ELSEVIER

25 May 2001

Chemical Physics Letters 340 (2001) 71-76

CHEMICAL
PHYSICS
LETTERS

www.elsevier.nl/locate/cplett

Chlorine atom spin—orbit branching ratios and total absolute
reaction cross-sections for the H + DCI — HD + CI reaction

Alexander Hanf, Almuth Liuter, Dhanya Suresh ', Hans-Robert Volpp *,
Jurgen Wolfrum

Physikalisch-Chemisches Institut, Universitat Heidelberg, Im Neuenheimer Feld 253, D-69120 Heidelberg, Germany
Received 16 January 2001

Abstract

Chlorine atom spin—orbit product branching ratios and total absolute reaction cross-sections have been measured for
the H+ DCl — HD + Cl gas-phase reaction for collision energies of E. = 1.0, 1.4 and 1.7 eV. The measured
CI'(®Py2) atom spin-orbit product branching ratios ¢g:(1.0 eV) = [CI']/[Cl + CI'] = (0.06 £ 0.02), ¢ (1.4 eV) =
(0.07 £ 0.01), and ¢ (1.7 V) = (0.16 £ 0.01) revealed the increasing importance of a non-adiabatic reaction channel
H + DCI — HD + CI" with increasing collision energy. The measured total absolute reaction cross-sections allow for
comparison with results from recent quasi-classical trajectory (QCT) calculations [F.J. Aoiz et al. J. Phys. Chem. A 104
(2000) 10452]. © 2001 Elsevier Science B.V. All rights reserved.

1. Introduction

The gas-phase reaction of hydrogen atoms with
hydrogen chloride

H+ HCl — H, +Cl (1)

has played an important role in the development
of modern chemical kinetics, see e.g. [1]. Since the
pioneering experimental work of Bodenstein and
Dux [2,3] on the (H,/Cl,)-system — which finally
established for that system the presence of a chain
mechanism in which Cl atoms act as chain carriers
[4] — a large number of kinetic studies were carried
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out for the H+ HCI elementary reaction, see e.g.
[5] including state-selected experiments with vib-
rational excited HCI reagent molecules [6]. Besides
the kinetic studies several experimental studies on
the dynamics of the H + HCl — H, + Cl abstrac-
tion reaction employing translational excited H
atoms in combination with state-resolved detec-
tion of the H, product molecules using coherent
anti-Stokes Raman scattering (CARS) [7,8] and
vacuum ultraviolet laser induced fluorescence
(VUV-LIF) detection of ground-state CI"(*P;),)
atom products, respectively, were reported [9]. The
most recent experimental and theoretical studies
[10] demonstrated that there is no sharp increase in
the absolute reaction cross-section as a function of
collision energy in the range E.,; = 1.0-1.7 eV as it
was suggested by the earlier reaction dynamic ex-
periments [7,9]. In [10], it could be further shown
that at higher collision energies appreciable
amounts of spin—orbit excited CI"(*P;;) atom
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products are formed via a non-adiabatic reaction
channel in the H + HCI reaction. For the isotopic
analogue to this reaction, H + DCI, however, no
detailed information about the corresponding
non-adiabatic reaction channel H + DCl — HD +
CI'(*Py)») is available so far. Although Polanyi
and co-workers could measure absolute reaction
cross-section for the adiabatic abstraction channel
H + DCl — HD + CI(*P;),) at different collision
energies, the formation of CI"(*P,) product at-
oms could not be observed [11]. The present work
represents an extension of the latter studies to-
wards the characterization of the collision energy
dependence of the adiabatic versus non-adiabatic
abstraction reaction product branching and the
determination of total (adiabatic and non-adia-
batic) absolute reaction cross-sections at three
additional collision energies (1.0, 1.4 and 1.7 eV).
The latter values allow for comparison with recent
quasi-classical trajectory (QCT) calculations [10]
carried out on the G3 [12] and BWI1/BW2 [13]
potential energy surfaces (PESs), respectively.

