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The Nitric Oxide-catalyzed Recombination of Chlorine Atoms

By T. C. CLark and M. A. A. CLYNE

(School of Chemical Sciences, University of East Anglia, Novwich)

NITRIC OXIDE catalyzes the recombination of
oxygen atoms! and hydrogen atoms?; at total
pressures near 1 mm. Hg, the mechanism in both
cases can be represented by the two steps

slow
X + NO + M —> XNO + M (1)

fast
XNO + X —> X, + NO (@)

We have found that a similar mechanism applies
when nitric oxide is allowed to react with atomic
chlorine at 0-7—2-0 mm. Hg total pressure and
over the temperature range 270—620°k.

Chlorine atoms were generated by passing a
mixture of redistilled chlorine and argon or helium
through a 2450 Mec./sec. microwave electric
discharge. Flows of chlorine atoms in oxygen or
nitrogen carrier gases were generated by addition
of an excess of chlorine to a stream of oxygen
atoms?® produced either by a discharge through O,
or by addition of the stoicheiometric amount of
NO to a stream of nitrogen atoms,

N 4+ NO =N, + O
20 + Cl, - 2C1 + O,

The red and infrared chlorine afterglow emission
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spectrum  [CL(Ilgus — 12;)] observed in the

discharge products is due to the radiative combin-
ation of two Cl atoms,?:8

CI(P) + CI(*P) (+M) — Cly([loys) (+ M),
ClL(oys) — CL(Zg) + hv.

The intensity of emission, I, is proportional to

[C1? at a given total pressure,?5 so that \/ I can be
used as a measure of the relative concentration
of Cl. The relative integrated intensities of the
chlorine afterglow emission spectrum were meas-
ured in this work with an R.C.A. 931—A photo-
multiplier cell and a Wratten filter No. 234, so
that emission in the wavelength range 6000——
7000 A could be detected. Absolute concentra-
tions of Cl atoms were measured by titration with
NOCI to critical extinction of the chlorine after-
glows; the reaction Cl1 4 NOCI - Cl, + NO is

CrHEMICAL COMMUNICATIONS

equation was accurately followed, d[Cl]/d¢ =
—2k,[NO][CI1][M], exactly as was observed for
the reactions of NO with O! and with H.%:1® No
significant concentrations of any product of reac-
tion could be detected on analysis of the reaction
products condensed at —183°c. The primary step
in the NO -+ Cl reaction is,

NO +Cl + M - NOC! + M + 38 kcal. mole-1,

while the nitrosyl chloride formed is rapidly
removed in the secondary reaction

NOCI + Cl - NO + Cl, + 20 kcal. mole~L.

The overall reaction is therefore exactly analogous
to the reactions of nitric oxide with oxygen and
hydrogen atoms, and can be considered to be a
nitric oxide-catalyzed recombination of atomic
chlorine. Both the oxygen and hydrogen atom
reactions are chemiluminescent in the green! and

TABLE

Values for the rate constants of the veactions of Cl, O, and H with NO at 293°k using various third bodies M.

Atomic species Cl
M=He 354+ 05
Ar 29 + 04
0O, 39+ 05
N, 354+ 05
Cl, 344 05
SF, 354 05

known to be very rapid.® At 2 mm. Hg total
pressure, typical partial pressures of ground state
(2Pg,3) chlorine atoms in the gas leaving the dis-
charge were 2x 10-3 — 5 x 10-2 mm. Hg.

In kinetic experiments on the NO + Cl reaction,
atomic chlorine in various carrier gases passed from
the discharge at 0-7—2 mm. Hg total pressure
through a 31 mm. internal-diameter Pyrex tube
with four equally-spaced inlet jets along its length
for the admission of nitric oxide. Downstream
from the four jets was an observation port with the
photomultiplier cell, where the relative concentra-
tions of Cl were measured. By addition of the
same concentrations of nitric oxide at each of the
inlets in turn and measurement of the concentra-
tions of chlorine atoms remaining at the photo-
multiplier cell, the kinetics of reaction were found.
A discussion of the kinetic analysis has been
published previously.?

It was found that an overall third-order kinetic

10-1¢ &, (cm.® mole—2 sec.”1)
O

H
1-88 0-66 - 0-101
18 + 0-3°
218 0-87 4 0-151
27 4 0-3°
2.18 —
27 £ 0-39
3.38 _
3-1 + 0-4°
56 —

infrared regions,? respectively, so that the NO 4 Cl
reaction might be expected to yield chemilumines-
cent emission at wavelengths longer than 8000 A.
We have searched for such an emission with
detectors extending up to 8500 A, but so far un-
successfully; it is intended to examine a region of
the spectrum lying at longer wavelengths than
8500 A.

The rate constants %, for the NO + Cl + M

reaction under a variety of conditions have been
measured, and the values at room temperature for
various third bodies M are shown in the Table,
together with previous data for the oxygen?®:9 and
hydrogen?? reactions.
The temperature coefficients of %, for the third
bodies Ar, Cl,, and SF, have been measured over
the range 270—620°k, and correspond to (negative)
Arrhenius activation energies of (—1-1 + 0-1),
(=07 &+ 0-2), and (—1-2 4 0-2) kcal. mole-?
respectively.
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The similarity of the values for %, at 20°c and
their dependences on the nature of M for the NO +
Cl + Mand NO + O + Mreactions, respectively, is
most striking; it should also be noted that the
activation energy for the reaction NO + O 4 Ar
- NO, + Ar? is —(1-8 4+ 0-4) kcal. mole?,
similar to the value of —(1-1 4 0-1) kcal. mole—*
found for the reaction NO 4 Cl 4+ M in the
present work.

‘We have also made some preliminary experiments
un the reaction of NO, with atomic chlorine in an
argon carrier gas. This reaction is about five times
faster than the nitric oxide reaction, and appears to
follow a third-order mechanism with a rate constant
of about 1 x 107 cm.® mole—2 sec.m! at 293°Kk;
nitryl chloride, initially formed, is apparently

1 F. Kaufman, Proc. Roy. Soc., 1958, 4, 247, 123.
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rapidly removed by reaction with excess of atomic
chlorine;

slow

NO, + Cl + Ar —> NO,CI + Ar,

fast
NO,Cl + Cl — Cl, + NO,.

Further studies are in progress. The preliminary
results, however, again point to the analogy with
the corresponding atomic oxygen reaction proposed
in this case by Ford and Endow,* O 4 NO, 4+ M
NO, + M; the rate constant for the latter reaction
has been determined as 10 x 107 cm.® mole~?
sec.”! (for M=N,) at room temperature.l!
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