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This paper contains evaluated chemical kinetic data on single step elementary re-
actions involving small polyatomic molecules which are of importance in propellant
combustion. The work consists of the collection and evaluation of mechanistic and
rate information and the use of various methods for the extrapolation and estima-
tion of rate data where information does not exist. The conditions covered range
from 500-2500 K and 10""-10% particles cm~>. The resuits of the second year’s effort
add to the existing data base reactions involving CN, NCO and HNCO with each
other and the following species: H, H;, H,O, O, OH, HCHO, CHO, CO, NO, NO;,

HNO, HNQ;, HCN, and N;O.
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1. Preface principle at least, the capability of simulating HCN pyrol-
1.1. Scope ysis and combustion either by itself or in the presence of

This is the second® of a series of papers designed to
provide information for the quantitative understanding of
the chemical kinetic aspects of propellant, or more
specifically, nitramine combustion. The general approach
is to start with the simplest possible subsystems and build
to increasingly complex situations. Thus our earlier ef-
forts in hydrocarbon combustion® have generated data
dealing with formaldehyde pyrolysis and combustion.
This also contains as subsets data pertaining to the
H,-0-CO combustion system. The first of this series of
papers brings into the picture contributions from nitro-
genated oxidants such as NO; and N;O. In this paper we
are concerned with two important and highly reactive in-
termediates formed in the course of nitramine decompo-
sition CN, NCO and the more stable HNCO species.
Together with earlier data dealing with HCN, we have, in
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formaldehyde. The species that are considered are im-
portant players in NO, formation and decomposition pro-
cesses. Thus there has been a considerable amount of
past work in these contexts. An important objective in
this work is to extend the existing data into conditions
that may be prevalent in propellant combustion systems.
This presents a number of challenges which will be dis-
cussed in the course of this work.

Our approach is to be as inclusive as possible. Having
decided on the important species that should be consid-
ered we constructed a reaction grid and examined all pos-
sible reactions of these species. In the absence of
information a best possible estimate is given. Where in-
formation on a particular reaction is not given, the impli-
cation is that under the reaction conditions covered in
this evaluation the rate constant is sufficiently small so
that it can be safely ignored. Thus for example we assume
that CO will not react with NCO. The reaction grid con-
taining all the reactions that have been considered can be
found in Figure 1. They represent the past (A and B)
present (C) and next set of reactions to be covered (D).
In all cases we give recommended rate expressions over
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Fic. 1. Reaction grid for RDX decomposition
X: Reactions Covered in Ref. 1
+: Reactions evaluated in current study

the temperature range of 500-2500 K and the particle
density range of 10"-10” molecules/cm®.

1.2. Organization

The data are presented in the same fashion as in the
earlier evaluations'?. It is expected that the data pre-
sented here will be used in conjunction with those given
in the previous publications. A more detailed discussion
of many important general issues and justification of pro-
cedures used can be found in our earlier publication'. In
the following, we provide information neccesary for the
use of the present data.

The data are presented in three different portions of
the manuscript. The first contains a summary of the rec-
ommcnded ratc cxpressions, the cstimated error limits
and the page where a discussion can be found. The sec-
ond contains additional information on the individual re-
actions. It includes a summary of past work and the
justification for the recommendations. The last contains
relevant thermodynamic and transport property data.

1.3. Guide to Summary Table
The summary table contains all the recommended rate
expressions, the uncertainty limits and the page where a

more detailed discussion can be found. In the case of uni-
molecular processes or the reverse we give results in
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terms of the high pressure limit and closed expressions
for k/k .. for N> and COs.. The latter is intended to approx-
imate the situation with respect to collisional efficiencies
in propellant decomposition contexts.

1.4. Guide to Chemical Kinetic Data Tables

The information in these tables contains a summary of
past work, our analysis of this literature and recommen-
dations on rate expressions and uncertainty limits. We re-
tain the numbering system that we use in our first
contribution and to the 14 species, labelled 1-14, add la-
bels 15, 16, and 17 for CN, NCO and HNCO. The num-
ber 0 is reserved for the collision partner (M) in
unimolecular decompositions. It does not take part in the
reaction. Since pairs of thesc numbers form a particular
reaction, we now consider reactions of these three com-
pounds with all lower numbered species and with them-
selves. These sequence numbers are at the top left hand
corner of all the data tables. This is followed by a state-
ment of the elementary reaction and, if applicable, the
appropriate equilibrium constant.

In the next row is a synopsis of all previous work. It
begins with a listing of the author(s) and the year of pub-
lication. In the case of a review, a note is made to this
effect and in many cases this is used as a starting point for
our efforts. This is followed by a synopsis of the reaction
conditions, the derived rate expressions and the uncer-
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tainty limits. The latter are either given by the author or
estimated by the reviewer on the basis of similar experi-
ments. Most of the reactions are bimolecular and the
units are cm® molecule™'s™!. For unimolecular and bi-
molecular reactions the units are s™' and cm®
molecule ~%s~?, respectively. As an aid to the user in those
cases where there are an extensive experimental data or
for other reasons we also include a plot in the Arrhenius
form of the data and our recommendations.

The next section contains the justification for the rec-
ommended expression. In the case of unimolecular reac-
tions (or the reverse bimolecular process) there are also
two tables. This is due to the pressure dependence of the
rate constants under certain conditions. The first table
contains the ratio of rate constants at a particular pres-
sure and the pressure independent value at sufficiently
high pressure assuming strong collisions (deactivation on
every collision) and with the molecule itself as the colli-
sion partner. The second table contains values for the col-
lision efficiency as a function of the step size down and
the reaction temperature. The tabulated results are
based on the relation of Troe®. At the present time there
is uncertainty regarding the magnitude and temperature
dependence of the step sizes. No exact predictions can be
made and therefore it can be treated as an adjustable
parameter. However, in the course of the work on hydro-
carhons?, some general trends have heen ohserved. We
have cast our calculations in this form so that users can
utilize their own step sizes. In order to convert these val-
ues to those for an arbitrary collider we follow the ap-
proach of Troe® and derive a correction factor, B(c) =
C*W/R" where C is the ratio of collision diameters, W is
the ratio of collision integrals and R the ratio of reduced
masses. In each casc we compare collisions of the target
molecule with itself and with the bath molecule. Having
now corrected for the collisional effects we then multiply
this factor with the collision efficiency derived on the ba-
sis of the step size down and arrive at the total collision
efficiency B(t) = B(e) X B(c). B(t) is then used to scale the
reaction pressure to a value that can be read from the
Table. It is necessary to present the data in this form be-
cause no one has yet found a closed form relation for the
rate constants of unimolecular reaction that is applicable
at all temperatures, pressures and collisional partners.

In the following we carry out a sample calculation. It
involves the combination of CN radicals at 1100 K in N,
and 1 atm pressure (data sheet 15,15). We begin by calcu-
lating the quantities discussed earlier;

a. Ratio of reduced masses (R); 18.2/26 =0.7; where the
systems under consideration are CN-~N: and
CN-CN,.

b. Ratio of collision diameters (C); 4.361+3.798/
2% 4.361 =0.935; where 4.361 is the collision diameter
for C;N; and 3.798 is that for N, (in Angstroms).

c. Ratio of collision integrals (W); since e/k for C;N; and
N, are 3486 K and 714 K respectively and
ek (CzNz-Nz) = [G/k (CzNz—CzNz) Xefk (Nz—Nz)] 0'5, the
substitution into the relation recommended by Troe

for the collisional integral (0.697+0.5185log(T/e
(gas: —gasz)/k) ! leads to values of 1.046 and 0.882 for
C:N-C:N; and CN-N; collisions respectively. The
ratio of the two number is then 0.842. This then leads
to a value for g(c) of 0.881 for collisions between C;N,
and N,. If we now take a step size down of 440 cm™!
we find from Table 2, B(e)= 0.11. The total collision
efficiency is thus 0.097. The number density at 1 atms
and 1100 K is 6.7 x 10"® molecules/cm®. When multi-
plied by the collision efficiency of 0.097 we arrive at an
equivalent density of 6.5x 10" molecules/cm®. Then
from Table 1 we find logw [k/k=] = —0.59 or 0.26 of
the limiting high pressure value. Note that the trans-
port properties are from Ref. 7.

If one specifies the collision partner Troe® has found
a means of writing a closed form expression. The gen-
eral relations are

k ={kokalTko+ (ka/M)]} X F
logF =logF./{1 + [log(ko X M /k=)]}

where ko is the second(or third) order rate constant
and ko is the first(or second) order rate constant, M is
the concentration of the collision partner and F. is a
correction term called the broadening factor. Al-
though Troe gives methods for calculating F. on the
basis of transition state considerations, we have found
it much simpler to derive F. by comparing the k/k.
derived from the RRKM calculations with the Linde-
mann expression [kok« /(ko+ k= /M)] and determining
at each temperature the appropriate broadening fac-
tor. We find the broadening factor F. determined in
this fashion can be easily expressed as a linear function
of the temperature with an uncertainty of no more
than a factor of about 1.20. This is well within experi-
mental error. Thus we also present closed expressions
for N; and CO: as the collisional partner. We suspect
that for most applications this can be used directly.
Results with CO, as a collision partner are presented
because unlike hydrocarbon combustion systems,
where reactions are carried out in a background of N,
propellants carry their own oxidizers. Therefore, the
reactive background is a more complex mixture of
polyatomic gases. We have chosen CO, as a gas with
properties that will be representative of such mixtures.
We do not believe that this will cause serious errors
except at the lowest temperatures where the presence
of water may have very serious effects. In the case of
C:N, — N; at 1100 K given above, we find with F-=0.5,
ko = 9.4 x 107“cm’molecule™’s™! and ko (N2) =
9.4x10"2(1/T)*®, then Logp(k/k.) = —0.63, in
close approximation to the number derived from Ta-
bles 1 and 2 given above.

The final section contains the references, the person
who carried out the analysis and the date. Hopefully,
all the literature on this reaction previous to this date
has been reviewed. We will be most grateful to readers
who will bring to our attention publications that have
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been omitted. We will also welcome any and all kineti-
cists who would like to prepare data sheets for inclusion
in these evaluations.

1.5. Guide to Thermodynamic and Transport Tables

This section contains thermodynamic and transport
properties for the molecules of concern. Inasmuch as the
values used here are extracted from the JANAF® compi-
lation we summarize the results in terms of a polynomial
expression for log[K,]. For the CN radical we have cho-
sen to use a heat of formation of 415.1 kJ/mol. This is the
value selected by Colket®. This is about 17 kJ/mol lower
than the JANAF recommendation. The latter is based on
the average of high values near 456 kJ/mo! and low values
clustering about 415 kJ/mol. In the course of this work we
found that the data for cyanogen decomposition in shock
tubes, the reverse of CN combination (see 15,15), could
not be fitted with the JANAF recommended value. Note
that in this instance any discrepancy in the heat of forma-
tion of CN is doubled. As a result a 37 kJ/mol higher re-
action threshold would have forced the use of a
compensating collisional efficiency a factor of 10 higher
to match the experimental results, if the decomposition
process is still in the second order region. Indeed, it was
found that such a large collisional efficiency brings the
high temperature shock tube decomposition rcaction into
the pressure dependent region. As a result a match of the
experimental result could never be made. For an even
larger value of the heat of formation of CN the situation

WING TSANG

will be made worse. With the present number a step size
down in argon of about 500-1000 cm ™! was required to fit
the data. This is very much in line with other high temper-
ature decomposition reactions?. Finally for unimolecular
decomposition we also include a table of transport prop-
erties’. It should be noted that in the cases where such
data does not exist we have made estimates using as a ba-
sis the closest comparable molecule.
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2. Index of Reactions and Summary of Rate Expressions

Reactions Rate expressions Uncertainties Page
cm’molecule~!s~!
LIUCN+M->C+N+M 4.2x 10~ *%exp(—71000/T) Ar 2 at 6000K 759
6.3 10~ %exp(—71000/T) N,
1x 10~ %xp(—71000/T) CO,
15,1 CN+H;—»H+HCN 6 10~ 15T SSexp(~ 1510/T) 1.6 759
15,2 CN+H;0—~HCN +OH 1.3% 10~ Yexp(—3755/T) 1.2 at 750K 761
3 at 2500K
15,3 CN+0—-»CO+N 3.4 x10~exp(—210/T) 2 762
154 CN+H+M-HCN+M ko =299%10-°(1/T)* 3 above 1000 K 763
k(O,N3)=2.4x10~(1/T)** increasing to 10
exp(~567/T)cm®molecule ~%~? at lower temp.
F{Nz)= 0.95-10"°T and pressures
k(0,CO2)=83x10-3(1T)
exp(—521/T)cm®molecule ~2%s~*
F(CO,)= 0.875—-0.5x10"*T
15,5 CN+OH-HCN + O (a) k.=1x10"1 5 764
-NCO + H (b) ky=7x10"4 3
—NH + CO ©
—HNCO d
15,6 CN+HCHO—-HCN + HCO 7x10~1 2 765
15,7 CN+HCO—-HCN+CO 1x10-1° 2 765
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2. Index of Reactions and Summary of Rate Expressions — Continued
Reactions Rate expressions Uncertainties Page
cm’molecule~s~!
15,9 CN+NO — ONCN (@) kao=6.6%10"1 3 766
ka(O,N2) =4.3x10~13(1/T)52 15
exp( ~2455/T)cm®molecule~?s~!
F.(N2)=0.65 .
ka(0,CO2) =3.1x 107 14(1/T)** 3
exp(—2213/T)cm*molecule~%s~!
F.(CO,)=0.65
- NCO + N ®) kp=1.6 %10~ exp(—21200/T) 2
- CO + N ©
15,10 CN+NO; — NCO + NO 410~ Uexp(186/T) 1.5 769
15,11 CN+ HNO—-HCN +NO 3x10-1 3 770
15,12 CN+ HNO;—HCN +NO; 2x10- 3 770
15,13 CN+HCN->H+C;N; 2.5%10- YT Mexp(—770/T) 1.5 300-740 770
up to 4 at 3000 K
15,14 CN+N;O0->NCN+NO 6.4 x 10~ 2T 2%exp(— 1860/T) 2 772
15,15 CN+CN-G,N; ko=94x10"1%"1 3 772
k(0,N,) =9.44 x 10~23(1/T)2!
em®molecule~%~!
F.=05
k(0,CO2) =1.5x10-2(1/T)>62 cm®molecule %!
F.=0.5
16,0 NCO+M—->N+CO+M k(O,N2)=1.9%10~1(1/T)** 3 1800-2500K 774
exp(—30160/T)
k(0,COz)=0.21(/T)!*
exp(—~30114/T)
16,1 NCO +H,—»HNCO+H 3.44 x 10~ 8T %exp( — 3030/T") 1.3 400-1000K 7176
2 at 1500
16,2 NCO + H,O-HNCO + OH 3.9x10~19T*'%exp(—3046/T) 5 at 2000 K 777
increasing to
a factor of 20
at 1000 K
16,3 NCO+O0—CO+NO (2) ka=75x10"" 2 777
—-CN+0O, () ky=1.4%10~5T ~143exp(— 3501/T) 5 at 2000 K
increasing to
a factor of 20
at 1000 K
16,4 NCO+H—->NH+CO (2) k,=89x10-1 25 779
~->HNCO (b) see text
—O+HCN (¢) ko= 1.1 10~ 13T Sexp(— 2923/T) >3 at 500 K
larger at
lower temperatures
16,5 NCO+ OH—->HNCO + O (a) ka = 1.3 101727 exp(497/T’) 5 above 779
1000 K, larger at
at lower temperatures
~->HONCO () ko =17x10"1 2
k(ON;)=1.75x 10~ %(1/T)>% 3
exp(—1785/T) cm®molecule~%s~!
F.=05
k(0,CO2)=8.1x 10~ 3(/T)>7 3

