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The Doppler-selected time-of-flight method was applied to map out the differential cross section of the title
reaction at a collision energy of 5.3 kcal/mol. The angular distribution is highly forward/backward peaking
with very slight asymmetry in favor of the forward direction. Vibrational structures of the SD product are
resolved in the angle-specific translational energy distribution. A strong coupling between the product angular
and speed distributions is found. Phase-space theory gives a fair description about the product translational
energy distribution, though significant discrepancies are noted for angular and angle-specific speed distributions.
Possible reasons are given, which consequently suggest ways for further theoretical investigation.

I. Introduction of-flight (TOF) techniqué&? was employed to measure the doubly
differential cross section(6, v). In brief, to measure a 3D

Insertion is an important reaction pathway, which is charac- product velocity distribution|(z, vy, v7), the Doppler-shift

terized by asimultaneousone-bond rupture and two-bonds technique is used in selecting a subgroup of products with

formation process in forming the intermediate complex. Yet, Jdv,. Rather than collecting all those signals from a resonance-

Csmraﬁmd tc; (tjhe rgmatrkviblrz ac?fveimerr]\(tj t?‘it 23; be(fan ;?denhanced multiphoton ionization (REMPI) detection process as
over the past decades toward our basic understa g oradirec single data point in the conventional approach, those Doppler-

ggztr?.cttiogegllgg gxszr??ge rLeJﬁ(t:.?of;,mL:gtcwelnetlss iiek?é);\(/:rtl'on selected ions are dispersed both spatiallygrand temporally

of OLElDI)S—i- H, Ihas myten ble:ﬁ regelro\lle(;yas a ben)i:,hmark sysltem.(in z/y).. A slit placed in front of the detectqr rgstr!cts only those

for studying insertion dynamics. Within the past few years, f?sa\:]vgh;:sglgcttzg ei(;iféeic;et(:],e?]n(:nghgsttlrségblégo?hgf itgr?S'T'OF

however, substantial evidence from both experinfeants high- n;(ethod To take advantage of the cylindrical symmetry of

ifv.el ?br'n't'o C;:)_?tentllal ?nt?r% shurfac:en(Fr’Esgldvgmaﬁlci:]a:js;smtal product 3D velocity distribution around the initial velocity axis
ajectory (QCT) calculatio as emerged, ¢ cates (7)) in a crossed-beam scattering experiment, the parallel

that the reaction of GD) + H, is complicated by an additional . . .
. . . configuration (the probe laser propagates alonfpr Doppler
absiraction pathway praceeding on excited surfaces. Theselection) was adopted in this approach. Since both the Doppler

p[)est,;enc;ie :f atswgyg’nc?”'?ﬁarmbimefﬁ k((j:ia;I/mtoI) :r?r t:;e n slice and the ion TOF measurement are essentially in the center-
apstraction pa ot only makes the cirect comparison ¢ . aqq (c.m.) frame and thg-component associated with the

between theory and experiment for this particular reaction more c.m. velocity can be made negligibly small compared to the

g?ﬁ‘:g;gg;]g dbﬁ;ﬁqlisc?s EﬁStgﬁg‘r;lng frorr]r; wg}ze(; dneatﬁlliﬁ(sj Csligg'eessNewton sphere, the measurement thus directly maps out the
Y 9 €9, y 98Sgesired c.m. distribution fd/12dvdQ, expressed in polar

as the |n|t|a! collision energy increases. coordinate by convention) in a Cartesian velocity coordinate
The reaction of OQ) + H; is very exoergicy~43 kcal/mol. (Polduvduydy)
> Wdoydvsy).
As one goes down the periodic table for X, because of the
weakening of the X-H bond the exothermicity of the % H
reaction decreases. As such, the exoergicity of the title reaction
reduces to 6.2 kcal/mol. (Part of the reduction in exoergicity = The experiments were conducted in a pulsed, crossed-beam
also comes from the energy difference in electronic excitations apparatus described previousfy The StD) beam was gener-
of the S{D) and OID) state.) Since the activation energy ated by 193 nm photolysis of G8.5% in He) at the throat of
usually increases with decreasing exoergicity (the so-called a pulsed valve, and the 3D velocity distribution of the D-atom
Evans-Polanyi relationshi,sometimes also referred to as the product was interrogated by the Doppler-selected TOF method.
Hammond postulaté), one might then anticipate the collinear The experimental setup and procedures can be found else-
abstraction barrier for the title reaction to be much higher than where!?14.15 Figure 1a shows a typical Doppler profile of the
that for O{D) + H,. If so, then the reaction of 89) + H, D-atom from the title reaction aE. = 5.3 kcal/mol. A
could offer a better opportunity for in-depth exploration of prominent double-hump feature is seen with slight preference
insertion dynamics over a wider energy range. This expectationfor forward-scattered products. (Note that the direction of the
is nicely borne out from a recent excitation function measure- product being detected (D-atom) is referred to the c.m. direction
ment!! which strongly suggests that the reactive cross section of the reactant Bfrom which the D-atom originates, see ref
for the title reaction can be entirely attributed to insertion for 16 for details.) Similar bias toward forward scattering has also
collision energies up to ca. 6 kcal/mol, the highest energy been observed for the other isotopic varldrand for the
achieved in the experiment. analogous reaction of @) + D,/H; at low collision energies
Reported here is our attempt to better understand the detailed <2 kcal/mol)*8:19
insertion dynamics for this reaction. The Doppler-selected time-  Figure 1b shows a few examples of Doppler-selected TOF

