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This study reports the first direct kinetic measurements on the NS radical. NS was produced by photolysis of
N4S4 at 248 nm and was detected via laser-induced fluorescence. A fast reaction was observed between NS
and NO2, with k ) (2.54 ( 0.12)× 10-11 cm3 molecules-1 s-1 (error ) 2σ including systematic errors) at
295 K. The rate coefficient shows a small negative temperature dependence over the range 295-673 K,
which is represented byk ) (2.57( 0.11)× 10-11(T/295 K)-1.10(0.10 cm3 molecule-1 s-1. The reaction was
also investigated using density functional theory (B3LYP/6-31G**) to calculate the geometries of the stationary
points on the potential energy surface, coupled with Brueckner doubles and perturbative triples to determine
energy differences. The calculations show a direct route from reactants to N2 + SO2, via a series of isomers
of NSNO2, with no energy barrier higher than that of the entrance channel. It is also possible that the reaction
forms SNO+ NO; this channel has a higher barrier than that found on the N2 + SO2 route, which is also
below the entrance channel, but involves fewer isomerizations. No reaction was observed between NS and
O2 or NO, at temperatures up to 623 K and upper limits of 1× 10-15 and 3× 10-14 cm3 molecule-1 s-1,
respectively, were placed on these rate coefficients.

1. Introduction

The nitrogen sulfide, NS, radical is isovalent with NO, but,
unlike NO, it has been little studied and there are no direct
kinetic measurements. NS was first detected in interstellar clouds
using radio frequency techniques1,2 and it has also been detected
in flames using laser-induced fluorescence, LIF, by Jeffries and
Crosley.3 It is thought that the NS radical plays an important
role in the interaction between nitrogen and sulfur species in
flames3 and can affect the NOx content of exhaust gases. Wendt
et al.4 first suggested the reaction NS+ O f SO + N as a
primary cause of increased N2 generation in a sulfur doped
flame. Other reactions such as NS+ NO f N2 + SO and NS
+ N f N2 + S,5 have also been included in model calculations
to explain the effect of sulfur on flame composition. There have
been no rate coefficient measurements for any of the above
reactions although estimates have been made from studies of
sulfur doped flames.4,5 The spectroscopy of NS has been
characterized from several previous studies.6-9 Particularly
relevant to this study is the work by Ongstad et al.,10 who used
the photodissociation of S4N4 at 248 nm to produce the NS
radical.

This paper reports a laser flash photolysis study of NS+
NO, O2, and NO2, using laser flash photolysis of S4N4, coupled
with time-resolved detection of NS using laser-induced fluo-
rescence. The measurements are coupled with calculations of
the potential energy profile.

2. Experimental Section

The slow flow, laser flash photolysis/laser-induced fluores-
cence system employed was similar to that used by Blitz et
al.11 and will be only briefly described. The NS radical was
generated from photolysis of N4S4 at 248 nm using the
unfocused output of an excimer laser (Lambda Physik, LPX100),
with a pulse energy of ca. 200 mJ. The NS radical was probed
by LIF at∼324 nm, via the B2Π(V)1) r X2Π(V)0) transition
using the doubled (KDP) output from a Nd:YAG (Spectron,
SL803) pumped dye laser (Spectron, SL4000), operating with
the dye DCM. The fluorescence was passed through a 350 nm
interference filter (Ealing, bandwidth (fwhm) 10 nm) situated
before the photomultiplier (EMI 9813), ensuring that the
monitored fluorescence was from the resonant transition (B2Π-
(V)0)f X2Π(V)0). The signal from the photomultiplier was
integrated using a boxcar averager (SRS), passed through an
analogue to digital converter, and on to a personal computer
for subsequent data processing. The computer delayed the time
between the photolysis laser and probe laser, via a home-built
pulse generator, and a kinetic trace consisted of typically 100
averaged data points. The kinetic traces were recorded between
200µs to 20 ms, and each point determined by averaging over
4-8 samples..