exp(—1665/T) cm®molecule~%~!
F.=05
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2. Index of Reactlons and Summary of Rate Expressions — Continued
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Reactions Rate expressions Uncertainties Page
cm’molecule ~1s~!
16,6 NCO+HCHO-HNCO +HCO 1x10-1 3 781
16,7: NCO+HCO—-HNCO+CO 6x10-1 2 782
16,9 NCO+NO-N,0+CO (a) ka+b+c=1.7%10"exp(196/T) 1.1 t0 1000K 782
—CO;+N; (b) 2 at 2000K
~-CO+N,+0 () Kk snse=0.33 12
kl:/kl+b+c=0-44 1.2
ka. +b+¢=0.23 1.4
16,10 NCO+NO> -»CO+2NO (a) k.av=3%x10"1 3 783
—C0;+N:0 (b) kulka=0.3 3
16,11 NCO + HNO—-HNCO +NO 3x10-1 3 783
16,12 NCO + HNO,—~HNCO + NO, 6x10-12 3 783
16,13 NCO + HCN—HNCO +CN 2x 10~ Yexp(—4456/T) 10 at 2500K 784
larger at lower
temperatures
16,14 NCO +N,0-N,+NO+CO < 1.5% 10~ Yexp(—14000/T) 784
16,15 NCO+CN—->NCN+CO 3x10-4" 3 784
16,16 NCO + NCO—-N;+2CO 3x1074 25 785
17,0 HNCO-»NH+CO (a) k(O,N2)= 3.6 X 10°(1/T)*! 2 785
exp(—51280/T)
k(0,C0O,)=5.13 X 10%(/T)2%
exp(—51240/T)
ko = 6x10exp(—50228/T) s~}
F.=09-2x107T
for COz and Nz
17,3 HNCO+0—-CO,+NH (a) ka=1.6% 10T 4lexp(— 4290/T) 15at 600 K 787
—-0OH+NCO (b) ky=3.7x 10~ 8T >Yexp( —5750/T) 2.5 at 2500 K
17,4 HNCO +H -> NH: + CO (a) k, =510~ exp(—2300/T) 3 > 1000K 788
- H;+CN (b) ky =4.8%x 10~ 17T 8lexp(—8332/T) 10 at 1000 K
larger at lower
temperatures
17,5 HNCO + OH—H,0 +NCO 1.06 x 10~ 18T %exp( — 1290/T) 2 789
17,7 HNCO + HCO—-NCO +H,CO 5x%10~2exp(—13100/T) 10 790
17,15 HNCO + CN—-HCN + NCO 2.5%10~1 3 790
17,17 HNCO + HNCO—CO, + HNCNH 1.1x 10~ Bexp(—21240/T) 2 800-1300 K 791
increasing to
5at 500 K
3at2000K
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3. Chemical Kinetic Data Tables

150CN+M—->C+N+M

Conditions Reaction rate constant Uncertainty
Reaction/reference T range/K [M] range/cm?® k/em*molecule ~'s~!
Mozzhukhin et al. (1989) 4060-6060 5-25 ppm GN, - 4.2 %10~ Yexp(—71000/T) 15
0-200 ppm N,
1-4x 10" Ar.
Shock tube study
using ARAS detection
of Cand N
Bauich, D. L. et al. (1981) 5000~12000 3.3 x10™ Yexp(— 75000/T) 17
Recommendation 4.2x 10~ Yexp(—71000/T) Ar 2 at 6000 K
6.3 %10~ Yexp(— 71000/T) N,
1x 10~%xp(—71000/T) CO;
Comments References

The latest experimental results of Mozzhukhin et al.
are about a factor of 3 larger than the recommendations
of Baulch ef al. We favor the latest measurements on the
basis of the use of the well established ARAS method for
the direct detection of C and N in highly dilute cyanogen
mixtures. Our recommendations for N, are based on the
assumption that N; and CO; are more efficient by factors
of 1.5 and 2.4 in comparison to argon. These results show
that the thermal decomposition of CN cannot be an im-
portant process under any conditions.

151 CN + H; » H + HCN

Mozzhukhin, E., Burmeister, M. and Roth, P. “High Temperature Dis-
sociation of CN”, Ber. Bunsenges Phys. Chem, 93, 70, 1989,

Bauich, D. L., Duxbury, J. Grant, S. J. and Montague, D. C., “Evaluated
Kinetic Data for High Temperature Reactions, Vol. 4”, J. Phys.
Chem. Ref. Data” 10, Supp. 1, 1981.

W. Tsang
September, 1989

Conditions

Reaction/reference T range/K [M] range/cm®

Reaction rate constant
k/em’molecule=1s?

Uncertainty

Sun et al. (1990) 209-740

via LiF.

<7x10' Ar. CN from
248 nm laser photolysis
of ICN. Detection of CN

223x10-2(T)*™ 110
exp(—756/T)

Sims and Smith (1988) 298-768

Natarajan, K and Roth, P. (1988) 2050-2590

Balla and Pasternack (1987)

1-18x 10 H;, in
2x10' Ar. CN from
laser photolysis of
ONCN. Detection via
LiF.

50-200 ppm C;N,
2.5-40 ppm H,

in 5-7x10* Ar
Shock tube with
H-atom detection
via ARAS.

3-650x 106 N, He or
Ar. 0-30x10' H, and
0.16-1 x 1016 CzNz.

CN from photolysis of
C:N;. Detected by
diode laser absorption.
Also HCN detection.

2.4x10~%(T/298)"
exp(— 1340/T) from CN(v =0)

3% 10~ "exp( ~4000/T)

2.6x10-4

12

L15
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151 CN + H; > H + HCN — Continued

WING TSANG

Conditions Reaction rate constant Uncertainty
Reaction/reference T range/K [M] range/cm® k/cm*molecule~s™!
de Juan et al. (1987) 298 0-9x10' H; and 3-10x 25%x10~ 12
10" Ar. CN from laser
photolysis of ONCN. LiF
detection of CN
Lichtin and Lin (1985) 294 0-4x10" H; in 1.7 4.9x10-14 11
%108 Ar total pressure
CN from ICN photolysis
at 266nm. Detected via LiF
at 388nm.
Li et al. (1984) 298 0.6-33x10% GN;, 6.6-26 16X 10~ (v =0) 12
x10"% Hy, 1.7-9%107 Ar.  30x10~™ (v =1)
CN from laser photolysis
of C;N,. Detection by
absorption.
Szekely et al. (1983) 2700-3500 110-600 ppm C;N, 14x10-1° 15
370~2580 ppm H:
5.6-15x 10" Ar
Shock tube with
resonance absorption
detection of CN
Baulch et al. (1981) review 300-1000 1.1x 10~ Yexp( —2700/T) 3
Schacke et al. (1977) 259-396 1-2x 10" H; in 1.6 1x10~%xp(—2672/T) 13
x10** Ar. CN from
flash photolysis of
GNa. Detection via
resonance absorption.
Albers et al. (1975) 295-398 Flash photolysis of 1% 10~ %exp(—2672/T)
dilute CzNz in 6-30
%10 H,. CN detection
by rcsonancc absorption
at 388.3 nm
Recommendation: 6% 10~ 1T 5exp( — 1510/T) 1.6
Comments
There is surprisingly large scatter in the data at room
temperature. It is probably not accidental that all the re- —g
sults leading to lower rate constants are from uv absorp- [ T e afan
tion, while with one exception the higher rate constants L,-10¢ Seloan
are from LiF detection of CN. The present preferenceis 7, S ?“':".'
for the results with the higher rate constants and the as- 20 -- ﬂ&z
sumption that the results of Lichtin and Lin have now & _;51
been superseded by those of Sun et al. We have fitted all £
the existing data on the basis of the rate expression. §—13" Recommendation S<=._ D
X
-144 2
k = 6Xx107°T"S%exp(—1510/T) cm’molecule~'s! g ~~
~-15 t 1 4 4 t
0.300 0.800 1.500 2.100 2.700 3.300 3.900

with an uncertainty of a factor of 1.6. The temperature
dependence of the pre-exponential factor is reasonable.
A plot of the results can be found in Figure 1. Our recom-
mendation is in reasonable accord with that of Baulch ex-
cept that we have factored into our analysis the more
recent lower temperature results.

J. Phys. Chem. Ref. Data, Vol. 21, No. 4, 1992

1000/T

FIG. 1. experimental results and recommendations for the rate con-
stants of the reaction CN+ H,—>HCN+H.



CHEMICAL KINETIC DATA BASE FOR PROPELLANT COMBUSTION 761

References

Albers, E. A., Hoyermann, K., Schake, H., Schmatjko, K. J. Wagner,
H Cig., and Wolfrum, J., “Absolute Rate Coefficients for the Reac-
tion of H-atoms with N>O and some Reactions of CN Radicals™ 15th
Symposium (International) on Combustion, The Combustion Insti-
tute, Pittsburgh, Pa., 765, 1975.

Malls, J. and Pasternack, L., “Kinetics of Gas Phase CN by Diode
Laser Absorption”, J. Phys. Chem., 91, 73, 1987.

Waulch, D. L., Duxbury, J, Grant, S. J. and Montague, D. C., “Evaluated
Kinctic Data for High Temperature Reactions Vol. 4 Homogeneous
¢lax Phase Reactions of Halogen and Cyanide Containing Species” J.
Phys. Chem. Ref. Data., 10, 1981 Supp. 1.

de Tuan, J., Smith, I. W. M., Veyret, B., “Pulsed Photolysis-Laser In-
duced Fluorescence Measurement of the Rate Constants for the Re-
actions of CN Radical with H,, O,, NH;, HCI, HBr, and HI, ” J. Phys.
Chem, 1987, 91, 69.

11, X, Sayah, N. and Jackson, W., “Laser Measurement on the Effect
uf Vibrational Energy on the Reactions of CN” J. Chem. Phys., 1984,
N1, K33,

Lichtin, D. A, and Lin, M. C,, “Kinetics of CN Radical Reactions with
Selected Molecules at Room Temperature” Chem. Phys., 1985, 96,
413

18,2 CN + H,0 —» HCN + OH

Natarajan, K. and Roth, P., “A Shock Tube Investigation of CN Radical
Reactions with H, and NO Verified by H, N, and O Atom Measure-
ments”, 21st. Symp. (Int.) on Combustion, The Combustion Institute,
Pittsburgh, Pa., 729, 1986.

Schacke, H., Wagner, H. Gg. and Wolfrum, J., “Reaktionen von
Molekulen in definierten Scheingungszustanden (IV). Reaktionene
schwingungsaneregter Cyan-Radikale mit Wasserstoff und einfachen
Kohlenwasserstoffen”, Ber. Busnsenges Phys. Chem., 1977, 81, 670 .

Sims, I. R. and Smith, I. W. M., “Rate Constants for the Reactions
CN(v =1) + H;, HCN, DCN +H, D between 298 and 760 and Com-
parison with Transition State Theory Calculations” Chem. Phys.
Lett., 149, 565, 1988.

Sun, Q,, Yang, D. L., Wang, N. S., Bowman, J. M. and Lin, M. C,, “ex-
perimental and Reduced Dimensionality Quantum Rate Coefficients
for Hy(D,) + CN—H(D)CN + H(D)”, J. Chem. Phys., 1990, 93, 4730.

Szekely, A., Hanson, R. K., and Bowman, C. T.. “ High Temperature
Determination of the Rate Coefficient for the Reaction
H;+ CN—->H+HCN.” Int. J. Chem. Kin,, 15, 915, 1983.

W. Tsang
December, 1991

Conditions
[M] range/cm?®

Weadtion/reference T range/K

Reaction rate constant
k/cm’molecule s~

Uncertainty

Javobs et al. (1988) 518-1027

0.2-1x 10" H,0 in 0-3x

1.3% 10~ "exp( - 3755/T) 12

10'8 N,. CN from ArF
laser photolysis of C;N,.
Detection of CN and

OH via LiF.

v hely e al. (1984) 2460~-2840

83—450 ppm C;N;
603-2320 ppm H,O

in 1.7x10" Ar.