2. Experimental

The experiments were carried out in a flow re-
actor with a crossed laser beam ‘pump’ and ‘probe’
setup similar to the one used in our previous
H + HCI reaction dynamic studies [9,10]. H atom
precursors H,S (UCAR electronic grade, 99.99%)
and HBr (Messer Griesheim, 99.8%), respectively,
were pumped through the reactor together with
room temperature DCl (Sigma  Aldrich,
D > 99%). The ratios of [H,S):[DCI] and
[HBr]:[DCI] were typically 1:2 at a total pressure
between 40 and 100 mTorr. As in our previous
H + D, dynamics studies which were carried out in
flowing H,S/D, and HCI/D, mixtures [14], the
H,S and HBr were mixed with the DCI flow just
before entering the reaction cell in order to prevent
isotope scrambling.

Two different excimer lasers with pulse dura-
tions of typically 10-15 ns operated with different
gas mixtures were employed as photolysis (pump)
lasers. One laser operating with a KrF gas mixture
(Zpump = 248 nm) was used to photodissociate H,S
generating translationally energetic H atoms with

an average collision energy of E., = 1.0 eV in the
(H-DCl)-center-of-mass system. A second one
operating with a KrCl gas mixture (Apump =
222 nm) was used to photodissociate H,S and
HBr, respectively, providing translationally ener-
getic H atoms with average collision energies of
Eg,=14 eV and E, =17 eV with energy
spreads of about 10%. Pump laser intensities em-
ployed in the experiments were in the range

2-12 mJ /em?.
Pulsed narrow-band VUV-probe laser radiation
(pulse  duration 10-15 ns; band width

Awpobe = 0.3 cm™'), tunable in the wavelength
region 133.5-136.4 nm, was generated using the
Wallenstein method for resonant third-order sum-
difference frequency conversion (@Wprobe = 2R
—wr) of pulsed dye laser radiation in Krypton
[15]. In the four-wave mixing process the fre-
quency wr (Ar = 212.55 nm) is two-photon reso-
nant with the Kr 4p-5p (1/2,0) transition. The
frequency wr could be tuned from 480 to 521 nm
to cover the four allowed Cl(4s’P; « 3p’Pj;
j=1/2,3/2 — j"=1/2,3/2) transitions. Ground-
state  CI(*Ps;») and spin-orbit excited-state
Cl*(zPl/z) atoms (AESO = E(2P1/2) —E(2P3/2) =
881 cm™!') were detected using the (/' =j")-
transitions, which have the highest transition
probabilities f)3/2‘3/2 =0.114 and f]/z_]]/z = 0088,
respectively [16].

The fundamental laser radiation was obtained
from two tunable dye lasers, simultancously
pumped by a XeCl excimer laser, one of which,
wgr, was obtained by frequency doubling using a
BBO 1II crystal. The generated VUV-light was
carefully separated from the fundamental laser
radiation by a lens monochromator (see [9, Fig. 1]).
The probe beam was aligned to overlap the pho-
tolysis beam at right angles in the viewing region
of a LIF detector. Delay times between pump and
probe laser pulses were typically between 100 + 5
and 200 £ 5 ns allowing the collision-free detection
of the nascent Cl and CI" atom reaction products.
Under these experimental conditions relaxation of
CI" by quenching was negligible. Cl and CI" LIF
signals were measured through a band pass filter
(ARC model 130-B-1D with a transmission 29%
at 134 nm) by a solar blind photomultiplier
(THORN EMI model 9413 B). In order to obtain
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Fig. 1. Doppler profiles of Cl (a) and CI" (b) product atoms
observed in the 222 nm photolysis of a 1:2 mixture of H,S and
DCl (pior = 60 mTorr; At =150 ns). The measured laser in-
duced fluorescence excitation spectra (represented by the solid
cirlces) are plotted against the wavenumber mismatch in units
of ecm™'. Line centers correspond to the (4s’Py_3» «— 3p?
P;_3,) transition of the Cl atom (74225.8 cm™') and to the
(48?Pj_1» < 3p°Py_ypp) tramsition of the CI° atom
(73983.1 cm™!), respectively. The solid lines represent results of
a least-square fit using a Gaussian function.

