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Abstract. In our previous work we investigated electronically non-adiabatic effects in Cl (2P3 /2,1/2) + D2
using crossed molecular beam scattering coupled with velocity mapped ion imaging. The prior experiments
placed limits on the cross-section for electronically non-adiabatic spin-orbit excitation Cl (*Pg s2) +D2 —
Cl* (QPI/Q) + D> and electronically non-adiabatic spin-orbit quenching C1* (QPI/Q) +D, — Cl (2P3/2) +Do.
In the present work, we investigate electronically non-adiabatic spin-orbit quenching for C1* (*P, s2) + Ha
which is the required first step for the reaction of Cl1* to produce ground state HCl 4+ H products. In these
experiments we collide Cl (?P) with Hy at a series of fixed collision energies using a crossed molecular
beam machine with velocity mapped ion imaging detection. Through an analysis of our ion images, we
determine the fraction of electronically adiabatic scattering in Cl1* + Ha, which allows us to place limits
on the cross-section for electronically non-adiabatic scattering or quenching. We determine the following
quenching cross-sections ogyench (2.1 kecal/mol) = 26 + 21 A? O quench (4.0 kecal/mol) = 21 + 49 A? and
O quench (5.6 kcal/mol) = 14 + 41 A%

PACS. 34.50.Lf Chemical reactions, energy disposal, and angular distribution, as studied by atomic and
molecular beams — 34.50.Pi State-to-state scattering analyses — 34.50.-s Scattering of atoms and molecules

1 Introduction

The Cl 4+ Hj reaction serves as an archetype for the re-
action of atomic chlorine with hydrocarbons; such reac-
tions are important in atmospheric and combustion chem-
istry [1]. The contribution of spin-orbit excited atomic
chlorine, CI* (*Py5), to the C1 + Hy — HCI + H reaction
currently remains one of the most important unresolved
topics in gas phase physical chemistry. In Figure 1 we sum-
marize the salient details of the lowest potential energy
surfaces (PESs) for Cl (*P3/51/2) + Hz in a linear geom-
etry. For a large separation between the Cl atom and the
Hs center-of-mass, the ground electronic state is doubly
degenerate. Reaction to form HCI (*XF) + H (2S) takes
place on the 3}, PES. The overall Cl + Hy — HCl + H
reaction is slightly endothermic with AH = 1.06 kcal/mol.
The 2115 /2 ground state surface correlates with higher en-
ergy HCI (a *II) + H (?S) products as does the *II; /o
PES corresponding to a Cl* (2P1/2) + Hjcollision. These
excited state products are not accessible at moderate col-
lision energies (<10 keal/mol).

In the Born-Oppenheimer approximation, with no cou-
pling between the 2II; s2 Potential energy surface and
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Fig. 1. Potential energy surfaces for Cl (?P;) + Ha. In the
Born-Oppenheimer approximation only the 2%, /2 state leads
to formation of ground state products.

the doubly degenerate ground state potential energy sur-
face, CI*+ Hjy is non-reactive. Therefore both the 2H3/2
PES and the 2H1/2 PES shown in Figure 1 should
result in electronically adiabatic scattering at moder-
ate collision energies. Recent theoretical calculations by
Alexander and co-workers [2,3] find that the spin-orbit
energy from Cl* couples inefficiently into the formation of
ground state reaction products which supports the no-
tion of weak coupling between the excited and ground
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state Born-Oppenheimer PESs. Thus, only at collision
energies below the reaction barrier on the 221”/2 surface

(<5 keal/mol) does Cl* + Ha contribute significantly to
the overall reaction since at collision energies below the
barrier the spin-orbit energy (~2.5 kcal/mol) is available
to surmount the reaction barrier. However, as the colli-
sion energy increases above the energy of the barrier, the
contribution from the 22;'/2 PES increases rapidly and
dominates the overall reaction [2,3].