Shock tube study

CN detecied via
absorption at 388.3 nm
OH detected via
absorption at 306.67 nm

3.8 x 10~ “exp(— 6700/T)

1.5

Wevommendation:

1.3 10~ Mexp( - 3755/T) 1.2 at 750 K

3at 2500 K

Comments

Hoth of the experimental studies involve real time mea-
surements of OH and CN. In the case of the flow tube
ewperiments the rate constants determined from both
radicals are in good agreement. This is very strong evi-
denee for the reliability of the work. For the shock tube
studies, the rate of initial OH increase is directly related
1 the process of interest and mechanistic difficulties
should not be important. It is somewhat surprising that
the extrapolated results of Jacobs et al. run into those of
“sekely et al. One would have expected some degree of
positive curvature. If one use the results of Jacobs et al.
ax i base then a T? dependence for the A -factor will re-

sult in a rate constant that is a factor of 2.5 higher than
that from the shock tube study. Indeed, the activation en-
ergy determined by Szekely et al. is consistent with such
an interpretation. For the present purposes we recom-
mend the rate expression given by Jacobs et al. over the
entire temperature range or:

k(CN+H;0—>OH+CN) =
1.3 x 10" "exp(—3755/T )cm*molec™'s ™!

However, we assign an uncertainy that range from a fac-
tor of 1.2 at 750K to 3 at 2500 K.
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Jacobs, A., Wahl, M., Weller, R. and Wolfrum J., “Kinetic Studies of
the Reactions of CN with H,O from 518-1027”, Chem. Phys. Lett.,
144, 203, 1988.

Szekely, A., Hanson, R. K. and Bowman, C. T. “High Temperature De-
termination of the Rate Coefficient for the Reaction
H,0+CN—>HCN+OH” Int. J. Chem. Kin., 16, 1609, 1984.

W. Tsang
August, 1989

153CN+0—-CO+ N

WING TSANG

Conditions

Reaction/reference T range/K [M] range/cm®

Reaction rate constant
k/cm*molecule ~1s~!

Uncertainty

Louge and Hanson(1984) 2000

1.2% N,0; 0.3% C2N:

3xi0~4 2in 2.6x10"™ Ar

CN detection at 388.8nm
CO detection at 306.3nm
shock tube experimements

Schmatjko and Wolfrum (1981) 295

2~3.8x10" C;N; and

3.4 10~ Yexp(~210/T)
(combination of low and
high temperature data)

1.8x10 1 1.5

0.8-4.8x 10" O in 8x 10'¢
He in discharge flow
reactor. CN from flash

photolysis of C;N>
O from microwave

discharge. CO(v) from
ir. N from vuv absorption

Baulch et al. (review) 298

Recommendation:

1.7x10-1 15

3.4% 10~ Hexp(~210/T) 2

Comments

The measured rate constants are large and are in ac-
cord with a combination reaction and the rapid decompo-
sition of the hot molecule. The results of Schamatjko and
Wolfrum show that the main channel is the production of
N atom in the D state as opposed to the ground *S state.
The CO is also produced with vibrational excitation. It is
expected that these excited states will be quenched in
high pressure systems. We accept the recommendation of
Louge and Hanson for the rate expression and estimate
an uncertainty of a factor of 2.
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HACN+tH+M->HCN+M

763

Wem tion/ieference

Hecommendation:

There are no measurements on the rate constants for
this reaction. Our recommendation is based on our anal-
vais of the reverse reaction (13,0). Pressure effects assum-
ming strong collisions are summarized in Table 1. The
wollision efficiencies as a function of temperature and
step size down are given in Table 2. For pressure effects
in the presence of CO; and N; use

F{COy)= 0.875—-0.5x 10T

Conditions Reaction rate constant Uncertainty
T range/K [M] range/cm® k/cm’molecule~'s™!
ke =2.99% 10-%(1/T)* 3 >1000K
k(O,N;)=2.4x10-2%1/T)*? 10 at lower
exp(—567/T )cm®molecule ~!s=1 temps and
F.(Nz)= 0.95-10~*T pressures
k(0,CO,)=83x10-5(/TY
exp(—521/T)cm®molecule~%s~!
F(CO:)= 0.875-0.5%10-4T
Comments F(N2)= 0.95-10~'T

The uncertainty is a factor of 3 at temperatures above
1000 K and increasing to a factor or 10 at lower temper-
atures and pressures where the contributions from possi-
ble errors in the heat of formation of CN and collision
efficiencies becomes more important.

tamy 1. log (k/k(0)) for the reaction CN+H+HCN—HCN+HCN as a function of temperature and pressure assuming strong collisions

Hiky 500 700 900 1100 1300 1500 1700 1900 2100 2300 2500
by (density)

1

1 —-0.01 -0.01 -0.01 -0.01 -0.01

14 -0.02 -0.02 -0.02 -0.02 -0.01 ~0.01 =001 -o0.01 -0.01 -0.01 -0.01

1N -0.04 -0.04 -0.04 -0.04 -0.04 —-0.04 -0.04 -0.04 -0.04 -0.04 -0.03

U] -0.11 -0.11 -0.10 —-0.10 -0.10 -0.09 -009 -0.09 -0.09 —0.08 -0.08

194 -0.24 -0.23 -022 -0.21 -0.21 -0.20 -019 -0.19 -0.19 -0.18 -0.18

M —0.46 -044 —-043 -0.41 -0.40 -0.39 -038 -037 -0.36 -0.35 -0.35

BIRY -0.79 -0.76 -0.74 -0.72 -0.70 -0.68 -0.66 —0.65 -0.63 —-0.62 -0.61

N -121 -1.17 -1.14 -111 -1.09 -1.06 -1.04 -1.02 -1.00 -0.98 —-0.96

A -1.67 -1.63 -1.60 -157 -1.54 -151 —148 -146 -143 -141 ~1.39

SN -2.16 -212 —-2.08 -2.05 -2.02 -1.99 ~196 -193 -1.90 -1.88 —-1.86

TABLE 2. Collision efficiency as a function of temperature and step size down for H+NO+M=HNO+M

Step size (cm™?) 200 400 800 1600 3200

Temp(K)

500 1.2x10* 2.7x10°? 47x10* 6.6x10°* 8.0x107*
700 7.8x1072 1.9x10"! 3.7x10! 5.7x%107! 7.4x10°!
900 54x10°2 1.4x10-! 3.0x10-! 5.0%x10-! 6.9%10"1
1100 39x10-2 1.1x10-! 2.5%10"! 44x10"! 6.4x10"!
1300 29x10°* 8.5x1072 2.0x10* 3.9x10°! 59x10°*
1500 23x1072 6.8x10~2 1.7x10-! 34x107! 5.5x10°!
1700 1.8x10"2 5.6x10-2 1.5%x10"? 3.1x10"? 5.1x10°!
1900 1.5%x10"2 4.7x10°2 1.3x10°1 2.7x10"2 47x10"!
2100 1.2x10-2 3.9x10-2 1.1x10-? 25x10-2 44x10°1
2300 1.0x10"! 33x10-? 9.5x10"2 22x1072 4.1x10°!
2500 8.7x1073 2.9x10™3 8.4x1072 20x10°2 3.8%10°!

W. Tsang

September, 1989
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15,5 CN + OH — HCN + O (a)
— NCO + H(®)
— NH + CO (0)
— HNCO (@)

WING TSANG

Conditions

Reaction/reference T range/K

[M] range/cm®

Reaction rate constant
k/cm®molecule ~!s—!

Uncertainty

Morley (1976) 23002560

Fuel rich atmospheric

ko <1x10-1 2

hydrocarbon flames.
Sampling of HCN, NO
and NH; via mass
spectrometry of
apppropriate jons

in flames.

Haynes (1977) 1950-2380

Post flame region of

ki1 <9.3 %101 2

rich hydrocarbon flames
with added fuel nitrogen
in the form of pyridine
ammonia or NO. Conc.
adjusted for 2000 ppm
unburnt N species.

HCN and NH; (cyanates
also) from probe samples.
NO from NDIR.

Szekely et al. (1984) 2460-2840

83450 ppm C;N;

k<1x10-' 1.5

603-2320 ppm H,0O

in 1.7x 10" Ar.

Shock tube study

CN dctected via
absorption at 388.3 nm
OH detected via
absorption at 306.67 nm

Recommendation:

ka=1x10""exp(—1000/T) 5
ky=7x%10"4 3
see text for other possibilities

Comments

There are no direct measurements on the rate con-
stants for these reactions. The work of Morley and Hay-
nes is based on the observation of the rate of loss of HCN
in flames and depends on an assummed mechanism. We
believe that these values are most probably upper limits.
Szekely et al., give their rates as an upper limit since all
loss of CN is attributed to this channel. There are two
possible reaction channels, (a) abstraction of the OH hy-
drogen by CN, a very exothermic process or (b-d) a rad-
ical combination reaction followed by decomposition of
the hot adduct. We have also included the possibility of
the hot HOCN isomerizing to HNCO and this can then
lead to channel(c) or the production of NH and CO.

Despite its exothermicity, the abstraction channel is
probably not the most important process. On the basis of
reactions such CN + HCl and CN + NHj3 we suggest a rate
expression of the form

k(CN+OH—-HCN+0)=
1x 10~ "exp( — 1000/T )cm’*moleculee ~'s~!

J. Phys. Chem. Ref. Data, Vol. 21, No. 4, 1992

with an uncertainty of a factor of 5. Note that this channel
will not make any contribution to the rate constant de-
duced by Haynes or Morley. The important channel is un-
doubtedly that of combination. We suggest a rate
constant of

7% 10~ Ycm’molecule ~'s~!

with an uncertainty of a factor of 3. The main problem is
the relative contributions from the three possible chan-
nels. At high temperatures and ambient pressures the hy-
drogen cjection channel is probably the most important.
We therefore recommend that we associate the recom-
mended rate constant with this process. This is due to the
exothermic nature of the process OH+ CN—NCO +H.
However, the energetics of the HOCN will determine
whether some of it may be stabilized. In the absence of
high pressure unimolecular data, estimates cannot be
made. In addition there is also the possibility of isomer-
ization of HOCN to HNCO and the decomposition of the
latter. Here again the absence of thermal data prevent es-
timates. Finally, if HNCO is formed the decomposition
channel to NH and CO must be considered. The present
recommendation must therefore be used with great cau-
tion.
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Conditions Reaction rate constant Uncertainty
Reaction/reference T range/K [M] range/cm?® k/cm*molecule ~'s~!
Recommendation: 7x10-1 2
Comments on the rate expression for the abstraction of secondary

There have not been any measurements on the rate
constants for this reaction. This is a very exothermic pro-
cess. Our estimate is based on the recent measurment of
Hess, Durant and Tully (J. Phys. Chem., 93, 6402, 1989)

15,7: CN + HCO — HCN + CO

H-atoms from propane to be 3.3 10~*T"*%exp (649/T)

em’molecule ~!s~!. This is certainly a lower limit.

W. Tsang
September, 1989

Conditions Reaction rate constant Uncertainty
Reaction/reference T range/K [M] range/cm® k/cm*molecule 's~?
Recommendation: 1x10-1° 2
Comments same products. The recommended rate constant is a re-

There are no kinetic data on this reaction. The overall
reaction is extremely exothermic. It is highly likely that
either abstraction or combination followed by rapid de-
composition of the hot adduct will ultimately lead to the

flection of the latter and the usually large rate constants
for such reactions with formyl.

W. Tsang
March, 1990
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15,9 CN + NO — ONCN (a)

— NCO + N (b)
- CO + N; (¢)
Conditions Reaction rate constant Uncertainty
Reaction/reference T range/K [M] range/cm? k/cm®molecule~1s~?
Wang et al. (1989) 297-740 1-17x10* Ar with ka(298,1x10'8)=1.4x 1012 12
0.7-18 X 10" NO. CN from ks(298,1.7x10'%)=2.0x 10~
laser photolysis of ks(298,3.3x10'%)=3.5x 10"
ICN. Detection via ka(298,1x10%°)=7.6 x10~12
LiF. ka(298,1.7x10'")=1.1x10~"
k4(353,2.8x10%)=2.5x10"1?
ka(430,2.3x10*%)=1.3x 10-12
ka(555,1.8 x10%)=7.5x10"13
k,(740,1.3 X 10"%) =2.6 x 10~
ka(740,2.6 X 10"8) =4.4x 10~ 12
k4(740,4.6 X 10'8)=6.6x 1013
k:(740,6.5x10"%)=1.0x 10-?
1.7-4x10"® N,. ka(297,4%10%®)=5.3%x10"12
Similar conditions k,(425,2.8x10"%)=2,0x 10"
and methods as above. k:(740,1.7x10%)=4,1x 10~ 1
Sims and Smith (1988) 294-761 <.3% NOCN in 3-6 x 10! ka(295,1x10%)=1.5x10"12 12
Ar with 0.6-60 X 10'* NO k4(450,6.6 X 10')=0.38 x 10~12
CN(v =0 and 1) via k4(295,3.3%10'7)=0.6 x 10~12
pulse laser photolysis. ka(771,3.8 X10"7)=5x10"** 1.6
Detection with LiF
Natarajan and Roth (1986) 2480-3160 100 ppm C:N, ky=1.6 %10~ %xp(—21200/T) 2
100~700 ppm NO in
3.4x54x10'% Ar in
shock tube experiments
N and O detection
via ARAS.
Colket(1984) 2240-2955 0.1-0.5% C;N; and 0.8- ke = 4x10°14
7% NO in 1.1-2.7x 10"® Ar ko = 17X 10~ exp(—21190/T) 3
in shock tube experiments.
Reaction followed from
CN absorption behind
incident shock
Li et al. (1985) 298 2-12x 10 NO, 2x 10% k=1.6x10"% 12
CN; in 3-10'® Ar, CN k.(Ar)=6x10~3! cm®molecule~?s~! 1.1
from laser photolysis of k,(NO)=3%10"% cm®molecule~2s~! 11
C:N;. Detection via LiF
Lam et al. (1978) 298 1.6-8x10'7 Ar; 6.5-13 k=12x10"1 15
%X 10" C;N; and 2-16 x 10* ka(Ar)=7.7%x10"3' cm®molecule~%s~! 12
NO. CN from flash
photolysis of C:Nz.
Detection via LiF.
Mulvihill and Phillips (1975) 1500 5x10*® total density from k(1500)=1.2x10"* 1.5
4.5/8/1 Hy/N,/O; flame.
Mass spectrometric
detection of HCN
Boden and Thrush (1968) 578-687 2% 10" N, 1x10'° CN; ka=5%10"% 2
3.4x10" O, in flow system
CN from O+C:N>
CN detection via absorption
Setser and Thrush (1965) 673 2-10x 10 N,, 2.5x 10 kJk(CN+02)=3.7 2

CN,, 2.5x 102 O in
flow system. CN from
0O+ C,N,. CN monitored
via emission

J. Phys. Chem. Ref. Data, Vol. 21, No. 4, 1992
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15,9 CN + NO > ONCN (a) — Continued

- NCO + N (b)
—->CO+N; (0
Conditions Reaction rate constant Uncertainty
Reaction/reference T range/K [M] range/em?® k/cmPmolecule 5!
Basco and Norrish (1965) 298 8-17x10% N; k,=3.3%10-12 2
0.04-3.2x 10''NO; .
2-8x10' C;N;; CN from
flash photolysis. CN
detection via absorption.

