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Abstract. The Doppler-selected time-of-flight method was as the roles of initial impact parameter gondthe angle of
applied to map out the differential cross sections of the tiattack [2], the subtle dependence of the intramolecular iso-
tle reaction at two collision energies in a crossed-beam exope branching (for example, in the case ofXID) on the
periment. Roughly symmetric and highly forward—backwardPESs [3, 4] etc, however remain unclear.

peaking angular distributions were observed at both ener- There is now strong evidence that the reaction of a di-
gies. Vibrational structures of the SH product were resolvedalent StD) atom with H proceeds almost exclusively via
from the velocity measurements of the counter-product Hinsertion mechanism at low collision energy [2,4—6]. In view
atom. Most of the angle-integrated observables can readily baf the basic concept given above and the analogous, better-
understood on statistical grounds, which suggests that statiknown reaction of @'D) + H,, this conclusion is what one
tics plays the dominant role in determining the outcomesvould have anticipated. The energetics of these two reac-
of this prototypical insertion reaction. In terms of more de-tions are, however, sufficiently different so that the underlying
tailed angle-specific reaction attributes, significant discrepameaction dynamics might not necessarily be the same. Fig-
cies from statistical considerations were revealed, indicativare 1 depicts the relevant energetics for the two reactions.
of some hidden dynamics being buried under the statisticdExcitation function measurements for®) +H, [7] and

factor. S(*D) +H, [4] at low energies indicate that both reactions
are of capture type, namely their reactivities are governed
PACS: 30; 40; 80 by long-range attractive forces with little activation energy.

The favored path for both reactions is thus believed to be
insertion forming the reaction complexes$and HO, re-
Elementary atom—molecule reaction often proceeds by singlspectively. The well depths of the reaction complexes in
bond formation and single-bond breaking processes [1]. It cathe two cases are quite comparable, 90 and 118wl

be of a direct abstraction or exchange type in which the forwith respect to products, respectively. The exoergicity for the
mation of a new bond and the rupture of an old bond occuS(*D) + H, reaction is, however, substantially smaller than
“simultaneously”. Alternatively, it can be of an indirect type that for QD) +H,, 6.9 versus 43 kcal/mol. Because of

in which an intermediate complex is first formed by an endthe deep potential well and the small exoergicity, conven-
on addition process and the product is subsequently producd¢idnal wisdom will then predict a long-lived complex (a few
by complex decomposition or an elimination process. In thigps based on a simple RRKM prediction) being involved in
case, these two processes can be regarded as two independt, reaction of §D) 4+ H, and that the statistical behavior
sequential steps. Typical examples for these two mechamright prevail [1]. That is in constrast with a short-lived com-
isms are reactions involving a uni-valent atom, such as thgilex mechanism for the @D) + H; reaction, for which both

in its electronic P-state. There is, however, another importafRRKM estimation and dynamics calculation [8] indicate that
type of indirect reaction pathway — a side-on insertion. Inserthe complex survives only a few vibrational oscillations be-
tion is characterized by a simultaneous one-bond rupture arfdre decomposition.

two-bonds formation process in complex formation. It typ-  In addition to the lowest energy ¥A’) insertion path-
ically occurs for a divalent atom or radical, such as that inway, the interactions of &D-atom with H lead to four other
the electronic D-state. Either the addition—elimination or theasymptotically degenerate potential energy surfaces (PESS).
insertion—decomposition mechanism involves an intermediFor O(*D) + H, both experiment [7] and high-quality ab ini-
ate reaction complex, and the statistical treatment has ofteio calculations [9, 10] established that the first excited PESs
proven to be a powerful tool in rationalizing many of the ex- (*IT) exhibit a collinear barrier of about 2 kgahol, but in the
perimental observations. The more detailed attributes, suatase of $'D) + H, it becomes about 10 kgahol [11]. Be-
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Fig.1. Schematics of the most relevant
energetics for the title reaction and the
analogous @'D) reaction. Both reac-
tions involve a deep well, yet the exoer-
gicities are very different. The potential
barriers on the first excited surface also
H,0('Ay) differ substantially

