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Abstract. The Doppler-selected time-of-flight method was
applied to map out the differential cross sections of the ti-
tle reaction at two collision energies in a crossed-beam ex-
periment. Roughly symmetric and highly forward–backward
peaking angular distributions were observed at both ener-
gies. Vibrational structures of the SH product were resolved
from the velocity measurements of the counter-product H-
atom. Most of the angle-integrated observables can readily be
understood on statistical grounds, which suggests that statis-
tics plays the dominant role in determining the outcomes
of this prototypical insertion reaction. In terms of more de-
tailed angle-specific reaction attributes, significant discrepan-
cies from statistical considerations were revealed, indicative
of some hidden dynamics being buried under the statistical
factor.

PACS: 30; 40; 80

Elementary atom–molecule reaction often proceeds by single-
bond formation and single-bond breaking processes [1]. It can
be of a direct abstraction or exchange type in which the for-
mation of a new bond and the rupture of an old bond occur
“simultaneously”. Alternatively, it can be of an indirect type
in which an intermediate complex is first formed by an end-
on addition process and the product is subsequently produced
by complex decomposition or an elimination process. In this
case, these two processes can be regarded as two independent,
sequential steps. Typical examples for these two mechan-
isms are reactions involving a uni-valent atom, such as that
in its electronic P-state. There is, however, another important
type of indirect reaction pathway – a side-on insertion. Inser-
tion is characterized by a simultaneous one-bond rupture and
two-bonds formation process in complex formation. It typ-
ically occurs for a divalent atom or radical, such as that in
the electronic D-state. Either the addition–elimination or the
insertion–decomposition mechanism involves an intermedi-
ate reaction complex, and the statistical treatment has often
proven to be a powerful tool in rationalizing many of the ex-
perimental observations. The more detailed attributes, such

as the roles of initial impact parameter and/or the angle of
attack [2], the subtle dependence of the intramolecular iso-
tope branching (for example, in the case of X+HD) on the
PESs [3, 4] etc, however remain unclear.

There is now strong evidence that the reaction of a di-
valent S(1D) atom with H2 proceeds almost exclusively via
insertion mechanism at low collision energy [2, 4–6]. In view
of the basic concept given above and the analogous, better-
known reaction of O(1D)+H2, this conclusion is what one
would have anticipated. The energetics of these two reac-
tions are, however, sufficiently different so that the underlying
reaction dynamics might not necessarily be the same. Fig-
ure 1 depicts the relevant energetics for the two reactions.
Excitation function measurements for O(1D)+H2 [7] and
S(1D)+H2 [4] at low energies indicate that both reactions
are of capture type, namely their reactivities are governed
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 H2S and H2O, re-
spectively. The well depths of the reaction complexes in
the two cases are quite comparable, 90 and 118 kcal/mol
with respect to products, respectively. The exoergicity for the
S(1D)+H2 reaction is, however, substantially smaller than
that for O(1D)+H2, 6.9 versus 43.3 kcal/mol. Because of
the deep potential well and the small exoergicity, conven-
tional wisdom will then predict a long-lived complex (a few
ps based on a simple RRKM prediction) being involved in
the reaction of S(1D)+H2 and that the statistical behavior
might prevail [1]. That is in constrast with a short-lived com-
plex mechanism for the O(1D)+H2 reaction, for which both
RRKM estimation and dynamics calculation [8] indicate that
the complex survives only a few vibrational oscillations be-
fore decomposition.

In addition to the lowest energy (11A′) insertion path-
way, the interactions of a1D-atom with H2 lead to four other
asymptotically degenerate potential energy surfaces (PESs).
For O(1D)+H2 both experiment [7] and high-quality ab ini-
tio calculations [9, 10] established that the first excited PESs
(1Π) exhibit a collinear barrier of about 2 kcal/mol, but in the
case of S(1D)+H2 it becomes about 10 kcal/mol [11]. Be-
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Fig. 1. Schematics of the most relevant
energetics for the title reaction and the
analogous O(1D) reaction. Both reac-
tions involve a deep well, yet the exoer-
gicities are very different. The potential
barriers on the first excited surface also
differ substantially

cause of the relatively low barrier for O(1D)+H2, the degree
of the participation of the1Π surface, which corresponds to
a direct abstraction pathway, in total reactivity has recently
been at the center of controversy [7, 9, 12–20]. On the other
hand, the relatively high barrier of the first excited PESs in
S(1D)+H2 [4, 11] will diminish the abstraction contribution.
Hence, the title reaction provides a better opportunity for in-
depth exploration of insertion dynamics over a wider energy
range.

