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Reactions of HS with NO and NO, at 298 K

G. Black
SRI International, Menlo Park, California 94025

(Received 22 August 1983; accepted 21 October 1983)

HS radicals have been generated by the photodissociation of H,S at 193 nm and their
disappearance monitored by LIF. The reaction of HS with NO, like the analogous reaction of OH
with NO, has been shown to involve a third body. The low pressure rate coefficients have been

determined for He, Ar, and N,. The values are 2.1, 2.2, and 2.4 X 107! cm® molecule "2 s/,
respectively, with estimated uncertainties of + 10%. The high pressure limit is

(2.8 + 1.0)X 10~ ! cm® molecule ! s~ '. The reaction with NO, (HS + NO,—HSO + NO) is
second order with a rate coefficient of (3.5 4 0.4) X 10~ "' cm® molecule ~! s~ '. An upper limit for
the rate coefficient with O, has been estimated (4 X 10~!7 cm® molecule ~! s~ }).

INTRODUCTION

As our ability to measure trace atmospheric constitu-
ents continues to improve, it has become evident that the
chemistry of sulfur plays important roles in the terrestrial
and planetary atmospheres. Unfortunately, very little kinet-
ic information exists on reactions of the odd-sulfur radicals
SO, CS, and HS which are involved as intermediates in at-
mospheric reactions of sulfur-containing molecules like
OCS, CS,, and H,S. We have recently'~ reported studies of
SO reactions with O, and Os. This paper is concerned with
reactions of HS with NO, NO,, and O,.

Very recently, in a study of HS reactions important in
coal combustion chemistry, an upper limit for the rate coeffi-
cient of

HS + O,—products (1)

of 3.2 10~ !5 cm® molecule ~! s~! was determined as well
as a value of 5.6 X 10! cm? molecule ' s~! for the reac-
tion with NO:

HS + NO—products. 2)

Earlier work* has been reinterpreted® to give a value of
6.3 10~ * cm® molecule' s~ ! for reaction (2). In contrast to
these findings, we find no evidence for a two-body process of
this magnitude for reaction {2} but find the interaction to
involve a third body

HS + NO + M—HSNO + M (3)
analogous to the well characterized process with OH:
HO + NO + M—HONO + M. 4)

This paper reports the three-body rate coefficients for
M = He, Ar, and N, and an estimate of the limiting high
pressure rate coefficient. We also report the first measure-
ment of the rate coefficient for the reaction with NO, and an
even lower limit for the rate of the reaction with O,.

EXPERIMENTAL

A schematic of the apparatus is shown in Fig. 1. The HS
is produced by photodissociation of H,S with an ArF laser
(0=7x 10~ '® cm?).% This is a particularly convenient source
of HS(v" = 0) for kinetic studies since few radicals are pro-
duced”® with v” >0 and the excess translational energy is
easily removed by a buffer gas. No evidence was found for
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any effect of vibrationally excited HS on the present results.
Only =1 mJ of 193 nm radiation traversed the photolysis
cell. The Quanta-Ray Nd: Yag-dye laser system provided
approximately 2 mJ in the region of the (0,0) band of the HS
(423 *«X*IT) system in a pulse of ~5 ns duration with a
linewidth of ~0.5 cm . For these measurements, the lasers
were operated at 10 Hz and were adjusted to overlap spatial-
ly along the length of the reaction cell. A variable delay
could be introduced between the two laser pulses. Baffles
with 1 cm diam holes were situated in the side arms of the cell
to reduce scattered light. The cell was also equipped with
MKS Baratron pressure gauges and was evacuated with a
small rotary pump which gave =~ 20 s for the residence time
of the gas in the cell.

The detection system, situated perpendicular to the la-
ser beams, consisted of a 1/4 m monochromator equipped
with an RCA C31034A photomultiplier. Its output passed
to a boxcar averager and then to a chart recorder. For most
of the kinetic studies, in order to avoid scattered light, the
dye laser was tuned to the (0,0) R, + ?Q,, band head of the
A*3<X?[T,,, system at 323.7 nm and the fluorescence was
monitored on the (0,1) band at 354.5 nm.

The gases used were supplied by Matheson Gas Pro-
ducts and were used without further purification. The H,S
was used as a 5% mixture in helium and 5% mixtures of NO
in helium and argon were also available. For the NO, experi-
ments, a 0.7% mixture of NO, in helium was used. The gases

Delay Pressure Gauges ’ 320-
Generator 4 330
=0 Gas Flow ¢ 4 Pump nm
Pulser ArF Laserr a7z ﬁ\
%LLL_) 14
Monochromator
Boxcar Signal Out

FIG. 1. Schematic of the experimental apparatus for HS production by 193
nm photodissociation of H,S and for monitoring its decay by LIF.
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were passed through flowmeters and mixed before entering
the reaction cell.