H,SCAp

cause of the relatively low barrier for(@D) + H,, the degree by a (1+1) resonance-enhanced multi-photon ionization
of the participation of théIT surface, which corresponds to (REMPI) time-of-flight (TOF) mass spectrometric scheme.
a direct abstraction pathway, in total reactivity has recentlyT he necessary VUV radiation near the H-atom Lynaainan-
been at the center of controversy [7,9,12—20]. On the othesition (1216 nm) was generated by the frequency tripling
hand, the relatively high barrier of the first excited PESs intechnique in a Kr-gas cell.
S(*D) + H; [4, 11] will diminish the abstraction contribution. To directly map out the desired center-of-mass (c.m.)
Hence, the title reaction provides a better opportunity for in-distribution, the product 3D velocity distribution was inter-
depth exploration of insertion dynamics over a wider energyogated by the Doppler-selected TOF method. This method
range. combines the conventional Doppler-shift and high-resolution
Such an investigation has recently been undertaken aridn TOF (in velocity mode) techniques in an innovative
reported by us for 8D) + D, at two collision energies [2,6]. manner, and has been detailed previously [15,22]. Here,
The experimental observable was the collision energy desnly the basic idea is outlined. To measure the three di-
pendence of the state-resolved differential cross sections. hensional (3D) velocity distribution of a reaction product,
was found that the global angular distributions were nearlyl (vx, vy, v2), the Doppler-shift technique is first applied to se-
symmetric, but highly polarized along the forward—backwardectively ionize a subgroup of products with + §v,. Rather
(f-b) directions. Phase-space theory gave a fair descriptiotihan collecting all these signals as a single data point in the
about product translational energy distribution, but significantonventional approach, these Doppler-selected ions are dis-
discrepancies were noted for angular and the more detailgaersed both spatially (imy) and temporally (invy). A slit
angle-specific speed distributions. A strong coupling betweeplaced in front of the MCP detector restricts only those
the product angular and speed distributions was noted. In paiens with v, ~ 0 to be detected, and thg distribution of
ticular, whereas a pronounced f-b peaking distribution washosevy- and v,-selected ions is then measured by the ion
evident for the SD« = 0) state, a somewhat more isotropic TOF method. Due to the cylindrical symmetry of the prod-
one was revealed far = 1. Reported here is our further at- uct 3D velocity distribution around the initial velocity axis
tempt to better characterize the detailed dynamics of this prd4,) in a crossed-beam scattering experiment, the informa-
totypical insertion reaction. Section 1 outlines the basic idedéion about the largey distribution will not be lost provided
of our experimental approach. The experimental results antthat the parallel configuration (for example, the probe laser
the comparisons with 8D) 4+ D, are presented in Sect. 2. propagates along, for Doppler selection, which is read-
Conclusions are given in Sect. 3. ily achievable with the present rotating-sources machine)
is adopted in this approach. Since both the Doppler slice
and the ion TOF measurement are essentially in the c.m.
1 Experiment frame and thevx component associated with the c.m. vel-
ocity vector is usually small and can be mostly compen-
The experiments were carried out in a pulsed, crossed maated for experimentally, this highly multiplexed measure-
lecular beam apparatus described previously [4,15,21]. Iment yields a direct mapping of the desired c.m. distribu-
brief, a skimmed SQ) beam was generated by 193-nm tion (d®c/v2dvds2, expressed in polar coordinates by con-
photolysis of C$ (0.5% in He, 15 atm.) at the throat of vention) in a Cartesian velocity coordinat#o;/dvxdvydv,).
a pulsed valve. The subsequent supersonic expansion cofhis is to be contrasted with the conventional neutral TOF
fined and translationally cooled the!®) beam which then technique (either in the universal machine [23] or by the
collided with the target Hibeam from a second pulsed valve. Rydberg-tagging approach [24]) for which the laboratory-
The detection of the reaction product, H-atom, was achievetb-c.m. transformation must be performed, or with the 2D



629

ion imaging technique [25] which involves a 2D-to-3D back S+H, - SH+H
transformation. o
5 27 f—""b
2 Resultsand discussion ;*; ] m
o .
2.1 Global view of reaction dynamics % 1 (sdgjp %
o : Lo
a4 Ce : L]
Figure 2a shows typical Doppler profiles of the H-atoms from = | Oo‘i' : 'CEJO
the title reaction atE. = 2.24 and 396 kcajmol. Whereas os® § S
the lower energy one (solid dots) shows flat top in shape O_M _______________________ SRR . 'o‘bbnmm
a prominent double-hump profile is seen at higher energ — T
(open circles). Also marked in the figure is the location of the 4 3 2 A 0 1 2 3 4
c.m. frequency. In both cases, a slight preference for forwarc Ao (cm™)
scattered products is discernible. (Note that the direction ¢
the product being detected (H-atom) is referred to the c.m. di L L
rection of the reactant Hfrom which the H-atom originates.) kY .
Figure 2b shows a few examples of Doppler-selectec 1.54% % i.".

