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Kinetic Investigation of the Reactions of NCO Radicals with
Alkanes in the Temperature Range 294 to 1113 K

ALEXANDER SCHUCK, HANS-ROBERT VOLPP,* and JURGEN WOLFRUM
Physikalisch-Chemisches Institut der Universitit Heidelberg, Im Neuenheimer Feld 253, 69120 Heidelberg, Germany

Absolute rate coefficients for the reaction of NCO radicals with methane (&), ethane (k;), and propane (k)
were measured as a function of tempcrature in a heatable quartz reactor by means of the laser
photolysis /laser-induced fluorescence (LP /LIF) pump-probe technique. NCO radicals were produced by the
fast precursor reaction NH(a'A) + HNCO — NH, + NCO, following the 193-nm phatolysis of isocyanic
acid. The measured rate coefficients can be described by the following expressions:

k(512 < T < 1113K) = 10292012 5 exp(—34.0 + 1.8 kI mol ™' /RT) em” mol ' s~ !, )

£,(296 < T < 922 K) = 152" x (T/298 K)®** 992 o exp(12.2 + 0.5 kI mol™ | /RT) em?® mol~' s~ !,
(2

k4300 < T < 849 K) = 10'° x (T/298 KI*"** 2 ¢ exp(—1.8 + 0.4 kI mol ' /RT) em® mol~' s,
3

A comparison with the corresponding reactions of CN, Cl, and OH radicals with alkancs suggests that all
these title reactions also proceed predominantly via a hydrogen atom abstraction mechanism to form HNCQ.
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INTRODUCTION

The NCO radical is an important intermediate
specics in a variety of practical combustion
processes. NCO arises from fuel-bound nitro-
gen via oxidation of species containing CN
bonds, and its subsequent reactions play a key
role in the fuel nitrogen conversion [1]. The
reaction of NCO with NO has been suggested
to be primarily responsible for NO removal in
the RAPRENO, process [2, 3]. Moreover, NCO
precursors, such as HCN and HNCO, are
products of NO reduction in the presence of
hydrocarbons [4, 5]. The reaction of NCO with
NO has been investigated thoroughly [6-13].
Atakan et al. [9] measured reaction rates for
NCO + NO in the temperature range
294-1260 K. The modified Arrhenius expres-
sion derived in this study was confirmed by
shock tube studies of Mertens et al. [12), car-
ried out in the temperature range 2380-2660
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K. Rates of the reactions of NCO with O, H,
and C,H,, as well as an upper limit for the
reaction NCO + O,, were determined
[6,9, 14,15].

In a recent investigation the kinetics of
NCO + hydrocarbon reactions were investi-
gated by Park and Hershberger [16] and room
temperature rate constants were measured for
the reactions of NCO radicals with CH,, C,H,
C;Hy, n-C,H;, n-C;H,, C,H,, and C,H,,
respectively. Hydrogen abstraction leading to
HNCO was observed to be a major product
channel for the reactions with alkanes and
C,H, [16]. However, up to now no rate con-
stants have been available for the reactions of
NCO with saturated hydrocarbons in the tem-
perature range relevant to combustion. In or-
der to fill this gap, in the present study rate
coefficients were measured for the reactions of
NCO with methane (1), ethane (2), and propane
(3) at elevated tcmperatures. The data will
allow the inclusion of these reactions in kinetic
models of processes, such as reburning and
hydrocarbon-broadened selective non-catalytic
reduction of NO (SNCR) [17, 18].
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EXPERIMENTAL

All measurements were carried out in a heat-
able quartz reactor, depicted schematically in
Fig. 1. Photolysis of HNCO at 193 nm was
employed to generate NCO radicals. The gas
mixture, consisting of HNCO (diluted in N,)
and the reactants, was introduced into the re-
actor via inlet I, (see Fig. 1). The reactor is
fitted in a steel tube to provide a homogeneous
temperature profile. The main part of the steel
tube is heated by a furnace. In the region near
the side arms, temperature gradients were
avoided by using additional heating wires. The
temperature was measured by a retractable
nisil /nicrosil (Philips) thermocouple near the
photolysis zone. In addition, measured temper-
atures were checked by measuring the rota-
tional temperature of CN radicals in the vibra-
tional ground state (generated by C,N,
photodissociation at 193 nm). Good agreement
between the temperaturcs measured with the
two different methods was found [9).