Such an investigation has recently been undertaken and
reported by us for S(1D)+D2 at two collision energies [2, 6].
The experimental observable was the collision energy de-
pendence of the state-resolved differential cross sections. It
was found that the global angular distributions were nearly
symmetric, but highly polarized along the forward–backward
(f–b) directions. Phase-space theory gave a fair description
about product translational energy distribution, but significant
discrepancies were noted for angular and the more detailed
angle-specific speed distributions. A strong coupling between
the product angular and speed distributions was noted. In par-
ticular, whereas a pronounced f–b peaking distribution was
evident for the SD (v′ = 0) state, a somewhat more isotropic
one was revealed forv′ = 1. Reported here is our further at-
tempt to better characterize the detailed dynamics of this pro-
totypical insertion reaction. Section 1 outlines the basic idea
of our experimental approach. The experimental results and
the comparisons with S(1D)+ D2 are presented in Sect. 2.
Conclusions are given in Sect. 3.

1 Experiment

The experiments were carried out in a pulsed, crossed mo-
lecular beam apparatus described previously [4, 15, 21]. In
brief, a skimmed S(1D) beam was generated by 193-nm
photolysis of CS2 (0.5% in He, 15 atm.) at the throat of
a pulsed valve. The subsequent supersonic expansion con-
fined and translationally cooled the S(1D) beam which then
collided with the target H2 beam from a second pulsed valve.
The detection of the reaction product, H-atom, was achieved

by a (1+ 1) resonance-enhanced multi-photon ionization
(REMPI) time-of-flight (TOF) mass spectrometric scheme.
The necessary VUV radiation near the H-atom Lyman-α tran-
sition (121.6 nm) was generated by the frequency tripling
technique in a Kr-gas cell.

To directly map out the desired center-of-mass (c.m.)
distribution, the product 3D velocity distribution was inter-
rogated by the Doppler-selected TOF method. This method
combines the conventional Doppler-shift and high-resolution
ion TOF (in velocity mode) techniques in an innovative
manner, and has been detailed previously [15, 22]. Here,
only the basic idea is outlined. To measure the three di-
mensional (3D) velocity distribution of a reaction product,
I(vx, vy, vz), the Doppler-shift technique is first applied to se-
lectively ionize a subgroup of products withvz ± δvz. Rather
than collecting all these signals as a single data point in the
conventional approach, these Doppler-selected ions are dis-
persed both spatially (invx) and temporally (invy). A slit
placed in front of the MCP detector restricts only those
ions with vx ≈ 0 to be detected, and thevy distribution of
thosevx- and vz-selected ions is then measured by the ion
TOF method. Due to the cylindrical symmetry of the prod-
uct 3D velocity distribution around the initial velocity axis
(v̂z) in a crossed-beam scattering experiment, the informa-
tion about the largevx distribution will not be lost provided
that the parallel configuration (for example, the probe laser
propagates alonĝvz for Doppler selection, which is read-
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.
frame and thevx component associated with the c.m. vel-
ocity vector is usually small and can be mostly compen-
sated for experimentally, this highly multiplexed measure-
ment yields a direct mapping of the desired c.m. distribu-
tion (d3σ/v2dvdΩ, expressed in polar coordinates by con-
vention) in a Cartesian velocity coordinate(d3σ/dvxdvydvz).
This is to be contrasted with the conventional neutral TOF
technique (either in the universal machine [23] or by the
Rydberg-tagging approach [24]) for which the laboratory-
to-c.m. transformation must be performed, or with the 2D



629

ion imaging technique [25] which involves a 2D-to-3D back
transformation.