RESULTS AND DISCUSSION

Figure 2 shows a laser excitation spectrum recorded for
a mixture of 40 mTorr of H,S in 100 Torr of helium with =2
us between the laser pulses when the probing dye laser was
scanned from 322 to 326.8 nm. The monochromator was set
at 354.5 nm with a bandpass of 2.7 nm to record emission in
the (0,1) band of the 4 >3 *-X /T, ,, system. No effort has
been made to correct this spectrum for variations in the laser
energies. Identification of the rotational transitions of the
(0,0) band of the 4°3 *-X2IT,,, of HS are shown. At
A>326.8 nm a similar laser excitation spectrum revealed
rotational lines of the (0,0) band of the 4 2 *-X 2/T, ,, transi-
tion. The spectrum shown is very similar to those in recent
publications®’ except for the much higher resolution of the
present spectrum. This strong fluorescence spectrum is ob-
tained despite the fact that predissociation of the upper state
reduces the fluorescence efficiency to ~ 1%.°

The disappearance of the HS radical after the excimer
pulse was followed by measuring the decay of the LIF signal
as a function of time delay between the two lasers. In the
absence of any added reactant (that is, with only H,S and
helium) the HS lifetime was found to be long (1 — 6 ms) and
increased with increasing helium pressure. Such lifetimes
are consistent with those expected for diffusion from the ~ 1
cm diam cylindrical overlap region of the two laser beams.
This indicates that the diffusive loss of HS is important and
losses by the fast reactions

k= 12Xx10"" cm® molecule ' s~ ! (Ref. 5) and
H+HS—H, +S >

(3)

(6)
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FIG. 2. Laser excitation spectrum of
HS. Fluorescence monitored on the
{0,1) band of the 4 23X *[T, ,, system
of HS at 354.5 nm (bandpass = 2.7
nm). Dye laser bandwidth ~0.5
cm™', 2 us between laser pulses,
H,S = 40 mTorr and He = 100 Torr.
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k=25%x10""" cm®molecule™'s~' (Ref. 5) are only
playing a minor role. This is not surprising in view of the fact
that with ArF laser energies of <1 mJ/pulse and H,S pres-
sures of =~ 35 mTorr, we are only generating atom and radi-
cal densities of < 10" cm™>. With ArF laser pulse energies
of > 1 mJ and with high helium pressures to retard diffusion,
the HS decays did exhibit curvature on semilog plots of LIF
signal vs time indicating the occurrence of these processes
and perhaps others of a radical-radical or radical-atom na-
ture. Some curvature in the HS decay plots under these con-
ditions may also result from the generation of more HS by
the reaction

H +H,S—H, + HS » (7)

k=74x10"" cm?® molecule™'s~! (Ref. 5). No attempt
was made to derive rate coefficients to fit the HS decays
under such conditions. All these processes played a very mi-
nor role in the presence of added NO or NO, when the HS
decay time was typically 100 us or less. These measurements
will now be described.

REACTION WITH NO

For these and most of the subsequent kinetic experi-
ments the H,S pressure was 35 mTorr. As found previously,®
addition of NO to the H,S/He mixture gave linear semilog
plots of LIF signal vs delay time between the laser pulses.
The slope of these plots was found to be a linear function of
the added NO concentration as shown in Fig. 3 for a helium
pressure of 160 Torr. The slope of the line gives a rate coeffi-
cient of

8.1 107 cm® molecule "'s 1.

The dependence of this rate coefficient £ (He) on helium pres-
sure is shown in Fig. 4. Similar plots for argon and nitrogen
are shown in Figs. 5 and 6.

No. 3, 1 February 1984



G. Black: Reactions of HS with NO and NO,

He = 160 torr -]

SH DECAY RATE (x 104s7)
@

o111
o 1 2 3 4 5 6 7

NO (x 106 cm3)

FIG. 3. Decay rate of the HS radical vs NO addition. H,S = 35 mTorr,
He = 160 Torr.

The lines fitting the experimental points in Figs. 4-6 are
calculated from a nonlinear least squares fit of the experi-
mental data to the expression suggested by Troe'? to describe
the pressure dependence of a recombination reaction in its
“fall-off”” region:

k. ko[M]
k., + ko[M]

in which F was fixed at 0.6 following the suggestion of Gold-
en'! and k, and k_ are the low and high pressure limiting
rate coefficients, respectively. Their values for the three sets
of experiments are shown in Table 1. Fitting with a Linde-
mann mechanism (F = 1) gave values of k, about 15% lower
but values of kK a factor of 2.5-3.0 lower. The error in the
three-body rate coefficients is estimated at + 10%. The un-
certainty in the high pressure limit is much larger, which is
not surprising since the data are very far removed from this
limit (they extend < 15% of the way to the high pressure

k(M) = (1 + (log[Ao[MI/k  ])2) " (8)
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FIG. 4. Dependence of the rate coefficient for HS removal by NO on helium
pressure. H,S = 35 mTorr.
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FIG. 5. Dependence of the rate coefficient for HS removal by NO on argon
pressure. H,S = 35 mTorr.

limit). Until measurements are made at higher pressures, the
mean value of k is recommended with an estimated uncer-
tainty of 35%, that is, k_ = (2.8 + 1.0)X} 10! cm? mole-
cule™!s™!. Experiments are under way to determine the
variation of k, and k_ over the temperature range 230420
K and will be the subject of a future paper.
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FIG. 6. Dependence of the rate coefficient for HS removal by NO on N,
pressure. H,S = 35 mTorr.
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TABLE L. Rate coeflicients for the reaction HS + NO + M—HSNO + M
at 298 K.

