necessarily provide the full angular momentum distribufidn;

see below.)
2k + 1 1 doy, 2. O(Dy) Source. In analyzing the experimental data,
Plw,w,) = Zz___qckq(wr)* (3) account has been taken of two new photofragment imaging
T 47 o do, studies of the photodissociation dynamics gt wavelengths

in the region of 200 n81° These indicate a strong dependence
where oy = (6,¢=0) and wr = (6r,¢r) represent the polar  of the translational anisotropg(O(:Dy)), on the atomic recoil
coordinates of the product velocitly, and the product angular ~ speed. At low speeds, in particular, the anisotropy falls well
momentum,’, referenced to th&—k' scattering plane. The below the average valug, ~ 0.48, determined through time-
Cio(Or.¢r) are the modified spherical harmonics. The moments of-flight measurement8 and averaged over the full speed
of the distribution can be related to the laboratory frame distribution. In addition, there is clear evidence of an orbitally
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aligned distribution in the GD,) population, which greatly com-  where K] = 2k + 1. (This equation may be compared with eq
plicates the determination of the true translational anisotropy, 6, which is an analogous expansion but for the renormalized
B((O(Dy)). Because of this, the DCSs for O##0,N'=5 and PDDCSs.) The coefficients of the expansisﬁ&, are calcu-

14) were initially determined by restricting the analysis to the |ated as

(isotropic) laboratory speed-dependent contoD@(0,0;up),

which is independent g#(O(XD5)) and relatively insensitive to %i =(-1)2 [Cy (0, 0) C (6., 0) singg, I kodd

the excitation functiong(E;). When the contour reflecting the

products’ angular distributiorD3(2,0;), was also included in =(—1) ZECDqu(Gt, 0) C((6,, 0) cosqp,ll  keven (8)

the analysis, however, the profile could only be successfully

reproduced when the DCS was complemented by an excitationwhere the brackets indicate the averaging over all the trajectories
function, o(E;), heavily weighted in favor of low collision  |eading to a given rovibrational state. The symmetry constraints
energies, coupled with a “best-fit” value gf= 0.2—0.3 over resulting from the invariance of the distribution of product OH
the effective collision energy range result in good agreement  internuclear axis requires

with expectations based upon photofragment imaging studies.

The excitation function and the value @f were similarly ﬁjﬁﬁ =0 k, q different parity
employed in the analysis of the rotational angular momentum _
polarization. Although the above procedure provides a self- %_ =0 k, g same parity

consistent analysis of the rotational polarization and cross-
section data, the excitation functions extracted from the experi- The joint probability density function of the anglés and
ments are highly sensitive to the assumed form of thdDP( ¢, Which define the direction of’, can be obtained by
speed distribution and the translational anisotrgigy(O(:Ds)), integrating the fullk, k', j’ distribution, given by eq 3, over
both of which remain to be determined with high precision in scattering angle to give the expression
the critical, low O{D) speed region. We emphasize that, in 1
contrast, the returned DCSs and PDDCSs are little affected by — k *
the assumed form of the @) velocity distribution, provided P®r 4) M%[k]aqckq(e" ¢)
both analyses employ the “best-fit" valuefiescribed above.

3. Quasi-Classical Trajectory CalculationsThe QCT _ i K kK cos b —
method used is similar to the one described in previous 4ﬂZqu B COSTPr
publications (see, for instance, ref 21), and only the details - Ko
relevant to the present work will be given here. All the 3y 1 sinag]C,((6;, 0) (9)
calculations were performed on a slightly modified version of o ) ) )
the Schinke-Lester SL1 potential energy surface (PES)s w_here the upper sign in the_secor_1d line of eq 9 is a}ssouated
indicated in ref 23 (referred to as SLIMS PES). This PES yields With eveng and the lower sign with odd. The maximum
very similar results to the original SL1, although some changes Value ofk in the summation is j2 although fewer terms are

in the total cross section can be observed below 0.1 eV. normally suffli(cient togeta good convergence. The polarization
A batch of 600 000 trajectories was run for the'D)Y + Hy- parametersa, are defined as

(v=0,=1) reaction at a fixed collision energy of 0.1 eV (9.65 d

kJ mof). The experimental mean collision energy is 0.12 eV ke o [t l_akqd(cosat), agi = a'; + a'iq (10)

(11.6 kJ mot?) with a standard deviation of 0.07 eV (6.8 kJ 1o dw,

mol~1), which corresponds to a fwhm of 0.16 eV (15.5 kJ ) o
mol~1). Thus, calculations at 0.1 eV and initja¥= 1 roughly for which the symmetry constraints imply
correspond to the mean collision energy and the most populated

