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Chemical Kinetic Data Sheets for High-Temperature Reactions. Part Ii
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Rate coefficient measurements for over fifty gas-phase bimolecular reactions
were critically evaluated and compared to theoretical calculations. The results of
this work are summarized here in forty-nine Data Sheets, one sheet for each reac-
tion or set of reactions of a single pair of reagents. The reactions chosen are of in-

" terest in propulsion, combustion, and atmospheric chemistry. Each Data Sheet
consists of two pages that include a brief resumé of the important experimental mea-
surements and theoretical calculations, a graphical presentation of the data, a rec-
ommended rate coefficient expressed as a function of temperature, k(T) =
AT"exp(—B/T), with probable uncertainty limits, a discussion of the basis for the
recommendation, an equilibrium constant and a rate coefficient for the reverse re-
action where applicable, and pertinent references.

Key words: atmospheric chemistry; chemical kinetic data; combustion chemistry; data compilation and
evaluation; propulsion chemistry; rate coefficient; rate constant; reaction rate; review.

Contents
1. Introduction........oevvierieieinnnnecrseens 1211
2. Acknowledgements ..............coiiiinn 1212
3. References.......ooveiiieiiiiniieennennnnns 1212
4, Data Sheets . ..oovvviririnirereninnncssanas 1212
4.1 List of Data Sheets. ........coeeviivennns 1212
42 Data Sheets....cvvvrvinnerreneennnees 1214

I. Introduction

In a previous paper' we presented Chemical Kinetic
Data Sheets for twenty-seven gas-phase reactions, to-
gether with a discussion of the procedures used in evalu-
ating the data and arriving at the recommended rate
expressions.

In this second compilation, we present an additional
forty-nine Data Sheets for as many gas-phase bimolecular
reactions (or sets of reactions of the same reagents lead-
ing to different products). The reactions fall into three
categories: (1) reactions of O atoms with alkanes; (2) re-
actions of OH radicals with haloalkanes; and (3) reac-
tions of importance in the O/NHj system. The process of
evaluating these reactions and preparing the Data Sheets
resulted in the generation of a good deal morc material
than could be fitted into the concisely formatted Data
Sheets themselves, and consequently separate journal pa-
pers were prepared and published.>***S These studies
are cited individually in the appropriate Data Sheets.

©1991 by the U.S. Secretary of Commerce on behalf of the United
States. This copyright is assigned to the American Institute of Physics
and thc American Chemical Society.
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A detailed guide to the use of the Data Sheets was pub-
lished in Ref. 1 and should be consulted. Here only the
salient points are noted.

Reaction Title. Titles for elementary reactions are al-
ways written in the exothermic direction. A double arrow
in the title indicates that an equilibrium constant and re-
verse rate coefficient are also recommended. A single ar-
row indicates that a reverse rate coefficient is not
recommended. This can be for one of two reasons: (1) the
reverse reaction is sufficiently endothermic that it will
never be important; or (2) the forward rate coefficient is
the sum of rate coefficients for more than one elementary
reaction. In the latter case, the rate coefficient is identi-
fied as ka; otherwise, forward rate coefficients are ki, k2,
etc., and reverse rate coefficients (endothermic direc-
tion), k-1, k-2, etc.

Thermochemical Data. In most cases, enthalpy of for-
mation and entropy data are taken from the JANAF
Thermochemical Tables, 3rd edn.” An equilibrium con-
stant has been calculated from those data for all reactions
identified by a double arrow (see preceding paragraph).
Following the identification of data sources, a statement
is given describing how well this equilibrium constant ex-
pression fits the calculated data (typically within 5 to 10%
over a temperature range of 298 to 3000 K). This state-
ment of accuracy ol fit has no relation w the accuracy of
the calculated values of K(T') themselves. The analytic
expression of K in the form K(T) = AT exp(—B/T) is
given above the graph of the experimental data, together
with an estimate of the uncertainty in log K(7'). This un-
certainty is estimated from the uncertainties in AH5s and
in AS%s. The uncertainty in X(7') at low temperatures is
due principally 1o the uncertainty in AH5g; at high tem-
peratures it is due to uncertainties in S and C,.

Measurements/Graph. Each Data Sheet contains a
graph on which either log k or log k-; is plotted vs

J. Phys. Chem. Ref. Data, Vol. 20, No. 6, 1991
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1000/T. The graph includes the recommended value(s)
and those experimental data thought to be the most accu-
rate and precise. For a well-studied reaction, the stan-
dard for accuracy is higher than for a less well-studied
reaction. In some cases, experimental data have been re-
analyzed, and the reanalyzed data are plotted on the
graph. The Measurements section of the Data Sheet gives
the reasons for preferring some measurements to others,
as well as the reasons why some of the data may have
been reanalyzed. At the bottom of the graph is a date that
indicates when the literature search was concluded.

Calculations . In the present state of chemical kinetics,
a good measurement is superior to the best calculation.
Calculations are valuable, nonetheless, for extrapolating
experimental data to temperatures for which no measure-
ments exist; for evaluating experiments of dubious valid-
ity; or for estimating rate coefficients for homologous,
unmeasured reactions.

We routinely compare measured rate coefficients to
our own transition-state theory (TST) calculations. TST
is applicable to reactions that occur on a potential energy
surface (PES) that has a single saddle point separating
reactants from products. Among other things, use of TST
requires information about the shape of the PES in the
vicinity of the saddle point as well as the height of the
saddle point, which is often termed the classical barrier to
reaction. The equations of TST are given in Ref. 1; below
we summarize the assumptions we routinely make in ap-
plying these equations to reactions for which there is little
information about their PES.

