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Reactions of the gascous 1on HCI* in it ground state were studied at 295 = 5 K using a selected ion flow tube Reaction
rate coefficients and product 1on branching ratios were determined for the reactants Ha, Xe, NO, 0., CO, CO.. N2O, 11,5,
COS, SO,, NHj3 and CHa4. The reaction channels observed were proton or clectron transfer, or both, evcept for H, where

H-atom transfer was observed.

I. Introduction

The thermal energy reactions of the gaseous 1on
HCI* have previously only been studied with the neu-

tral reactant Ha, ie.
HCI" + H, » H,CI" + H. (1

This reaction has been investigated in a flowing after-
glow (FAG) apparatus at a temperature of =300 K
{1], and more recently has been the subject of an in-
vestigation over the temperature range 150—400K in
an ion cyclotron resonance (ICR) experiment [2] and
over the range 80—470 K in a selected ion flow tube
(SIFT) experiment [3]. The reaction

HCI* + Xe -+ Xe* + HCI (2a)

has been studied by a merging beams (MB) technique
[4] in the relative energy range 0.01—870 eV; how-
ever, in such an experiment the internal and transla-
tional energy distnbutions of the reactants are not
thermal.

The present work concerns the reactions of HCI®
with a range of neutral reactants studied using the
SIFT technique in which the reactants do possess a
thermal distribution of translational and rotational
energy (see comments below on vibrational energy).
The reaction zone temperature in these experiments
was 295 £ 5K,

The sequential reactions of CI* and HCI™ with H,
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are part of the reaction scheme leading to the produc-
tion of HCI in interstellar clouds [5], the present re-
sults for reaction (1) tend to exceed those obtained in
the previous FAG and ICR studies possibly because,
In the latter case, the 1ons arc suprathermal. Although
H, is the dominant neutral species in these clouds, CO
and N also exist in concentrations of 0.01% and
0.001¢5, respecuvely [6]. The reactions of HCI* with
these two gases are studied in the present work.

The reaction of HCI* with Xc ts important in XeCl
excimer laser systems using HCI as the chlorine donor,
and the present work includes a study of this reaction.
In addition to the electron transfer observed n the MB
experiment [4], we have observed the proton transfer
channel

HCI* + Xe - XeH* +Cl (2b)

to be significant.

2. Apparatus and experimental

The SIFT used in the present experiments 1s sumi-
lar to that described 1n a previous publication [7,8].
However, the present apparatus was designed for versa-
tility, and in particular will allow the rapid installation
of more specialised ion sources The primary 10ons
were generated in an electron umpact ion source con-
taing either CH5Cl or HCI. The ionising electron
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Table 1
Reactions of HCI" at 295 K

Reaction Branching Rate coefficient
rauo (&)  (1071%em3s1)
experi-  gas
mental  kinetic
=20%) [9,10)
HCI'+ Ha—=HaCI" + H 100 89 153
HCI* + Xe— X" + HCI 80:=10 6.3 8.2
—XeH"+Cl 20+ 10
HCI" + NO— NO™+ HCl 6325 6.4 8.1
-+ NOH" +ClI 37=5
HCI™ + O3 — O3 ~ HCI 100 6.9 7.1
HCI* + CO - COM+ I 100 71 86
HCI™ + COa — CO,H™ + HCE 100 93 84
HCI* + N2O~ N2 OH* + Cl 100 10.1 104
HCI"+ HaS— HaS*+ HCI 75=10 132 163
~H3S"+Cl 35:10
HCI™+ COS—COS™ + HCl 725 136 162
—~COSH*+ Cl 28=5
HCI* + SO2 — SO3 + HCl 40=5 190 203
—-S0,H*+Cl 605
HCI™+NH; — NH3 + HC1 35:10 204 204
—NHY =z 65=10
HCI* +CHy —~ CHY + HCI 305 122 112
—CHf+Cl 70:5
HCI"(v > 0) + N2 — NaH " +C1 100 9:3 178

energy was normally 40 eV, but was varied between
40 and 120 eV in experiments to investigate the pos-
sible presence of excited HCI*. No effect of electron
energy on the results presented was observed within
experimental error.

