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The reaction kinetics of NCS radicals with several molecules was investigated for the first time, using laser-
induced fluorescence spectroscopy to measure total rate constants and infrared absorption spectroscopy to
probe possible reaction products. The NCS+ NO reaction has a pressure-dependent total rate constant, with
a low pressure (∼2 Torr) rate given by the expressionkNCS + NO ) (4.1 ( 1.4)× 10-15 exp[(1561( 116)/T]
cm3 molecule-1 s-1 over the range 298-468 K. On the basis of the observed pressure dependence and product
detection studies, this reaction is believed to be an association reaction, producing primarily NCSNO products.
The NCS+ NO2 reaction was pressure-independent, with a rate constant given bykNCS+NO2 ) (7.0 ( 0.6)×
10-12 exp[(579( 39.4)/T] cm3 molecule-1 s-1 over the range 298-620 K. No reaction of NCS with C2H2 or
O2 was detected, and upper limits of rate constants with these molecules were estimated at<1.0× 10-14 cm3

molecule-1 s-1.

Introduction

The kinetics of nitrogen-containing radicals in the gas phase
are of great interest because of the role these species play in
the formation and removal of NOx pollutants in combustion
processes.1 For example, the NCO radical has been studied
extensively, partly because it is the most important intermediate
in the RAPRENOx process.2,3 The rate constants of NCO
reactions with a variety of species including NO,4-12 NO2,9,10,13,14

H2,4,15 and several hydrocarbons16-20 have been reported. In
general, NCO reacts quickly with NO, forming CO2 + N2 and
N2O + CO products in comparable yield.12 Similarly, NCO+
NO2 is also fast, forming primarily N2O + CO2 products.13

Hydrogen abstraction reactions of NCO with saturated hydro-
carbons are generally slow,17 with significant activation ener-
gies.18

The isoelectronic species NCS has been the subject of several
spectroscopic studies.21-25 The spectrum is complicated due to
the presence of Renner-Teller and spin-orbit interactions. This
molecule may be an intermediate in the combustion of sulfur-
containing fuels. It is quite surprising, therefore, that no reports
of the kinetics of this radical have previously appeared. In this
study, we use laser-induced fluorescence spectroscopy to
measure total rate constants of NCS with NO, NO2, O2, and
C2H2. The X (000)2Π3/2 f A (001) 2Π3/2 transition at 371.41
nm22 was chosen as the probe wavelength on the basis of strong
NCS absorption and lack of interference from CN radicals. In
addition, infrared absorption spectroscopy was used to search
for possible reaction products.

NCS radicals were formed photolytically by two different
routes. The first method used ICN or C2N2 precursor molecules,
followed by the CN+ OCS reaction:

Reaction 2 has been previously studied in our laboratory by

infrared laser absorption spectroscopy and is quite fast, withk2

) 9.75 × 10-11 cm3 molecule-1 s-1 at 298 K.26 In some
experiments, a direct NCS precursor24 was photolyzed:

Experimental Section

The photolysis laser light was provided by an excimer laser
(Lambda Physik COMPEX 200) operating at 248 or 193 nm.
Typical photolysis pulse energies were 2-6 mJ. The 371.41
nm probe light (∼0.1 mJ/pulse) was produced by frequency
doubling 742.82 nm light from a dye laser (Continuum ND-
6000) pumped by the second harmonic of an Nd:YAG laser
(Lumonics J K750). The photolysis and probe beams were made
collinear using a dichroic mirror and copropagated down a Pyrex
reaction cell. Flourescence was detected at 90° from the laser
beams using an R508 photomultiplier tube. A 400-500 nm
band-pass filter was used to suppress detection of scattered laser
light. The unamplified PMT signal was recorded by a boxcar
integrator (Stanford Instruments model 250) with a 10 ns delay
and a 300 ns gate width and averaged on a personal computer.
The computer varied the delay between excimer and dye laser
pulses in order to produce an NCS concentration vs time profile.