TOF spectra. The left (right) panel is for the22 kcal/mol
(3.96 kcaymol) case. The spectra have been converted int’>"
velocity space and for clarity only every other data point isg 1.04%
shown. Clear steps and fine-structure features are vividly ot >*
served, and their appearance and position are sensitive to t="
initial v, selection. The Doppler profiles of the H-atom prod- "~ 0.5
uct span over 6 cm in width. The TOF measurements were
performed for a total of 33 equally spaced Doppler selec
tions to cover the entire profiles. After complications aris- 0.0
ing from the H-atom Lymar doublet were removed [15,. 0 2 4 6 8 o0 2 4 6 8 10
22], the combination of those data together yields the dir
ect mapping of the product 3D velocity distribution. The re-
sulting 3D representations of the velocity-flux contour mapsrig.2. a Doppler profiles for the title reaction at2 kcaymol (s) and
(dzg/dvd(cos@)) for the two collision energies are displayed 3.96 kcaJmol (o), obtained under the parallel configurations. The dot-
in Fig. 3. Apparently the contours are quite symmetric, an e:m:?eheTgék?O:hteh egglrtition le)aetwet(ra;n ;r;i) r:og,fvatrr?e (2 Ztnodmbﬁcm%rd (b)
highly pOIarlzed_ m_the forward-backward dlrectlons.' Thedoubl(ft. b A few examﬁes of %Ze Doppler-selected TOF spegtra of the
degree of polarization becomes more pronounced with thg-atom product obtained under the ion extraction field ®5V/cm, the
increase in collision energy. Although a nearly symmetric anteft (right) panel is for 224 kcaymol (3.96 kcaymol). The label &’
gular distribution for the present reaction can not be regardegprresponds to the VUV laser frequency that slices through the Newton
as a conclusive evidence for a reaction with long-lived inter3Phere near ¢.m., and eaai" corresponds to 365 cm™ in frequency or
. i . . o .~ v, =1.335x 10° cmy/s
mediate complex [26], it is entirely consistent with insertion
mechanism. angular distributionl () = do/d(cost) (the product transla-
By integrating the doubly differential cross section overtional energy distributiorP(E;) = do/ dE;) can be obtained.
the full speed (angle) range for each contour, the produdtigure 4 presents the results. The prodedE;) distributions

v, (10° cm/sec)

S+H, - SH+H

Fig. 3. The 3D representation of the H-atom velocity-
flux contour, do/dvd(cost). The contours are con-
structed directly from a total of 33 slices of the
Doppler-selected TOF measurements

E, = 2.2 keal/mol E, = 4.0 kcal/mol
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S+H, - SH+H gies are presented in Fig. 5. For convenience, they are dis-
2 1 0 played as a function oEj, = Eia— E¢ through energy
| | conservation such that the energetic marks shown in the
1 0 0-15 panel apply to all other panels and for both col-
lision energies. Several interesting observations are worth
noting.

First, the products scattered in different angles clearly
display different internal energy distributions. That is a man-
ifestation of the coupling between angle and speed distribu-
tions as alluded to early. Similar findings were noted for the
S(*D) + D, reaction [6]. Second, whereas the global angu-
lar distributions are fairly symmetric at both collision ener-