Recommendations kaw =6.6x10"1 3
Ka(O,Nz) =43 X 10~ 2(1T)52 15
exp(—2455/T )em®molecule ~%~!

F(Nz)=0.65

ka(0,CO2)=3.1x107141/T)>4 3

exp(~2213/T)em®molecule ~%s~?

F(CO,)=0.65

ko=1.6x10~"%exp( — 21200/T) 2
Comments ous doubts on the earlier interpretation. The present

The earlier results involving studies on complex sys-
tems postulated a very rapid exothermic CN + NO reac-
tion proceeding through a 4-centered transition state and
the formation of CO and N, (k.: Setser and Thrush, Bo-
den and Thrush, Mulvihill and Phillips). More recent in-
vestigations on better characterized systems have failed
to reproduce the very large rate constants and demon-
strated a pressure dependence that is inconsistent with a
straightforward bimolecular reaction. Mechanistically,
the high temperature shock tube studies have shown that
the interaction of CN and NO leads to the formation of
O and N atoms that destroy the CN. All of this cast seri-

~10.500
—~ Q Sims, 295K
f 2 V. 12 .
-11.000 ang,
- —— Basco, 298K 298K @
o - = i, 298K Lt
F-11.500} — Lom, 208K .. —
s o
£ o LT 740K
S-12.000} e e
E Q- A
= | 2 A
=-12.5004
o F A
S -
~13.000 ! e} 1 b
17.000 17.500 18.000 18.500 19.000 19.500

Log (density—Ar, molecule—cm—>)

Fic. 1. Fit of experimental results for the reaction NO +CN at 298 K
in argon as a function of pressure.

analysis based on the results of Sims and Smith and Wang
etal. and implies that all the lower temperature results
have determined rate constants for combination.

Although Colket and Natarajan and Roth assign a rate
expression for k., it appears that their measurements are
not particularly sensitive to this process. All that can
probably be said is that the rate constant they give is
probably an upper limit. Indeed it is possible to question
whether the four-center process occur at all. Certainly
the value given by Colket invalidates the interpretation of
the lower temperature measurements on CN disappear-
ance as derived from this process.

-11.000
= 297K
L 1
- 425K
2-11.500
=]
o
o
[]
rg 740K
5:,12.000.. /
x /
o
o
-~ @
~12.500 t +
18.200 18.400 18.600 18.800

Log (density—N2, molecule—cm—3)

Fic. 2. Fit of experimental results over the temperature range 298
740K as a function of nitrogen pressure.
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We have carried out RRKM calculation assuming the
formation of ONCN, using as a basis the results of Sims
and Smith and Wang et al. Most of these studies are car-
ried out in the presence of argon. The work of Wanger al.
in the presence of N, is however particularly valuable
since it leads directly to the present recommendations.

Following the suggestion of Sims and Smith we have
chosen to convert the reported rate constants of Li ef al.
and Lam et al. to solely bimolecular rate constants for k..
This is in contrast to their interepretation of the process
as a combination of the bimolecular k. and termolecular
ka. A summary of relevant experimental results and our
RRKM fit of the results are plotted in Figs. 1 and 2. We
are unable to fit the results of Mulvihill and Philipps, Set-
ser and Thrush and Boden and Thrush within this frame-
work.

The measured rate constants are quite large for a com-
bination process involving such small species and forming
only a 200 kJ/mol bond. In order to fit this result a very
large high pressure rate constant as well as very large step
size for reaction at room temperature in argon is re-
quired. The latter situation is contrary to most other sys-

WING TSANG

tems that we have fitted. It is however very reminiscent of
that with OH + NO and Sims and Smith have discussed
the possibility of multiple reaction channels in the combi-
nation process. In order to fit the temperature depen-
dence observed by Sims and Smith and Wang et al. it is
necessary to assume that the step-size down is decreasing
with temperature. This is also contrary to other systems.
The present results must therefore be regarded as an em-
pirical fit of the data. Fortunately, the direct measure-
ments in N> mean that the recommendations of rate
constants in the presence of N; are probably of high reli-
ability and the estimated uncertainty is a factor of 1.5.
However the values in the presence of CO, may be sub-
ject to larger errors and an uncertainty of a factor of 3 is
assigned.

The results of the RRKM calculations using the high
pressure rate expression;

kiw = 6.6x107! cm®molecnle!s™?

with an uncertainty of a factor of 3 are given in Tables 1
and 2.

TaBLE 1. log (k/k=) for the reaction NO+CN—NOCN as a function of temperature and pressure assuming strong collisions

T(K) 500 700 900 1100 1300 1500 1700 1900 2100 2300 2500

log(density)
17 -274 —-2.98 -3.18 -3.34 -348 -361 -372 -382 -391 -400 -4.08
17.5 -2.26 -2.50 -2.69 ~2.85 -299 -312 -323 -333 -342 -3.50 -3.58
18 —1.80 ~2.03 -2.22 -2.37 -251 -263 -274 -284 -2.93 ~-3.01 -3.09
185 -137 ~1.58 -1.76 -1.91 -204 -216 -226 -236 -245 -253 -2.60
19 —-0.98 -1.17 ~1.33 —1.46 —-1.59 —-1.70 -1.80 —1.89 -1.98 -2.05 —2.13
19.5 -0.64 -0.80 -0.93 -1.06 -117 -127 -136 -145 -1.53 -1.60 -1.67
20 -0.37 —-0.49 -0.60 -0.70 -08 -089 -097 -104 -1.11 -1.18 -1.24
20.5 -0.18 ~0.26 -0.34 -0.42 -049 -056 -0.63 —0.69 -0.75 -0.80 —0.86
21 -0.08 -0.12 -0.17 -0.22 -0.27 —0.32 -0.36

-041 —-0.45 -0.49 -0.53
215 -0.03 —0.05 -0.07 -0.10 -012 -015 -018 -021 -0.24 -0.26 -0.29
22 -0.01 -0.02 -0.03 -0.04 -005 -006 -008 -0.09 -0.10 -0.12-0.13

TaBLE 2. Collision efficiency as a function of temperature and step size down for CN+ NO+M=NOCN+M

Step size (cm™!) 200 400 800 1600 3200
Temp(K)

500 1.2x10°! 2.6x10"* 4.5x10?! 6.5%10"! 80x10°!
700 6.8x10-2 1.7x10°! 3.4x10°! 5.5x10-! 72x10-!
900 44x10~2 1.2x10°? 2.6x10~! 4.6x10°! 6.5x10°!
1100 3.0x10-2 8.6x10-2 2.1x10"! 39x10™? 59%x10~!
1300 2.1x10-2 6.3x10-2 1.6x10-! 3.3x10°! 53x10-!
1500 1.5x102 4.8x102 1.3x10°! 2.8x10! 48x%x10°!
1700 1.1x10"2 3.6x10°2 1.0x10-1! 24x107! 43%x10°!
1900 8.3x10-3 2.8x10-2 82x10"2 2.0x10-1! 3.8x10-!
2100 6.3x10"3 22x10"2 6.6x10-2 1.7x10°! 34x10?
2300 49x103 1.7x1072 54x10"2 14x10°! 3.0x10°!
2500 3.8x10-3 1.4x10°3 44x102 1.2x10-2 2.6x10-!
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Near 1500 K there is a shock tube measurement
(Dorko, E. A, Flynn, P. H., Grimm, U., Scheller, K., and
Mueller, G. H., J. Phys. Chem.,, 81, 811, 1977) of ONCN
decomposition. Unfortunately experimental problems re-
lated to the handling of ONCN led to data of large scatter
and uncertain quality. In addition. and probably more se-
rious, the analytical method involving infra-red emmi-
sions suffer from interferences. The results are therefore
not consistent with any reasonable extrapolation of the
step sizes down in argon that we have used at lower tem-
peratures.

For reactions in the presence of N; and CO; we recom-
mend the following rate expressions;

ka(O,N2) = 4.3 x 10~ (1/T)52
exp(—2455/T )em®molecule s ™!
F, c(N z) = 0.65

k:(0,CO5) =3.1x 10" ¥(1/T)**
exp(—2213/T)cm*molecule s~
F(CO,)=0.65

where the F. values in combination with the high pressure
rate expression permits derivation of the rate constant for
all pressures. For channel b, we recommend the rate ex-
pression given by Natarajan and Roth

ko= 1.6 X 10~ Yexp( — 21200/T )cm’*molecule ~s~!

with an uncertaity of a factor of 2 at the higher tempera-
tures and lower pressures where it is applicable. Under

15,10 CN + NO; — NCO + NO

other situations the combination process will be predom-
inant. We do not assign an expression for channel(c).
There is really no direct evidence for its occurrence.
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Conditions Reaction rate constant Uncertainty
Rcaction/reference T range/K [M] range/cm® k/cm®molecule s *
Wang et al. (1989) 297-740 4x10~exp(186/T) 11
Recommendations 4x 10" Yexp(186/T) 15
Comments k(CN+NO,—»NCO+NO)=

The recent work of Wang et al. leads to rate constants
that are in the expected range for a radical combination
reaction. The chief uncertainty is whether it is possible to
form the stable adduct O,NCN. No such compound has
ever been detected and it is expected that the N-C bond
will be very weak. If it is formed in this reaction a pres-
sure dependence would have been expected. The inde-
pendence of the rate constant with respect to pressure
lcads to the conclusion that a rearrangement must occur.
The most likely products are as given above. The recom-
mendation is the rate expression of Wang et al. or

4 x 10~ "exp(186/T)cm*molecule ~'s~!

with an uncertainty of a factor of 1.5.
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15,11 CN + HNO — HCN + NO
Conditions Reaction rate constant Uncertainty
Reaction/reference T range/K [M] range/em® k/cm*molecule~'s~*
Recommendation 3x10-1 3
Comments k(CN+HNO—-HCN+NO)=

There have been no measurements on the mechanism
and rate constant for this reaction. In view of the exother-
micity it must be a very rapid abstraction process. We
therefore recommend

15,12 CN + HNO; — HCN + NO:

3x10~" cm’molecule™’s™!
with an uncertainty of a factor of 3.

W. Tsang
December, 1990

Conditions Reaction rate constant Uncertainty
Reaction/reference T range/K [M] range/cm® k/cm*molecule~s~!
Recommendations 2x10-4 3

Comments

There have been no measurements on the mechanism
and rate constant for this reaction. CN abstraction reac-
tions being very exothermic are very fast and the present
recommendation of

1513CN+ HCN—- H + CN;

k(CN+HNO,—»HCN +NO;) =
2x10~"! em®molecule™!s™?

with an uncertainty of a factor of 3 is based on this
premise.

W. Tsang
Nov. 1990

Conditions

Reaction/reference T range/K [M] range/cm®

Reaction rate constant
k/cm*molecule ~'s~*

Uncertainty

Yang et al. (1991) 300-740 CN from laser

photolysis of ICN

2.5% 10~ 1T Mexp(~ 770/T)
(include high temp. results)

1.2

in presence of HCN

1.3-2.3x 10" Ar.
CN detection via
LiF

Zabarnick and Lin (1989)

296-578 CN from laser

photolysis of ICN

in 0~10x 10 HCN
in 4x 10" Ar. CN

detection via LiF

Lietal. 208 CN from laser

photolysis of

0.7-3.5x 10" CN,.
in 7-2.8 x 10" HCN
and 1.6-8x10'7 Ar

Szekely et al. (1983) 2720-3070 Shock tube study

3.9x 10~ 2exp(— 670/T)

1.25

18x10714 14

1.7x10"1 2

0-39 ppm C;N;, 76—

572 ppm HCN in

1.4x 10 Ar. CN de-
tection via broad band
absorption at 388.3 nm
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141V EN ¢ HCN — H + CN; — Continued

Conditions Reaction rate constant Uncertainty
Wea thuvieference T range/K [M] range/cm?® k/cm*molecule ~'s~!
Wesonnmendation 25x 107" Mexp(—770/T) 1.5 300-740 K
increasing to
4 at 3000 K
Comments
the mechanism of this process involves the formation A"'O —Yang
«f a hot adduct and then its decomposition. Yang et al. n - = Zabarnick .
have used the BAC-MP4 method to estimate the thermo- . _,, I, 4 Recommendation
dynamic properties of the adduct and deduced that itis —— Szekely
wable with respect to the reactants and products by 159 § )
aned 121 kJ/mol respectively. The general situation is B5-121¢ : ~~~~~~~~~~~
theretore similar to the chemically activated decomposi- s S~~. Tmeea
tien of olefins by hydrogen atom. Under most higher tem- E ) T~
pwratute  conditions the adduct lifetime will be X712 T~
wifficiently short so that it need not be considered in any g T~~~
readtton scheme. The experimental data show larger than _14 , . . . : A_
vapected scatter. Presumably the results of Yang et al. su- 0.500 0.800 1.300 1.800 2.300 2.800 3.300
pwisedes that of Zabarnik et al. Nevertheless the data of 1000/T (K)
the former is still about a factor of 1.8 higher than that of
t i v1al. 'The general situation is striking similar to that . )
fue CN 4 1y(15,2). Our recommendation is the rate ex- Fi. 1. Sé’&“f;‘é}q:;:é:’;:‘ne“m data for the reaction
pression given by Yang et al.
A - 2.5x10~"T"Mexp(—770/T )em*molecule~'s .
References

s as based on a transition state fit of their data and that
+f “sekely ef al. and thus covers the range of 300-3000 K.
¢ he uncertainty is estimated to be a factor of 1.5 over the
temperature range of 300~740 and up to a factor of 4 at
ux¥) K. The uncertainty at this point arises from
«wnbining the results of Szekely et al. with the very care-
ful work of Natarajan and Roth on H+C,N; (21st Sym-
g»stum (Int.) on Combustion, The Combustion Institute,
Fisshurgh, Pa., 729, 1986) leading to a heat of formation
«f UN of 455 kJ/mol. This is 40 kJ/mol higher than the
teceummended value used in the course of the present
anulysis and is equivalent to a factor of 4 in the rate con-
stant A summary of the experimental situation can be
found in Fig, 1.
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15,14 CN + N20 — NCN + NO

Conditions Reaction rate constant Uncertainty

Reaction/reference T range/K [M] range/cm® k/cm*molecule~'s™?
Wang et al. 500-740 K 1-6x10*® Ar, small 6.4%10-2'T?Sexp( — 1860/T) 12

amount of N,O.