Several experimental studies show remarkable consis-
tency with theoretical predictions using the latest poten-
tial energy surfaces for Cl + Hs. In particular, the angular
distributions calculated from the potential energy surfaces
for Cl + Hy show good agreement with the measurements
of Casavecchia and co-workers [4]. Furthermore, the ki-
netics of Cl + Hy now show remarkably good agreement
between theory [5] and experiments [6]. Even the HC1/DCl
branching ratio for the Cl + HD molecular beam experi-
ments is well reproduced due to the inclusion of a shallow
van der Waal’s well in the entrance channel of the poten-
tial energy surface [7].

On the other hand, there is considerable experimen-
tal evidence that Cl* 4+ Hs dominates this reaction at
collision energies well above the reaction barrier on the
22;?2 PES [8-10]. In order for Cl* to contribute to re-
action forming ground state products the reactants must
first undergo an electronically non-adiabatic transition to
the reactive ground state PES. The notion of a facile elec-

tronically non-adiabatic transition between the 2II; /2 and
the QE;F/Q
tween these two Born-Oppenheimer surfaces. During an
electronically non-adiabatic transition the spin-orbit en-
ergy is deposited into relative translation of the reactants
or Hy internal rotation. The final form of the energy may
enhance the reaction as in the case of relative transla-
tion [8]. The influence of Hy internal rotation has been

considered for some lower Hy rotational levels [2,8].

PES is not consistent with small coupling be-

A related reaction, F 4+ Hs, has received a consid-
erable amount of attention as [11-13]. The F + Hy re-
action is highly exothermic (AE = 32.0 kcal/mol) un-
like Cl + Hs, which is slightly endothermic wvide supra.
However, for both of these systems X + Hs reactants
lead to ground state HX + H products while reaction
forming ground state products is Born-Oppenheimer for-
bidden for X* + Hy. Therefore, for either system the
formation of ground state products from spin-orbit ex-
cited reactants is due to electronically non-adiabatic ef-
fects. Of particular relevance to our work on non-adiabatic
interactions in Cl 4+ Hg, Nesbitt and co-workers [13]
studied non-adiabatic interactions in F + Hs at colli-
sion energies well below the ground state reaction bar-
rier of 1.9 kcal/mol. At center-of-mass collision energies
of 0.54 kcal/mol, Nesbitt and co-workers observed HF
(v =3, J = 3-5) products that are energetically forbid-
den for the Born-Oppenheimer allowed F + Hy channel.
Since F* 4+ Hy can form HF (v = 3, J = 3-5) at this col-
lision energy, the observation of higher energy products
as well as the observation of a significant reactive cross-

section for F + Hy well below the energy of the ground
state barrier provided evidence for a contribution of F* to
the overall reaction. More recently, Alexander et al. have
determined that the Born-Oppenheimer forbidden chan-
nel in F 4+ Hy contributes at most ~25% to the overall
reaction [14]. In their work on F + Hs, Alexander et al.
calculated the cross-section for the near-resonant energy
transfer process F* + Hy (J =0) — F + Hy (J = 2) for
which AE = —0.121 kcal/mol. Their calculations show
the cross-section for this quenching process drops mono-
tonically from o ~ 40 A% at ~0 kcal/mol collision energy
to 0 ~ 12 A2 for collision energies near the barrier to
reaction (~1.9 kcal/mol) [14].

In this paper, we investigate the quenching of Cl* fol-
lowing a collision with Hy at several collision energies
spanning the energy for the reaction barrier in the 221"/2
state. In the next section we provide a brief review of the
experimental technique we developed to look at quench-
ing in Cl + Dg [15]. In Section 3 we discuss the important
results from characterization of our atomic and molecu-
lar beams as well as the results from our imaging exper-
iments, which give the effective quenching probability for
Cl* + Ha. In Section 4 we discuss the quenching probabil-
ity for CI* + Hs at the collision energies sampled by our
molecular beam experiments. Furthermore, we address the
differences that arise between the quenching of CI* in the
molecular beam experiments and in the supersonic expan-
sion. The final section of this paper briefly summarizes the
key points and presents a conclusion.