H, rotational level (300 K) of the present experiment. Rovi- a, =0 (kevengodd) or (odd,qgeven)
brational quantization was introduced by fitting the asymptotic K
limits of the potential using the semiclassical action integral. a-=0 (kevengeven) or kodd,qodd)
The resultant rovibrational energies were fitted to a Dunham K

expansion. The assignment of product quantum numigts 8 =0 fork odd

is carried out by equating the classical rotational angular
momentum of the OH molecule tg{’ + 1)]¥%. (We reserve
thej andj' notation for the nuclear rotational angular momentum
quantum numbers employed in the QCT calculations.) With the
(real)j' value so obtained, the vibrational quantum numiser
is found by equating the internal energy of the OH molecule to
the corresponding Dunham expansion. The values ahdj’
found in this way are then rounded to the nearest integer. The ‘
integration time step was X 10717 s. This guarantees Which, forq =0, reduces t@, = [P(cos6)L] As above, the
conservation of the total energy to better than 1 iha@ better brackets indicate the averaging over the whole set of trajectories
than 1 in 10 in the total angular momentum. leading to a chosen rovibrational state. In terms of expectation
The trajectory results were used to obtain vector correlations Values, the first polarization parameters are
for the OH product born in individual rovibrational statés=

In the QCT calculations, the polarization parameters are
evaluated as

ay, = 2[T, 4 (6,, 0) cosgp,0  keven

ay, = 2T, 4(6,, 0) sing, 0 kodd (11)

0,j’ =5andv = 0,j' = 14. In the semiclassical approximation, ay, = —iv28in 6, sing,[= —iv2( /j'0
the PDDCSs of Shafer et &lcan be expressed as series of 2 2 22
modified spherical harmonics, ag = P,(cosh, )= W3j,° — j")/2)" 0
1 40iqe [kllgi a’_ = —+/6[8in 0, cosh, cose, (= —v/6lL jj'’0
- =% —5..C 6,0 7
o do, lem Gl 0) @) a2, = V/3/28ir’ 6, cos 2, 0= V32’2 — |30



Stereodynamics of & H, — OH + H J. Phys. Chem. A, Vol. 101, No. 41, 1997547

a b
2_
=1 <
< =)
S 1 B
[a] o
O_‘
T T T T T

06 -03 0.0 0.3 0.6

0.05

0.00 5

D, (2,0;ve)
D, (2.0;vp)

-0.05

-0.10

-0.15 —— T T T T -0.3 - T T T T
-0.6 -0.3 0.0 0.3 0.6 -0.6 -0.3 0.0 0.3 0.6

Wavenumber shift (v,) /cm Wavenumber shift (v,) /cm

(V/o)(doy/dw)
(1/o)(do,/dm,)

T T T T T T
-1.0 -0.5 0.0 0.5 1.0 -1.0 -05 0.0 0.5 1.0

cos 6, cos 6,

Figure 1. (a) Experimental composite profilﬂg(o,o;up) (top panels) andDS(Z,O;yp) (middle panels), which depend on the LAB speed and LAB
translational anisotropy, for (a) OHEON'=14,A") and (b) OH¢{'=0,N'=5), averaged over the'Aand A’ lambda-doublet levels. The experimental
data are shown as points, and the solid lines are fitted Doppler contours corresponding to the derived DS} @ee Figure 2). The DCSs in
the lower panels are shown as moment expansions in Legendre polynomials, as discussed in the text. The sampled error barsiacesaigtes.

wherejy, jy, andj; are the components @falong thex, y, and bmadEt, ), given by the expression
zaxes, respectively. Therefore, the polarization parameters are
just the expectation values of the multipole moments of the BradEw J) = DL + ED/Et)llz (12)

expansion of. Notice thataj 0 (/' Dandaj_ [ Gi/j' Care null

for nonchiral systems; the system cartigned but not oriented  \yhereD andEp, were obtained previously, by fitting the values
along thex andz axes. The distribution of; and¢r may be  of the maximum impact parameters (found by running small
presented as a three-dimensional polar plot, as illustrated inpaiches of trajectories at several selected collision energies and
sections 1B and IVC. initial j ) to the functionality of eq 12. The paramet&®sand

As commented on above, the analysis of the Doppler profiles g, were chosen to lie well above the range of reactive
required the state-specific excitation function to be taken into trajectories occurring at the given collision energy and rotational
account, i.e., the collision energy dependence of the reactionstate,j. (In practice, the same pair & andEp values could
cross sectiong(Ey), for the individualv'j” state probed. The  be employed for all initiaj.) With this kind of energy-dependent
QCT energy-dependent reaction cross sections were calculategampling of the maximum impact parameter, each trajectory
using a methodology similar to that presented in previous was weighted by, = bma2/D2.
work.2425 In addition to the usual set of initial conditions, the A batch of 16 trajectories was run employing the above initial
collision energyE;, and the initial rotational quantum number  conditions in order to obtain good statistics for the reactive
of the reactantsj, were each randomly sampled for every channels producing OHIE0{'=5,14 ). As in previous work425
trajectory;E; was uniformly sampled betwedy = 0.005 eV the excitation functiong(E;), was subsequently extracted from
and E; = 0.5 eV, whilej was sampled according to the the trajectory data by the method of moments expansion in
Boltzmann distribution at the temperature of the experiment, |egendre polynomials. This batch of trajectories was also used
300 K. to obtain the collision energy dependence of thes 0,j' = 5,