Gas flows were controlled by calibrated mass flow meters
(MKS) and passed into a mixing manifold before introduction
into the reaction cell. The pressure in the cell was typically 5
Torr, measured via a capacitance manometer (MKS). Helium
(CP grade, BOC) was used as the buffer gas. The cell was a
stainless steel six-way cross with a heating block around it. The
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block contained cartridge heaters that allowed the cell to be
heated to 700 K. The temperature was measured to(5 K using
two thermocouples located within 1 cm above and below the
reaction zone, as defined by the perpendicular overlap of the
two laser beams.

N4S4 was synthesized using the reaction12

which offers a convenient route with easily removed byproducts,
and no aqueous workup. In a previous study by Ongstad et al.,10

N4S4 was isolated and introduced by passing the carrier gas over
solid N4S4. This procedure requires handling the potentially
hazardous crystalline form of nitrogen sulfide. In the present
study, N4S4 was simply left dissolved in toluene, and a small
amount of the N4S4 solution was placed in the gas inlet pipe,
which connected the mixing manifold to the reaction cell. The
solvent was readily pumped away, thus allowing the N4S4 to
be entrained from the solid residue as the gas flow entered the
cell. The total pressure in the cell was typically below 6 Torr
in order to maintain a significant, constant concentration of N4S4

in the cell throughout a kinetic run. In a few experiments, where
the total pressure was significantly increased, the concentration
of N4S4 was reduced to such an extent that the kinetic traces
yielded marginal information. N4S4 degrades at temperatures
g473 K, giving a large-background thermal signal. This signal
was removed when NO2 was added to the cell, allowing
measurements to be made up to∼673 K, when a large thermal
signal returned. The decay profiles were significantly poorer at
temperatures at and above 473 K than at lower temperatures.

3. Experimental Results

A fluorescence spectrum of the NS radical, B2Π(V)1) r
X2Π(V)0), produced from the photolysis of N4S4 is shown in

Figure 1. Excitation spectrum of the B2Π(V)1) r X2Π(V)0) transition of NS. The fluorescence was collected using a 350 nm interference filter.

Figure 2. Decay profile for NS in the presence of 8.2 mTorr NO2 and
at total pressure of 6 Torr in a helium diluent at 373 K. The solid
curve shows an exponential fit to the data.

Figure 3. Plot of the pseudo-first-order decay constant for NS vs [NO2]
at 295 K and 6 Torr total pressure.

TABLE 1: Bimolecular Rate Constants for the Reaction NS
+ NO2

a

T/K 1011kbim/cm3 molecule-1 s-1

295 2.53( 0.12
373 2.01( 0.10
473 1.84( 0.21
573 1.20( 0.06
673 1.09( 0.12

a Errors represent 2σ.

Figure 4. Temperature dependence of the rate coefficient for NS+
NO2. The error bars are the 2σ uncertainties from the plots ofkobs vs
[NO2]. The solid curve shows a fit to the data in the formk ) A(T/295
K)n; A ) 2.57× 10-11 cm3 molecule-1 s-1, n ) -1.1

[(Me3Si)2N]2S + SCl2 + SO2Cl2 f
1/2N4S4 + 4Me3SiCl + SO2

NS + NO2 J. Phys. Chem. A, Vol. 106, No. 36, 20028407



Figure 1 This spectrum is in agreement with that recorded by
Jeffries et al.6 and by Henshaw et al.9 who reported the
production of NS on photodissociation of N4S4. Reactions of
NS with the stable open shell species NO, O2, and NO2 were
investigated. In the case of NO and O2 no reaction was observed
even at temperatures up to 623 K. Oxygen pressures up to 5
Torr of O2 were examined. The decay time of NS remained at
∼1-3 ms, allowing an upper limit of 1× 10-15 cm3

molecules-1 s-1 to be determined for the rate coefficient. In
the reaction with nitric oxide, up to 50 mTorr was added to the
system, allowing an upper limit of 3× 10-14 cm3 molecules-1

s-1 to be assigned. The lack of reactivity between NS+ O2/

NO was further evidenced by the fact that at high temperatures
the thermal NS signal did not disappear on addition of either
O2 or NO.