a satisfactory S/N ratio, each point of the CI and
CI" atom Doppler profiles shown in Fig. 1 was
typically averaged over 30 laser shots. Experiments
were carried out at a laser repetition rate of 6 Hz.
As in our previous studies of the H + HCI reaction
it was found that the VUV probe beam itself
produced small CI/CI" atom LIF signals via pho-
tolysis of DCI. In order to subtract these ‘back-
ground’ Cl/CI" atoms from the Cl/CIl" atoms
produced in the H + DCI reaction an electronically
controlled mechanical shutter was inserted into the
pump laser beam path (for details see [9,10]). At
each point of the Cl and CI* atom line scan, the
signal was first averaged with the shutter opened
and again averaged with the shutter closed. A
point- by-point subtraction procedure was adop-
ted, to obtain directly and on-line a signal free
from ‘probe-laser-generated’ background CI and
CI" atoms.

3. Results and discussion
Doppler profiles of (*P3/;) ground-state Cl at-

oms and (*Pj;) spin-orbit excited CI" atoms
produced in the H + DCI reaction at E.,; = 1.4 eV

are depicted in Fig. 1. The spin-orbit branch-
ing ratio, ¢ (1.4 eV) = [CI']/[Cl + CI'] = 0.07 =
0.01, for CI" atom product formation was deter-
mined from the integrated areas of the corre-
sponding Doppler profiles after correcting for the
different oscillator strengths of the spectral tran-
sitions which were used to probe the two different
fine-structure states. The quoted error represents
the +1o statistical uncertainty obtained in the
evaluation of the experimental data (eight sets of
Cl and CI" Doppler profiles were evaluated). The
value of the spin—orbit branching ratio is depicted
in Fig. 2 together with the two other values ob-
tained in the present study: ¢q: (1.0 eV) = [CI"]/
[C1+CI'| = 0.06+£0.02, ¢:(1.7eV)=0.16 £
0.01. In a previous dynamics study of the H + DCI
reaction [11] an upper limit for the CI* formation
cross-sections in the collision energy range
E.; = 1.2-1.8 eV was reported which corresponds
to an approximately constant value of ¢ ~ 0.1.
The present results, however, clearly indicate that
the relative contribution of the non-adiabatic ab-
straction reaction channel H + DCl — HD + CI”
exhibits a significant increase with increasing col-
lision energy. Within the combined error bars the
present results are in agreement with the collision
energy dependence of the Cl atom spin—orbit
branching ratio determined for the H + HCI reac-
tion [10].

To the best of our knowledge no dynamical
calculations were carried out so far which take into

0.2+
X
@) L
X
Q
e 010
S}
0.0 1 1 1 1
1.0 1.25 1.5 1.75
E. (eV)