M=He M=Ar M=N,

ko(X 102! cm® molecule =25~ ") 2.1 2.2 2.4
k. (X 10~ cm® molecule's™!) 1.8 24 4.1

The discrepancy between these findings and the results
of earlier work must now be addressed. These earlier experi-
ments>*> were carried out at low pressure (<10 Torr) and
the reaction was found to be two-body

HS + NO-—sproducts (2)

and have a rate coefficient of ~6xX10™"* cm?® mole-
cule™! s~ . Itis suggested that the occurrence of reaction (2)
as a homogeneous reaction is unlikely and that this rate coef-
ficient may refer to the second-order heterogeneous removal
of HS at the walls. Such a process has been characterized in
an earlier study'? of the reaction with OH with NO in which
the experiments were restricted to low pressure (<10 Torr).
In fact, the results at the lowest pressures shown in Fig. 4
suggest the possibility of such a heterogeneous process—the
experimental points lie above the predictions of Eq. (8) with
the discrepancy largest at the lowest pressure. This effect is
not apparent in the Ar (or N,) data. Since binary diffusion
coefficients are about four times larger in helium than ar-
gon,"? this observation suggests the occurrence of a hetero-
geneous process.

REACTION WITH NO,

In contrast to the findings with NO, the reaction of HS
with NO, was independent of He pressure at least over the
28.5-300 Torr range. The results are shown in Fig. 7 and

9.0 T T T S
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70 |
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- 60} —
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w 50 —
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<
[
> 40 [~ 7
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0 | | | |
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NO, (x 10'® molec cm™3)

FIG. 7. Decay rate of the HS radical vs NO, addition at various helium
pressures. H,S = 35 mTorr.

G. Black: Reactions of HS with NO and NO,

give a rate coefficient of (3.5 4+ 0.4)x10~'" cm> mole-
cule™'s™ ' at 298 K for the reaction

HS + NO,—HSO + NO. (9)

From thermochemical information,!* it can be shown that
this reaction is strongly exothermic (AH =~ — 26 kcal). It is
interesting to note that this behavior is in marked contrast to
the reaction of OH with NO, which is dominated by the
three-body reaction

HO + NO, + M—HONO, + M. (10)
The minor role of a reaction analogous to reaction (9), that is,
HO + NO,—HO, + NO{4H = 7 kcal) (11)

can be understood in light of the large exothermicity of reac-
tion (9) and the endothermicity of reaction (11). This results
in reaction (11) having a rate coefficient ~ 10° smaller'* than
that of reaction (9) at 298 K.

The lack of a detectable three-body reaction over the
pressure range studied sets an upper limit of ~7x 1073
cm® molecule 2 s~ ! for the reaction

HS + NO, + He—HSNO, + He. (12)

It may be that the rate coefficient for reaction (12) can be
measured {or, at least, a lower upper limit established) by
extending the measurements to helium pressures > 300
Torr. Such experiments are planned.

Although no previous measurement of the rate coeffi-
cient for reaction (9) could be found, the effect of NO, on the
chemiluminescence and ozone consumption in an H,S/0,
mixture has been attributed'® to a rapid reaction of NO, with
HS. The present experiments confirm this.

It was also observed that a small LIF signal was present
even without the excimer. It was reduced by minimizing the
contact time of the NO, and H,S prior to their entry into the
cell. The variability of the HS generated by the reaction of
these two gases suggested that a heterogeneous reaction was
involved.

REACTION WITH O, AND O,
No evidence could be found for any reaction with O,
HS + 0,80 + HO. (13)

In fact, replacing 500 Torr of helium with 500 Torr of oxy-
gen reduced the rate of loss of HS—this could arise both
from a reduced rate of diffusion in O, and O, removal of
atom/radical species which were reacting with the HS radi-
cal. This and our other measurements with O, suggest an
upper limit of 4X10~'” cm® molecule™' s~ for reaction
(14). This is almost two orders of magnitude smaller than the
previous upper limit estimates of 3.2 107" cm’ mole-
cule™! s~ '(Ref. 3)and 5 X 10~ '3 cm® molecule ™' s~ ' (Refs.
S and 17).

The reaction of HS with O, could not be studied be-
cause of an extremely large HS signal from the reaction of
H.,S with O,. This was accompanied by destruction of some
of the O, (monitored by 253.7 nm absorption in a 10 cm cell
through which the mixed gases flowed prior to entering the
reaction cell). O, concentrations of > 0.1 Torr completely
removed the H,S prior to the reaction cell. This does not
involve a simple bimolecular reaction of O, with H,S since

J. Chem. Phys., Vol. 80, No. 3, 1 February 1984
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this has an upper limit on the rate coefficient of 2x 10~%°
cm?® molecule ! s™! (Ref. 16). It must involve either chain
reaction(s) or heterogeneous processes.
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