The photolysis and the probe laser beams
propagated in opposite directions through the
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Fig. 1. Schematical description of the experimental set-up
of the laser photolysis laser induced fluorescence appara-
tus.
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side arms of the reactor. HNCO was photodis-
sociated at 193 nm using an ArF excimer laser
(Lambda LPX 205). A Xc¢Cl excimer laser
(Lambda EMG 201 MSC) pumped dye laser
(Lambda FL 2002 EC), operated with QUI
dye, was used to excite the Q, bandhead of the
*TI(aX0,0',0) »>2* (0,0 1) band of NCO at
397.818 nm. The dye laser beam was expanded
with a telescope and attenuated until the mea-
sured fluorescence signal showed a linear de-
pendence on the probe laser intensity. The
emitted red-shifted fluorescence was collected
by a lens perpendicular to the laser bcam’s
direction and focused upon the cathode of a
photomultiplier (EMI 9781), cquipped with a
combination of filters {(Schott GG 420, UG S,
KG 2) which served as a bandpass filter be-
tween 420 and 530 nm. The LIF signal was
measured by a Boxcar integrator (SR 250) and
transferred via an analog-to-digital converter
(SR 235) to a microcomputer (Hewlett Packard
series 9000, modet 320) which was also used to
control the timing of the experiment by means
of a delay generator (SR DG 535). The fluo-
rescence signal was normalized to both laser
intensities, which were measured by photodi-
odes.

A mixture of HNCO and N, was prepared in
a 10-L storage vessel by evaporating 20 torr of
HNCO and adding 740 torr N,. All gas flows
were regulated by calibrated mass flow con-
trollers (Tylan). The total pressure in the reac-
tor was measured by a MKS Baratron. Typical
partial pressures of the gases used are listed in
Tables 1-3. The gases uscd had the following
purities: N, > 99.996%, CH,, C,H,, C;H, >
99.998% (all Messer Griesheim).

HNCO was synthesized by vacuum depoly-
merization of cyanuric acid following the pro-
cedure described by Linhard [19]. Cyanuric
acid, purified by double recrystallization from
water, was dryed in vacuo at 200°C. It was
volatilized at 400°C and the gas stream was
passcd through a hotter tube furnace at 700°C.
The transport of the sublimed material was
aidcd by a slight Helium gas flow. The HNCO
generated was condensed in a liquid nitrogen
trap and purified by trap to trap distillation
from —30° to —80°C, using traps charged with
Ag,0 and P,O, in order to remove HCN and
watcr, respectively.
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TABLE 1
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Reaction Conditions and Measured Rate Constants with Methane as Reactant with NCO

[Nz]miu-mux [“NCO] [CHA]min-mux

r r k:mn-m;lx k[) kl

(K) (torr) (10" ¥ mol cm ) (10¥s™h ag*s™h (10" cm® mol ' 5™ ")
512 43 81122 0.6 12~53 1.58-3.34 1.3 £ 0.2 0.395 + 0.088
687 50 85-111 0.4 4.3-30.3 2.25-9.75 1.5+ 05 2.50 + 0.56
754 59 93-120 0.7 3.8-31.0 3.24-15.1 22405 349 + 0.44
800 55 95107 0.4 1.5-14.0 3.34-9.50 31+03 4.69 + 0.76
850 42 52-57 0.3 3.0-26.0 4.16-21.2 1.2+ 140 8.74 + 1.64
928 52 71-85 03 3.3-18.0 5.10-20.6 1.3 £ 06 103 + 1.1
942 55 80- 87 03 1.8-8.2 4.60-16.0 1.9+ 03 199 + 3.4
1057 45 59-67 03 0.92-8.8 3.77-19.7 29+ 13 194 + 5.8
1113 43 58-60) 0.3 0.87-34 343-12.1 2.8+ 0.7 304 +54

EXPERIMENTAL RESULTS AND
DISCUSSION

HNCO photolysis at 193 nm yields predomi-
nantly NH(a'A) and CO [20,21]. Recently, a
value of 0.05 was reported for the branching
ratio for the H + NCO product channel [18].
Thus, NCO is produced mainly via the reac-
tion:

NH(a'A) + HNCO — NH, + NCO. 4)

Reaction 4 is known to be very fast [22-24].
With the value of the rate constant [24] of
ky =328 x 10" em® mol ' s !, reaction 4
proceeds on a microsccond timescale at the
HNCO partial pressures typically employed in

the present study, as can be seen in Fig. 2,
which shows the time profile of the NCO signal
following the photolysis laser pulse. By way of
contrast, with our experimental conditions the
reactions under study occur on a timescale of
several 100 us. Thus, the rate constants can be
derived from the decay part of the NCO signal
versus time profiles (as shown in Fig. 3) using
the following single exponential expression

/1,

[NCO](#) /[NCO]max

exp( —k't), &)

where I denotes the fluorescence intensity and
I ... is the maximum of the fluorescence inten-
sity. Possible side reactions that can result in