As has been pointed out many times, TST is basically
a classical theory, accurate only if all trajectories cross the
saddle point only once and if quantum mechanical effects
such as tunneling are unimportant. A correction factor, «,
called the transmission coefficient, is added to the theory
toaccount for trajectories that cross the saddle more than
once, for quantum mechanical tunneling, and for other
quantum effects not accounted for by the substitution of
quantum-mechanical partition functions for the classical
ones in terms of which the theory is formulated.

One of the principal difficulties in using TST is a lack
‘of a general procedure for calculating k. We assume in
our calculations that x has the form x = exp(C'/T),
‘where C’ is a constant. This assumption is equivalent to
assuming that- tunneling, barrier recrossing, and other
nonidealities together lower the effective reaction barrier
without changing the shape of the PES in the vicinity of
the saddle point. This assumption appears to account ac-
curately (i.c., with £25% for 1000 < 7/K < 200) for tun-
neling and other quantum effects in the H + para-H, —
ortho-H; + H reaction calculated on the surface of
Porter and Karplus,® but it is unlikely to be valid for all
reactions. For this reason, we usually use TST calcula-
tions to extrapolate data to high temperatures where
quantum effects are less important, rather than to lower
temperatures, where tunneling could be extensive. As is
explained in Ref. 1, the effective barrier height is derived
from measured values of the rate coefficient. (In our for-
mulation of TST, the effective barrier = AH§ — RC’,
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where R is the gas constant and AH} is the enthalpy of
activation at zero kelvin.) The shape of the PES is esti-
mated so as to be maximally consistent with experimental
data and with ab initio calculations or sound chemical
principles.

 Occasionally, the experimental data suggest that the
simple expression k = exp(C'/T) may be inadequate at
low temperatures. In such cases we used instead k =
Texp(C"/T), where C" is a constant and I' is an explicit
tunneling correction. We have used either the Wigner or
the Eckart correction, choosing the one that-better ex-
plains.the data.

In spite of its uncertainties, TST is useful in extrapolat-
ing and evaluating data because rate coefficients calcu-
lated with it often depend only weakly on the exact shape
of the PES near the saddle point. An imperfect TST cal-
culation will usually be.more reliable than the simple two-
parameter Arrhenius expression commonly used in the
past. ‘

Recommended Rate Coefficients and Uncertainties . Rec-
ommended rate coefficients are always expressed in the
form k = AT"exp(—B/T), where 4, n, and B are con-
stants. The quotient of forward and reverse rate coeffi-
cients is taken to be equal to the equilibrium constant for
the reaction: ki/k-1 =. K(7'). The uncertainties assigned
to the logarithms of the recommended rate coefficients
are subjective, rather than statistically precise, because
systematic errors in chemical kinetics are almost always
larger than the statistically calculable random errors.
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4. Data Sheets
4.1 List of Data Sheets

1. OH + CH; = O + CH,
2. O + CGHs —» OH + GH;s
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+ C3Hg 4 OH + C3H7

+ CsHio — OH + CiHy

+ GHi, —» OH + GHy,

+ C¢His —» OH + CeHpis

+ CHis — OH + CHjs

+ CgHis —» OH + GgHy,

+ i-CiHypo — OH + CHs

+ (CH3)4C — OH + GCHj; .
O + (CHs)zCHCH(CHg)z — OH + C¢His
O + (CH;);CC(CHs); — OH + CsHyy
O + C-CsHm — OH + C_sH')

O + ¢-CHp — OH + CHu

O + ¢-CHys — OH + CHis

CO0O00000O0

OH + CH:F — CHF + H,O
OH + CH,F; —» CHF; + H,O
OH + CHF; —» CF; + H,0O

OH + CH;Cl —» CH,Cl + H;O
OH + CH:Cl, - CHCL;, + H,O
OH + CHCl; — CCl; + H;0.
OH + CH;Br - CH,Br + H,O
OH + CH.CIF — CHCIF + H,O
OH + CHCIF, — CCIF; + H;O
OH + CHCLF — CCIL,F + H;O
OH + CH;CH.F — CGHF + H,O

27.
28.
29.
30.
31.
32.
33.
34,
35.
36.
37.
38.
39.
40.
41.
42,
43,

44,
45.
46.
47.
48.
49.

OH + CH3CH2C] i d C2H4C1 + Hzo

OH + CH:CHF,; —» GH:F;, + H,0O

OH + CH;CHCL, — CH;Cl + H,0

OH + CH,FCH,F — CH,FCHF + H;O
OH + CH;BrCH;Br —» CH;BrCHBr + H.O
OH + CH,FCHF: — CH,F; + H;0O

OH + CHCICHCl; —» C;H.Cls + H,O
OH + CH;FCF; — CHFCF; + H,;O

OH + CH,CICF; — CHCICF; + H,O
OH + CH:CICF,Cl — CHCICF;Cl + H,O
OH + CHFzCHFz d CHF:CF: + H;O
OH + CHF.CF; —» CF,CF; + H,0

OH + CHCIFCF; — CCIFCF; + H,O
OH + CHCLCF; —» CCLCF; + H,0

OH + CH;CF; —» CH,CF; + H,O

OH + CH;CFCl —» CH,CFCl + H;O
OH + CH;CCl; - CH.CCl:; + H:0

OH + NH; —» NH; + H,O
OH + NH; —» NH + H,O
OH + NH = Products
OH + NH; = O + NH;
O + NH; = Products

O + NH — Products

J. Phys. Chem. Ref. Data, Vol. 20, No. 6, 1991
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= -11.6 ¢ 1.4 kJ mol™! (-2.8 keal mol™})

4,2, Data Sheets

OH + CHy; = 0 + CH,

o _
85798

K(T) = 1.43 x 1072 exp(1580/T)
The uncertainty in log K is $0.3 at 298 K, decreasing to +0.1 at 2000 XK.