The maximum impact parameter for this reaction decreasesand j' = 14, state-resolved DCSs, averaged over inifial
rapidly with E;, and it was necessary to adopt a procedure to according to the Boltzmann distribution at 300 K. Full details
select the maximum impact parameter at each collision energy.of the methodology and the relevant equations will be presented
The impact parameter for each trajectory was obtained by in a forthcoming publicatiod® Suffice it to say here that the
randomly sampling between zero and a maximum value, procedure consists of a bidimensional (scattering angle collision
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energy) fit to a double series of Legendre polynomials with 0.15
variables co®); andx = (2E; — E, — E;)/(E; — E1), whereE;
andE; define the boundaries of the collision energy for which
trajectories were calculated. From this double series, DCSs at
a given collision energy within the intervak{,E,] could be
calculated, which agree, within the statistical uncertainty, with
those obtained from trajectories calculated at a fixed collision
energy. Integration of this double series generates the series
representing the excitation function. This method is ideally
suited for the simulation of experiments where there is a spread
of collision energies as in the present case: convolution of the
energy-dependent DCS with the experimental energy distribution 0.00 L
yields an “average” DCS, directly comparable with the one
derived experimentally. Collision energy (eV)

—— QCT (SL1MS)
———- Experiment

\
\
\
\\
0.10 \
!
\

1
\
\

o(E) (A%

0.05

Ill. Results 0.6

A. State-Resolved Differential Cross Sections and Excita-
tion Functions. The “LAB speed-dependent” and the “angular-
dependent” Doppler profile)3(0,0) and D3(2,0) deter-
mined for thelI(A') lambda doublet of OH{1y,,:v'=0N'=14)
are shown in Figure 1a. Virtually identical profiles were also
recorded for thdI(A") lambda-doublet state, which parallels
the result reported earlier for OM{zv'=0,N'=5);12 the
corresponding data are reproduced in Figure 1b, but this time
summed over both thH(A") andII(A") states to enhance the
signak-to—noise ratio. The state-resolved DCSs, obtained from
the “speed-dependent” contours via the analytical procedures
outlined in s_ection IIB_1, are shown in the lower pgnels of Figure Collision energy (eV)

1. The qual!ty of the fit can be gauged by comparing the overlap Figure 2. Excitation functions for the production of OHEOQj'=5)

qf the experlmental and .analyt.lcal poppler contours. Improvgd (top) and OH('=0'=14) (bottom). Solid line: QCT results averaged
fits may be obtained by including higher Legendre moments in o, initial rotational H states at 300 K. The error bars represent one
the o(Er) distribution or by using a nonseparable fitting standard deviation. This calculation has been carried out by uniform
procedure which allows for a translational energy-dependent sampling of the collision energy in the range 0.6085 eV. The dashed
DCS. The (average) DCS does not change significantly betweenlines correspond to the optimized experimental excitation functions and
these methods, however. their singleo uncertainties.

The analytical contours superimposed on the experimental
“angular-dependent” profiles, ﬁm,o;up), were computed us-
ing the derived DCSs and excitation functions, but allowing
the average reagent anisotrop§(O(*D,)), to float. The
optimized excitation functions, shown in Figure 2, can be
modeled by the expressiar(E;) O E; ™ with n between 0.55 OH(v'=0,j'=5)

(N'=14) and 1.1 ' = 5), consistent with an absence of any
barrier in the entrance channel. The optimized translation
anisotropy of the reacting &9,) was between 0.2 and 0.3, as
noted above.

The comparison between the theoretical and the experimen-
tally deduced state resolved excitation functions is displayed
in Figure 2. The general shape of the experiment#) is
reproduced by the calculations. However, the energy depen-
dence of the reaction cross section used in the fit of the
experimental composite Doppler profiles is clearly sharper than
the theoretical one in both cases. To the best of our knowledge
there are no QM state-resolved calculationg(®;); however,
the agreement between the @btal cross section, calculated  Figure 3. QCT collision energy dependence of the differential cross
using time_dependent metho%fsand the Corresponding QCT section for the Ol—_t('_=0,j'=5) prod_ucts calculated on the SL1MS PES.
result is excellent. As noted in section 11B2, the most likely 1he range of collision energies is 0-62.40 eV.
source of the disagreement between the QCT and experimental
excitation functions is the uncertainty in theDf) velocity The calculated stateresolved DCSs foj’ = 5 andj' = 14
distribution, at low velocities. are shown in Figure 5. The solid lines in the figure represent

Figures 3 and 4 show the QCT calculated energy-dependentthe average DCSs obtained by convoluting the energy-dependent
DCSs for the production of ORE0'=5) and OH{'=0,'=14), DCSs (shown in Figures 3 and 4) with the experimental collision
respectively, in the collision energy range 0-@M40 eV. As energy distribution. For comparison purposes, the results
can be seen, in both cases the DCS does not change very muchbtained from the QCT calculations at fixed, 0.1 eV collision
with collision energy. In general, there is a predominance of energy and initiaj = 1 are also shown as dashed lines. Both
backward scattering, especially fgr= 14. At the lowest sets of calculations yield essentially the same DCSs. The
energies (below 0.05 eV), backward scattering becomes muchagreement between the experimentally derived DCSs and those
larger than forward scattering. determined from the QCT calculations is good (see Figure 6),
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Figure 4. As in Figure 3, but for the OH(=0,'=14) products. In
this case, the range of collision energies is 8:040 eV.