TABLE 2

Rate Coefficients Mcasured for Reaction of NCO with Ethanc

T r [Nzlmm—m:ux [HNCO] [Cth]minqm\x ;nin-mux kD k3

(K) (torr) (10~ molem™3) (10 s ao*s (10" em® mol='s™hH
296 44 165-228 0.9 15-73 4.1-20.4 20+ 09 0.238 + 0.038
308 44 134183 (.7 5.8-57 2.36-14.4 14 +05 0.290 + 0.032
416 45 118167 0.6 45-52 2.9-33.0 32+ 09 0.599 + 0.052
464 53 128-175 0.7 6.0-53 8.54-55.5 1.9 +22 0.979 + 0.159
513 43 107-129 0.5 3.5-26 5.13-33.6 09 + 06 1.19 + 0.07
592 44 98-118 0.4 2.4-22 4.76-473 13 + 0.8 2.09 £ 0.12
659 60 138- 143 0.5 0.73-6.5 6.41-28.2 46 + 1.4 3.51 + 0.76
749 68 128-140 0.6 4.1-16 13.2-69.2 —-0.9+ 2.1 6.70 + 2.08
922 72 120123 0.5 0.64-3.4 7.42-46.9 0.8 + 34 193 + 4.9
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TABLE 3

Measured Rate Constants for NCC + Propane

[Nzlmin-max [HNCOJ [CBHH]nunvmax
T P k,min-max kD k}
(K) (torr) (1078 mol cm ™ ¥) (10*s™ 1 (10*s™H (10" em® mol~'s™ 1)
300 47 222-245 0.7 3.2-26 1.7-40.8 09+ 22 1.6 £ 0.3
464 48 136162 0.6 2.1-20 17.2-96.6 -03+42 4.7 + 08
656 48 104-114 0.7 15-12 27.1-173 —-06 75 135+ 22
849 47 85-88 0.7 0.16-29 6.0-60.6 26 + 1.1 216+ 14

the formation or decay of NCO are Egs. 6-11.

NH, + HNCO - NH; + NCO, 6)
H + HNCO - H, + NCO, (7)
NH, + RH - NH; + R, (8)
R = CH,,C,H,,C,H,,

NH; + NCO - products, (9
R + NCO - preducts, (10)
R + HNCO —» RH + NCO. (11)

For reaction 6, which could produce NCO, rate
constant values are not available in the tem-
perature range of our study. In a recent shock
tube study [25], reaction 6 has been investi-
gated in the temperature range from 2340 up
to 2680 K, and an estimate for the temperature
dependence of k, was reported.

ko = 1.0 10"
X exp(—3500 K/T) cm® mol ' s~
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Fig. 2. NCO(0),0,0) time history following the dissociation
of HNCO in the absence of alkanes. Total pressure
{HNCO/N;) p, = 28 torr; HNCO vpartial pressure
Punco = 370 mTorr.
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Using this expression, we found (6) to be too
slow to interfere either directly or via (9) with
the reactions under study, even in case of the
slowest title reaction, (1), and at the lowest
alkane concentrations. The same holds for re-
action (7), and also (8)—followed by (9) and
(10)—for which rate coefficients are reported
in the literature [26-29]. Due to the high en-
dothermicity of (11) [30], a significant produc-
tion of NCO via these reactions can also be
ruled out at the temperatures typically used in
our studies.

In order to investigate the influence of vi-
brationally excited NCO which could possible
be formed in (4), on the measured rate con-
stants for (1), (2), and (3), the time history of
NCO(0, 0, 0) formation in the absence of reac-
tants was investigated in detail. Figure 2 shows
the time history of NCO(0,0,0) formation in
the absence of reactants during the first 10 us.
No noticeable rise in the vibrational ground
state NCO concentration could be observed at
delay times up to 200 ws. Thus effects of
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Fig. 3. NCO fluorescence delay scan. The pseudo-first-
order rate constants (k') was determined using a least-
squares procedure.
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vibrational relaxation on the NCO decay pro-
file can be ruled out. Moreover, under all
experimental conditions single exponential de-
cay of NCO was clearly observed.

The least-squares analysis of the NCO pro-
files yields k' = k" + k,,, with the pscudo-first
order rate coefficient £”, and a constant, k,
accounting for additional loss processes. The
measured decay rates were found to depend
linearly on reactant concentrations and bi-
molecular rate constants were derived from
the slope of plots of k&' versus reactant concen-
tration.