-30.6 ¢ 1.3 J mol k™1 (-7.3 cal mo1~lx"1y

300

. SYMBOL

REF.

OEhUWO N

I T

Units

L mo1~ls7!

em® molecule ts™l

L mo1~ 11
1_-1

T (K) T (K)
2000 1000 700 500 400
I | | I T
-
h
- 8
O
10
X
L o 7
- | U@( ‘o o~
T Ten
T 5
2 XN O =
— L - 6
~ T
x X =
g 9. X g
X
X
- S
%
SYMBOL REF. v >><<
- + 2
X 3
A 4 )g Low-temperature data
v 5 + with filled symbols
- a 6 4 may not be accurate;
I see text.
+
| s
8 ] i | % I S S A M
.4 .6 .8 1.0 1.2 1.21.41.61.82.0 2.2_2.4 2.6 2.83.03.23.4
1000/T 1000/7
RECOMMENDED RATE COEFFICIENTS
k K(T) Range k(298)
Ky 70 122 exp(-2240/T) 298 - 2500 X 1.1 x 10%
1.16 x 10719 122 oyp-2240/T) 1.8 x 1077
13 4.9 x 103 72-2 exp(-3820/T) 298 - 2500 K 4 x 103
8.1 x 10718 12:2 oy (-3820/T) 7 x 10718

Uncertainty in log kq:

between 600 and 1500 K, increasing to 10.5 at 298 K and 40.3 at 2500 K.

log k-l and log K(T).

0.2 between 700 and 1500 K, increasing to +0.6 at 298 K and +0.3 at 2500 X.
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The uncertainty in log k

1

Uncertainty in log k_l:

em® molecule ls

+0.15

reflects uncertainties in both
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OH + CHy 2 0 + CHy

THERMOCHEMICAL DATA

Thermochemical data were taken from the JANAF Thermochemical Tables 3rd ed. (1985), except that the enthalpy of formation of
CH3 at 298 K was taken to be 146.9 + 0.7 kJ mol‘1. in accordance with recent measur-ements" . The analytical expression chosen for
K(T) matches equilibrium constants calculated from the above data to within 7% between 298 and 2500 K.

MEASUREMENTS

There are no reported measurements of k;, only of k_;, the most direct and precise of which are the most reoent.z’u Felder and
E‘ont:ijn2 used pulsed or flash photolysis at 420-1670 K with O atom detection by resonance fluorescence or O/NO chemiluminescence.
Sutherland et al‘.3 used a shock tube at 763-1755 K with O atoms produced by flash photolysis and detected by resonance absorption.
Klemm et al.’ used discharge flow/resonance fluorescence at 548-1156 K and flash photolysis/resonance fluorescence at 424 and
520 K. As the graph shows, the values of k_; from these three studies are in accord. In two conventional shock tube studiess'6 K_q
was determined from 1200 to 2250 K. These determinations are less direct than those of Refs. 2-Y4, but are included on the graph
because they are the best measurements above 1755 K. Three other detez‘minations"'9 of Kk_j are neither plotted nor used in this
evaluation because the reported values depend on many uncertain assumptions about the rates of competitive reactions.

In five studiesw_w O was mixed with CHy, and the fractional decrease in (0] was measured after a set time, which was always
longer than the mixing time. k_1 can be derived from such data if it is known what fraction of the atomic oxygen disappeared by
reaction with methane and what fraction by other, secondary reactions. Cohen‘|5 recently formulated a chemical model for methane
oxidation and determined the fraction (1‘/m) of atomic oxygen that reacted with methane in several of the experiments reported in
Refs. 10, 13, and 14. These values of m were used to derive the values of k_; that are plotted on the graph. In general, the lower
the temperature, the larger the value for m. At the lowest temperature, 298 K, m is both large and uncertain, and the plotted
values of k_; are more likely to be too large than too small. Cohen did not reanalyze all the measurements of Ref. 10 nor any of
the measurements of Refs. 11 and 12 primarily because too little information was given. Barassin and Comk:roum'eu16 determined k_q
between 354 and 443 K; although they published too little information for us to assess the probable accuracy of their results their
values for k_; are plotted on the graph inasmuch as all determinations of k_; in the vicinity of 354 K are only approximate.

CALCULATIONS

Several transition-state-theory (TST) calculations17 were performed to extrapolate the reliable measured rate coefficients
between 500 and 2250 K to higher and lower temperatures, where the data are either sparse or uncertain. The structure of the
transition state was chosen, insofar as possible, to be in accord with ab initio calcula'r.ions.18 and with the measured values of k_4
between 500 and 2250 K. A complete description of the TST calculations is given in Ref. 17. A calculation with the Wigner
tunneling correction gave k_y = 4.9 x 103 12:2 exp(-3820/T) L molls™! 250 5 T ¢ 2500, which matches experimental data above 500 K
and is in accord with the sparse, uncertain data at lower temperatures. Calculations with a one-dimensional Eckart potential gave
largor values for k_; below 500 Ky at 298 K, the Wigner oorrcotion givee ko - I 103, vhile the Eckart oorreotion gives
1.7 = 10“. The Wigner tunneling correction, like all simple tunneling corrections, is imprecise, but the one-dimensional Eckart
correction gives too large a correction and hence provides an upper limit to the true value of the rate coefficient.