For N2O and OCS product molecule detection, infrared
absorption spectroscopy was used, as described in previous
papers.11-13 A tunable lead-salt diode laser provided the infrared
probe radiation. The excimer and probe beams were made
collinear with a dichroic mirror and copropagated through a
1.46 m absorption cell. The UV light was then removed with a
second dichroic mirror, and the infrared light passed through a
0.25 m monochromator and was focused onto a 1 mmInSb
detector (∼1 µs response). Transient infrared absorption signals
were collected on a LeCroy 9310A digital oscilloscope and
transferred to a computer for analysis. The HITRAN molecular
infrared database27 was used as an aid in locating N2O
absorption lines and calibrating absolute yields. OCS absorption
lines were found with the aid of published spectral data.28

ICN (Aldrich) was purified by vacuum sublimation to remove
dissolved air. OCS and SF6 (Matheson) were purified by vacuum* Corresponding author.

ICN + hν (248 nm)f I + CN (1a)

C2N2 + hν (193 nm)f 2CN (1b)

CN + OCSf NCS+ CO (2)

C2H5NCS+ hν (193 or 248 nm)f C2H5 + NCS (3)
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distillation at 77 K. NO2 (Matheson) was purified by vacuum
distillation at 77 and 220 K. NO (Matheson) was purified by
vacuum distillation at 180 K. C2N2 (used in a few of the
experiments) was synthesized by the reaction of copper sulfate
with aqueous sodium cyanide and purified by freeze-pump-
thaw cycles at 77 K.

Typical reaction conditions (using ICN precursor) were 0.05
Torr ICN, 0.5 Torr of OCS, 0.5 Torr SF6 buffer gas, and 0.1-
5.0 Torr of NO or 0.01-0.3 Torr of NO2 reactant. On the basis
of an absorption coefficient of 0.009 cm-1 Torr-1 for ICN at
248 nm,12 typical [CN]0 number densities of∼4 × 1012 were
obtained. When using C2H5NCS precursor, ICN (or C2N2) and
OCS were omitted and replaced by 0.05 Torr of C2H5NCS.
Identical rate constants were measured using the different
precursors.

Results

Control experiments were performed in order to verify that
the LIF signals observed at 371.41 nm originate from NCS and
not some other species. In particular, CN radicals have Xf B
transitions nearby. Photolysis of ICN/SF6 mixtures produced
no LIF signals at 371.41 nm (although strong CN signals could
be observed at 388.0 nm). Only upon addition of OCS to the
reaction mixture were signals observed at 371.41 nm.

NCS + NO Reaction.Figure 1 shows typical LIF signals as
a function of pump-probe delay time. In the absence of added
reactant, the NCS signals displayed fast rise times of a few
microseconds followed by slower decay times of∼100µs. The
rise is attributed to formation of NCS by reaction 2 followed
by relaxation of the rovibrational energy levels to a Boltzmann
distribution. Although relaxation rates for excited vibrational
states of NCS are not known, the excess of SF6 buffer gas
included in each reaction mixture is expected to enhance these
rates sufficiently that non-Boltzmann effects do not affect the
rate constant determinations. SF6 is known to be an efficient
relaxer of vibrational excitation of several triatomic species.29,30

The decay in the signals is attributed to removal of NCS from
the reaction zone by self-reaction, reaction with other species
present, or diffusion. Although some of these processes are not
first order, in practice the decay portion of all of the LIF signals
could be adequately fit to a single-exponential decay function,
as shown in Figure 1.

When NO was included in the reaction mixture, the NCS
decay rates were observed to increase. In the presence of this
added reactant, pseudo-first-order conditions apply and a

standard kinetic analysis shows that

wherek′ is the observed pseudo-first-order rate constant,k is
the desired bimolecular rate constant for the NCS+ NO
reaction, andkD represents the decay rate in the absence of added
NO (due to other reactions, such as NCS+ NCS, NCS+ CN,
or diffusion of NCS molecules out of the probed volume). Figure
2 shows a plot ofk′ vs NO pressure. From the slopes of these
plots, we obtain the bimolecular rate constants.