0('D)+H,(v=0)-0OH(v'=0,j")+H

[ QCT/SL1MS PES
N
% 0.020] A
E i —— Average b
o L e E,=0.10 eV/j=1
o< |
~— M
s =3
O 0.010
~
o)
o

0.000

0.030

0.020

o
o
=)

do/daw; (A%/sr)

0-000, 0.0

costy

.0 -0.5

Figure 5. Differential cross sections obtained by QCT calculations
for the production of OH{=0j'=5) (top) and OH{'=0,'=14)
(bottom). The solid line is the DCS averaged over the experimental
collision energy distributionP(E;), and initialj at 300 K, obtained by
convoluting the data shown in Figures 2 and 3 with the experimental
P(E). For comparison purposes, the DCS obtained from the QCT
calculations aE; = 0.1 eV and initiaf = 1 are shown as dashed lines.
The error bars represent one standard deviation.

although forj' = 14, the experiment seems to yield somewhat

J. Phys. Chem. A, Vol. 101, No. 41, 1997549

| —— QCT (SL1MS)
———- Experiment

(2n/c) do/do,

1.0 -0.5 0.0 0.5 1.0
cos 6,
3
4
y —— QCT (SL1MS)
———- Experiment
\

(/o) do/dw,

0.0
cos 0,

Figure 6. As in Figure 2, but comparing the experimental and QCT-
derived DCSs. The solid lines are the QCT results, and the dashed
lines are experimental best fits with errors. All errors shown represent
one standard deviation.

are shown in Figures 9a,b and 10a. The rotational alignment
of theII(A") N' = 14 state is marginally larger than that for the
corresponding\’ = 5 level, and the latter exceeds significantly
the alignment of the Alevels. Note that some of the PDDCSs
for theN' =5, A" level are of opposite sign to those of thé A
level. Despite the poor signato—noise apparent in some some
of the composite profiles, it was found that the general structures
of the returned PDDCSs were quite robust. The valug of
employed was found to be quite important; use of a velecity
dependenf3(O('Dy)) tending to low values at low precursor
velocities was found to significantly improve the fits, particularly
to theD5(0,2;p) andD3(2,2;p) profiles. However, the polar-
ization parameters returned by such an analysis are little changed
from those in Table 1.

The QCT calculated PDDCSs 20,21and 22~ are shown
in Figures 9c and 10b for the two reactive chanijets 5 and
j' = 14. The results for the PDDCS 20 indicate strong alignment
for extreme backward and forward scattering, which corresponds
to the limit of j* perpendicular tk as required by angular
momentum conservation in the limit of € 0) in Hy,. The
PDDCS 20 becomes nearly isotropic, however, for sideways
scattering. Inspection of the PDDCS-22which is negative
for all scattering angles, reveals an noticeable preference for

sharper forward and backward scattering than predicted in thean alignment of’ along they axis as opposed to theaxis.

calculations.

B. Rotational Polarization. Composite Doppler profiles,
D3(0,2:p), DY(2,2;), andD3(2,2;), sensitive to the labora-
tory (LAB) frame rotational alignment of OH in thE(A") and
II(A") lambda-doublet levels of = 0, N' = 5 and in thell-

(A") level of N' = 14, together with the fits to the data obtained
following the procedures described in section 11B1, are shown
in Figures 7 and 8. The derived PDDCSs, which reflect the
variation in CM rotational polarization with scattering angle,

Compared with the QCT calculated PDDCSs, the experimentally
derived PDDCSs are generally larger, a feature also evident from
the polarization parameterag, presented below. However,
the shapes (and signs) of the theoretical PDDCSs compare very
favorably with the experimentally extracted ones for Ih@\')
lambda-doublet levels. As noted above, the polarization of the
N' = 5, II(A") level is very different to that fofI(A") and is
inconsistent with the QCT predictions, which do not distinguish
lambda-doublet component.
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Figure 7. As in Figure 1, but showing experimental composite profm:"oeo,zpp) (top panels)Dg(Z,Z;up) (middle panels), anﬂ)g(z,z;up) (lower
panels) for (a) OH{=0,N'=5,A"), and (b) OH{'=0,N'=5,A"). The experimental data, which reflect the laboratory rotational angular momentum
polarization of the OH products, are shown as points, and the solid lines are the fits to the data. The derived PDDCSs are shown in Figure 9a,b.

One convenient way of visualizing the angular momentum elsewheré; suggest significantly greater polarization ko’
polarization is in the form of a polar plot, displaying the compared with that evident in the-j’ correlation. For reaction
probability of finding the angular momentum vector at angles with rotationless reactant molecules, and in the limit of extreme
O, ¢r with respect to the CM X2 scattering plane. The  backward scattering, correspondingkblying along the—z
reconstruction of the probability distribution from the present axis, j' must lie in the CMxy plane by angular momentum
experimental data is necessarily incomplete, however, since theconservation. In reality, thaveragescattering angle for thig
latter are restricted to the first two evédnmoments of the = 5 and 14 fragments will be less than 28@nd on average
expansion in eq 3 (see further discussion in section IVC). Figure both k' and j" will be tilted away from the—z and the+x
11 displays the experimentally derived distributions for he directions, respectively, as observed.