2 Results and discussion

2.1 Global view of reaction dynamics

Figure 2a shows typical Doppler profiles of the H-atoms from
the title reaction atEc = 2.24 and 3.96 kcal/mol. Whereas
the lower energy one (solid dots) shows flat top in shape,
a prominent double-hump profile is seen at higher energy
(open circles). Also marked in the figure is the location of the
c.m. frequency. In both cases, a slight preference for forward-
scattered products is discernible. (Note that the direction of
the product being detected (H-atom) is referred to the c.m. di-
rection of the reactant H2 from which the H-atom originates.)

Figure 2b shows a few examples of Doppler-selected
TOF spectra. The left (right) panel is for the 2.24 kcal/mol
(3.96 kcal/mol) case. The spectra have been converted into
velocity space and for clarity only every other data point is
shown. Clear steps and fine-structure features are vividly ob-
served, and their appearance and position are sensitive to the
initial vz selection. The Doppler profiles of the H-atom prod-
uct span over 6 cm−1 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-
ing from the H-atom Lyman-α doublet were removed [15,
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 maps
(d2σ/dvd(cosθ)) for the two collision energies are displayed
in Fig. 3. Apparently the contours are quite symmetric, and
highly polarized in the forward–backward directions. The
degree of polarization becomes more pronounced with the
increase in collision energy. Although a nearly symmetric an-
gular distribution for the present reaction can not be regarded
as a conclusive evidence for a reaction with long-lived inter-
mediate complex [26], it is entirely consistent with insertion
mechanism.

By integrating the doubly differential cross section over
the full speed (angle) range for each contour, the product

Fig. 3. The 3D representation of the H-atom velocity-
flux contour, d2σ/dvd(cosθ). The contours are con-
structed directly from a total of 33 slices of the
Doppler-selected TOF measurements

Fig. 2. a Doppler profiles for the title reaction at 2.24 kcal/mol (•) and
3.96 kcal/mol (o), obtained under the parallel configurations. The dot-
ted line marks the partition between the forward (f) and backward (b)
hemispheres for the2S1/2 → 2P3/2 transition of the H-atom Lyman-α
doublet. b A few examples of the Doppler-selected TOF spectra of the
H-atom product obtained under the ion extraction field of 1.95 V/cm, the
left (right) panel is for 2.24 kcal/mol (3.96 kcal/mol). The label “ωcm”
corresponds to the VUV laser frequency that slices through the Newton
sphere near c.m., and each “d” corresponds to 0.365 cm−1 in frequency or
vz = 1.335×105 cm/s

angular distributionI(θ) = dσ/d(cosθ) (the product transla-
tional energy distributionP(E t) = dσ/dEt) can be obtained.
Figure 4 presents the results. The productP(E t) distributions
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Fig. 4a–c. The product translational energy distributionsP(Et) = dσ/dEt
(a), the product c.m. angular distributions dσ/d(cosθ) (b), and the frac-
tions of the average translational energy release (c) for 2.24 kcal/mol (solid
lines) and 3.96 kcal/mol (dashed lines). Also marked ina is the onset of the
vibrational state of the SH product

are rather broad at both collision energies, and the vibrational
structures are also apparent as can be compared with the stick
marks shown on top. The angular distributions are fairly sym-
metric. Both the slight forward-preference at the two energies
and the more polarized distribution at higher collision energy,
as noted early, are readily observed. In terms of the fraction
of the average translational energy release,〈 ft〉, a small vari-
ation with the c.m. scattering angle can be seen. This quantity,
〈 ft〉θ , gives a quantitative measure of the coupling of the
product angular and speed distributions. Compared to the pre-
viously reported S(1D)+D2 [2, 6], this coupling appears to
be weaker for the present reaction. Nevertheless, the angle-
integrated fractions of kinetic energy release are 0.48 and
0.45 for Ec = 2.24 and 3.96 kcal/mol, respectively, which
are quite comparable to the S(1D)+D2 cases (within a few
percent).