[I. Experimental Results and Analysis
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Figure 1. (a) Doppler profiles for the title reaction & = 5.3 kcal/

mol (@), obtained under the parallel configuration. The dotted line
marks the partition between the forward (f) and backward (b)
hemispheres for thés,, — 2P, transition of the Let doublet. (b) A

few examples of the Doppler-selected TOF spectra of the D-atom
product obtained under the ion extraction field of 1.95 V/cm. The label
“wem’ corresponds to the VUV laser frequency that slices through the
Newton sphere near c.m., and each “d" corresponds to 0.365iom
frequency orv, = 1.335x 1C° cm/s.

spectra. The spectra have been converted into velocity space
with the apparatus function being accounted'fgf. Clear step-
structures are vividly seen, and their appearance and position
are sensitive to the initial,-selection. The Doppler profile of

the D-atom spans over 4 crthin width. The TOF measure- A
ments were performed for a total of about 24 equally spaced % 05
Doppler selections to cover the entire profile. By combining

do/d(cos8)

1(6)

those data together (after the oL-doublet complication is i (©)
removed¥), the entire 3D velocity distribution can be mapped

out. The resulting 3D representation of the veloeifiyx 04 T 1 T T
contour map (&/dvd(cosh)) for the D-atom product is depicted 0 30 60 690 120 150 180
in Figure 2. A strong coupling of the product angular and speed an

distribution is readily observed. For example, the step structuresFigure 3. Comparisons of (a) the product translational energy
are quite prominent for sideward-scattered products, but they distributionsP(E;) = do/dE,, (b) the product c.m. angular distributions

merge together as the scattering angle shifts toward the forward/do/d(cos6), and (c) the fraction of the average translational energy
backward direction release derived from the experiment (solid lines) and from the PST

. calculation (dotted lines). Also marked in (a) is the onset of the
The results of a global analysis of the contour are presented, iy, ational state of the SD product.

in Figure 3. The product translational energy distributie(t;)

= do/dE;, is rather broad. Also marked on the top is the onset the second moment analysis of the observed Doppler profile in
of the vibrational state of the SD product. The vibrational a bulk experiment, Inagaki et al. obtaingd= 0.65+ 0.05 at
structure is barely discernible at this level of detail, and a small [E.J= 4.1 kcal/mol2® which is significantly larger than ours.
tail, due to the finite instrument resolution, beyond the energetic The slight difference irE;’s cannot account for that because
limitis noted. The fraction of the average translational energy our result ate; = 2.3 kcal/mol yields an even smaller value of
releasef(1= 0.49 is in reasonable agreement with the phase- 0.4417 One plausible explanation for the discrepancy lies on
space theoretical prediction 0.53, vide infra. Previously, using the fact that Inagaki et al. assumed an isotropic angular



Letters J. Phys. Chem. A, Vol. 102, No. 45, 1998639

distribution in the laboratory frame in their data analysis. As
will be shown below, the angular distribution for this reaction 31 0-30° 30-60°
is very anisotropic in the c.m. frame. Transforming it into the
laboratory frame could still remain quite anisotropic, thereby
invalidating their analysis.

The product c.m. angular distribution dfdi(cos 6)) is
displayed in Figure 3b, which shows a pronounced f/b peaking 1
and nearly symmetric distribution. It implies that as the insertion
complex decomposes, the initial orbital angular momentum
(or the total angular momentuthas in the present study) is
preferentially disposed into the final orbital angular momentum 3
L', i.e.,,L ~J~ L'2.22 A closer examination reveals slight
asymmetry. Although the peak height at 1&®&ems slightly
higher than that at 9 the integrated flux in the forward
hemisphere (©90°) is actually favored over that in the
backward hemisphere, which is consistent with the Doppler
profile (Figure 1a). Depicted in Figure 3c is the fraction of the
average translational energy release as a functiéi ef which
gives a quantitative measure of the coupling of the product
angular and speed distributions aforementioned. The striking
oscillatory features deserve special attention (similar features
are also noted at lower collisional enetgy and they might
provide an important clue to unravel the main dynamical factors
that govern this reaction.