DISCUSSION

The recommended expression for K_q, k_y = 4.9 x 103 12 2exp( 3820/T) L mol™'s™1, 298 5 T £ 2500 K, is the one calculated using
TST with a Wigner tumneling correction. As can be seen from the graph, this recommendation gives values of k_q that match the
experimental data hetuween S00 and 22501 K and are in acrord with the sparse, uncertain data at lower tempsratures. No reecmmendation
is made for k_; below 298 K because the tunneling correction becomes large and uncertain.
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O + CHg » OH + C,H,
HDgg = -8.0 ¢ 2 kJ mo1™! (-1.9 keal mol™) 8855 = 40.7 £ 4 9 mo1™! K71 (9.7 cal mo1”! K1)
KT = 1.1 % 109 723 exp(110/T)

The uncertainty in log K is #0.6 at 300 K, decreasing to #0.3 at 1500 K.

T (K)
12 2000 1000 700 500 400 300
R 1 [ | T [ | -9
1 THIS RECOMMENDATION 7
k’_‘ ~ —1-10
r -
ol \d .
L - =11
- - 7 T
;“" 9l 1 g
. | d-12 '»
e ]
:E 1 £
:} - o 15
— 8 — %
— [
g —-13 2
- 1 2
on
- — =2
7 |- .
B SYMBOL _1-14
v
H— v ]
- X —
6l g 4
~ + . — =15
L o X -
5 | [ | | | | ! .
0.0 .5 1.0 1.5 2.0 2.5 3.0 3.5 4.0
1000/7
RECOMVENDED RATE COEFFICIENTS
K k(1) Range k(298) ) Units
* 101 - 10710 4625 p( 1u0/m) 298 1300 K 6.6 ~ 109 L mo1"ts™1
1.8 « 10731 16.5 exp(-140/T) 1.1 = 10715 om3 molecule™Ts™!
2.6 x 10'2 exp(=7010/T) 13003000 K Lmor! 7!
5.3 x 1079 exp(~7010/T) end molecule™ s~
K 1.0 x 10719 78-8 expeo50,m) 298-1500 K 256 Loo1's™!
1.7 = 10790 78.8 ey 250/7) 1.3 x 10719 em3 motecute”'s™!

Uncertainty in log Kqi: 0.4 for 298 < T/K < 1300, increasing to :0.5 at 3000 K. Uncertainty in log k_y: 20.7 at 298 K, decreasing
to #0.5 at 1500 K. This uncertainty reflects uncertainties in both log ky and log K(T).

May 1991

J. Phys. Chem. Ref. Data, Vol. 20, No. 6, 1991



CHEMICAL KINETIC DATA SHEETS FOR HIGH-TEMPERATURE REACTIONS

0 + CoHg + OH + Cohg

THERMOCHEMLUAL. DATA

Thermochemical data for CoHg (ethane) were taken from Stull et al.' Data for O and OH were taken from JANAF Thermochemical
Tables, 3rd edn. (1985). AH.fggs for CyHg {ethyl) was taken? to be 119 kJ mol™'; 5395 (247.5 3 mo1™! x™1) and Cp were calculated
using vibrational frequencies given by Pacansky and Schrader3 and assuming free internal rotation. The analytic expression chosen
for K(T) matches equilibrium constants calculated from these data within 8% between 300 and 1500 K.

MEASUREMENTS

As in the case of the reaction of O + CHy, the measurement of k; is complicated by the frequent presence of secondary
reactions involving the products OH and CZH5 wWith one or both of the reagents; and by trace impurities, such as CZHH' in the
CoHg.  Bxcept. for the most recent :atudy.‘4 the room temperature measurements>~ 7 provide insufficient information to assure the
reader that these complications were avoided or accounted for. The reaction has been studied in three different regimes: (a)
(0], = [CoHglys  (B) (0], << [CoHgly; or (e) [0], >> [CoHgl,. In case (a), the stoichicmetry, which varies with [Cl:{CoHg), T,
ond cxtont of rcaction, muct be determined from product analysis in order tn relare the experimentally measured disappearance of
either reagent to the elementary rate coefficient k. 1In case (b), [CyHgl/LOJ wust exceed S00 2t 300 K for the reaction of OH
with O to contribute less than 10% to the rate of O disappearance; under these conditions impurities become a prime concern. At
higher temperatures secondary reactions are relatively slower and therefore less important. Ref. 5 used method (b) in a
stationary cell with mercury-sensitized photodecomposition of Ny0 as an O atom source and measured rates by competition with the 0
+ C4Fg reaction; Ref. 6 used method (a) in a discharge flow system with EPR detection of O atoms; Ref. 7 used method (a) in a flow
system with gas chromatographic analysis of products. Ref. 8 used method (¢) at temperatures between 336 and 95 K for the
analogous reaction O + CZHSD + OH (0D) + CoHyp (CZHS) in a flow sytem with mass spectrometric monitoring of the alkane; their
precision is greatly limited by the small amount of alkane consumed during the reaction. Method {c) was also used by Caymax and
Peetersg at 600-1030 K with a discharge-flow technique and their work seems to be free of unaccounted for complications. Tanzawa
and Klemn'® measured kq over Y416-1048 K using a discharge flow technique with CoHg in excess and obtained somewhat larger values
(a factor of 2.5 at 600 K) than reported in Ref. 9; at the reported ratiocs of [CoHgl:[0] greater than 1000 the technique should
have been free from secondary reactions, but full experimental details have not been published. Mahmud, Marshall, and Fontijn"
uged methad (B) in 2 high-temperature flow reactor at 300 ¢ T/K < 1270. producing atoms by flash Dhotolysis of either On or COn
and atomic resonance fluorescence to monitor [0] decay. They fitted their data by ky = 1.1 10~10 76‘5 exp(~138/T) L mol", with
log kq(298) = 5.92 + 0.12. Other work has been reviewed in Refs. 11 and 12. ’