Kinetics experiments on the NCS+ NO reaction were
performed over the temperature range 298-468 K. Figure 3
shows an Arrhenius plot for the measured rate constants over
this range. Over the temperature range observed, no significant
deviation from Arrhenius behavior was observed. The rate
constants at low total pressures of∼2 Torr (in cm3 molecule-1

s-1, 1σ error bars) are represented by

Experiments were also performed to examine the dependence
of this reaction on total pressure. Figure 4 shows the NCS+
NO rate constant measured at 296 K as a function of added
He.

Figure 1. LIF signals of NCS as a function of time. Reaction
conditions: PICN ) 0.05 Torr;POCS ) 0.2 Torr;PSF6 ) 0.5 Torr;PNO

) 0.0 or 1.0 Torr;T ) 296 K. Excimer at 248 nm.

Figure 2. Pseudo-first-order decay rates of NCS LIF signals as a
function of NO pressure. ICN, OCS, and SF6 pressures are same as in
Figure 1. Excimer at 248 nm.

Figure 3. Arrhenius plot of the NCS+ NO reaction. All data taken
using ICN/OCS/NO/SF6 mixtures as in Figures 1 and 2. Excimer at
248 nm.

[NCS] ) [NCS]0 exp(-k′t)

k′ ) k[NO] + kD

kNCS+ NO ) (4.1( 1.4)× 10-15 exp [(1561( 116)/T]
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Several possible product channels are possible for the NCS
+ NO reaction:

where thermochemical information was obtained from standard
tables,31 except for NCS, where a recent value of∆Hf ) 304.2
kJ/mol was used,25 and for the NCSNO adduct, for which
thermochemical information is unknown. Attempts to detect
products in this reaction were unsuccessful. Using infrared
absorption spectroscopy, no N2O products were detected upon
248 nm photolysis of an ICN/OCS/NO/SF6. No N2O or OCS
products were detected upon 193 nm photolysis of a C2H5NCS/
NO/SF6 mixture. Furthermore, no18OCS products were detected
from photolysis of an ICN/OCS/N18O/SF6 mixture. These data
suggest that channel 4c dominates this reaction. No attempt was
made to detect the NCSNO adduct, for which no spectroscopic
information is known.

NCS + NO2 Reaction. When NO2 was included in the
reaction mixture, the pseudo-first-order decays rates were
observed to substantially increase, as shown in Figure 5.
Experiments were performed over the temperature range 298-

620 K. An Arrhenius plot for the NCS+ NO2 reaction is shown
in Figure 6. These data were fit to the expression (in cm3

molecule-1 s-1)

The dependence of this rate constant (at 296 K) on total pressure
of added He was also determined and is shown in Figure 7.
Within the uncertainties of the experiment, no significant
pressure dependence was observed for this reaction.

Possible product channels for NCS+ NO2 include

Using infrared absorption spectroscopy, substantial amounts
of N2O were detected upon 248 nm photolysis of an ICN/OCS/
NO2/SF6 mixture. In addition to reactions 1, 2, and 5, however,
we must consider secondary formation routes for N2O, of which
the most important are

These reactions are fast, withk6 ) 7.2-8.9 × 10-11 cm3

molecule-1 s-1 and k7 ) (0.7-2.2) × 10-11 cm3 molecule-1

s-1 at 296 K.6,32-35 Previous experiments32,35 in our laboratory
have obtained the following branching ratios for these reactions
at 296 K: φ6a ) 0.87,φ6b ) 0.08,φ6c ) 0.05,φ7a ) 0.92, and
φ7b ) 0.08. Thus, the primary secondary chemistry in this
system is reaction 6a, which competes with reaction 2 for CN
radicals. Any NCO formed in (6a) then reacts quickly with NO2,
forming significant quantities of N2O via reaction 7a.

To test for the presence of secondary N2O formation routes,
the N2O yields were measured as a function of OCS pressure,
as shown in Figure 8. As [OCS] increases, the competition for
CN radicals favors reaction 2 rather than reaction 6 so that the
secondary chemistry is suppressed in the limit of high [OCS].
As shown, the N2O product yield was observed to decay to

Figure 4. Dependence of NCS+ NO bimolecular rate constant (at
296 K) on total pressure. Data taken using C2H5NCS/NO/SF6/He
mixtures. Excimer at 248 nm for all points exceptPHe ) 500 Torr
point, for which 193 nm was used.