(A" andII(A") levels, averaged over all scattering angles, which
can be compared with those predicted via QCT calculation V. Discussion

employing even moments witk < 2 only, shown in Figure Although the dynamics of the reaction under investigation,
12. The alignment parameteaﬁ,for k = 2, upon which these

plots are based are shown in Table 1. The new dynamical O(lDz) + H,(v=0)— OH(ZHi;u'zo,N’,f) +H
information contained in the plots is that concerning the dihedral

angle distribution. Both the experimental data for tHdedels have been studied under bulb conditions at 300 K, the

and the QCT data display preferential alignment along the CM experiments have been conducted under near state-to-state
framey axis (i.e., perpendicular to the scattering plane): for conditions, since the population of,Hn levels v > 0 is

the A’ level the experimentally derived alignment is, in contrast, negligible, and because of the nuclear spin statistics, the
preferentially in thexz scattering plane. Note further that the rotational state population follows the orderingd 1] > [j =
angular momentum alignment within the Clscattering plane, 2] > [[=0]>[j > 2]. Forthe lower OH rovibrational states,
again for both the QCT data and thélavels, is tilted slightly the translational exoergicity is quite significant: 177 kJ mol
away from the CIMk axis, a subtle feature which is also evident for OH(N'=5). In contrast, because of the low reduced mass,
in the QCT calculated polar plots (and which is highlighted by the experimental collision energiels;, are much smaller and
the dark points in the figures). The origin of the latter behavior lie in the range 12+ 7 kJ mol ™.

might be traced back to a preferential alignmenj'gferpen- In principle, collisions between @,) and H could access
dicular tok’: the QCT calculations, to be presented in full five different PESs, the lowest of which is deeply bound and
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by Che and Li3* Their data could only be interpreted by

02 4 II{A") N'=14 assuming the nonseparability of the DCS and the kinetic energy
release; i.e., the DCSs were dependent on the internal energy
in the OH.

The QCT calculations for reaction #8,and also for the
present reaction ¥ prompted in part by this result, indicated
a strong sensitivity to both the vibrational and rotational state
of the scattered OH. The angular distribution of fragments
generated iny = 0) shifted from the backward to the forward
hemisphere ag increased. Fragments generatediin= 4, ")
were scattered symmetrically into the forward and backward
hemispheres. This behavior could be correlated with estimates
of the ratiol#4[/[#,[] wherelZ4[is the mean duration of the (state-
to-state) reactive trajectory afntj(is the mean rotational period
of the insertion complex (estimated from the most probable state-
to-state reactive impact paramet&WWhile 7, remained sensibly
constant at, ~ 100 fs, the QCT calculations predicted mean
collision lifetimes that increased with the vibrational quantum
number,y, from 4 =~ 30 fs for OHE'=0,") to 74 ~ 100 fs for
OH(v' = 4j)—a time scale comparable with the estimated
rotational period and consistent with the predicted forward
backward symmetric scattering for O##=4).23 Unfortunately,
experimentatonfirmation of the QCT prediction is not helped
0.2 by the unfavorable kinematics and the low kinetic energy release
for scattering into OH{=4). The belief in the reliability of
0.1 ) the predictions is predicated on an assessment of the accuracy
of the QCT calculations or, more significantly, of the Schirnke
Lester (SL1) PE® upon which they are based.

Fortunately thesecan be assessed by reference to the
experimental DCSs and the associated product-state-specific
excitation functions determined for OHWEON') (see Figures
2—6), where the experimental and QCT resultsKbre= 5 and
N = 14 are compared. The strongly focused backward
scattering for OH{'=0,N'=5), the shift toward the forward
Figure 8. As in Figure 7, but for OH{=0N'=14,A). The derived hemisphere wheN' is increased to 14, and even the steep drop
PDDCSs are shown in Figure 10a. in the excitation function with increasing collision energy,
necessary for the coherent analysis of the full set of Doppler
contours, are all reproduced quite well. Anticipating later

reaction?2282% |n contrast, the excited PESs, which would discussion, belief in the reliability of the calculations is
correspond, in a linear configuration, 6l and!A states, are reinforged further by their success in 'rep.roducing the.patterns
expected to display entrance barriers, with tAestate being of rotational angular momentum polarization (see sections IlIB
strongly repulsivé®2® The ground-state PES favors an insertion @nd IVC) and, a fortiori, by comparisons with teeperimentally
mechanism, leading to the highly excited rotational state determined DCSs of OR(=0N) and OH(»'=4,N') scattered
distribution among the scattered OH fragmefitsThere is a  from the reaction of GD;) with CH, (where the kinematics
marked propensity for preferential population of tREA') are now highly favorabfé:19, see below.

lambda-doublet levef¥, Two interim conclusions can be drawn at this stage:

A. State—Resolved Differential Cross Sections and Ex- . . . .
L . . . (1) the reaction of GD,) with H, proceeds via the interme-
citation Functions. Despite the very deep potential energy well, . . N . -
diacy of short-lived collision complexes, with average lifetimes,

the absence of any significant exit barrier and the high i o . SR
y 819 g (740 which increase with increasing vibration in the scattered

exoergicity of the reaction should militate against long-lived H and lie in th < hei ional period:
reactive trajectoriéd or scattering resonané@snot withstand- ~ OH and lie in the rang@ig < [#;Ljtheir mean rotational period;

ing the appearance of both forward and backward components(z) the state-resolved DCSS_ and ex_citation functions can b_e
in the total DCS123334 Opinion has favored an insertion reproduced by QCT calculations which assume the predomi-
mechanism involving the intermediacy of collision complexes Nance of an insertion reaction on t#¢ ground state PES, with
with average lifetimesiz4J which are short in comparison with N0 entrance barrier.

their rotational periodsz,LB> When the DCSs are determined B. Comparisons with the Reaction of O{D,) with CH 4.

at the product-stateresolved level, however, either experimen-  Figure 13 shows the Schinkéester SL1 PES for the ¢ID,)/
tally'? or computationally, via QCT calculatiod? greater ~ H, system, plotted the same way as the corresponding ground-
subtleties are suggested, since the cross sections are strongl¥tate ab initio PES for GD,)/CHa, shown in Figure 5 of ref
dependent on the choice of quantum state. Paradoxically, a hint3g  The similarity of the two surfaces is very striking. Each
of this was f_|rst re\_/ealed in an experimental study of the total presents a deep well, centered at the equilibrium geometry of
DCS of the isotopic reaction H,O or CH;OH; the detailed contours of the two surfaces around
the central well are remarkably alike, including the “humps” in
the entrance and exit regions of each PES, which reflect the

D,(0,2;v0)

0.10

0.05

0.00

D,(2.2;vp)

-0.05

-0.10

D,(2.2;v0)

-06 -03 00 03 06

Wavenumber shift (v p) fem™

highly anisotropic, correlating with the grounti\() electronic
state of HO. It is predicted to present little or no barrier to

o('D,) + HD—~ OH+ D (13)
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Figure 9. Three PDDCSs, (@0)(do2d/dw;) (top panels), (2/0)(do21-/dw:) (middle panels), and (20)(do22+/dw;) (bottom panels) derived from

the data shown in Figure 7 for (a) O¥€0,N'=5,A") and (b) OH{'=0,N'=5,A"). The error bars represent two standard deviations. QCT-derived
PDDCSs for OH{'=0,'=5) are shown in (c). The error bars represent one standard deviation, and the calculations were performed at a fixed
collision energy of 0.1 eV.

conical intersections between the lindar andII electronic lision complex!4 Indeed, the state-resolved DCSs were inter-

states. Of course, the dynamics of the reaction preted in terms of different state-resolved opacity functions for
OH(¢'=0) and OH{'=4), with the former peaked at low impact

O('D,) + CH,— OH + CH, (14) parameters and leading to collision complexes with rotational

. . ) periods in the rang@ < 2 ps!* They can be compared with
will be influenced by the polyatomic nature of the target the “real-time” determination of a collision complex lifetime
molecule, but the similarities in the two PESs suggest the [#40= 3 ps, based upon the rate of appearance of:G+HIN')
retention of some dynamical features in common with those fo|lowing the photodissociation of a van der Waals complex of
for the reaction with K 03 and CH.37
OI::(); Pzegmea:g;I pzﬁgrs;ztée]{rlgﬁqTﬁgigggﬁg#\l&?)&&d The QCT “clock”, employed in analyzing the dynamics of
CHa 14 ar;e shO\;vr?in Figure 14. They may be compared with the reaction with H, leads to collision complex lifetimes and
the ’corresponding maps genérated from th&Dg)(H, QCT rotational periods lying within the range 3Q00 fs. The real
results for OHY'=0,'=1—10) and OH{'=4j'=1—17) EFigure time and “rotational clocks” used to analyze the results fos CH
15). The similarities are extraordinary. The two scattering maps ffr;gotrlir?ftisrﬁzle§ntgsgr?ll?o?negtrgr?;i\?(fe Tﬁgggl:dceolr?lg?;re)m

for OH(v'=0) each display a sharp backward peak and a weak . ) ; =)
forward peak: those for O{(=4) approach forwardbackward IVR—associated, no doubt, with the increased moment of inertia
and the polyatomic character of the collision complex. How-

symmetry. Thek,k' vector correlations are almost identical. gkt k
The scalar distributions in the strongly exoergic channels leading €Ve"» the remarkable similarity between the two sets of scattering

to OH('=0) are very different, however, since the kinetic Maps, shown in Figures 14 and 15 for @t40) and OH{'=4),

energy released in the product-state-resolved, polyatomic reac-SUggests theelative time scales[24l/l#L] in the two channels
tion are little changed when CHs substituted for I When OH

is scattered into the highest vibrational levels>( 4), [z4(0~
O(lDZ) + CH,— OH(2I1;;0’=0N'=5)+ CH, (15) () and the DCS displays strong forward and backward peaks.
When OH is generated in the lowest quantum states=(0,
is low. Most of the exoergicity appears as internal excitation N'(j') = 0), @0 < &[0 and the fragments are scattered
in the unobserved, polyatomic Gltagment, implying consid- predominantly into the backward hemisphere, implying perhaps,
erable vibrational redistribution (IVR) within an (OGHcol- the predominance of low impact parametétdand transition-
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Figure 10. As in Figure 9; the three experimentally derived PDDCSs for ©HQ,N'=14,A") are shown in (a). The QCT-derived PDDCSs for

OH(v'=0,'=14) are shown in (b).