CALCULATIONS

Transition-state-theory calculations assuming a Wigner tunneling correction, described in detail e).sev'n'uu‘e13 could not match
the experimental data of Ref. 4: the problem is the ’l'é‘5 preexponential temperature dependence, which produces a curvature in the
plot of log Ky vs. 1/T that is much larger than usual. The same TST calculations with an Eckart tunneling correction (s = 1600i
cm'1; V; = 50.21 kJd/mol, Vy = Vy + AHS 8 = 58.21 kJ/mol) fit the experimental data within experimental error. The TST-Eckart
results are described by ky = 7.3 x 10 159 exp(440/T) L mo1™! 57! for 298 < T/K < 1000; and by 2.6 x 10'2 exp(=T010/T) for
1000 < T/K < 3000. The calculations cannot be satisfactorily fitted by a three-parameter expression of the form AT'exp(-B/T) aver
the entire temperature range of 298 < T/K < 3000.

DISCUSDION

'rhe_ large extent of curvature in the log k vs. 1/T plot of the results of Ref. 4 is puzzling in that it is not consistent
with the behavior of other O + alkane reactions, all of which we have been able to fit by a TST model with a Wigner tunneling
correction. We recommend the empirical fit to the results of Ref. 4 for 298 < T/K < 1300: ky = 1.1 « 10710 16.5 exp(=-140/T)
Lme1=! 571, 1f an analytic cxprcosion is required for higher temperatures, we recommend the fit to the TST/Bekart calculationa
described above: 2.6 » 10’2 exp(~7010/T) L mot”™! 571 for 1300 < T/K < 3000, with an uncertainty in log ky of :0.5. The large
degree of curvature in the log k vs. 1/T plot could be due to quantum mechanical tunneling, but other explanations are
possmle.”4 Clearly, further theoretical and experimental work are needed before the tunneling -explanation and the low-
temperaturq data can be accepted without reservation.
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1218 N. COHEN AND K. R. WESTBERG

O + C4Hy » OH + CzH,

0 + CaHg —1+ OH + n-Cqny BSg = -11.6 + 6 kJ mol™!(~2.8 keal mol™!)
88355 = 37.7 £ 4 3 mo1™! x71 (9.0 cal mor™! k71
0 + C3Hg Zaon 4 i-C3Hy AHg98 = -25.4 £ 4 %J mol™! (~6.1 keal mol™l)
85950 = 32.2 £ 4 J wol™t K71 (7.7 cal mo1”! x71)
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N 0.76 T3*5 exp(~1280/T) 298-2000 K 4.0 x 10° L mo1”ls™!
1.3 x 10721 73+5 exp(-1280/T) 6.6 x 10713 cn? molecule™s™!
ko /k 0.15 01 exp(1170/T) 298-2000 K 13 -
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Uncertainty in log k,: +0.3 throughout temperature range. Uncertainty in log kz/klz +0.5. Expressions for K, k-—l and k_, are

not given because the reverse reactions are unlikely to be important at any temperature.
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CHEMICAL KINETIC DATA SHEETS FOR HIGH-TEMPERATURE REACTIONS 1219

A
0 + CSHS—-‘P 03H7 + OH

THERMOCHEMICAL DATA

The title reaction represents the sum of two elementary reactions:

0 + Cqfg -1 on + énzcnzcn3 [n-propyl]

0 + CyHg ==+ OH + cuaéucuz [i-propyl]

Thermochemical data for QO and OH are from the JANAF Thermochemical Tables, 3rd edn. (1985). AHfggg(C3H8) and 5(2’98((:3!{8) are
taken o be'>? -3.93 k1 wol~! ana 15.42 3 woi~'x"!, respectively. Tnermochemical data for che two propyl radicals are subjecr Co
some uncertainty. We accept Aﬂfggs(n—c3}{7) = 94.6° and ABfZQB(i-C3H7) - 80.8% kJ mo1 k. However; the former may be too low.>
Entropies were calculated by group additivity, assuming no barrier to internal rotation about the @ C-C bond in n—C3H7(6) and 8
kJ/mol in the i-CsHy radical,’ yielding s‘z’gs(n-c3n7) = 282.4 and 5‘2’98<1—C3H7) = 279.5 mor"!x7L, Analytic expressions for K(T)
have not been calculated because the reverse reactions will, under all conditions of practical interest, be slower than the

competing radical recombination reaction (OH + C3H7 > 63H70H).