Also shown in Figure 3 are the comparisons with the
statistical prediction. As demonstrated from the excitation
function measurement,the insertion reaction of 499) + D,
proceeds with little barrier in either the entrance or the exit R — —
channel. Itis thus ascribed to a loose transition state governed  ° 2 4 € 8 10 12 0 2 4 6 & 10 12 14
by the centrifugal barrier. By properly accounting for the energy E, (kcal/mol)
and angular momentum conservations, a phase-space theory¥igure 4. Angle-specific translational energy distributions over every
(PST) for the state-to-state angular distribution has previously 30" angular rangeR(E; A6), obtained from the experiment (solid lines)
been formulated by White and Light. Using their formulism, ~ and from the PST calculation (dotted lines). Experimentally, the
the results of such a calculation are shown in Figure 3 as dotted‘é'brat'%nal strr]uctures areIV|S|bIe, and their relative magnitude and shape
lines. Here it suffices to note that the PST-calculated state-to- oo ¢ *" the c.m. angle.
state differential cross sections were convoluted over the finite
instrument resolutions and normalized to experiment to yield
an identical integral cross section. As can be seen from Figure
3a, the PST gives a reasonable, though not perfect, account oﬂ
the product translational energy distribution. Hence, if only the
SD product internal state distributions were measured, one might
come to the conclusion of a nearly statistical reaction governed

by the PST. This is indeed the conclusion drawn from the f/b components tend to be rotationally hotter than the sideward-

E%Tvg?/:foa toefr[r‘(;lms 'Qf :)hfﬁe:esccear;:eﬁtnucj)c/)bts))ér\l/g?)?;sklsféh@;s thescattered SD products. More quantitative rovibrational analysis
' g is a task of some proportions and is currently in progress. The

angular distributiqn (Figure 3b)_9r the gngle-spgcific kinetic comparison with the PST prediction at this level of details
energy releasg (Figure 3c),.3|gn|f|cant d[screpanues are fOl.md'(Figure 4) provides a deeper view of the discrepancy observed
The PST predicts a much.m|lder ffb peaking angular distribution in Figure 3. The differences in the relative magnitude reflect
as well as a weaker coupling between product speed and angula{he discrepancy in angular distribution shown in Figure 3b. In

distributions than experiment. In PST, such-a8 coupling, terms of the shape of the kinetic energy distribution in each

or I(.U’ 0) ¢t.f(0) g(za),blst;he reSllm of a putrely<|nemat|c i angular segment, it appears that the PST gives a reasonable
requirement imposed by the angular momentum conserva Ion'description in the forward/backward direction, but it fails to

(The prior distribution in the information theoretic approach will reproduce the observed product state distribution for the

preQict a cqnstant value dili=0.51 for a[la’s.) The calculated sideward-scattered product. Apparently, the small difference
[fi4 is consistently larger than the experiment by a small amount, in the angle-integratel(E;) distributions (Figure 3a) originates

part of which could arise from the exact parameters used in the mostly from the marked discrepancy in the sideward direction
present PST calculatiori. More significantly, the observed(yj y pancy ’

displays a greater angular variation for the sideward-scattered
product than just from the kinematic constraint, indicative of
the dynamicorigin governed by the PES. The failure of the PST in describing all aspects of scattering
As presented previoush,a more informative way to reveal  observables is not too surprising. First, the PST puts no
the detailed dynamics afforded by this direct 3D mapping constraints on the structure of the transition state or the type of
approach is to examine the angle-specific product state distribu-modes for dissociation of the intermediate complex. The only
tion P(E;; AO) over a limited range o6, as illustrated in Figure PES information invoked is the energetics. That is certainly

60-90° 90-120°

3 120-150° 150-180°

SD(v=0)

4. For the purpose of this communication the full angle range
is partitioned into only six segments. Quite remarkably, even
nder such a coarse-grained presentation vibrational structures
ecome quite apparent, and their dependence on the c.m.
scattering angle of the SD products is noticeable. From the
envelope of these vibrational structures, the main feature in the
rotational distribution can also be inferred. Qualitatively, the

IIl. Discussion
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an oversimplified picture, particularly for the more detailed distinct subsets of collisions, from which deeper insights into
scattering observable. Our use of PST here is primarily a meanschemical reactivity could be gained. Further exploration along
to ensure the angular momentum conservation is being properlythese lines and the full account of this work including the results
treated in the spirit of statistical theories, and in view of the at different collision energies and for other isotopomers, (H
available PES information. HD) will be reported in the future.

Second, the PST approach assumes a long-lived complex,
i.e., the lifetime of the intermediate complex is longer than the  Acknowledgment. This work was supported by the National
complex rotational period. As was pointed out recettlihe Science Council of Taiwan (NSC 87-2119-M-001-009-Y) and
notion (in the usual sense) of a long-lived complex for the title Chinese Petroleum Corp. (86-CPC-&01-008).
reactiorf®is not fully consistent with the observed isotope effect.
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