Slow flow system

CN from laser photolysis

of ICN. Detected

via LiF.
Recommendation 6.4 X102 T%exp( ~1860/T’) 2

Comments with an uncertainty of a factor of 2 over the entire tem-

The work of Wang et al. is a measurement of CN disap-
pearance in the presence of N;O. The mechanism was
derived on the basis of BAC-MP4 calculations and favors
a NCNNO intermediate breaking up into NCN and NO.
We recommend their determination of

k(CN+N,O->NCN+NQ)=
6.4 X 10~#T?Sexp(— 1860/T )cm*molecule ~'s~!

1515CN+CN+M->CN; + M

perature range.

References

Wang, N. S., Yang, D. L., M. C. Lin and Melius, C. F., “Kinetics of CN
Reactions with N,O and CO,”, Int. J. Chem. Kin., 23, 151, 1991.

W. Tsang
September, 1990

Conditions Reaction rate constant Uncertainty
Reaction/reference T range/K [M] rangefcm® klcmPmolecule's~!
Basco et al. 300 7-7000 % 10'* CNR 1x10-12 3
R=(CN,Br,]) in
1.1x10" N,. CN
from flash photolysis.
Detected via absorption
Recommendation ko=94x10"1 3
k(O,N2)=9.44 X 10~2(1/T)>8!
cm®molecule~%s~!
F.=05
£(0,C0;) =1.5% 10~-2(1/T)2
cm®molecule~%s~*
F.=05
Comment Rate constants for the reverse can be calculated through

The only measurement on the rate constant for this re-
action is that of Basco et al. On the basis of our RRKM
calculations the reaction must be very close to the high
pressure limit at room temperature. However, the re-
ported rate constant is very small for a radical combina-
tion reaction near the high pressure limit. This is
probably due to errors in calibrating the second order de-
cay of CN in this system. We believe that a more likely
number will be an order of magnitiude larger. Note that
although C;N; is a small molecule the large bond energy
moves the fall-off region into much lower pressures.
There are extensive high temperature data on C:N; de-
composition in argon. Results are summarized in Fig. 1.

J. Phys. Chem. Ret. Data, Vol. 21, No. 4, 1992

the equilibrium constant. There is, unfortunately, consid-
erable uncertainty about the value of the heat of forma-
tion of CN. We have not been able to satisfactorily fit the
decomposition data on the basis of the recommended
heat of formation of CN (Stull and Prophet, “JANAF
Thermochemical Tables”, NSRDS-NBS 37, US Govern-
ment Printing Office, Washington, DC 20402). Instead
we have used a number that is 17 kJ/mol smaller as de-
duced more recently by Colket (Int. J. Chem. Kin,, 18,
353, 1984). The results of RRKM calculations for strong
colliders can be found in Table 1. Collision efficiencies as
a function of temperature and step-size down can be
found in Table 2.
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For N; and CO; as the third bodies we recommend the
following rate expressions with an uncertainty of a factor

773

‘I'he estimated uncertainties are a factor of 3. Note that
these recommendations are based on the fits of the high

of 3 temperature decomposition data for C;N; in argon and
then scaled appropriately for N, and CO,.

k.=9.4x10"1

k(0,N;) =9.44 x 10~3(1/T)**! cm°molecule %!

F. c= 0.5

k(0,C0O,)=1.5e x 10~2(1/T)**2 cm®molecule %!

F.=0.5

TABLE 1. log (k/k.) for the reaction CN+ CN—C;N; as a function of temperature and pressure assuming strong collisions
T(K) 500 700 900 1100 1300 1500 1700 1900 2100 2300 2500
log(density)

17 -0.58 -0.78 —-0.96 -112 -~1.28 ~142 -154 -1.67 -1.78 —-1.88 —1.98
17.5 -033 -048 -063 -077 -09 -102 -114 -125 -136 -146 -155
18 -016 -026 -037 -048 -059 -069 -079 -089 -098 -107 -1.15
18.5 -007 -012 -019 -027 -034 -043 -050 -058 -066 —-0.73 -0.81
19 -0.02 -0.05 -~0.09 -0.13 —-0.18 -023 -029 -035 -041 -0.46 -0.52
19.5 -001 -002 -003 -006 -008 -011 -015 -018 ~-022 -026 -—0.30
20 -001 -001 -002 -003 -005 -006 -008 -010 -0.13 -0.15
20.5 -001 -001 -002 -002 -003 -004 -005 -0.06
21 -0.01 -0.01 -0.01 -0.01 -0.02 -~0.02
215 -0.01 -0.01
22

TaBLE 2. Collision efficiency as a function of temperature and step size down for CN+CN+M=C,N,+M

Step size (cm™') 200 400 800 1600 3200

Temp(K)

500 1.2x10°! 2.7x10°! 4.6x107! 6.6x10~?! 8.0x10°!
700 7.5%10°2 1.8%x10™! 3.6x10~! 5.6x10-? 74x10-?
900 5.0x10-2 1.3x10°! 29x10-? 49x10~! 6.8x10-!
1100 3.6x10"2 1.0x10°? 23x10-! 42x107! 6.2x10"1!
1300 2.6x10-2 7.8x10-2 1.9x10™! 3.7x10"? 5.7x10°!
1500 2.0%x10-2 6.2x102 1.6x10-1 3.2x10-! 5.3x10?
1700 1.6x10°2 49x%x10-2 1.3x10°! 29x%x10°! 48x10°!
1900 1.2x102 4.0x1072 1.1x10"1 2.5x10-2 45%x10°!
2100 1.0x10-2 3.3x10"2 9.5x10-2 22%x10-2 4.1x10°!
2300 8.2x10"3 2.8%x10°2 8.1x10-2 2.0x10-2 3.8x10-!
2500 6.8x10°3 23x10°3 7.0x102 1.8%x10-2 3.5x10!
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Fic. 1. Summary of data on C;N, Decomposition and Fit of the data.
Names refer to: Slack, M. W., Fishburne, E. S. and Johnson, A.
R.,J. Chem. Phys., 77, 575, 1973; Szekely, A. Hanson, R. K. and
Bowman, C. T., J. Phys. Chem., 80, 4982, 1984; Fueno, T.,
Tabayashi, K., and Kajimoto, O., J. Phys. Chem., 77, 575, 1973;
Colket, M. B., J. Quant. Spectrosc. Radia, Transfer, 31, 7, 1984;
Natarajan, K., Thielen, K., Hermanns, H. D., and Roth, P., Ber.
Bunsenges. Phys. Chem., 90, 533, 1986.

160NCO + M~ N + CO + M

Reference

Basco, N., Nicholas, J. E., Norrish, R. G. W. and Vickers, W. H. J., “Vi-
brationally Excited Cyanogen Radicals Produced in the Flash Photol-
ysis of Cyanogen and Cyanogen Halides” Proc. Roy. Soc., 272, 147,
1963.

W. Tsang
December 1990

Conditions
Reaction/reference T range/K [M] range/cm®

Reaction rate constant Uncertainty
k/cm®molecule ~'s~?

Higashihara et al. (1985) 1450-2600 0.02:.02:.96

BrCN:O;:Ar

at 6-12x 10"
NO by IR
emission at 5.34
microns

k(NCO+0)/k =0.5 2
exp(19130/T)

Louge and Hanson (1984a) 2240 041% CN; 0.1-042%  k(NCO+O)/k =3467 2

N;O in 2X 10*® Ar
in shock tube. NCO

detection via narrow

line laser absorption

Louge and Hanson (1984b) 2150 and 2400  12% N;0,03% CN,in ~ k(NCO+O)k= 2300 (2150)
in Argon at 1.6x 10" k(NCO+O)/k = 490 (2400)

near 2150 K,

NN

0.6% Oz, 0.6% C:N; in

Argon at 1.3x10'8
near 2400 K
CN in absorption at

388 nm. CO and NO

IR absorption.

Recommendations

k(0N2)=1.9x 10 }(1/T)4% 3 at 1800-
exp(—30160/T") 2500
£(0,C05)=0.21(1/T)*
exp(—30114/T)
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Comments

There are no direct measurements on the rate con-
stants for this reaction. Nevertheiess the rate constants
derived from modeling experiments employing different
diagnostics are not in gross disagreement. In all the ex-
periments the quantity that is determined is the ratio
k (NCO + O)/k. The results are summarized in Fig. 1. We
have converted this ratio into the desired rate constants
through use of our recommendation for k(O +NCO).
‘Thus there are small differences between the numbers
given here and those actually published.

The rate expression for this process is highly uncertain.
‘The activation energy determined by Higashihara et al.
cannot be correct since it is below the lowest possible re-
action barrier (even after taking into account the fact that
the decomposition process is at the low pressure limit).
For the present analysis we have weighted the two studies
cqually and derived the best fit through these points. The
result is the rate expression:

k(O+NCO)k = exp(24836/T)/36 or
k =2.7 % 10~ %exp( — 24836/T)
cm’molecule~'s™! (in Argon)

4.800
Ll —— Higashihara
n Louge
g4 200 -— Recommendation o
¥
Z‘{ 3.600 -
O
3]
/'.
. 3.000
5’}' ®

2.400 1 i

4.000 4.500 5.000 5.500

10000/T (K)

FiG. 1. k(O +NCO)/k as a function of temperature.

However, as can be seen from Fig. 1 the data has a large
scatter and there is a statistical uncertainty of 40 kJ/mol

775

in the activation energy. Thus large uncertainties are ex-
pected if the data is extrapolated over large temperature
ranges.

If this rate expression is accepted at face value then it
is possible through RRKM calculations to determine the
reaction threshold and the step size down. For the former
we find a reaction threshold of 244 kJ/mol. The implica-
tion is that the reverse N(*S) addition reaction with CO
has a barrier of 39 kJ/mol. This is compatible with the
spin forbidden nature of the reaction. On this basis and
assumming that the effect of N, and CO; substitution are
similar to that found for N:O (14,0) in this temperature
range, we recommend the following limiting low pressure
rate expression with these colliding partner:

k (O,Nz) =
1.9x107Y(1/T)%Sexp(— 30160/T) cm’molecule's!
k(0,COz) =
0.21(1/T)*'exp(—30114/T) cm’molecule~'s*

with an uncertainty of a factor of 2 in the temperature
range of 1800-2400 K and increasing to an order of mag-
nitude at 1000 K.

An important question is the range of applicability of
these limiting “low pressure” rate expressions. Unfortu-
nately, there are no data on the high pressure rate expres-
sion and thus it is not possible to assign pressure
dependence in a concrete manner. We have carried out
RRKM calculations assuming a “normal” transition state
with an A -factor in the 3 x 10® s~'range. It appears that
within the constraints set by the uncertainties given above
the expressions can be used at pressures up to 10-300
atms in the temperature range of 1000-2500 K.

References
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BrCN in Shock Waves and Formation of NO”, Comb. and Flame, 61,
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16,1 NCO + H, » HNCO + H

WING TSANG

Conditions

Reaction/reference

T range/K

{M] range/cm®

Reaction rate constant

Uncertainty

k/cm®molecule ~'s~!

Perry (1985) 592-913

Louge and Hanson (1984) 1490

NCO from the fluorine
excimer laser photolysis
of trace quantities of
HNCO in 0-4 x 10" H,
in 2.7-17x 107 Ar.

LiF detection of NCO

0.58% H,, 0.09% O,
0.41% N,0, 0.4% C;N,
in 3.1x10" Ar in
shock tubc with
detection of NCO

via narrow line
absorption at 440.479
nm. Rate constant
from modeling of
complex decomposition

1.43 x 10~ Mexp( —4530/T) 12

2x10~1 5

process

Recommendation:

3.44x 10~ 8T %exp( - 3030/T) 13 at
400-1000

2 at 1500

Comments

The recommendation is based on the direct measure-
ments of Perry. The technique is well established and the
A-factor is in the expected range. The results of Louge
and Hanson suggest a strongly curved Arrhenius plot. In
view of the large extimated uncertainty we have as-
summed a T2 dependence for the A-factor and derived,
the rate expression

k(H;+NCO—-HNCO+H)=
3.44 %10~ 8T 2cxp( — 3030/T )cm*molecule 15!

with an uncertainty of 1.3 from 400 to 1000 K and increas-
ing to a factor of 2 at 1500 K.

A plot of experiments and recomendation can be found
in Fig. 1.

J. Phys. Chem. Ref. Data, Vol. 21, No. 4, 1992
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Fic. 1. Experimental data and recommendations for the reactic
H;+NCO—-HNCO+H.
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16,2 NCO + H,0 — HNCO + OH

Conditions

Reaction/reference T range/K [M] range/em?®

Reaction rate constant Uncertainty
k/cm’molecule ~'s~!

logio K, =0.1970-1.1938 X 10*/T +4.1562 X 10*/T2-4.1555 x 10T

Recommendation

3.9 %10~ °T*Vexp( — 3046/T) 5 at 2000 K
increasing
to a factor
of 20 at
1000 K

Comments

There are no measurements on the rate constants for
this reaction. However on the basis of our recommenda-
tion for the reverse reaction (17,3) 1.1 x 107%T?
exp(—1290/T)cm®molecule's™' and the equilibrium
constant for this reaction we calculate

k(NCO +H,0—»HNCO+OH) =
3.9 X 10~ ®T*"exp(— 3046/T) cm’molecule~'s~*

Unfortunately there are uncertainties of 10 kJ/mol in
the heat of formation of HNCO and NCO. This means

163 NCO + O - CO + NO (a)
— CN+O0; (b)

that there can be errors in the rate constant may be as
large as a factor of 20 at 1000 K, but decreasing to a factor
of 5 at 2000 K.