MEASUREMENTS
There are no separate measurements of kl and k2' only of their sum, kA' 0f the measurements of kA at or near Toom
cemperature,s—“ the most reliable is that of Ref. 11, carried out in a flow tube with O atoms produced by passing purified Ny

through a microwave discharge and then titrating the N atoms with NO. Measurements were made by two methods. With method 1,
[0]0/[03H8]° =1 and k, was determined by measuring propane consumption gas chromatographically. This procedure required knowing
the stoichiometry, which varied with the initial ratio of reactants. With method 2, (O]o”CJHSIo = 150 - 250, and k, was
determined by monitoring O atom consumption. This gave kA(303) = (4.0 + 0.5) x 106 L mol_ls_l, compared to method 1, which gave
k(306) = (4.9 = 0.8) x 108, 0f these two techniques, method 2, and hence the smaller value for k,, is preferred.

Of the higher temperature studies,12’13 that by Azatyan et al. was obtained from ignition limits, a generally unreliable
technique. That by Tanzawa et al., obtained by discharge flow-resonance fluorescence, has not been published in sufficient detail
for full evaluation. However, in view of the acceptable results for O with other alkanes from the same laboratory (see data

sheets for O + CHy and 0 + (CH3)4C) we consider the results of Ref. 13 to be provisionally reliable.

CALCULATIONS

Separate transition-state-theory (TST) calculations were carried out for the attack on the primary and on the secondary H
atoms. This requires separate values for k,(298) and k,(298), the rate coefficients for O attack on primary and secondary H atoms
at 298 K, respectively. Because the best experimental value!! for ky at 298 X is 5 to 20 times larger than the rate coefficient
at the same temperature for 0 + CZHG' it was assumed that kA(298) is essentially a measure of k2(298). k1(298) was calculated
assuming an activation energy the average of the activation energies for the O + CyHg and O + neo-CSle reactions (see data sheets
for those reactions). For additional details see Ref. 14. The resulting values of k) and k; calculated separately were added
together to give k,(T), which could be expressed by k, = 0.76 13-5 exp(~1280/T). According to this model, k,/k, is approximately
13 at 298 K, decreasing to approximately 0.6 at 2000 K. Another TST calculation has been described by Michael et a1, 1®

DISCUSSION

Because . there are no measurements above 1000 K, we rely on the TST calculations for extrapolating k, to higher
temperatures. The calculations in turn depend sensitively on the choice of kA(ZQS); cousequently the spread of results near room
temperatures is a matter of concern. Although the low temperature values of ky are not sensitive to the contribution from ki, the
high temperature values are. Because the value assumed for ky depends on the chofice of value for k(298) for the 0 + C2H6
reaction, it reflects uncertainty in that number. That the chosen model fits data for O abstraction from higher alkanes supports
its validity, and consequently the accuracy of the high temperature extrapolation. We therefore recommend the expression obtained
by TST calculation: k, = 0.76 T13+3 exp(-1280/T) L mol~ls™! between 300 and 2000 K, with an uncertainty in log k, of 0.3
throughout the temperature range.

References

1. Jo Do Cox and G. Pilcher, Thermochemistry of Organic and Organometallic Compounds (Academic Press, London, 1970), p. 141.
2. D. R. Stull, E. F. Westrum, Jr., and G. C. Sinke, The Chemical Thermodynamics of Organic Compounds (Wiley, 1969), p. 244.
3. H. E. O'Neal and S. W. Benson, in Free Radicals, Vol 2, J. K. Kochi ed. (Wiley, 1973), p. 275.

4. R. R. Baldwin, R. W. Walker, and R. W. Walker, J. Chem. Soc. Faraday Trans. I, 76, 825 (1980).

5. W. Tsang, Int. J. Chem. Kinet. 10, 821 (1978).

6. J. Pacansky and W. Schubert, J. Chem. Phys. 76, 1459 (1982).

7. 8. W. Benson, Thermochemical Kineties, 2nd edn. (Wiley, 1976).

8. D. Saunders and J. Heicklen, J. Phys. Chem. 70, 1950 (1966).

9. L. Stockburger, I11, and J. Heicklen, J. Am. Chem. Soc. 93, 3331 (1971).

10. A. B, Harker and C. S. Burton, Int. J. Chem. Kinet. 7, 907 (1975).

11. S. P. Jewall, K. A. Hnlhrook, and G. A. Olderchaw, Int. J. Chem. Kinet. 13, 69 (1981).

12. V. V. Azatyan, A. B. Nalbandyan, and M. Y. Ts'ui, Dokl. Akad. Nauk Arm. SSR 36, 23 (1963), as in Chem. Abst. 59, 220le (1963).
13. T. Tanzawa, D. G. Keil, and R. B. Klemm, Amer. Chem. Soc. 2nd Chem. Congress, Las Vegas, Aug. 1980, abstract 7280,

14. N. Cohen and K. R. Westberg, Int. J. Chem. Kinet. 18, 99 (1986).

15. J. V. Michael, D. G. Xeil, and R. B. Klemm, Int. J. Chem. Kinet. 15, 705 (1983).

J. Phys. Chem. Ref. Data, Vol. 20, No. 6, 1991



1220 N. COHEN AND K. R. WESTBERG

0 + CHy,o = OH + CH,

0 + Cyfljg —* OH + n—CyHg BHQoe = =11.3 % 6 kJ mol™l  (-2.7 keal mo1”h)
85905 = 43.6 % 8 3 mol ™1l (10.4 cal mol7lk™1)