TABLE 1: State-Resolved, QCT Calculated and Experimentally
Products of the Reaction of O{D,) with H ;2

Determined, Polarization Parameters wittk = 2 for the OH

OH state a’ al_ a2,
II(A"); v =0,N=5 —0.23+ 0.05 —1.114+0.23 —1.05+0.21
T(A"); / = 0,N=5 +0.11+ 0.25 ~0.18+0.21 ~0.03+ 1.85
II(A"); v =0,N=14 —0.32+0.10 —0.30+ 0.31 —1.054+ 0.27
v'=0,N=5QCT —0.140+ 0.005 —0.198+ 0.006 —0.207+ 0.009
v'=0,N=14QCT —0.120+ 0.003 —0.086+ 0.003 —0.260+ 0.006

aThe polarization parameters are obtained by averaging the PDDCSs over all CM scattering angles and are defined in refs 7 and 8. The experimental
data are specific to each lambda doublet level: the QCT data, of course, do not distinguish lambda-doublet components. The uncertainties in the

experimental data represent two standard deviation (hereas the Q

state structures of the form-€H—H (or O—H—CHjz) accessed
by rotation of the target molecule under the influence of the

CT error bounds are single standard deviatiops (1

which are either isotropid (—I") or strongly peaked at, = 0
andx (I — j'). In the presenstate-resaled measurements,

strong anisotropic interaction potential. The latter hypothesis neither kinematic limit is appropriate, since the reactant orbital

concerning the GD) + H; reaction will be explored in more
detail elsewheré’

C. Rotational Polarization. The state-resolved rotational

polarizations of the OH products provide additional insight into
the role of collision complexes and the mechanism of their
formation and decay. Herschbach and co-woietsave
presented angular distributionB(6;), P(6;), and P(¢;) in the
present notation, for triatomic A BC(j=0) reactions proceed-
ing via “separable” statistical complexes in the kinematic limits
| —j"andl — I'. A common feature of these distributions is
the symmetry they possess abai (for P(6;) andP(6;)) or &
(for P(¢r)): the first of these symmetries corresponds to the
familiar forward—backward symmetry in the DCS expected in
the limit of a long-lived complex. Of particular note are the
predicted forms of the dihedral angular distributio®$¢;),

angular momentum is shared between that of the products and
the OH rotational angular momentum, although the channel
leading to OHN'=5) comes closest to approaching the- I’
limit. Note, however, that neither the QCT nor the experimen-
tally derivedk = 0, 2 dihedral angular distributions for ON
= 5 and 14, which show maxima probabilities¢gat= 7/2 and
3n/2, approach those expected for a statistical complex, in
accord with expectation based on analysis of the DCSs alone.
Although the rotational polarization data contain valuable
information about angular momentum disposal in the reaction,
they should be interpreted with caution since, as noted in section
1B, only moments withk = 0, 2 have thus far been determined.
A recent QCT study of the direct B~ H, reactiod® has
demonstrated that (low-order) odd moments of the angular
momentum distribution can be very significant, and the resulting
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Figure 12. As in Figure 11, but showing the QCT-derived, scattering
angle averaged, polar plot of the product rotational angular momentum
distribution: upper panel, OE0]'=5); lower panel, OH{=0'=14).

The calculations were made at a fixed collision energy of 0.1 eV, and
only even moments witlh < 2 have been included in these plots.

orientationalong the CMy axis can be a key indicator of the
reaction stereodynamics. While the comparison between ex-
perimental (Figure 11) and QCT (Figure 12) derived polarization
for moments withk = 0, 2 is satisfactory, and indeed lends
further credence to the potential energy surface employed in
the QCT calculations, to what extent do the polar plots shown
in Figures 11 and 12 reflect the full angular momentum
distribution? Figure 16 shows QCT calculated polar plots for
thej’ = 5 and 14 levels analogous to those shown in Figures
11 and 12, this time including even and odd moments of the
distribution withk < 10. (The polar plots are little altered if
they are generated with momerks< 15.) Clearly, the full
angular momentum polarization distribution displays more
detailed structure than can be obtained from inclusion of low-
order even moments alofenore significantly, however, the
distributions reveal substantial variations in angular momentum
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orientations observed for the F H; reactioni® As will be
described in detail elsewhetéthe full distributions provide
unequivocal evidence for the role of transitoigsertion
complexes, at least in the QCT calculations on the SL1 PES.