The reaction is likely to be of consequence only at the
higher temperatures. :

W. Tsang
August, 1990

Conditions

Reaction/reference T range/K [M] range/em?®

Reaction rate constant Uncertainty
k/cmPmolecule ~'s~!

logio K, (b) =0.00414.807 x 10T —3.7222 x 10/T2+ 5.0634 X 107/ T*

Higashihara et al. (1985) 1450-2600 - 0.02:.02:96
0.01:.01:.98
0.02:.04:.95
0.01:.02:.97
BrCN:O,:Ar
at 6-12x 10
NO by IR

6.6x10-11 3

L.ouge and Hanson (1984) 1450

emission at 5.34

0.4% N,0,.1% 02,.4% 9.3x10~1
2C;N; in argon at

3x 10" NCO detection

via narrow line

absorption

J. Phys. Chem. Ref. Data, Vol. 21, No. 4, 1992
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16,3 NCO + O —» CO + NO (a) — Continued
~ CN+0; (b)

WING TSANG

Conditions

Reaction/reference T range/K

Reaction rate constant

[M] range/em?® k/cm®molecule ~s~!

Higashihara et al. (1983) 16802250

0.02:.02:.96
0.01:.01:.98
0.01:.02:.97
HCN:O,:Ar
0.02:.0175:.005:.9575
HCN:0:NOx:Ar

OH from UV emission
at 306.7 nm and IR
emission at 5.34

6.6x10~1

Uncertainty

(mostly NO)
Recommendation:

ka=735%x10"1 2

ky=1.4% 10T ~“%exp( —3501/T) 5 at 2000 K
increasing
to 20 at
1000 K

Comments

There are two possible channels for this reaction. The
first channel must involve combination followed by the
rapid decomposition of the adduct. One expects a very
large rate constant and the experimental measurements,
although none of them are truly direct, are commensu-
rate with our estimate. We therefore recommend

k.=7.5x10""cm’molecule s~!

with an uncertainty of a factor of 2. From much more
complex systems, Lifshitz and Frenklach (Int. J. Chem.
Kin., 12, 159, 1980) and Mulvihill and Phillips (15th
Symp. (Int.) on Combustion 1113, 1975), have estimated
rate constants of 33x10™" and 1.7x10°"
cm’molecule ~!s~1, respectively. This can be considered to
be satisfactory agreement.

There is also the possibility for the formation of CN
and O, channel (b). In this case, the rate expression for
the reverse reaction is well established at 2.5 x 10~ (298/
T)® cm®molecule 's~'(Sims and Smith, Chem. Phys. Lett.
151, 481, 1988). Then, through the equilibrium constant,
we obtain:

J. Phys. Chem. Ref. Data, Vol. 21, No. 4, 1992

k»=1.4x 10757 ~*exp(— 3501/T )cm’molecule 's

with an uncertainty of a factor of 5 at temperatures in ex-
cess of 2000 K and increasing to a factor of 20 at 1000 K.
The magnitude of these values is dictated by that of the
thermochemistry. On the basis of these values it is clear
that k,>15k,, where the equality is most closely ap-
proached as the temperature is increased.
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Chem., 87, 3702, 1983.

Louge, M. Y. and Hanson, R. K., “Shock Tube Studies of NCO Kinet
ics”, 20th Symposium on Combustion, The Combustion Institute
Pittsburgh Pa., 665-672, 1984.

W. Tsang
September, 1990
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16,4 NCO + H — NH+CO (a)
-> HNCO (b)
— 0 + HCN (0)
] Conditions Reaction rate constant Uncertainty
Rcaction/reference T range/K [M] range/cm® k/cm*molecule~1s~!

logio Kp(c) = 0.3535+1.8959 % 10%/T —2.1931 x 10%/T2 +2.000 X 105/

1490 0.58% H,, 0.09% O, k,=89x10"1
0.41% N,0, 0.4% C,N,

in 3.1x 108 Ar in

shock tube with

detection of NCO

via narrow line

absorption at 440.479

nm. Rate constant

from modelling of

complex decomposition

louge and Hanson (1984)

25

process
Recommendation:

k,=89%10"1 2.5
ke=1.1x10~ T %exp(—2923/T)

Comments

The main process involves the addition of a hydrogen
atom to the NCO radical and then the decomposition of
the chemically activated HNCO. The large rate constant
dctermined by Louge and Hanson is indicative of this
process. There is also the possibility the the hot HNCO
radical can be stabilzed at sufficiently high pressures. Un-
fortunately, there are no high pressure data on the de-
composition of HNCO to HN and CO. Furthermore, the
reaction is spin forbidden. There is very little basis for
prediction. For the present purposes we have made rough
RRKM calculations assuming a varicty of transition
states. On a strong collision basis it would appear that at
500 K stabilization effects may be important at pressures
in excess of 5 atms. At 2500 K the limit is about 100 atm.
Since these are strong collision values it appears that at
temperatures above 1500 K stabilization cannot be im-
portant under any conditions.

A third process involves the displacement of the O
atom. This is readily calculated from the recommended

16,5 NCO + OH — HNCO + O (a)
—~HONCO ™)

rate expression for oxygen addition to HCN and the ap-
propriate equilibrium constant. This leads to the rate ex-
pression

k(H+NCO — HCN + 0) =
1.1 X 10~ BT%exp( —2923/T)cm’molecule ~1s-1

with an estimated uncertainty of a factor of 3 at 2500 K
and larger at lower temperatures. Note however that
while this process has a rate constant that is about one-
third that of (a) at 2500 K it becomes much less important
as the temperature is lowered.

References

Louge, M. Y. and Hanson, R. K., “High Temperature Kinetics of
NCO”, Combust. Flame 58, 291, 1984,

W. Tsang
September, 1990

Conditions Reaction rate constant Uncertainty
Reaction/reference T range/K [M] rangefcm?® k/em®molecule~1s—!
logu K (2) = —0.7924 +2.4936 X 10%T + 1.0441 X 10°/T%-1.6532 X 10"/T?
Recommendation: ka=1.3x10-1T*?exp(497/T) 5 above
1000 K
kv =17%x10"1 2
K (0,Nz) =1.75 X 10~ 2(1/T)5% 3
exp(~1785/T) em®molecule %!
F.=05
k(0,COz)=8.1 X 10~ 2(1/T)57 3
exp(—1665/T) cm®molecule ~%s™!
F.=05

J. Phys. Chem. Ref. Data, Vol. 21, No. 4, 1992
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Comments

There are no data on the mechanism and rate con-
stants for the interaction between the NCO radical and
OH. Undoubtedly the combination of the two radicals is
an important process and we expect that a typical oxime
N-OH type bond will be formed with an energy of about
220 kJ/mol. Miller et al. (20th Symp. (Int.) on Combus-
tion, 673, 1984) have postulated that this will be followed
by a rapid 1,3 hydrogen shift leading to the formation of
H,CO and NO. We do not believe that this is a likely pos-
sibility. Saito et al. (J. Phys. Chem., 92, 4371, 1988) have
found that the preferred direction for formaldoxime de-
composition is to form HO and HCN with an activation
energy of about 200 kJ/mol and that there is no evidence

WING TSANG

for a 1,3 shift to form CH;NO (analogous, but more
exothermic, to the HCONO in this case). They also pre-
sented theoretical results that show that the barrier to
this process is of the order of 300 kJ/mol. Equally impor-
tant, from studies on the reaction between HCO and NO,
Langford and Moore (J. Chem. Phys. 80, 4204, 1984)
have convincingly demonstrated that the most likely de-
composition products of the HCONO complex are
CO+HNO.

On this basis we suspect that a stable HONCO moiety
is formed, we estimate that the high pressure rate con-
stant will be 1.7 x 10~ cm®*molecule ~*s~! with an uncer-
tainty of a factor of 2. RRKM calculations have been
carried out to determine the pressure dependence and
these can be found in Tables 1 and 2.

TaBLE 1. log (k/ks) for the reaction OH+NCO—HONCO as a function of temperature and pressure assuming strong collisions

1500 1700 1900 2100 2300 2500

T(K) 500 700 900 1100 1300
log (density)

17 -093 -128 -160 -188

17.5 -0.62 —0.93 -122 -148

18 -038 —-063 -088 -~111

185 -021 -—-040 -059 -0.79

19 -010 -022 -037 -052

19.5 -004 -0.11 -021 -031

20 -002 -0.05 -010 -017

20.5 -001 -002 -004 -0.08

21 —0.01 -002 -003

21.5 -0.01 -0.01

22 —-001

-2.14
-1.72
-133
—-0.98
—0.68
-0.43
-0.25
-0.12
-0.05
-0.02

-237 -258 -277 -295 -311 -326
-193 -213 -232 -249 -264 279
-153 -171  -1890 -205 -219 -233
-1.16 -132 -148 -163 -177 -19
-083 -097 -1.11 -124 -137 -148
-055 -067 -078 -089 -100 -110
-033 -042 -051 -059 -068 -—0.76
-018 -023 -029 -036 -—-042 048
~-008 -011 -015 -019 -023 -0.27
-003 -005 -006 -—-008 -010 -0.13
-0.01 -0.02 -002 -0.03 -0.04 -0.05

TaBLE 2. Collision efficiency as a function of temperature and step size down for OH+NCO+M=HONCO+M

Step size (cm™?) 200 400 800 1600 3200

Temp(K)

500 1.1x107! 24x10-? 4.4%x10°! 6.3x10°! 7.9x10-!
700 6.2x10-2 1.6x10-! 33x10-! 5.3%10-! 7.1%10~"
900 39x10-2 1.1x10™! 25%x107! 44x101 6.4x10"!
1100 2.5x10-2 7.5%x102 1.9x10-? 3.6x10-?! 5.7x10"!
1300 1.7x10°2 54x10-2 1.4x10°? 3.0x10-! 5.0x10-!
1500 1.2x10°2 39x10°2 1.1x10°* 25x10"! 4.4x10~"
1700 8.4x10°3 2.8x102 8.3x10-2 2.0x10°! 3.8x10-!
1900 6.0x10-3 2.1x10-2 6.3x10-2 1.6x10°! 33x10°!
2100 44%x10°3 15%1072 49x102 1.3x10! 2.8x10"!
2300 3.2x10°3 12x1072 3.7x10°2 1.1x10"! 2.4x10-?
2500 24%x10-3 8.6x10-3 29x10-2 8.4x10-2 20x10-*

J. Phys. Chem. Ref. Data, Vol. 21, No. 4, 1992
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For N; and CO; as the third bodies we recommend the
following limiting rate expressions with an uncertainty of
a factor of 3

k(O,Nz)=
1.75 X 10~ *(1/T)**¢exp( — 1785/T )em*molecule ~%s ™!
F.=0.5
k(0,C0) =
8.1 X 10~ B3(YT) "exp( — 1665/T )cm’molecule %!
F.=05

Channel(a) is an exothermic abstraction process. The
recommended rate expression is based on the recommen-
dation for thc rcverse reaction (17,3) and through the
cquilibrium constant. This leads to

k.=1.3x10""T*?exp(497/T) cm*molecule~'s™!

Due to the large uncertainties in the heats of formation
of NCO and HNCO there are possibilites of large uncer-
tainties. However a rough lower limit can be set by the
rate constants for the reaction NH;+OH—>NH;+O
which can be derived from the very reliable values of the
reverse reaction (OH + NH;, Cohen, Int. J. Chem. Kin,,
1987, 19, 319) and the equilibrium constant. This leads to
the following rate expression.

k(OH+NH,—»0 +NH;) =
7%10~2'T**exp(818/T) cm*molecule~'s™!

16,6 NCO + HCHO — HNCO + HCO

781

A plot of these results can be found in Fig. 1. On the
basis of the smaller exothermicity it is tempting to con-
sider this as a lower limit. The overall uncertainty is a fac-
tor of 5 at temperatures in excess of 1000 K. This valuc
can be expected to be larger at lower temperatures,
where fortunately the combination reaction will be more
important.

-10
7
n
T=1t
2 ~
e 121 \\\\
E ~~-
", T~
E | . TTTee—e L
o-131 -~ - from O+NH3 T
o — from O+HNCO
3
T 14 + t
0.400 0.800 . 1.400 1.800
1000/T (K)

Fia. 1. Rate constants for OH+ NH,—>NH; + O and recommended val-
ues for OH+NCO—-HNCO+0

W. Tsang
January, 1991

Conditions Reaction rate constant Uncertainty
Reaction/reference T range/K [M] range/cm® k/cm*molecule ~1s-!
Recommendation: 1x10-4 3

Comments

There are no measurements on the rate constant for
this process. This is, however, a very exothermic reaction.
We therefore recommend a large rate constant appropri-
ate for an abstraction process with neglible barrier.

k(NCO + HCHO — HNCO + CHO) =
1x 10" "cm’molecule!s™!

with an uncertainty of a factor of 3.

W. Tsang
September, 1989

J. Phys. Chem. Ref. Data, Vol. 21, No. 4, 1992
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16,7: NCO + HCO — HNCO + CO

Conditions Reaction rate constant Uncertainty
Reaction/reference T range/K [M] range/cm® k/em*molecule ~1s~!
Recommendation: 6x10~1 2

Comments

There are no data on the mechanism and rate constant
for this reaction. In view of the extremely weak H-CO
bond and the corresponding tendency for disproportiona-
tion of radical reactions with HCO, it is suggested that

16,9 NCO+NO > N,0 +CO (a)
> CO, + Nz (b)
>CO+ N+ 0(c)

the same process occurs in this case. The rate constant is
slightly reduced from that of CN + HCO to reflect effects
arising from the more complex NCO structure and
smaller exothermicity.