Figure 5. Pseudo-first-order decay rates of NCS LIF signals as a
function of NO2 pressure.PICN ) 0.05 Torr;POCS ) 1.0 Torr;PSF6 )
0.5 Torr;PNO2 ) variable. Excimer at 248 nm.

NCS+ NO f N2O + CS ∆H ) -32.1 kJ/mol (4a)

f N2 + OCS ∆H ) -532.9 kJ/mol (4b)

f NCSNO (4c)

Figure 6. Arrhenius plot of the NCS+ NO2 reaction. Reaction
conditions same as Figure 5. Excimer at 248 nm.

kNCS+ NO2
) (7.0( 0.6)× 10-12 exp [(579( 39.4)/T]

NCS+ NO2 f N2O + OCS ∆H ) -393.6 kJ/mol (5a)

f NCSNO2 (5b)

f CS+ N2 + O2 ∆H ) -57.0 kJ/mol (5c)

CN + NO2 f NCO + NO (6a)

f N2O + CO (6b)

f N2 + CO2 (6c)

NCO + NO2 f N2O + CO2 (7a)

f 2NO + CO (7b)
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essentially zero in this limit. On the basis of these data, we
conclude that virtually all of the observed N2O products originate
from then secondary reactions 6b and 7a and that the contribu-
tion of (5a) to the total NCS+ NO2 reaction is very small.

Attempts were also made to detect N2O and OCS products
upon 193 nm photolysis of a C2H5NCS/NO2/SF6 mixture. No
OCS and only trace amounts of N2O were detected however.
This precursor also produces CN radicals in unknown yield,36

so it is likely that the trace N2O originated from reactions 6
and 7.

NCS + C2H2, O2 Reactions.Reactions of NCS with C2H2

and O2 were also investigated. No significant increase in NCS
pseudo-first-order decay rates was observed upon addition of
several Torr of either of these molecules however. This indicates
that these reactions are extremely slow. We estimate upper limits
of <1.0 × 10-14 cm3 molecule-1 s-1.

Discussion

In principle, several possible secondary reactions could affect
the measured rate constants. Reaction of NCS with itself or other
radicals is expected to be very slow because of the low number
densities used in these experiments. The pseudo-first-order rate
constants in the absence of NO or NO2 reagent were very small
(<5 ms-1), as shown by the near-zero intercepts in Figures 2
and 5. This suggests that radical-radical chemistry does not
significantly affect the results. Other artifacts could possibly
arise from reactive O(1D) or S(1D) atoms formed by 193 nm

photolysis of NO2 and OCS, respectively. Most of the reported
data was taken using the 248 nm excimer wavelength, however,
and our measured rate constants are independent of the excimer
wavelength or NCS precursor employed.

This study represents the first report of the kinetics of the
NCS radical. It is worthwhile to make comparisons between
the reactivity of NCS and that of the isoelectronic radical NCO,
for which a significant body of literature exists. As shown in
Table 1, the NCS radical is in general much less reactive than
NCO at low total pressures. Unlike NCO, however, NCS
reaction with NO was observed to display pressure-dependent
total rate constants. This observation combined with our inability
to detect reaction products from (4a) or (4b) by infrared
absorption spectroscopy provides strong evidence that this
reaction proceeds via stabilization of an NCSNO complex,
reaction pathway 4c.

The situation with NCS+ NO2 is somewhat more uncertain.
As described above, most if not all of the observed N2O products
appear to have originated from secondary chemistry, suggesting
that (5a) is not a major channel. If (5b) were the major products,
however, one would expect a significant dependence ofk5 on
total pressure, in contrast to the experimental observations. It
is possible that other product channels such as (5c) may
contribute, but this channel requires substantial rearrangement
on the reactive potential energy surface. Further work is
necessary to resolve these issues.

Conclusion

The kinetics NCS+ NO and NCS+ NO2 reactions were
studied using LIF and infrared spectroscopy. Both reactions have
negative temperature dependences typical of radical-radical
association reactions. The NCS+ NO rate constant depends
on total pressure, suggesting NCSNO as the dominant product
channel.
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