Reaction (1) was studied at 11 different tem-
peratures between room temperature and 1113
K. At 296 K and 368 K, reaction (1) was too
slow to distinguish between reaction and dif-
fusion loss. Thus at these temperatures no rate
constants could be determined. However, reac-
tion (1) shows a strong temperature depen-
dence, with its rate constant increasing by a
factor of 50 between 512 K and 1113 K. The
temperature dependent rate constants to-
gether with the experimental conditions are
listed in Table 1. In Fig. 4, the pseudo-first-
order rate constants (k') are plotted versus
methane concentration for different tempera-
tures. For clarity, not all of the &' versus [CH,]
plots have been included. No significant devia-
tion from Arrhenius behavior was found be-
tween 512 and 1113 K, and the data could be
fitted by the following, two-parameter expres-
sion:

k(512 < T < 1113 K)
= 101299+ 012 ¢ exp(—34.0

+1.8kJ mol™' /RT)

Xem® mol™ st

The rate coefficient of reaction 2 with ethane
as reactant was determined at 9 different tem-
peratures between 296 and 922 K. The results
are given in Table 2, and a selection of the &’
plots is depicted in Fig. 5. An increase in the
rate coefficient of (2) by about two orders of
magnitude was found. In contrast to reaction
(1), the Arrhenius plot of (2) is markedly
curved, and the data can be represented by a
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Fig. 4. Plots of pseudo-first-order rate constants (k") for
reaction (1) at different temperatures.

three parameter expression.

k,(296 < T < 922 K)

= 10321 x (T /298 K)**' =72

X exp(12.2 + 0.5 kJ mol~' /RT)

xem? mol ! s,

Reaction 3 was investigated at four different
temperatures between 300 and 849 K. The rate
coefficients were found to increase by about
one order of magnitude (see Table 3 and Fig.
6). The data can be described by the three

T e
o 1 2 3 4 &5 6 7 8

[CH] 7 1077 mol cmi3

X 296K A513K O 592K O 922K + 416K

Fig. 5. Plots of pseudo-first-order rate constants (k') for
reaction (2) at different temperatures.
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O 656K

parameter cxpression:
k,(300 < T < 849 K)

— 1011,4‘) X (T/Z()S K)(Z.ISLU,UZ)
X exp(—1.8 £ 0.4 kI mol™' /RT)

xem® mol s !,

The expressions given above were derived by
means of a lcast-squares procedure in order to
obtain the most accurate expressions for the
interpolation of our experimental data, without
attributing any physical meaning to the param-
eters [31].

In Fig. 7, the Arrhenius plots of the three
title reactions are shown. The quoted errors in
Tables 1-3 are 95% confidence intervals. For
reactions (1) and (3), the values of our room
temperature rate constants are in good agree-
ment with previous values [16). In the case of
reaction (2), the value reported in Ref. 16 is
about a factor of 1.8 higher than our value. To
the best of our knowledge in the present study
the reactions of NCO radicals with saturated
hydrocarbons were investigated for the first
time at clevated temperatures.

It is instructive to make a comparison with
the related reactions of the CN radical, since
both CN and NCO radicals are similar to halo-
gens in some of their chemical properties,
hence the name pseudo-halogens. The reaction
of CN radicals with hydrocarbons have been
investigated extensively, and the reactions with

A. SCHUCK ET AL.
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Fig. 7. Arrhenius plots for the reactions of NCO radicals
with alkanes.

saturated hydrocarbons are supposed to be H
atom abstraction reactions leading to HCN or
HNC as products [32-40]. Compared with CN,
the rate constants of the NCO + alkane reac-
tions are lower by about 2-3 orders of magni-
tude, thus being closer to the corresponding
rate constants of the OH + alkane reactions,
An enhancement of the reaction rate with in-
creasing chain length of the reactant occurs, by
analogy with the CN reactions. It is most pro-
nounced in going from methane to cthane.
This enhancement, which was also found in the
H-atom abstraction reactions of Cl atoms and
OH radicals [41], corresponds to the decline in
the ionization potential of the alkanes. In the
temperature-dependent investigations of the
CN + alkane reactions [33-36] the strongest
temperature dependence was found for the
CN + mcthane reaction, whereas only a slight
temperature dependence for the CN +
propane rcaction was found [9, 10]. As can be
seen from Fig. 6, a similar trend in the rate
constants is apparent for the corresponding
NCO reactions. Therefore the increase in the
measured reaction rate with increasing chain
length of the alkanes can be explained by a
hydrogen abstraction mechanism (leading to
HNCO as the main product [16]) as observed
in the corresponding reactions with CN, and
OH radicals as well as Cl atoms.
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COMMENTS

P. Wiesen, University of Wuppertal, Germany.
Why did you choose an indirect route for the
formation of NCO radicals by the reaction of
NH radicals with HNCO instead of photolyz-
ing CINCO or BrNCO, since it is known that
these species are very efficient precursors for
NCO radicals.

Author’s Reply. In contrast to the photodissoci-
ation of CINCO and BrNCO, the photodissoci-
ation of HNCO at 193 nm has been character-
ized in detail [1-3]. In addition, we found

HNCO to be thermally stable over the temper-
ature range (294 K < T < 1113 K) of our stud-
ies.
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