— T T T T T T T gies, the detailed(Ejn; A6) distributions behave differently
for the two cases. AE. = 2.24 kcaJmol, the f-b symme-
4% try is roughly retained, for example comparing the shape
1° of P(Eint) at 0—15 to that at 165—180 At slightly higher
energy of 396 kcaf/mol, such a f-b symmetry apparently
breaks down. This is in constrast with thé'B) + D, reac-
tion for which both the 2.3 and.3kcal/mol cases display
a rough f-b symmetry in terms of the angle-specific en-
ergy distributions. Third, the vibrational structures in most
of the panels can readily be identified by inspections of
the P(Eij) shape in each panel with respect to the ener-
getic onsets for SHY). Since theP(Ej.;) distributions at two
energies have been normalized to their integral cross sec-
— tions [4], it becomes apparent that with the increase in col-
0.3 lision energy, there is a dramatic variation in product state
1 distributions and this variation depends sensitively on scat-
0.2 ——— T tering angles. This is again at variance with the behavior
0 30 60 90 120 150 180  found previously for $'D)+D,, which showed a rather
c om uniform variation for different angles. Furthermore, some
Fig.4a—c. The product translational energy distributioR$k) = do/dE; distinct fine St.rUCtures near SIdeW.ard dlrectlon. (Where the
(a), the product c.m. angular distributiong /di(cosf) (b), and the frac- prgsent mapping technique has higher resolution in t'rans-
tions of the average translational energy releaséof 2.24 kcaymol (solid ~ lational energy) are seen, which correspond to partially-
lines) and 396 kcafmol (dashed lines). Also marked ima is the onset of the  resolved (high}’) rotational states of the SkH(= 0) prod-
vibrational state of the SH product ucts. Due to limited resolution of this work and the com-
plication of energy level structures of the open-shell species
(SH(?11)), a definite assignment of these rotational structures
are rather broad at both collision energies, and the vibrationalan not be made.
structures are also apparent as can be compared with the stick These qualitative observations can be put forward semi-
marks shown on top. The angular distributions are fairly symguantitatively through product state analysis. Figure 6 il-
metric. Both the slight forward-preference at the two energietustrates the vibrational state partitioning for three angu-
and the more polarized distribution at higher collision energylar segments. A parameterized form was assumed for the
as noted early, are readily observed. In terms of the fractioproduct rotational state distribution for a given in this
of the average translational energy releddg, a small vari-  partition. The parameters were varied and the finite experi-
ation with the c.m. scattering angle can be seen. This quantitynental resolution was convoluted for the best fit of each
(ft)e, gives a quantitative measure of the coupling of theangle-specific kinetic energy release distribution. Although
product angular and speed distributions. Compared to the preuch a partitioning is never unique, the essential features
viously reported 8D) + D5 [2, 6], this coupling appears to described below remain unaltered. It is interesting to note
be weaker for the present reaction. Nevertheless, the angltiat although the rotational envelopes fgr= 0 are broad
integrated fractions of kinetic energy release are 0.48 anth all cases, those in the f-b directions display distinct
0.45 for Ec = 2.24 and 396 kcalmol, respectively, which bimodal distributions which are absent for the sideward-
are quite comparable to thg'®) + D, cases (within a few scattered products. No clear sign of a bimodal rotational
percent). distribution was observed in our previoudB) + D, studies.
Since no statistical theory will predict a bimodal rotational
distribution, it implies the presence of some “hidden” dy-
2.2 Angle- and state-specific analysis namical factors in this reaction. Figure 7 summarizes the
resultant angle-specific energy disposal and the vibrational
A more informative way to reveal the detailed dynamicsbranching. Consider first the angle-integrated quantities (the
afforded by this direct 3D mapping approach is to exam-corresponding numbers in parentheses). Both the energy dis-
ine the angle-specific kinetic energy distributi®E; A6)  posal and the vibrational branching are in good agreement
over a limited range ofAd. The results for the two ener- with simple statistical expectations. For example, the experi-

do/dE,

P(E)=

-]

do/d(cos)

= 1(8)
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Fig.5. Angle-specific internal energy distri-
bution of the SH product over every °15
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Fig. 6. Partition of the angle-specific translational energy distributions int@lso contains the information about the product rotational
the SH vibrational states, exemplified by three different angular segmengistribution. The recoil energg, and the product rotational

for each case. Note the bimodal features for $H(0). Since the sep-
aration of spin-orbit manifolds for SH{l) is only 108 kcalmol, these

cross sections [4]. The energetic onset for
SH(') is shown only for 0—-1% though it
applies to all other angular ranges

0 2 4 6 8 10 12

mental P, = 0: P, = 1 branchings are 0.91:0.09 f&. =

2.24 kcafmol and 0.83:0.17 for .36 kca}ymol, which com-
pare with the statistical values of 0.92:0.0822kca)/mol)

and 0.85:0.15 (36 kcalmol). The statistical theory predicts

a slightly larger (smaller) value for translational (rotational)
energy disposal than experiment. But, the discrepancies are
only a few percent.