2 Experimental

These experiments use the same technique that we previ-
ously developed for an investigation of the electronically
non-adiabatic scattering in CI* + Dg [15]. In these ex-
periments, we form an atomic beam of Cl/Cl* through
photolysis of Cly at 420 nm by focusing a laser (Coher-
ent Infinity Nd:YAG/OPO, 3 ns pulse) at the throat of
a supersonic expansion of ~5% Cly in a carrier gas (Ar,
He, or Hy). Atomic Cl then collides with Hy from a su-
personic expansion of neat Hy. Both molecular beams
are formed using piezoelectric valves [16]. The molecu-
lar beams counterpropagate giving a collision geometry
of 180°. We state-selectively ionize atomic Cl or Cl* using
resonance enhanced multiphoton ionization (REMPI) [10].
The CIT ions are detected using velocity mapped ion
imaging [17].

For these experiments, we collect data by collecting
pairs of ion images. Each pair of ion images has one im-
age with Cl/CI* and the Hy collider beams overlapped in
time and one image with the Hy delayed in time and only
Cl/Cl1* present. After collecting each of the two individ-
ual images for 2-5 s we subtract the Cl/Cl* only image
from the C1/Cl* 4+ Hs image and repeat this process ~30—
60 times. In the Cl/Cl* only image, the atomic beam spot
is slightly more intense because no Cl/Cl* has been lost
due to scattering with Hs. Figure 2 shows the result when
we subtract the Cl only ion image from the Cl + Hs ion
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Fig. 2. Example ion image for Cl + Ha scattering after sub-
traction of the unscattered Cl beam spot. The dominant cir-
cular ridge in the front of the image is forward scattered Cl
resulting from electronically adiabatic rotationally elastic col-
lisions with Hsz. The large negative dip in the image corre-
sponds to the amount of Cl scattered out of the atomic beam.
A color version of the figure is available in electronic form at
http://www.eurphysj.org.

image. The image in Figure 2 has two important features.
First, we see Cl that was scattered out from the atomic
beam and detected by the experiment as a positive ring
in this image. Second, after subtraction the atomic beam
spot appears as a large negative region in the image. In
Section 3 we discuss how our data analysis of these im-
ages proceeds. During these experiments we insure that
the position sensitive ion detector is not saturated after
collecting each data set.

3 Results

The ion images presented in this paper have two features
that we use to determine the probability for electronically
adiabatic scattering. In Figure 2, we show an example of
a subtracted ion image for Cl + H,. As discussed above,
the forward scattered circular ridge corresponds to Cl from
electronically adiabatic scattering while the negative spike
in the image corresponds to Cl scattered out of the atomic
beam. We list below the scattering processes that may
take place in our experiments:

Cl/CI* + H, (v =0,J") — Cl/CI* + H, (v =0,J") (la)
Cl/CI* + H, — HCl+ H (1b)
CI*/(C1) + Hy — C1/(CI*) + H,. ()

Process (la) is electronically adiabatic scattering; this
type of scattering includes both rotationally elastic

(J"=J') and inelastic scattering (J” < J') with no
change in the internal Cl state — this is the only type
of scattering that shows up in our images. Process (1b) is
reactive scattering, which leads to a loss of Cl from the
beam spot with no corresponding scattered Cl appearing
in the image. Because the cross-section for reactive scat-
tering (1b), is much smaller than that for electronically
adiabatic scattering, equation (1b), we can safely neglect
process (1b) [15]. Process (1c) corresponds to electroni-
cally non-adiabatic scattering resulting in a change of the
electronic state of atomic chlorine during the collision. We
wish to determine the size of electronically non-adiabatic
scattering, process (1c), relative to that for electronically
adiabatic scattering. The magnitude of electronically non-
adiabatic quenching can be determined by finding out how
much Cl* has been lost from the atomic beam and how
much CI* appears as electronically adiabatic scattering.
Different regions of our state-selected velocity mapped
ion images correspond to nascent Cl (or Cl*) in the atomic
beam and Cl (or Cl*) scattered out of the beam. We ana-
lyze the ion images in the following manner. First the total
scattered Cl (or Cl*) in each image (red/brown regions in
Fig. 2) is integrated to give the amount of electronically
adiabatic scattering, Igj,exp(Cl/Cl*). The total amount