W. Tsang
September 1990

Conditions Reaction Rate Constant Uncertainty
Reaction/reference T range/K [M] range/cm® k/cm*molecule ~*s~!
Cooper and Hershberger (1992) 298 1x10' NO, O, kafkasp+c=0.33 0.06
1.6x10% ICN and kolks+b+c=0.44 0.06
1x 10'"SFs. NCO from kofkasb+c=0.23 0.09
CN + O, reaction
where CN from 266 nm
photolysis of ICN.
CO,, CO and NO detected
via infrared diode laser
absorption
Hancock and McKendrick (1986) 295 0.8x 10'S PANCO kasbec=34%x1071 11
3.3-33x10'S NO
and 1.6 x10'7 N;O
NCO from IRMPD of
PhNCO. NCO via
LiF.
Perty (1985) 294-538 NCO from the fluorine Kasbsc=17%10"exp(196/T) 11
excimer laser photolysos
of trace quantities of
HNCO in 0-4x10' H,
in 2.7-17x 10" Ar.
LiF detection of NCO
Recommendation: Ka4+b+c1.7X 10~ Yexp(196/T) 1.1 to 1000K
2 at 2000K
kaofkasv+c=0.33 12
ko/ka1v+c=0.44 12
kefka v4c=0.23 14
Comments with an uncertainty of 1.1 up to 1000 K and increasing t

The recent measurements of Cooper and Hershberger
are somewhat unexpected. Nevertheless the experiments
appear to be clearcut.We recommend their branching
ratio and the absolute rate constant for the total process
as determined by Perry. The latter is good agreement
with the determination of Hancock and McKendrick.

ka+b+e=1.7%10""exp(196/T) cm’molecule~'s™!

J. Phys. Chem. Ref. Data, Vol. 21, No. 4, 1992

a factor of 2 at 2000 K.

and
ka/ka+b+c =0.33+0.06
kb/ka+b+c = 0.44 + 0.06
kaa+b+c =0.23+0.09

independent of temperature. The mechanism must in
volve the combination of the two radicals followed by th:
decomposition of the hot adduct.
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References
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W. Tsang
September, 1990

Conditions Reaction Rate Constant Uncertainty
Reaction/reference T range/K [M] range/fcm?® k/em®molecule ~s*
Recommendation: kysp=3%10"1 3
kolka=0.2 3
Comments In the present case this will lead to channel (b).

There are no data on the rate constant and mechanism
of this reaction.

‘The estimated rate constant is based on the assump-
tion of a radical combination process followed by the de-
composition of the hot molecule. The main reaction
involves combination to form the N — N bond, and a rapid
1,3 shift of the oxygen atom to the carbon as appears to
he the case for ONNCO (see 16,9). In the case of the de-
composition of nitro-organics there are always contribu-
tions from an isomerization channel to form the nitrite.

16,11 NCO + HNO — HNCO + NO

The recommendations are therefore

ka+y=3x10"" cm’molecule!s~!
kuk.=0.3

with an uncertainty of a factor of 3 for both values.
There have been no reports on the synthesis of the
O:NNCO molecule.

W. Tsang
March, 1992

Conditions Reaction rate constant Uncertainty
Reaction/reference T range/K [M] range/cm?® k/em®molecule ~'s !
Recommendation: 3x10-H4 3

Comments

There have been no measurements on the mechanism
and rate constant for this reaction. In view of the exother-
micity of the abstraction channel and the possibility that
the same results may arise from an addition and decom-
position pathway, the rate constant must be very large
and we recommend

16,12 NCO + HNO; — HNCO + NO:

k(NCO + HNO — HNCO + NO)=
3x 10~ "'cm*molecule st

with an uncertainty of a factor of 3.

W. Tsang
January, 1991

Conditions Reaction rate constant Uncertainty
Reaction/reference T range/K [M] range/em?® k/cm®molecule ~1s~!
Recommendation: 6x10-12 3
Comments 610~ cm’molecule s !

‘There are no measurements on the rate constant for
this reaction. The reaction is undoubtedly an exothermic
[although less so than the reaction with HNO (16,11)] ab-
straction process. Accordingly we estimate

k(NCO + HNO; - HNCO + NO;) =

with an uncertainty of a factor of 3.

W. Tsang
January, 1991
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16,13 NCO + HCN — HNCO + CN

WING TSANG

Conditions Reaction rate constant Uncertainty
Reaction/reference T range/K [M] range/cm® k/cmPmolecule ~*s™!
logio K, = —0.08192-1.4951 x 10°/T — 2.2566 X 10°/T> + 3.1086 x 107/T
Recommendation: 2x 10~ Yexp(—4456/T) 10 at 2500 K

Comments
There are no measurements on the rate constant and
mechanism for this reaction. We have derived the follow-

ing rate expression,

k(NCO + HCN — HNCO + CN) =
2% 10~ "exp(—4456/T)cm’molecule 's~*

16,14 NCO + N0 —» N; + NO + CO

on the basis of our estimated rate expression for the re-
verse process. Due to the uncertainty in the heat of for-
mation of NCO we estimate a possible error of 10 at
2500 K and even larger as the temperature is lowered.

W. Tsang
Janaury, 1991

Conditions

Reaction/reference T range/K [M] range/cm®

Reaction rate constant
k/cm*molecule —1s~!

Uncertainty

Recommendation:

< 1.5% 10~ exp(—14000/T)

Comments

There are no measurements on the rate constant and
mechanism of this reaction. This cannot be a fast reac-
tion. Hancock and Mckendrick (Chem. Phys. Lett., 127,
125, 1986) used N:O to deactivate vibrationally excited
NCO and studied its reaction with NO in the presence of
1.7 x 10" molecule cm ™ N,O. This sets an upper limit of

16,15 NCO + CN - NCN + CO

1x10~* cm® molecule~'s~! at 295. Radical attack (OH,
for example) on N,O are generally speaking very slow.
The upper limit given here is for O + N;O and should cer-
tainly be larger than any conceivable reaction with NCO.

W. Tsang
January, 1991

Conditions Reaction rate constant Uncertainty
Reaction/reference T range/K [M] range/cm?® k/cm*molecule~s~?
Recommendation: 3x10™1 3

Comments

There are no data on the mechanism and rate constant
for this reaction. The main process is probably combina-
tion of the two radicals with a rate constant of,

k(NC+NCO—NCNCO) =
3x10"" cm®molecule ~'s™!

with an uncertainty of a factor of 3. Although NCNCO
has been synthesized (Mayer, Monatsh Chem., 101, 834,
1970) and there are structural (Hocking and Gerry, J. C.
S., Chem. Comm., 47, 1973) and vibrational frequency
(Devore, J. Mol. Spec., 162, 287, 1987) data, none of the

J. Phys. Chem. Ref. Data, Vol. 21, No. 4, 1992

more important thermochemical information is available.
Thus we are unable to estimate the conditions where
NCNCO may be stabilized. From the preparative proce-
dure one would estimate that the NC-NCO bond energy
exceeds 220 kI/mol. The reaction as written ahove is
exothermic by 215 kJ/mol. Thus the decomposition of the
hot molecule is very likely under high temperature and
ordinary pressure conditions. However at lower tempera-
tures and especially high pressures, consideration must
be given to the possibility of the stabilization of the ad-
duct.

W. Tsang
June, 1990
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16,16 NCO + NCO — N, + 2CO

Conditions Reaction rate constant Uncertainty
Reaction/reference T range/K [M] range/cm?® k/em’molecule~1s~?
Recommedation: 3x10-1 25

Comments

There are no measurements on the mechanism and
rate constant for this process. If we assume that this is a
standard radical combination processes, then there can
be little doubt that the newly formed adduct will rapidly
tecompose to form nitrogen and carbon monoxide. We
therefore recommend

170 HNCO + M= NH + CO + M (a)
— H + NCO (b)

k(NCO +NCO~N,+2C0) =
3x10~" cm’molecule~'s~!

with an uncertainty of a factor of 2.5.

W. Tsang
Jan, 1991

Conditions Reaction rate constant Uncertainty
Reaction/reference T range/K [M] range/cm® k/cm’molecule~!s~!
Wu et al. (1990) 2120-2570 0.01-0.5% HNCO 4.3 x 10~ ®exp(—39800/T) 3in 1-2x 10"
Argon. CO-laser
absorption
and H-atom ARAS
detection in seperate
shock tube experiments.
Mertens et al. (1989) 1830-3340 0.01-2.5% HNCO 1.6 x 10~ 8exp( ~43000/T") 2
in 6-9x10'® Argon 5.4 x10"(1/T)Mexp( —~ 55300/T)
NH detection via
laser absorption
at 336 nm
Kajimoto et al. (1985) 2100-2500 0.1-2% HNCO in 2.8% 10~ "exp(—48379/T) 3
2.5-7x10" Argon
HNCO disappearance
at 206 nm and NH
production at 336 nm
Recommendation: k(ONz)= 3.6 x 104(1/T)*! 2
exp(—51280/T)
k(0,C02) =5.13 X 10%(1/T)>%
exp(—51240/T)
ko = 6x10%exp(—50228/T) s~*
F.=09-2x107*T
for CO2 and N,
Comments pressure rate expression. This is compounded by the

The three different experiments using completely dif-
fcrent diagnostics are in excellent agreement. The results
are plotted in Fig. 1.

Wu et al. using ARAS detection of H-atoms also de-
tected a minor hydrogen atom channel. For most pur-
poses this is probably not very important. Since their
branching ratio originated from totally different experi-
ments we are uncertain of the accuracy. A serious prob-
lem in extrapolating these results to a wide range of
pressures is the lack of any knowledge regarding the high

main reaction channel being a spin forbidden process. In
our first attempts at modeling these reactions we found
that with reasonable step sizes and a high pressure A -fac-
tor near that for N.O there should be a marked pressure
dependence. Since the work of Mertens et al. covered a
considerable pressure range and no pressure dependence
was observed it would appear that a higher A -factor may
be more appropriate. In the present analysis we have cho-
sen a value sufficiently large so that within the experi-
mental spread of the results of Mertens et al. no pressure
effect would have been discerned and adjusted other
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parameters to reproduce their rate expression. The re-
sults of our RRKM calculations can be found in Tables 1
and 2.

It should be noted that we will in fact be over predict-
ing any pressure effect. Therefore the tables are given
merely for cautionary purposes. For most purposes it will
be sufficient to use the limiting low pressure rate expres-
sion. Due to the high activation energy of this process de-
composition can be important only at high temperatures.

Assuming that at these temperatures rate constants for
N; and CO; are factors of 1.6 and 3.2 larger than that for
argon leads to the following rate expressions:

k(O,Ny)=
3.6 X 10°(1/T)*'exp( — 51280/T )}cmm’molecule ~'s-!

k(0,COz) =
5.13 x 10*(1/T)*%exp( — 51240/T )cm*molecule ~'s ™!

with an uncertainty of a factor of 2. The assummed high
pressure rate expression is;

k. = 6x10%exp(—50228/T) s~!
and the corresponding F. values are

Fe=0.9-2x107*T

WING TSANG

for both N, and CO;. The reader is warned again that the
predicted pressure effects are rough limits and that pres-
sure dependences may not occur until much higher pres-
sures.

— == Wu

T -12.800 } - Merlens
o ~= Kajimoto
|8 \

6—-14.800}

E
()

E

(3]

X-16.8004

[« )

(<]

|

—18.800 { I
0.280 0380 0.480 0.580
1000/7 (K)

FIG. 1. Summary of data on HNCO Decomposition.

TABLE 1. log (k/k=) for the reaction HNCO—>NH +CO as a function of temperature and pressure assuming strong collisions

1900

T(K) 500 700 900 1100 1300 1500 1700 2100 2300 2500

log (density)
17 -067 -08 -098 -113 -126 -139 -151 -163 -~-174 -184 -193
17.5 -038 -051 -065 -077 -090 -102 -113 -123 -133 -143 -152
18 -019 -029 -039 -049 -060 -070 -079 -089% -—-097 -106 -—114
185 -0.08 -0.14 -0.21 -029 -036 -044 -0.52 -060 ~0.67 -0.74 -0.81
19 -003 -006 -010 -015 -020 -025 -031 ~037 —-043 -048 -—-054
19.5 -001 -002 -004 -007 -010 ~-013 -017 -020 -024 -028 -0.32
20 -001 -002 -003 -004 -006 -008 010 -012 -015 -0.17
20.5 -001 -001 -0.01 -002 -0.03 -0.04 -0.05 -007 -0.08
21 -001 -001 -002 -002 -003 -003
215 ~001 -001 -0.01
22
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TasLE 2. Collision efficiency as a function of temperature and step size down for HNCO+ M—HN +CO+M

Step size (cm™?) 200 400 800 1600 3200

Temp(K)

500 12x10°! 2,7%10"! 4.6x107! 6.5%107! 8.0x10°!
700 7.4%1072 1.8x10-! 3.6x10! 5.6%x107! 7.4%x10°!
900 5.0x10~2 1.3%x10? 29x10"?! 49x%10"! 6.8x10-?!
1100 3.6x1072 1.0x10™! 23x10°! 4.2x10-! 6.2x10-!
1300 2.6x1072 7.8x%10°2 1.9x10™! 3.7x10™! 5.7x10"!
1500 2.0x10"2 6.2x10-2 1.6x10°! 3.2x107?! 5.3x10!
1700 1.6%10-2 49x1072 13x10-! 28x10-! 48%10-1
1900 1.2x10°2 40x10"2 1.1x10°1 25%x10™! 45%10"!
2100 1.0x10~2 33x10°2 9.5%10"2 22x10°! 4.1x10-!
2300 8.2x10°3 2.8x%10°2 8.1x10°2 2.0x10-2 3.8x10-!
2500 68x10-3 23x10-3 7.0%x10~2 18x%10-2 35x10-!

References Kajimoto, O. Kondo, O., Okada, K., Fujikane, J. and Fueno, F., “Ki-

Wu, C. H,, Wang, H. T., Lin, M. C. and Fifer, R. A., “Kinetics of CO

netic Study of the Thermal Decomposition of Isocyanic Acid in

and H-atom Production from the Decomposition of HNCO in Shock

Waves” J. Phys. Chem., 94, 3344, 1990.
Mertens, J. D., Chang, A. Y., Hanson, R. K,, Bowman, C. T., “Reaction

Kinetics of NH in the Shock Tube Pyrolysis of HNCO”, Int. J. Chem.