The situation becomes quite intriguing in terms of the

angle-specific reaction attributes. As is seen, the sideward-
scattered products clearly exhibit more vibrational excita-
tion than those in the f-b directions, and this disparity be-
comes more pronounced with the increaseBgn Similar
features were found for the(8)+D,. In our previous
report on $'D)+ D, [2], a similar angular variation for
translational energy disposal was seen and compared with
a phase-space theory (PST) calculation [27]. It was shown
there that in PST such an angular pattern for translational en-
ergy disposal is a result of a purely kinematic requirement
imposed by the angular momentum conservation. In other
words, the smaller translational energy disposal for sideward-
scattered products should be compensated by a larger dis-
posal into rotation, not vibration, in sideways if it is purely
kinematic in origin. These observations suggest that differ-
ent types of complexes ajfmk mechanisms might be in-
volved for producing different vibrational states of &5D.
A conjecture that lies on the correlation between the ini-
tial impact parameter and the type of complex was pro-
posed [2]. Theoretical investigation along this line is currently
in progress.

The shape of the vibrational “band” exemplified in Fig. 6

energyE, for vibrational statay’ are related byE; = Eota —
v — Er. Because of the complication from the open-shell en-
ergy level structure and of the limited resolution of this work,
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Fig.8. The 3D representation of the gross features of product rovibrational
state-specific angular distributionsa{d:/d6). For clarity, the four panels
are not normalized to one another

0

_ _em _ isotropic distribution implied. ~ j’. It is quite remarkable

F_|g. 7._Summary of the angle-specific energy disposal anq the angle—speu_@hat both extreme types of directional correlation in angu-

vibrational branching for the two energies. The numbers in parentheses 9 momentum disposal are revealed here for different vi-

the corresponding angle-integrated values . - . - .
brational states in the very same reaction. With the increase
in E; (3.96 kcalmol) the degree of alignment df’ to L

only the main features in rotational distributions are soughbecomes even more pronounced 6= 0, presumably re-

here. Thus at a fixed c.m. angle, the “classical” rotational statBecting the smaller value of maximal impact parameter (i.e.,

distribution is smaller value fot 4y at higher collision energies — a typical
behavior for a barrierless capture reaction. Foe 1, while
P(j") = P(En dEy/dj' = 2By (' +1/2) low j’s remain nearly isotropic, a richer angular distribution
x P[Etotai— Ev — By j'(j' + 1)] (1) s seen for the highey’s. Its origin remains unclear.

where B, is the rotational constant for the vibrational state

v'. Figure 8 summarizes the results which show how the ro3 Conclusions

tational state distributions for different vibrational states vary

with the c.m. angles, and how they vary with the initial col- The doubly differential cross sectiondogdvd(coss) for the
lision energies. Although all cases display a high degree afeaction $D) + H, at 2.24 and 36 kcal/mol were mapped
rotational excitations, the detailed contours are different. Noteut by a newly developed technique called Doppler-selected
that due to the sif term in the integration over all azi- TOF method. The resolution of this method is sufficiently
muthal angles, an isotropic angular distribution, for examplehigh to observe directly the product vibrational structures
do/d(cosf) = constant, will appear as sideward peaking inand to infer the main features of the rotational energy dis-
the ab/dd representation. And a flat-topygdd distribution  tributions. Detailed comparisons were made as to their de-
will turn into a f—b peaking distribution in the conventional pendences on the initial collision energies for this reaction,
do/d(cost) representation for angular distribution. Now let as well as with those for the(3) + D, reaction. It was

us first examine the.24 kcafmol case. Fon’ =0, the ac- found that the global attributes such as the energy disposal,
tual angular distributions all appear to be f—b peaking andibrational branching and total angular distribution of these
the degree of polarization is more pronounced for smaller two isotopically analogous reactions are quite similar. They
than for the larger ones. By way of contrast, idr= 1 the  all show characteristic features of a complex-forming reac-
angular distribution becomes much less polarized; in fact, ition, and can readily be understood by statistical arguments.
shows the tendency towards an isotropic one. For a reactiorhe more detailed reaction attributes, however, display sig-
which forms an intermediate complex, the exact shape of theificant differences and subtleties, most notably the angu-
c.m. angular distribution of products reflects the propensityar variation in product vibrational excitation and the bi-
in angular momentum disposal [28]. In simple terms, a f-bmodal rotational distributions in the f—b directions, which can
peaking angular distribution correspondslier L and an  not be reconciled on statistical grounds. Apparently there is



rich dynamical information underneath the statistical treat- 9.

ment to be uncovered for an indirect complex-forming re-

action. These subtle dynamical factors are often hidden of?:
washed out upon the averaging over the scattering angles.™
As exemplified in this work, angle-specific distributions pro- 12.

vide a vehicle to decode the underlying dynamics from the

statistical factors. We hope that the work presented heré3.
will provide the stimulus for future theoretical investiga-
tions and for better understanding of insertion reactions inqs_

general.
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