of Cl (or CI*) lost from the atomic beam, IﬁimP(Cl/Cl*),
is determined by integrating the negative area in each im-
age (negative spike in Fig. 2). The fraction of detected Cl
(or CI*) that is lost from the atomic beam and results in
electronically adiabatic elastic scattering is given as:

FEAeap(CY/CY) = IE4 0y (CYCY)/IT2,(C/CI). (2)

L,exp
If all of the Cl/Cl* lost from the atomic beam resulted
in electronically adiabatic elastic scattering and both

the scattered and lost Cl (or Cl*) are detected with
H

equal efficiency then fpj ..,(Cl/Cl") = 1. A deviation
of f gj cxp(Cl/CI") from unity could result from a loss Cl*

due to electronically non-adiabatic scattering vide supra.
Alternatively, a deviation in fgj’emp(Cl/ Cl*) from unity
may result from differences in the detection efficiency for
unscattered versus scattered C1/Cl*, that is a difference in
detection for state-selected Cl or CI* the atomic beam ver-
sus the detection efficiency for electronically adiabtiacally
scattered Cl or Cl*.

Since we use 2+1 REMPI to state-select Cl or C1*, the
detection efficiency varies with the square of the ionization
laser power. The ionization laser is focused on the cross-
ing between our atomic Cl beam and the Hy beam; how-
ever, scattered Cl1/Cl* flies out of the interaction region
while nascent Cl/Cl* does not. Hence, scattered and un-
scattered Cl/Cl* experience different laser intensities and
have different ionization and detection efficiency. As in our
previous experiments, we account for the different detec-
tion efficiency for scattered Cl/Cl* and uncollided Cl/Cl*
by utilizing the fact that the velocity and angular distri-
bution for scattered CI and for scattered C1* are identical
within the sensitivity of our experiment. Since we use the
same laser power and focusing for both CI and Cl*, the
detection efficiency for scattered Cl and Cl* are the same
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as are the detection efficiency for nascent Cl and Cl*. Fur-
thermore, reaction (1b) does not account for a significant
loss of Cl and we observe no electronically non-adiabatic
spin-orbit excitation, Cl + Hy — CI* + Hs, in our im-
ages. With no significant pathway leading to loss of Cl we
can state that the probability for electronically adiabatic
scattering for Cl + Hs is one, fgj’tme(Cl) = 1. Under this

assumption the measured ratio fgiemp(Cl)/fggytme(Cl)

is then a measure of the ratio of the detection efficiency
for scattered and nascent Cl and will be used to normalize
the Cl* quenching data.. We use this ratio to correct the
measured fraction of electronically adiabatic scattering in
cr giving fgz,corrected(cr)'

From our measurement of the electronically adiabatic
branching fraction, we can estimate the cross-section for
electronically non-adiabatic quenching. To do this we first
note that two main processes contribute to the scattering
of Cl* from the atomic beam — electronically adiabatic
scattering (Eq. (1a)) and electronically non-adiabatic scat-
tering (Eq. (1c)). Electronically adiabatic scattering in-
cludes both rotationally elastic and rotationally inelastic
scattering; however, the process outlined in equation (1a)
is dominated by elastic scattering. For Cl (2P) + Ds, we
previously estimated the cross-section for elastic scatter-
ing to be opa ~ 100 A2 [15]. Our previous estimate for
the elastic scattering cross-section and the electronically
adiabatic cross-section should be approximately correct
for Cl 4+ Hs. Since we have only two competing processes
the upper limit for the quenching cross-section may be
expressed as:

. %@f,mmACI*)
B, corrected (C1*)
V= @)
A corrected(CL¥)

OEA

where cgya and oga are the electronically non-adiabatic
scattering cross-section and electronical}lqy adiabatic scat-
tering cross-sections respectively and fzR 4 correctea(Cl)

and fgicormcted(Cl*) are the corrected fractions of CI*
lost from the atomic beam due to electronically non-
adiabatic scattering (Eq. (1c)) and electronically adiabatic
scattering (Eq. (1a)).