Upon addition of NO2 to the system a fast removal of NS
was observed. Under the conditions of our experiment [NS],
[NO2] so that pseudo-first-order kinetics were observed, and
an example of a kinetic trace is shown in Figure 2. The kinetic
data were fitted to a single exponential and the pseudo-first-
order rate constant,kobs, determined. The NO2 concentration
was varied up to 20 mTorr, and the bimolecular rate constant,
kbim, for the reaction was obtained from a plot ofkobs versus
[NO2]. An example of such a plot is shown in Figure 3, where

TABLE 2: Relative Energies (kJ mol-1) of Minimum Energy and Transition State (TS) Structures and Selected Bond Lengths
(Å)

structurea,b relative energy bond length

(1) NS+ NO2 0c NdS 1.51, NdO 1.20
(2) NSNO2 -28 NdS 1.48, SsN 2.10, NdO 1.21, NdO 1.22
(3) +NS‚O2N- -52 NdS 1.46, SsO ∼2.3, NdO 1.25
(4) TS(2f6) 2
(5) TS(3f6) -32
(6) tt-NSONO -62 NdS 1.47, SsO 1.80, OsN 1.45, NdO 1.18
(7) TS(6f8) -57
(8) ct-NSONO -64 NdS 1.47, SsO 1.77, OsN 1.49, NdO 1.17
(9) TS(8f10) -26
(10) cc-OSNNO -105 OdS 1.48, SdN 1.56, NsN 1.42, NdO 1.19
(11) TS(10f12) -60
(12) ct-OSNNO -88 OdS 1.47, SdN 1.58, NsN 1.40, NdO 1.21
(13) TS(12f14) -59
(14) cyclic-NNOS(O) -95 OdS 1.47, SsN 1.85, NdN 1.24, NsO 1.38, OsS 1.83
(15) TS(14f16) -82
(16) N2 and SO2 -528

a See Figure 5 for labeled structures.b Conformation is indicated by t (trans) and c (cis).c Zero point corrected absolute energy is-656.75128
au.

Figure 5. Calculated energies (kJ mol-1) of minima and transition structures on the pathway connecting reactants (NS, NO2) to products (SO2, N2).
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the slope is equal to the bimolecular rate coefficient that was
determined over the temperature range 293-673 K, the results
being summarized in Table 1 and graphically represented in
Figure 4. The 2σ uncertainties from the statistical fitting of the
data, and from flow controller and other systematic errors, are
given in Table 1

The temperature dependence of the rate coefficient can be
expressed as

k ) (2.57( 0.11)× 10-11(T/295 K)-1.10(0.10cm3 molecule-1

s-1. Limited pressure dependent experiments, in which the
pressure was reduced from 6 to 2.5 Torr at room temperature,
showed no dependence of the rate coefficient on pressure.

4. Potential Energy Calculations

The potential energy surface of NS and NO2 has many
minima and transition states. To locate these in an efficient
manner, we have employed the density functional theory
B3LYP13,14 approach with the 6-31G** basis set.15-19 The
stationary points have been characterized by having their
vibrational frequencies determined to ensure they are minima
or transition states. However, although the B3LYP method
usually predicts good structures, it does not always yield accurate
energy differences. Thus, our strategy is to use B3LYP
geometries with energies calculated by a high level ab initio
method, Brueckner doubles with perturbative triples (BD-
(T)).20,21 All calculations were carried out with the Gaussian
suite of programs.22

Figure 5 displays two reaction sequences that lead to the
global minimum (SO2 and N2), with energetics and selected
bond lengths being given in Table 2. These two sequences are
very similar along most of their reaction paths but differ in the
nature of the initial interaction between NS and NO2. One
sequence has all intermediates, transition states, and products
lower in energy than the reactants (NS and NO2), whereas the
other has one structure (4) higher in energy than the reactants
but by only 2 kJ mol-1. These paths consist of an initial
interaction of NS and NO2 to form (2) or (3) followed by
rearrangement to a sulfur nitrite (6), which then undergoes a
conformational change ((6)f (8)) followed by a 1,3 NO shift
to form (10). Following another conformational change ((10)
f (12)) the molecule cyclizes via transition state (13) to form
(14) which then dissociates into N2 and SO2. We have
considered these reaction sequences as they yield the global
minimum products N2 and SO2. However, some of the single
bonds in the intermediates are weak and dissociation is possible
at an intermediate stage:

Both reactions yield the same products, which lie below the
energy of the initial reactants, NS+ NO2, by 8 kJ mol-1. Most
of the structures shown in Figure 5 can be rationalized by
standard chemical bonding concepts. However, structure (3) has
some interesting features. It can be viewed as a charge-transfer
complex (NS+0.38‚‚‚NO2

-0.38), in which the NS bond has
shortened and the NO bonds have lengthened compared to the
reactants (1) (Table 2). The other initial complex (2), also has
a shortened NS bond, suggesting that a triple bond exists
between nitrogen and sulfur. Though it is difficult to assess the
error in the calculated energies, the highest transition state in
the lower energy route to N2 + SO2 lies 26 kJ mol-1 below the
reactants. It is very unlikely that the errors are sufficiently large
to invalidate the general conclusions discussed above.

So far we have considered reaction paths whose initial
trajectories cause the sulfur atom of NS to bond to the NO2

group. By analogy with N2O3, having a N-N bond and formed
by the addition of NO and NO2, the nitrogen atom of NS might
be considered to be a good candidate to bond to NO2. Although
this reaction may take place, we have found that subsequent
reaction paths all involve transition states whose energies lie
above that of the initial reactants.

5. Discussion

Laser-induced fluorescence has been used to directly monitor
the NS radical in fuel-rich methane flames by Jeffries and
Crosley,3 who observed NS only in the flame front, implying
its rapid formation and destruction. Chagger et al.5 used this
observation, together with their end product sampling from a
methane flame doped with NO and SO2, to propose that the
reaction NS+ NO f N2 + SO was a dominant removal channel
for NS, with an estimated rate constant of 2× 10-10 cm3

molecule-1 s-1. In our present study, no reaction between NS
+ NO was observed. A recent investigation by Hughes et al.23

supports our conclusion; they imaged NS in a low-pressure
flame doped with NH3 and SO2 and compared the measured
vertical profiles of NS with modeled values. Much better
agreement was found with low values of the rate constant for
NS + NO, than with the high value proposed by Chagger et
al.5 This result differs from that of Jeffries and Crosley,3

although the latter used an atmospheric pressure flame. No flame
studies have indicated reaction between NS+ O2.

The slight negative temperature dependence of the rate
coefficient for NS + NO2 is compatible with a reaction
proceeding through a bound intermediate before dissociation
leads to products with no intermediate barrier higher than the
entrance channel. The most energetically favorable route to
products proceeds via the initial formation of the charge-transfer
complex,+NS‚O2N- (3), which then isomerizes first to form
NSONO (6) and then OSN2O (10). Reaction to form the most
stable products, N2 + SO2, proceeds via the cyclic isomer
O(SON2) (14). The highest barrier in the reaction sequence (9)
lies 26 kJ mol-1 below the entrance channel on the zero point
surface. An alternative reaction route leads to the formation of
ONS+ NO by cleavage of the N-O bond in NSONO. Though
this route lies only 8 kJ mol-1 below the reactants, it involves
fewer isomerizations via tight transition states and may pre-
dominate. RRKM reactive flux calculations are being conducted
on the basis of the calculated surface.

6. Conclusions

The NS radical was produced from the photolysis of N4S4 at
248 nm and detected via laser-induced fluorescence. No reaction
was observed between NS and O2 or NO, but a fast reaction
was observed with NO2 with k ) 2.57× 10-11(T/295 K) -1.1

cm3 molecule-1 s-1 over the range 295-673 K. BD(T)/
6-31G**//B3LYP/6-31G** calculations indicate a barrierless
route to N2 + SO2, although formation of SNO+ NO is also
feasible.
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