0+ C4Hjp 2y on + s=C4Hg AHgg8 = -28.9 + 7 kJ mol™! (-6.9 keal mol™)
8555, = 38.4 + 8 J mo1"'k™! (9.4 cal mor'k7)
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RECOMMENDED RATE COEFFICIENTS
k k(T) Range %(298) Units
ky 4.7 x 1072 13+9 exp(-780/T) 250 ~ 2000 K 1.6 x 107 L mo1"ig7!
7.8 x 10723 13:9 oxp(-780/T) 2.6 x 10714 cm> molecule™ls™!
ko/ky 8.7 x 1072 10:2 exp(1470/T) 298 - 2000 K 35

Uncertainty in log ks: 20.2 at 298 K, increasing to 0.3 at 2000 K. Uncertainty in log kzlk1= $0.3 near 298 K, increasing to
10.5 at 2000 K. Expressions for K, k_y and k_; are not given because the reverse reactions are unlikely to be importamt at any

temperature.
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CHEMICAL KINETIC DATA SHEETS FOR HIGH-TEMPERATURE REACTIONS 1221

A
0 + Cyfiyg 2> OH- + Cyflg

THERMOCHEMICAL DATA

The title reaction represents the sum of two different elementary reactions:
0 + CyHyg -1 oon 4 n~CyHg (n~CyHy is 'CH2CHZCHZCH3)
s OH + s~CyHly  (s~CyHly is CHaCHCHCH,)
Thermochemical data for O and OH are from JANAF Thermochemical Tables, 3rd ed. (1985). Differences between the enthalpies and
entropies of the two Cqu radicals and of the parent alkane were estimated by group additivity methods outlined by Benson et
al.1 Analytic expressions for K(T) have not been calculated because the reverse reactions will, under all conditions of interest,
be slower than radical recombination (OH + CyHg C,ﬂigOH). '

MEASUREMENTS

kq and k; have not been measured separately. Cvetanovic? reported kA/k3 = 21 = 5 where k3 is the rate coefficient for O +
CoHy. The value shown on the graph is calculated from the value of k3 recommended by Herron and Huie.3 Elias and Schi!‘fll
measured k, in a fast-flow system; O atoms were produced by discharge through O, and reacted with excess alkane. It was assumed
(incorrectly) that no secondary reactions consume or produce the n~butane. wright5 assumed - (incorrectly) that the principal
reaction is carbonyl formation; his results are not used in this evaluation. Marsh and Xleick:len6 measured kp relative to 0
C3F6; Stockburger and Heicklen,7 relative to 0 + 1'3_CMF6' Herron and Huie8 produced O atoms in large excess in a flow tube and
monitored alkane consumption (CuHm-1—d1 was used) by mass spectrometry. The principal shortcomings of the method are the
uncertainty in the O + C,Hy titration used to measure {0] and the imprecision in the alkane analysis because small amounts of
alkane were consumed (a 5% error in alkane assay means a 25-50% error in kp). They obtained kp(307) = 1.8 + 0.4 x 107
L mo1~ts™t, Papadopoulos et a1.9 produced O by the N + NO reaction in a flow tube with [0]° » [CyH;] and analyzed products by
gas chromatography. The value of k, depends on the stoichiometry, which was reported as a. function of (0]o/[RH],, but not of T.
They reported Ky(301) = 8.2 x 106 L mo1~'s™!, Atkinson and Pitts'® produced O atoms at 301 K by Hg-photosentization of N0 in the
presence of excess alkane and monitored [0] loss by a phase modulation technique, watching emission from O + NO. Corrections for
trace butenes in the butane were made later.!! Atkinson, et al.'! measured ky at 298-439 K by flash photolysis-NO,
chemiluminescence in excess butane. The correction for the 0.05% butenes amounted to almost 30% of the rate at 299 K, decreasing
at higher temperatures. The corrected values (of both Refs. 10 and 11) differ negligibly from the results of Ref. 8 except at the
highest temperature. The most reliable measurements should be those of Refs. 8 and 9; the former give rate coefficients
approximately 50% faster than the latter over the overlapping temperature range. Thus we conclude that log k,(298) = 7.1 2 0.2,

CALCULATLUNS

Separate transition-state-theory calculations were carried out for the attack of O atoms on the primary and the secondary H
atoms. This requires separate values for k1(298) and k2(298). the rate coefficients for O attack on primary and secondary H atoms
at 298 K, respectively. Because the best experimental value for kA(298) is more than 20 times larger than the rate coefficient at
the same temperature for O + CoHg, it was assumed that k,(298) is essentially k,(298). k. (298) was calculatéd assuming the
activation ener'gy at 300 K to be the average of those of 0 + CyHg and 0 + neo~Cgty» (see data sheets for those reactions). For

additional details see Ref. 12. The resulting values of ki and k, were added to give kA(T), which could be expressed by kp =
4,7 = 1077 T13-9 esp(~T60/T) L wol™'s™1,

unity at 2000 K.