2.2 Angle- and state-specific analysis

A more informative way to reveal the detailed dynamics
afforded by this direct 3D mapping approach is to exam-
ine the angle-specific kinetic energy distributionP(E t; ∆θ)
over a limited range of∆θ. The results for the two ener-

gies are presented in Fig. 5. For convenience, they are dis-
played as a function ofE int = Etotal− Et through energy
conservation such that the energetic marks shown in the
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(1D)+D2 reaction [6]. Second, whereas the global angu-
lar distributions are fairly symmetric at both collision ener-
gies, the detailedP(Eint; ∆θ) distributions behave differently
for the two cases. AtEc = 2.24 kcal/mol, the f–b symme-
try is roughly retained, for example comparing the shape
of P(Eint) at 0–15◦ to that at 165–180◦. At slightly higher
energy of 3.96 kcal/mol, such a f–b symmetry apparently
breaks down. This is in constrast with the S(1D)+D2 reac-
tion for which both the 2.3 and 5.3 kcal/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(Eint) shape in each panel with respect to the ener-
getic onsets for SH(v′). Since theP(Eint) distributions at two
energies have been normalized to their integral cross sec-
tions [4], it becomes apparent that with the increase in col-
lision energy, there is a dramatic variation in product state
distributions and this variation depends sensitively on scat-
tering angles. This is again at variance with the behavior
found previously for S(1D)+ D2, which showed a rather
uniform variation for different angles. Furthermore, some
distinct fine structures near sideward direction (where the
present mapping technique has higher resolution in trans-
lational energy) are seen, which correspond to partially-
resolved (high-j ′ ) rotational states of the SH(v′ = 0) prod-
ucts. Due to limited resolution of this work and the com-
plication of energy level structures of the open-shell species
(SH(2Π)), a definite assignment of these rotational structures
can not be made.

These qualitative observations can be put forward semi-
quantitatively through product state analysis. Figure 6 il-
lustrates the vibrational state partitioning for three angu-
lar segments. A parameterized form was assumed for the
product rotational state distribution for a givenv′ in this
partition. The parameters were varied and the finite experi-
mental resolution was convoluted for the best fit of each
angle-specific kinetic energy release distribution. Although
such a partitioning is never unique, the essential features
described below remain unaltered. It is interesting to note
that although the rotational envelopes forv′ = 0 are broad
in all cases, those in the f–b directions display distinct
bimodal distributions which are absent for the sideward-
scattered products. No clear sign of a bimodal rotational
distribution was observed in our previous S(1D)+D2 studies.
Since no statistical theory will predict a bimodal rotational
distribution, it implies the presence of some “hidden” dy-
namical factors in this reaction. Figure 7 summarizes the
resultant angle-specific energy disposal and the vibrational
branching. Consider first the angle-integrated quantities (the
corresponding numbers in parentheses). Both the energy dis-
posal and the vibrational branching are in good agreement
with simple statistical expectations. For example, the experi-
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Fig. 5. Angle-specific internal energy distri-
bution of the SH product over every 15◦
angular segment. The results for the two en-
ergies have been normalized to their integral
cross sections [4]. The energetic onset for
SH(v′) is shown only for 0–15◦, though it
applies to all other angular ranges

Fig. 6. Partition of the angle-specific translational energy distributions into
the SH vibrational states, exemplified by three different angular segments
for each case. Note the bimodal features for SH(v′ = 0). Since the sep-
aration of spin-orbit manifolds for SH(2Π) is only 1.08 kcal/mol, these
bimodal features can not be ascribed to being electronical fine-structure in
nature

mental Pv′ = 0 : Pv′ = 1 branchings are 0.91:0.09 forEc =
2.24 kcal/mol and 0.83:0.17 for 3.96 kcal/mol, which com-
pare with the statistical values of 0.92:0.08 (2.24 kcal/mol)
and 0.85:0.15 (3.96 kcal/mol). 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 increase inEc. Similar
features were found for the S(1D)+ D2. In our previous
report on S(1D)+ D2 [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 and/or mechanisms might be in-
volved for producing different vibrational states of SH/SD.
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
also contains the information about the product rotational
distribution. The recoil energyE t and the product rotational
energyEr for vibrational statev′ are related byEt = Etotal−
Ev′ − 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. 7. Summary of the angle-specific energy disposal and the angle-specific
vibrational branching for the two energies. The numbers in parentheses give
the corresponding angle-integrated values

only the main features in rotational distributions are sought
here. Thus at a fixed c.m. angle, the “classical” rotational state
distribution is