Fig. 2. Dependence of the measured Cl" atom product spin—
orbit branching ratio [CI"]/[Cl1+ CI"] on the H+ DCI reagent
collision energy. The solid line is drawn just to guide the eye.
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account the multi-surface nature of the H+ HCI/
DCIl abstraction reactions. However, the CI*
product formation dynamics and its collision en-
ergy dependence as observed in the present studies
can be rationalized in the framework of a reaction
mechanism originally proposed by Liu and
co-workers to explain the results of their
ClI' + H, — H+ HCI reactive scattering experi-
ments [17]. In the latter experiments it was ob-
served that CI" atoms are by a factor of ~6 more
reactive to H, than ground-state Cl atoms. The
enhanced reactivity of Cl* atoms towards H, was
attributed to non-adiabatic transitions from the
initially populated non-reactive (22A’)-PES to the
ground (1?A’)-PES which correlates with H+ HCI
ground-state products and it was postulated that
these non-adiabatic transitions take place pre-
dominately near the avoided-crossing region at
bent CI-HH geometries in the Cl+ H, entrance
channel. For the H + HCI — H, + Cl abstraction
reaction, on the other hand, it has been demon-
strated that for low collision energies,
E.; = 0.7 ¢V, the reaction products are almost
exclusively backward scattered indicating a direct
rebound-type mechanism [§8]. These restriction to
collinear H-HCI approach geometries at low col-
lision energies was attributed to the strongly re-
pulsive H-H-CI bending potential which leads to a
sharp increase of the reaction barrier height for
approach geometries deviating from the collinear
one. At higher collision energies (E.q = 1.6 ¢V),
however, significant contributions due to non-
collinear reactive collisions became noticeable.
Therefore, the increase in the CI" spin-orbit
branching ratio as observed in the present work
(see Fig. 2) for the H + DCI reaction could be ex-
plained by an increase in the reaction probability
for non-collinear reagent geometries at higher
collision energies which could promote the occur-
rence of non-adiabatic transitions between the
(1?°A’) H-DCI-PES — which correlates with
HD + Cl products — and the (2°A’)-PES — which
correlates with HD + CI" products — in the exit
channel of the abstraction reaction pathway.
Total absolute reaction cross-sections for the
H+ DCl — HD + Cl abstraction reaction at
E., = 1.0, 1.4 and 1.7 eV were obtained by means
of a calibration method using the H + HCI —

H, + Cl reaction, for which total absolute reaction
cross-sections were reported in [9,10] as a refer-
ence. By comparing the Cl atom signal
Sci(H+ DCI) — defined as the area below the Cl
atom Doppler profile — produced in the H+ DCl
reaction with the corresponding Cl atom signal
Sci(H + HCI) produced in the H+ HCI reaction
(see Fig. 3) the total absolute reaction cross-sec-
tion og for the H+ DCI reaction can be obtained
using the following formula:

~ Sa(H+DCI) _ ¢(H+HCI)
" Sa(H+HCI) ~ ¢ (H + DCI)
vet(H + DCI)
vt (H + HCI)

Here v,(H + HCI) and v, (H + DCI) are the rela-
tive velocities of the H+ HCI and H + DCI reac-
tant pairs. ¢q(H+ HCI) and ¢ (H + DCI) are the
Cl ground-state atom spin—orbit branching ratios
[Cl]/[C1+ CI'] obtained in the H+HCI and
H + DCI reaction measurement, respectively. In
Eq. (2), or(H + HCI) stands for the total reaction
cross-section of the H+ HCI abstraction reaction
for which absolute values have been reported for
collision energies of 1.0, 1.4 and 1.7 eV [9,10].

To determine total absolute reactive cross-
sections for the H + DCI abstraction reaction in a
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Fig. 3. Comparison between the integrated LIF intensity of Cl
atoms produced in the H + DCI reaction (a) with the integrated
LIF intensity of Cl atoms produced in the H + HCI reaction (b)
at E., = 1.4 eV. Doppler profiles shown in (a) and (b) were
recorded under the same experimental conditions as the
Doppler profiles shown in Fig. 1. Line centers correspond to
the (4s’P;_3;» «— 3p°Py_3) transition of the Cl atom
(74225.8 em™!).
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number of experimental runs, integrated areas
under the Cl fluorescence excitation spectra were
determined under identical experimental condi-
tions for the H+ DCI and the H+ HCI reaction.
Using Eq. (2) the evaluation of the experimental
data yielded the following values for the total
reaction cross-sections of the H+ DCI abstrac-

o

tion reaction: o (1.0 eV) = (0.27 4 0.06) A’, ox
(1.4 eV) = (0.22£0.09) A" and or(1.7eV)=
(0.10 +0.05) A”. The quoted experimental errors
were calculated from the individual errors of the
entries of Eq. (2) on the basis of simple error
propagation.