V. Conclusions and Look Forward

The new results demonstrate very forcibly the importance of
detailed, state-resolved experiments, coupled with high-quality
scattering computations, in probing and interpreting the dynam-
ics of atomic and molecular reactions. The product-state-
resolved differential cross sections for the insertion reaction of
O(*Dy) with H, (or CHy) are highly sensitive to the products’
guantum state; the near symmetry of the state-averaged dif-
ferential cross section for the reaction of. @) with H,32 belies
its underlying complexity. The remarkable success of quasi-
classical trajectory calculations, conducted on the Schinke
Lester PES, in predicting this complexity and a fortiori in
providing quantitative agreement with the product-state-resolved
linear and angular momentum distributions and their state-
resolved excitation functions, has been of signal importance in
aiding their dynamical interpretation. The overriding importance
of both absolute and relative time scales, the relative duration
of the collision complexes and their rotational periods, has been
guantified, together with their role in determining the vectorial
linear,P(k k"), and angular momenturR(k,k',j"), distributions.

The success of the trajectory calculations, which assumed
reaction over the ground-stat®A() potential energy surface,

disposal with quantum state, and net orientation along the CM implicates the reaction of @,) atoms withM; = 0 (in the

y axis, albeit of lower magnitude than the near limiting

a POLAR MAP
CH, + 0('D) ——> OH(v'=0,N'=5) + CHj,

molecular frame), i.e., the component oriented with its empty

b POLAR MAP

CHs + O('D) ——> OH(v'=4,N'=8) + CH;

Figure 14. Experimentally derived, velocity-scattering angle, state-resolved polar maps for the reactiph -©(CH,:1314 (a) OH@'=0,N'=5)
and (b) OH¢'=4,N'=8). Forward scattering ) corresponds to the direction of the scattered OH with respect to the direction of the incoming

atom.
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0('D) + Hy(v=0,j=1) —==~—=) OH(v'=0,j'=5) + H
£:=0.10 eV

0o('D) + Hy(v=0,]=1) ——==) OH(v'=0,j'=14) + H
ET=0.10 eV

Figure 15. QCT-calculated, velocityscattering angle, state-resolved

polar maps for the GD,) + H; reaction: (a) OH{'=0,j’=0—10) and '\
(b) OH(¥'=4j'=0—17). Both maps were generated at a fixed collision ‘.,%,;gv\
energy of 0.1 eV. The direction of forward scattering is defined the “&\_\\\‘\‘\M[ﬁ) N

same as in Figure 14, and the scale isinTh s

p-orbital lobe directed toward the molecular reagent to access
directly the highly attractivéA’' PES. Insertion dynamics on
the A’ surface are also consistent with the preferential popula-
tion of theII(A') lambda-doublet component of OH; the reaction
dynamics do not appear to be influenced by the photolytic
production of orbitally aligned atorfs!® with M; = 0 (refer-
enced to their recoil velocity). This could be ascribed either to
their reorientation during collision or to their inelastic scattering Y
from excited I or 'A surfaces. The much reduced rotational
angular momentum polarization in OH fragments generated from gjgre 16. As in Figure 12, but showing the QCT polar plot of the
Ho, in theII(A") lambda-doublet state, parallels the behavior oOH angular momentum polarization distribution ik moments with
found earlier for the reaction of @@,) with CH4!2 and of H k < 10: v =0,j' =5 (upper panel) and = 0, = 14 (lower panel).
with 0,.3° The similarities further reinforce the proposed
population of OH[I(A"")) through nonadiabatic transitions in
the asymptotic regions of the exit channel, a proposal originally
made by Hall and co-workers to explain the analysis of the
polarization data in the H/Qsysten?®

What of the future? Measurements of rotational angular
momentum orientation should be possible using circularly
polarized probe laser radiation to affirm (or not!) the QCT
predictions and thereby gain insight into the otherwise unob-
served correlations betwegh and the reagent and product
orbital angular momentd, and I'. As the lifetimes of the
collision complexes approach the average duration of their
rotational periods, the dihedral angular distribution of the
products’ rotational angular momenturji, should become
symmetric about the angle; = s, in much the same way as Acknowledgment. We are grateful to the EPSRC for a
the differential cross sections become symmetric about the research grant and the award of studentships to A.J.A. and J.S.
scattering angled; = 71/22738 With H, as the molecular reagent, and to the SpanishBritish exchange program “Acciones
kinematic constraints hamper prevent dynamical measurementdntegradas”. F.J.A. and L.B. gratefully acknowledge the financial
when the kinetic energy release is low. These problems cansupport by the DGICYT of the Ministry of Education and

be reduced, however, either by substituting the heavigr D
molecule for H and/or by coexpanding the reagents in a
molecular beam to reduce the thermal spread of collision
velocities. Further experimental studies of #Bhould also

be rewarding; a QCT study of the channel leading to OH-
(¥'=0,N'=0—10) has predicted a propensity for forward scat-
tering?23 the exact opposite of the angular distribution from H
Finally, accurate measurements of the speed dependence of the
translational anisotropy3(O('Dz)) from N:O, at low speeds
would aid further the quantitative analysis of the polarization
data.
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