We have measured the fraction of electronically adi-
abatic scattering for Cl* + Hs at three collisions ener-
gies (2.1, 4.0, and 5.6 kcal/mol) that span the energetic
height for the reaction barrier on the ground electronic
state. We obtain the following results from these mea-
surements. At the lowest collision energy, 2.1 kcal/mol
(using Ar as the Cly seed gas) we find the electronically
adiabatic branching fraction to be fgjﬁcwrected(Cl*) =
0.79 £0.17 and the corresponding quenching cross-section
found using equation (3) is 26 4+ 21 A2. For CI* + H,
collisions at 4.0 kcal/mol (using He as the Cly seed
gas) we measure the fgicormcted(Cl*) = 0.83 £ 0.38
and the corresponding quenching cross-section to be
21 + 49 A2, Finally, for the highest collision energy stud-

Table 1. We give the fraction of electronically adiabatic scat-
tering for C1* 4+ Hz as a function of collision energy. We also
give the electronically non-adiabatic scattering cross-section
determined using equation (3).

Seed gas  Teou(keal/mol) gj,corrected(CI*) o (A%
Ar 2.1 0.79 £0.17 26 + 21
He 4.0 0.83 £0.38 21 + 49
Ha 5.6 0.88 £0.35 14 £ 41

ied, 5.7 kcal/mol (using Ha as the Cly seed gas) we mea-
sure the fgijwected((ﬂ*) = 0.88+0.35 and the corre-

sponding quenching cross-section to be 14 +41 A2. These
results are summarized in Table 1. We note that as the
collision energy increases the amount of non-adiabatic be-
havior decreases. We discuss below that this is consistent
with F* + Hy calculations and not the way a Landau-
Zener type avoided curve crossing would behave.

Finally, for comparison, we have repeated our previ-
ous experiment to measure the quenching in CI* 4+ D5 at
a single collision energy (7.6 kcal/mol). Since these exper-
iments require only that we change the collider gas from
Hs to Ds, we can perform the both the Hy and Do exper-
iments back-to-back. By doing this we can reference our
current results with those in the previous study. At this
collision energy, we previously measured the electronically
adiabatic scattering fraction to be 0.78 4 0.22 which com-
pares reasonably very well with our current measurement
of fH2(Cl) =0.92 +0.27.

4 Discussion

4.1 Electronically non-adiabatic scattering
cross-sections

In this experiment, we determine the electronically non-
adiabatic quenching cross-section for Cl* 4+ Hs. The
cross-section for quenching in this system varies between
26 + 21 A? at 2.0 keal /mol to 21449 A2 at 4.0 kcal /mol to
14441 A? at 5.7 keal /mol. The uncertainty in the fraction
of quenching is the same as the uncertainty in the fraction
of electronic adiabatic scattering. Since the total amount
of quenching (1 — fgj’exp(Cl*)) is small the relative error
in the denominator of equation (3) is quite large. This re-
sults in the large error bars for the quenching cross-section
given above.