In all reactions He was used as the carrier gas with
a pressure in the flow tube of =0.5 Torr. Reaction
rate coefficients given in table 1 were determined from
experimental data by plotting the logarithm of the ion
count rates aganst corresponding neutral reactant flow
rates [7]. For some of the reported reactions, the
branching ratio of product ions was determined by
plotting product ion count rates as a percentage of the

total product ion intensity against the corresponding
neutral reactant flow rate. In cases where produci

ions undergo further reaction with the neutral reac-
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tant, the rate equations specified by the kinetic scheme
of those reactions were solved and a best fit to the ex-
perimental data was then obtained as a function of the
branching ratio. [t is believed that the reaction rate co-
efficients presented in table 1 refer to ground electron-
1¢ state reactions. This conclusion was supported by
the observation of linear semi-logarithmic data over
two orders of magnitude for all the reported reactions
except for reaction with N5 which is discussed below.

In addition except in the case of N, reactant (see
below) no reaction channels endoergic for ground-
state reactants were observed, the first electronically
excited state of HCI* lying 3.55 eV above the ground
state.

3. Results and discussion

The reaction rate coefficients and product channel
branching ratios determined here are shown in table 1.
The classical model gas kinetic rate coefficients calcu-
lated using the Langevin [9] or average dipole onenta-
tion (AADQ) [10] models, for non-polar and polar
reactant molecules respectively, are shown for com-
parison.

For all reactions, with the exception of that with
Hj, electron or proton transfer was observed. In cases
where both were known to be energetically possible,
then both these processes were observed. In the case
of H,, electron and proton transfer are endoergic and
reaction was by H atom transfer [reaction (1)].

3.1. Reacrant internal energy states — the reaction
*
HCI* + N,

As already mentioned, 1t is believed that the data
presented here refer to ground electronic states of the
reactants, However, the reaction of HCI* with N, in-
dicates the presence of a reactive (HCI" ™) and a non-
reactive component of HCI*. It is most likely that the
reactive component consists of HCI* (v > 0), the trans-
fer of a proton from these states being exoergic (see
below) whereas proton transfer from HCI*(v = 0) is
endoergic. The increase 1n intensity of product N2H+
with increasing N, flow rate, to a constant value
shows that =23% of the HCI* reacts to give NoH" when
the HCI™ was generated using either HCl or CHqCl in

the ion source. This figure represents a lower limit of
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the amount of HCI** entering the flow tube as quench-

ing of HCI** could occur.
The rate constant for the reaction

HCI** + Ny - NoH* + Cl,

> HCI* +N, @3)

could not be estimated from the shght decay of the
HCI* but was calculated from the product NyH* rise
to be 9 X 10~10 cm3 s~ £ 30% which is to be compar-
ed with the Langevin rate constant of 7.8 X 10-10
em3s—L,

The proton affinity of Cl can be calculated to be
529+0.01 eV [11,12]. The proton affinity of N, 1s
given by Bohme et al. [13] as 5.09 £ 0.03 eV and the
endoerpiaty of the reaction

HCI* + N, + NoHY +Cl @

is therefore 0.20 + 0.4 eV for ground-state spectes. As
the v = 1 level of HCI™ lies 0.32 eV above the u=0
level, the proton transfer for HCI* (v = 1) is exoergic.
The primary ion decay plots for all neutral reac-
tants other than N, correctly give the rate constant
for the HCI* (v = 0) but the possibility exists that for
reactions in which more than one product was observ-
ed, the branching ratio could differ for HCI* (v = 0)
and HCl+(u> 0). In order to investigate the effect of
HCI* (v > 0) on the observed branching ratios experi-
ments were carried out in which N, was introduced
10 the flow tube with the buffer gas in sufficient quan-
tity that the HCI** was removed before the reactant
gas entry port, leaving 3% NoH* and 97% HCI* (v = 0)
as the only reactant ions. The branching ratios obtain-
ed 1n this case were within experimental error the same
as those obtained without the introduction of N, with
the buffer gas. We therefore conclude that the branch-
1ng ratios given 1n table 1 refer to HCIY (v = 0).