In Fig. 4, the reaction cross-sections for the
H + DCI abstraction reaction obtained in the pre-
sent study are shown (solid triangles) together with
previous results (solid circles) [11]. For compari-
son, cross-sections obtained in QCT calculations
on the G3 (solid line) [18] and on the new BW1
(dot-dash line) and BW2 (dashed line) PESs [10]
are also included. To allow for comparison with
the experiments the QCT cross-sections have been
calculated for a 7 =300 K distribution of DCI
(v = 0) reagent rotational levels [10,18]. As can be
seen in Fig. 4, reaction cross-sections obtained on
the BW1 PES are slightly smaller than the BW2
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Fig. 4. Reaction cross-section as a function of collision energy
for the H + DCl — HD + CI reaction. The symbols represent
experimentally measured reaction cross-sections. Solid triangles
correspond to the results of the present study, solid circles are
the results of [11]. The lines represent excitation functions ob-
tained in quasi-classical trajectory calculations carried out on
the G3 (solid line), BW1 (dot-dash line) and BW2 (dashed line)
PESs [18,10].

ones due to the slightly lower barrier of the latter
PES. The BWI1, BW2, and G3 excitation func-
tions, or (Eco1), are quite similar in shape, however,
for E.q > 0.25 eV the G3 one is considerably
smaller in absolute value and is therefore in much
better agreement with the present as well as with
the earlier experimental results of Polanyi and co-
workers [11].

The origin of the large difference in reactivity
observed in the QCT calculations on the BW2 and
the G3 PES has been investigated in detail [10]. By
analyzing individual trajectories in combination
with R—y contour plots of the PESs (R denotes
the distance between the incoming H atom and the
center-of-mass of the DCI molecule and y is the
Jacobi angle between R and the DCI internuclear
distance) it could be shown that narrow ‘reactive
valleys’ in the contour plot of the BW2 PES cen-
tered at y ~ 30° (which are not present in the G3
PES) are responsible for the higher reactivity of
the abstraction pathway observed on the BW2
PES (see [10, Fig. 7)).

4. Summary and conclusion

Cl atom spin—orbit branching ratios for the
H + DCl — HD + Cl gas-phase reaction have
been measured as a function of collision energy in
the range E.,y = 1.0-1.7 eV which demonstrate the
increasing importance of the electronically non-
adiabatic reaction channel H + DCl — HD + CI
with increasing collision energy. The experimen-
tally measured absolute reaction cross-sections
were found to be in good agreement with previous
measurements at different collision energies [11]
and with the results of QCT calculations on the G3
PES [18]. The experimental reaction cross-sections,
however, are more than a factor of two smaller
than the cross-sections obtained in QCT calcula-
tions on the new BW2 PES. At this point it should
be noted that although the latter PES is based on
high-quality ab initio data and should therefore be
more accurate than the earlier partly semi-empir-
ical G3 PES, spin—orbit coupling effects are not
included in the BW2 PES while they are approxi-
mately included in the G3 PES. This together with
the fact that the theoretical reaction cross-sections
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shown in Fig. 4 were obtained in QCT calculations
which were purely adiabatic [10,18] prevents at the
present stage to draw a final conclusion regarding
the comparative quality of these two PESs. As it
has been shown experimentally in the present
work, non-adiabatic transitions readily occur in
the abstraction reaction at high enough collision
energies. Therefore — as already noted by Polanyi
and co-workers [11] — a more sophisticated theo-
retical treatment beyond the Born-Oppenheimer
approximation, e.g., multi-surface scattering cal-
culations taking into account the coupling to the
upper (22A’)-PES, is clearly needed for a more
quantitative description of the dynamics of the
H + DCl reactions. In the light of the flourishing of
experimental and theoretical studies of the dy-
namics of the H+DCI/HCI [6-11,18] and
Cl/CI" + H,/D,/HD [17,19-23] reactions it can be
expected that they will soon become important
benchmark systems in electronically non-adiabatic
chemistry [24].
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