Kin.,, 21, 1049-1067, 1989.

173 HNCO + 0 > CO: + NH (a)

—0H+NCO

(b)

Shock Waves”, Bull. Chem. Soc. Japan, 58, 346973, 1985.

W. Tsang
September, 1990

Reaction/reference

Conditions

T range/K {M] range/cm?

Reaction rate constant
k/cm*molecule ~!s—?

Uncertainty

He et al. (1991)

Mertens et al. (1991)

Tully et al. (1985)

Recommendation:

1400-2500 HNCO:NO;:Ar
0.001:.002:.997
0.001:.001:.998
0.002:.001,.997

in 1-1.3x 10'® total
pressure in shock
tube. NO, CO and
H.O by IR laser
absorption

2120-3190 0.05-0.5% HNCO and
0.074-0.253% N0 in
0.7-3.5x 10" Ar in
shock tube experiments.
Reactions followed by
thin line laser
absorption at 336 nm
(NH) and 307 om (OH).
Rate constants from
kinetic modeling.

679-741 O; (or N;O), NO

and HNCO in 6.6-26
x10' Ar. O from

157 nm photolysis of
O, and NO or 192 nm
photolysis of N.O
O(*D) quenched by Ar
O detected by
chemiluminescence
from O + NO

k,y=1.6xX10~16T 4lexp(— 4290/T)
feo=3.7x 10~ T2 lexp( ~ 5750/T)

25

ka=3.2%10~Vexp(—T150/T)
ky=2.3% 10~ exp( — 10300/T)

1.6

1.2

Ko+ ="5.4 X 10~ exp(— 5200/T)

ka=1.6X 10~ 15T 4lexp( - 4290/T)
k»=3.7x 10~ 18T exp(— 5750/T)

15at 600 K
2.5 at 2500 K
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Comments

The recent results on these reactions have led to a un-
ambiguous determination of mechanisms and rate con-
stants. The experiments involve the simultaneous
detection of reaction products. Particularly important is
the work of Mertens et al. since the NH and OH which
they monitored are initial products. The work of He et al.
is less clear cut since the compounds they monitored are
more in the nature of secondary products. The earlier
work of Tully et al. represents a highly accurate determi-
nation of the total rate constants for both channels. He
et al. has performed a valuable service in correlating all
the data within the framework of transition state theory
and the recommended rate expressions are as given by
these authors or

k.=1.6 X 10T “lexp( — 4290/T) cm’*molecule~'s~!

17,4 HNCO + H—> NH; + CO (a)
= H; + NCO ()

WING TSANG

ky=3.7x 10~ ¥T*"'exp(~5750/T) cm’molecule~'s~!

with an uncertainty of a factor of 1.5 at the lower temper-
atures and increasing to a factor of 2.5 at 2500 K.

References

He, Y., Lin, M. C, Wu, C. H. and Melius, C. F. “The Reaction of
HNCO with NO; in Shock Waves” 24th Symp. (Int’l) on Combustion,
submitted.

Mertens, J. D., Chang, A. Y., Hanson, R. K., and Bowman, C. T., “A
Shock Tube Study of Reactions of Atomic Oxygen with Isocyanic
Acid”, Int. J. Chem. Kin., submitted.

Tully, F. P,, Perry, R. A, Thome, L. R, and Aliendorf, M. D., “Free
Radical Oxidation of Isocyanic Acid” 22nd Symp. (Int.) on Combus-
tion, The Combustion Institute, Pittsburgh, Pa., 1101-1106, 1988.

W. Tsang
November, 1991

Conditions Reaction rate constant Uncertainty
Reaction/reference T range/K [M] range/cm® k/cm*molecule~'s™*
Logio K,(b) = 0.43282-2.0351 x 10%/T — 1.2095 x 105/T2+1.9367 x 107/T?
Recommendation: k. =5x10~Yexp(~2300/T) 3 > 1000
ky =4.8%10~ 1T #exp( - 8332/T) 10 at 1000 K

larger at lower temperatures

Comments

There are no direct studies on the rate and mechanism
for this reaction. There are essentially two processes, ad-
dition, followed by decomposition of the hot H,NCO rad-
ical, and abstraction of the hydrogen.

For the former, Miller etal. (20th Symp. (Int.) on
Combustion, 673, 1984) have given an estimate for the
temperature range 1100-1400 X of 333 x 107"
exp(—1510/T) cm’molec™'s™" and used it, along with
many other reactions, to model a low pressure H;-O,
flame. The results do not appear to be particularly sensi-
tive to this process. The rate expresson is close to that for
H+ketene (1.9% 10" Yexp(—1715/T); Michael etal., J.
Chem. Phys., 70, 5222, 1979) and H+HN; (2.6 x 10"
exp(—2300/T); LeBras and Combourieu, Int. J. Chem.
Kin.,, 5, 559, 1973). Our recommendation is very close to
these values or,

k(H + NHCO —» NH; + CO, NH,CO) =
5x10™"exp(—2300/T) cm’molecule's™!

with an uncertainty is a factor of 3 for temperatures
greater than 1000 K. However at lower temperatures the

J. Phys. Chem. Ref. Data, Vol. 21, No. 4, 1992

uncertainties in the activation energy can lead to very
large uncertainties in the rate constants. At room temper-
ature this may be as much as 2 orders of magnitude.
Under high pressure conditions and sufficiently low
temperatures the H,NCO radical can be stabilized. We
have carried out RRKM calculations in order to arrive at
some estimate of the relative importance of these twc
channels. These calculations are based on the reverse of
the rate expression given above or K(NH.CO — H +
HNCO) = 5 x 10" exp(—20500/T) s~* and k(NH.CC
— NH, + CO) = 10" exp(—16000/T)s™". The latter it
different from the rate expression ¥(NH.CO — NH.
+CO) = 5.9 x 10" exp(—12500/T)s™* reported by
Yokota and Back, (Int. J. Chem. Kin., 5, 37, 1973) anc
was derived from a very complex experimental situatios
and implies through the thermochemistry that the NII
addition reaction with CO proceeds with no activatior
energy. We have assigned an activation energy for thi
process that is of the same order as CH3+ CO. The re
sults of RRKM calculations assumming strong collision
can be found in Tablel. It should be noted that the stabi
lization reaction is only important at lower temperature
since at higher temperatures the stabilized molecule wil
rapidly decompose. Due to the uncertainties in the rat
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TaBLE 1. log (k(dec)/(k(dec)+k(stab))) for the reaction H+HNCO->NH,+CO (decomposition) and H-+HNCO—-NH,CO as a

function of temperature and pressure assuming strong collisions

789

T(K) 500 700 900 1100 1300 1500 1700 1900 2100 2300 2500
log(density)
17
17.5
18 .
185 -002 -001 -001 -001 -001 -001
19 -005 -004 -003 -003 -002 -002 -001 -001 -00t -001 -001
195 -013 -011 -009 -007 -006 -—005 -004 -004 -003 -003 -0.03
20 -032 -027 -023 -019 -016 -014 -012 -010 -009 -008 -—0.07
20.5 -064 -056 -048 -041 -036 -031 -027 -024 -021 -019 -0.17
21 -105 -095 -084 -075 -066 -059 -054 -049 044 -041 -038
215 -152 -140 ~1.28 -1.17 -1.07 -0.98 -0.90 —0.84 ~078 -0.73 -0.69
22 -201 -18 -176 -164 -153 -143 -135 -127 -121 -115 -109

cxpressions used in these calculation we present only the k(H + HNCO —» H; + NCO) =

strong collision values. They can serve as a basis for esti-
mating when stabilization may be important. Note that

4.8 x 10~ "T"8lexp( — 8332/T)cm*molecule 's~!

this is a maximum pressure with respect to stabilization, The estimated uncertainties are a factor of 10 at 1000 K
and the actual pressure where stabilization can occur is  and much larger at lower temperatures and is largely due
probably higher. For most purposes the recommended  to the uncertainties in the thermodynamics.

rate expression refers to the decomposition process.

‘There is also the possibility of direct abstraction. This ~ W. Tsang
can be derived on the basis of the recommendations for ~ September, 1990
the reverse reaction and leads to the rate expression,

17,5 HNCO + OH — H;0 + NCO

_ Conditions Reaction rate constant
Reaction/reference T range/K [M] range/cm® k/cm*molecule ~!s~!

Uncertainty

Mcrtens ef al. (1991) 2120-2500 300-1000 ppm HNCO; 739- < 2.5X10°2
2380 ppm N,O in shock
tube experiments with
narrow line laser
absorption detection
of NH (336nm) and OH
(307nm).

Tully etal. 624-875 OH from the photolysis 4.4 x10™ 2exp(—2790/T)

of N2O and the reaction

of O'D with H;O or HNCO
OH detection by LiF

0-6 X 10** HNCO in 1% 10"
He

Recommendation: 1.06 X 10~ 8T %exp( ~ 1290/T)

1.5

dJ. Phys. Chem. Ref. Data, Vol. 21, No. 4, 1992
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Comments

The main uncertainty is the mechanism for this reac-
tion. On the basis of determination of the isotope effect
from OH interaction with DNCO, Tully et al. suggest that
the abstraction process is the main reaction. We base our
recommendations on the work of Tully ez al. and extend
the range of applicability by assuming the standard T2 de-
pendence of the pre-exponential factor for OH reactions
and obtain

k(OH+HNCO—-H;0 +NCO)=
1.06 x 10~**Texp(— 1290/T) cm’molecule~*s~'

17,7 HNCO + HCO — NCO + H;CO

WING TSANG

with an uncertainty of a factor of 2 over the entire range
At 2200 K this leads to 2.9 x 10~ cm*molecule ~'s ! or ir
excellent agreement with the upper limit of Mertens et al

References

Tully, F. P., Perry, R. A,, Thorne, L. R. and Allendorf, M. D., “Frec
Radical Oxidation of Isocyanic Acid” 22nd Symp. (Int.) on Combus-
tion, The Combustion Institute, Pittsburgh, Pa., 1101-1106, 1988.

Mertens, J. D., Chang, A. Y., Hanson, R. K., and Bowman, C. T.. “A
Shock Tube Study of Reactions of Atomic Oxygen with Isocyanic
Acid”, Int. J. Chem. Kin., submitted.

W. Tsang
September, 1990

Conditions Reaction rate constant Uncertainty
Reaction/reference T range/K [M] range/cm® k/cm*molecule ~1s~!
logio K, = —0.5466-5.9376 X 10°/T +1.8784 x 105/T2-3.1487 x 107/T*
Recommendation: 5% 10~ Zexp(—13100/T) 10

Comments

There are no data on the mechanism and rate constant
for this reaction. From our estimated rate expression for
the reverse reaction we find

k(HNCO + HCO—>NCO + H:CO) =
5% 10~ 2exp( — 13100/T)cm’molecule ~'s~?

17,15 HNCO + CN — HCN + NCO

The large activation energy is reflective of the endother-
micity of the reaction. When this is coupled with the in-
stability of the formyl radical, it is unlikely that this
reaction will be of importance in any application. We as-
sign an uncertainty of a factor of 10 for temperatures in
excess of 600 K.

W. Tsang
January, 1991

Conditions Reaction rate constant Uncertainty
Reaction/reference T range/K [M] range/cm?® k/cm’molecule~!s~!
Recommendation: 25x10-1 3
Comments (Sims and Smith, J. Chem. Soc., Faraday Trans. 2, 84,

There are no data on the rate constant for this reac-
tion. Considering the exothermicity of the reaction the
rate constants must be large. A lower limit is set by the
less exothermic reaction of

k(CN+NH;5)=3x10"" cm’molec™'s"!

J. Phys. Chem. Ref. Data, Vol. 21, No. 4, 1992

527, 1988. After taking into consideration the three avail-
able hydrogens in ammonia, we recommend

k(CN + HNCO — HCN + NCO)=
2.5x 107" cm®molecule's™!

with an uncertainty of a factor of 3.

W. Tsang
January, 1991
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17,17 HNCO + HNCO — CO, + HNCNH

Conditions Reaction rate constant Uncertainty
Rcaction/reference T range/K [M] range/cm® k/cm®molecule~'s—!
He ef al. (1991) 873-1220 0.15,.60,.90% in 1.1X 10~ Pexp( — 21240/T) 2
7.5% 10" Ar. Static
reactor. Final products
CO, CO,, HCN, NH,3
and HNCO by FTIR
Recommendation: 1.1x 10~ Bexp(—21240/T) 2800-1300
increasing to
5 at 500 K
and 3 at
2000 K
Comments

The recent work of He et al. provides striking evidence
for a bimolecular channel for HNCO decomposition.

Since CO; is the initial product and it is not formed via
any of the subsequent processes, the derived rate expres-
sion should he quite accurate.

References

He, Y., Liu, X. P., Lin, M. C. and Melius, C. F., “The Thermal Reaction
of HNCO at Moderate Temperatures”, Int. J. Chem. Kin., in press.

W. Tsang
September, 1991

4. Thermodyanamic Data

logo[K,,CN]=5.0873 —2.12995 x 10%T —2.33218 x 10%/
T2+3.66103 % 107/T3
logi[K,,NCO]=1.57379 — 8.3795 x 10*/T —4.9539 x 10%/
T2+2.1012 x 10573
logi[K, , HNCO] = —2.01827 + 5.6649 x 10%/T — 1.15892
x 10%/T%+1.33608 x 107/

5. Transport Properties
(Lennard-Jones Potential)
for Unimolecular Reactions

Substance o{Angstroms) ek K
Argon 3.542 933
Helium 2.551 10.22
Krypton 3.655 178.9
Neon 2.82 328
Air 3711 78.6
Carbon Monoxide 3.690 91.7
Carbon Dioxide 3.941 195.2
Hydrogen(H>) 2.827 59.7
Nitrogen(N;) 3.798 711
Oxygen(O2) 3.467 106.7
Water 2.641 804.1
Cyanogen 4.361 348.6
NCO(estimated) 4.0 300
HNCO(estimated) 4.15 320

Reid, R. C,, Prausnitz, J. M. and Poling, B. E., “The Properties of Gases
and Liquids™ McGraw-Hill Book Company, New York, 1987 except es-
timated values.
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