P( j ′) = P(Et)dEt/d j ′ = 2Bv′( j ′ +1/2)

× P[Etotal− Ev′ − Bv′ j ′( j ′ +1)] (1)

whereBv′ is the rotational constant for the vibrational state
v′. Figure 8 summarizes the results which show how the ro-
tational state distributions for different vibrational states vary
with the c.m. angles, and how they vary with the initial col-
lision energies. Although all cases display a high degree of
rotational excitations, the detailed contours are different. Note
that due to the sinθ term in the integration over all azi-
muthal angles, an isotropic angular distribution, for example,
dσ/d(cosθ) = constant, will appear as sideward peaking in
the dσ/dθ representation. And a flat-top dσ/dθ distribution
will turn into a f–b peaking distribution in the conventional
dσ/d(cosθ) representation for angular distribution. Now let
us first examine the 2.24 kcal/mol case. Forv′ = 0, the ac-
tual angular distributions all appear to be f–b peaking and
the degree of polarization is more pronounced for smallerj ′s
than for the larger ones. By way of contrast, forv′ = 1 the
angular distribution becomes much less polarized; in fact, it
shows the tendency towards an isotropic one. For a reaction
which forms an intermediate complex, the exact shape of the
c.m. angular distribution of products reflects the propensity
in angular momentum disposal [28]. In simple terms, a f–b
peaking angular distribution corresponds toL ≈ L′ and an

Fig. 8. The 3D representation of the gross features of product rovibrational
state-specific angular distributions (dσv′ j ′/dθ). For clarity, the four panels
are not normalized to one another

isotropic distribution impliesL ≈ j ′. It is quite remarkable
that both extreme types of directional correlation in angu-
lar momentum disposal are revealed here for different vi-
brational states in the very same reaction. With the increase
in Ec (3.96 kcal/mol) the degree of alignment ofL ′ to L
becomes even more pronounced forv ′ = 0, presumably re-
flecting the smaller value of maximal impact parameter (i.e.,
smaller value forLmax) at higher collision energies – a typical
behavior for a barrierless capture reaction. Forv′ = 1, while
low j ′s remain nearly isotropic, a richer angular distribution
is seen for the higherj ′s. Its origin remains unclear.

3 Conclusions

The doubly differential cross sections d2σ/dvd(cosθ) for the
reaction S(1D)+H2 at 2.24 and 3.96 kcal/mol were mapped
out by a newly developed technique called Doppler-selected
TOF method. The resolution of this method is sufficiently
high to observe directly the product vibrational structures
and to infer the main features of the rotational energy dis-
tributions. Detailed comparisons were made as to their de-
pendences on the initial collision energies for this reaction,
as well as with those for the S(1D)+ D2 reaction. It was
found that the global attributes such as the energy disposal,
vibrational branching and total angular distribution of these
two isotopically analogous reactions are quite similar. They
all show characteristic features of a complex-forming reac-
tion, and can readily be understood by statistical arguments.
The more detailed reaction attributes, however, display sig-
nificant differences and subtleties, most notably the angu-
lar variation in product vibrational excitation and the bi-
modal rotational distributions in the f–b directions, which can
not be reconciled on statistical grounds. Apparently there is
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rich dynamical information underneath the statistical treat-
ment to be uncovered for an indirect complex-forming re-
action. These subtle dynamical factors are often hidden or
washed out upon the averaging over the scattering angles.
As exemplified in this work, angle-specific distributions pro-
vide a vehicle to decode the underlying dynamics from the
statistical factors. We hope that the work presented here
will provide the stimulus for future theoretical investiga-
tions and for better understanding of insertion reactions in
general.
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