3.2 Proron affinity data

Sufficient thermochemical data are not available to
determine whether proton transfer from HCI™ to NO
and SO, would be exoergic, although table 1 shows
these reactions to be fast. It is well known that the
rate coefficient for proton transfer falls off very rap-

1dly with the onset of reaction endoergicity (see, for
example ref. [14]) which suggests that PA(NO) and

PA(S0,) = PA(CI) = 477 kJ mol™! [15].
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33 HCl* +H,

Rate coefficicnts for reaction (1) (k) of 5.5 and
4.9 X 1019 cm? s—! have been obtamed at 300 K by
drift cell and trapped cell ICR respectively [2], and a
negative temperature dependence, ky & 7-06, was
found using the drift cell ICR over the temperature
range 150-400 K. The previous FAG result [1] was
ky=(52£1.6)Xx 10-19¢m3s—1 at 300 K. It may be
seen from table I that the present result tends to ex-
ceed these values, and is shightly outside the combined
estimates of experimental error. The rate coefficient
of (1.3 £0.4) X 10~ cm3 s~ obtained in a previous
SIFT expeniment [3] 1s substantially higher than the
present value but lies within the combined estimates
of experimental error. In contrast with the drift ccll
ICR result [2] the SIFT experiment showed no tem-
perature dependence for reaction (1) over the temper-
ature range 80-470 K.

To increase confidence in the present result. and to
discount the possibility that some particular experi-
mental problem may atiend the use of hydrogen as a
neutral reactant, further calibration experiments were
carried out. These experiments included an absolute
cahbration of the neutral reactant metering system
using hydrogen as the calibrating gas, and the redeter-
mination of rate coefficients for the reaction of other
ions with H,, comparison being made with results
{rom other flow reactors [16]. No anomalies were found.

In section 1. the relevance of reaction (1) to a reac-
tion scheme [S] for the production of HCI in interstel-
lar clouds was mentioned. A higher value for k,
would not significantly change the HCI concentration
predicted by this scheme, but would reduce the con-
centration of the intermediate species HCI' .

3.4. HCl* + Xe

An absolute cross section for reaction (2a) has becn
measured in a MB experiment [4], and it 1s possible to
make an approximate comparison of this result with
the present result. A veloctty-dependent reaction cross
section, a(), 1s related to a rate coefficient, &, for a
velocity distribution, f{v), by

k =f o(v) f(¥) v dv. )
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The rate coefficient presented here 1s measured for a
Maswell-Boltzmann velocity distribution at 295 K so
that the MB (merging beams) cross section may be ap-
proximately converted using

ky,(MB) =" o(v'), (6)
where V' is the mean relative velocity for the HCI* [Xe
collision pair in a Maxwell—Boltzmann distribution at
295 K. »' corresponds to a collision energy of 38 meV
for which the MB reaction cross section 1s 7.15 X 10~13
cm?. From eq. (6), k5, (MB) = 3.6 X 1010 cm3 s—1.
The present result for the total rate coefficient of reac-
tion (2).k3(SIFT)=(6 6 =1 3) X 10~1%9cm3s~!, t0-
gether with the measured branching rauo (and asso-
ciated experimental error) for reaction (2a) gives

ko (SIFT) = (5.4 £1.7) X 10-10¢m3 s~ 1. When com-
paring the MB and SIFT results it should be noted that
the authors of ref. [4] believed their HCI* reactant
ions to be vibrationally excited, and inferred thar a
larger cross section would be obtained for ground-state
HCI*.

A typical XeCl gas laser mixture would comprise
some tens of Torr of Xe and a few Torr of HCI in =2
atm of Ar or He buffer gas. This mivtura is excited by
high-energy electrons which will produce mainly posi-
tive buffer gas ions and secondary electrons. HCI" 15
produced by charge transfer from these positive ions,
and the present work shows that it will be rapidly lost
by reaction (2) (with a time constant of a few ns) to
produce Xe* and XeH". The presence of XeH" in the
XeCl laser has not been discussed previously but may
possibly contribute to the formation of the XeCl ex-
cimer
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