It is useful to compare our measurement for the elec-
tronically non-adiabatic scattering cross-section for CI* +
Hs to the cross-section calculated by Alexander et al. for
F*+Hy (J=0) - F+Hy (J=2) [14]. As we discussed
above, Alexander et al. calculated the electronically non-
adiabatic scattering cross-section as 40 A2 at near zero
collision energy and the cross-section for quenching de-
creases monotonically as collision energy increases reach-
ing a value of ~10-15 A2 for collision energies near the
ground state reaction barrier (~1.9 kcal/mol). As a com-
parison, for T, ~ 2 kcal/mol the reaction cross-section
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for F 4 Hy (J = 0) is ~2 A2. However, the calculations
of Alexander et al. give the reactivity of spin-orbit excited
F* as >25% of the reactivity of [14]. For CI* 4+ Hy we
estimate the total quenching cross-section to be ~25 A2
which is similar to that for F* + Hs although the reactive
cross-section for Cl + Hy is calculated to be ~0.1 A2 [2].
For the chlorine reaction the contribution of CI* + Hs
to the reaction has been calculated to be quite small for
energies above the barrier on the reactive ground state [2].

4.2 Quenching mechanism

In order for CI* to quench effectively to the ground
state during a collision with Hs a near-resonant en-
ergy transfer process similar as F* + Hy (J = 0) —
F + Hsy (J =2) [11,14] may be responsible. One likely
process for CI* + Hs is:

Cl* + Hy(J = 2) — Cl+ Hy(J = 4)

AE = —0.09 kcal/mol (4a)

where AE = Eso — Erot. The only other process with a
small value of AF is:

Cl* + Hy(J = 1) — Cl + Hy(J = 3)

AE = —0.78 kcal/mol.  (4b)

The |AE] for equation (4b) is large enough to make this
non-resonant while (4a) is fairly close to resonant energy
transfer. Therefore, process (4a) can dominate ClI* 4+ Hy
quenching in our molecular beam experiment.

We can consider the near resonant energy transfer pro-
cesses that could lead to the quenching in C1* + D5 studied
in our previous work [15]. The processes that is closest to
resonant are:

Cl* 4+ Dy(J = 1) — Cl+ Dy(J =5)

AE = —0.08 kcal/mol (5a)
Cl* + Dy(J = 5) — Cl+ Do(J = 7)
AE = —0.26 kcal/mol (5b)

Cl* + Da(J = 4) — Cl + Dy (J = 6)

AE = —0.61 kecal/mol. (5¢)

Process (5a) is quite close to resonant but involves a
large change in rotational quantum number AJ = +4.
Both process (5b) and (5¢) require higher rotational states
of Dy, which have low populations at 300 K and in
our cooled molecular beams. Process (ba) is likely the
dominant quenching mechanism for CI* + D5 given the
near resonant energy transfer and the large population
of Do(J = 1). However, we previously observed very lit-
tle quenching for C1* + D, in molecular beam experi-
ments [15]. The large change in rotational quantum num-
ber most likely accounts for the lower quenching of Do
relative to Hy. However, theoretical calculations for the
quenching cross-sections for C1* by Hs and D5 are needed
to resolve the mechanism through which quenching pro-
ceeds in these two systems.

5 Conclusions

We have investigated the propensity for an electronically
non-adiabatic spin-orbit quenching collision in CI* + H,
using crossed molecular beam scattering coupled with ion
imaging detection. Our experiment determines the total
amount of Cl (*P) that is lost from our atomic beam
due to collisions with Hy and the fraction of Cl (?P)
that appears as electronically adiabatic scattering. Any
CI* not accounted for in our experiment corresponds to a
loss due to electronically non-adiabatic scattering, quench-
ing. We determine the following quenching cross-sections
for CI* + Ha: 26 + 21 A (2.1 kcal/mol), 21 + 49 A
(4.0 kcal/mol), and 14 + 41 A (5.7 kcal/mol). These
quenching cross-sections are similar in magnitude to the
quenching cross-section calculated for F* 4+ Hy (~12 A2
at a collision energy near the energetic barrier to reaction
for F + Hs). In the F + Hjy reaction it is well under-
stood that the contribution of F* to the total reaction
is small <25% [14]. In analogy with F* + Hy a likely
quenching mechanism in ClI* 4+ Hs results from the near
resonant spin-orbit to rotational energy transfer process:
Cl* + Ho(J = 2) — Cl + Hy(J = 4). A similar near
resonant process seems unlikely for CI* 4 Da.
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