The calceulated rallo K2/k1 is appruxlmalely 35 at 298 K, decreasing Lo approximately

DISCUSSION

The calculations indicate that there should be curvature on an Arrhenius plot (i.e., log ky vs. 1/T), making kA(ZOOO) about 3
times larger than a linear extrapolation would predict. Our recommendation is based on the calculations described above, which
are in good agreement with the experimental data, The range in experimental values for kA is a factor of 3 throughout the
temperature range of 250-400 K. This uncertainty adds to the uncertainty inherent in the TST calculations. Thus, we recommend Kp
= 4.7 x 1072 73-9 exp(~780/T) over the temperature range of 250 ~ 2000 K, with an uncertainty in log k, of 0.2 at 298 K,

increasing to 0.3 at 2000 K. -A reliable high-temperature measurement of Ky would be very useful, as would a determination of
“1"‘2 at any temperature. .
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1222 N. COHEN AND K. R. WESTBERG

O + CgH,, » OH + CeH,,

0 + CsHyp ~1> oH + n-Cg;, = -11.3 £ 6 kJ mol™! (-2.7 keal mo17l)

o
T
85905 = 43.6 8 mol 1kl (10.4 cal mo1™lk™1)

0 + Colyy 22> OH + CHyCH(CHp) oCHy B8RO, = -28.9 £ 7 kI mol™)  (-6.9 keal mo1™l)
8535 = 38:4 £ 8 J molTlk7! (9.4 cal mo17lk7h)
0 + CsHy 2oy o + CH3CHoCHCH,CH3 Aﬂgga = -32.2 £ 11 kJ mol™l (7.7 keal mo17])
8570s = 32.6 + 8 J mol"'k™! (7.8 cal mo17Ik7})
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Uncertainty in log kp: 0.2 nmear 298 K, increasing to #0.3 at 2000 K. Uncertainty in log kzlkl: 40.5. Expressions for K, kg

and k. are not given because the reveroc rcactions are unlikely tv be lwportant at any tewperatures
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CHEMICAL KINETIC DATA SHEETS FOR HIGH-TEMPERATURE REACTIONS 1223
0 + Cghyp - OH + CgHyy

THERMOCHEMISTRY

The title reaction is the sum of three separate processes: attack on one of the six equivalent primary H atoms,
0 + CHy(CHy) Oy~ OH + CHy (CHy)SCH,
attack on one of the four equivalent secondary H atoms on the number 2 carbons,
O + CHy(CH,)CHy 2, on+ CH, (CH,) ,CHCH
and attack on one of the two equivalent secondary H atoms on the number 3 carbon,
0 + CHy(CHy)5CHy 0> OH + CHCH,CHCH,CHy
Thermochemical data for O and OH are from the JANAF Thermochemical Tables, 3rd edn. (1985). Group additivity rules' were used to
estimate the differences between AHf‘g98 and Sgga for the three pentyl radicals and for the alkane itself. Equilibrium constant
expressions have not been calculated because the reverse reactions (between pentyl radicals and OH) will, under all conditions of
practical interest, be slower than the competing radical recombination reactions (OH + CSHH -+ CSHHOH).

3

MEASUREMENTS

Herron and Huie2

measured k, over the temperature range of 255-597 K in a flow system, with [030/[C5H12]o > 15, by monitoring
alkane disappearance by mass spectrometry. The method should be free from complications due to impurities or secondary reac-

tions. They obtained, at 307 K, ky = 4.4 2 0.4 %107 L mol"s’1. ana interpolated3 k) at 298 K to be 3.5 x 107,

CALCULATIONS

Separate transition-state-theory calculations were carried out for the attack on the primary and on the secondary H atoms.
Trial calculations on the two different Kinds of secondary H atoms suggested that the differences in the two calculations were too
slight, and the respective uncertainties too large, to justify carrying out separate calculations. Consequently, ko, and Koy, were
grouped together and only their sum, kp, was calculated. This requires separate values for ki(298) and k,(298), the rate coeffi-
cients for O attack on primary and secondary H atoms at 298 K, respectively. Because the experimental value for ky at 298 K is
approximately 50 times larger than the rate coefficient at the same temperature for O + c2H6, it was assumed that kA(298) is
essentially a measure of k2(298). k1(298) was assumed to be 3.8 x 10° L mol'1s'1, a value obtained by calculating the entropy of
activation by the usual method and assuming approximately the same activation energy at 300 K as for the reaction of 0 + CyHyg-
The vibrational frequencies of the two activated complexes and effect of the 0 atom on the barriers to internal rotation were
assumed to be the same as in the case of the analogous reactions of 0O + CyHyo (see data sheet for that reaction). For further
details, see Ref. 4. The resulting values of k; and k, calculated separately were added together to give kA(T). which could be
expressed by k, = 38 13:0 exp(-1010/T) L mol~1s™! over tne temperature range of 250-2000 K. The calculated ratio kp/kq is
approximately 90 at 298 K, decreasing to approximately 1 at 2000 K.

DISCUSSION

Although there is only one set of experimental data, its consistency with data for O atom reaction with higher alkanes {see
data sheets for O + CgHyy, O + Cqlyg, and O + C8H18)' and the success of the same model yielding transition-state-theory calcula-
tions that fit all four reactions as well, strengthens the reliability of both the experiments and the calculations. Consequent-
1y, we recommend k, = 38 13-0 exp(-1010/T) L mo1~'s™! for 250-2000 K, with an uncertainty in log k, of 0.2 at 298 K, increasing
to $0.3 at 2000 K.
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O + CgHy, = OH + CH,s

0 + Ceyy ~L¥ OH + n-CgH3 Hogg = ~11.3 + 6 kJ mol™! (2.7 keal mol™l)
8095 = 43-6 = 8 J mol ™Kl (1044 cal mo1”'k™)
0+ Cglyy 28, o4 4 CH3CR(CHy) 4CH3 “398 = -28.9 £ 7 k3 mol™!  (~6.9 keal mol™l)
%55 = 38.4 + 8 3 mol”lk") (9.4 cal mo1”Ik7l)
0 + Cghyy 2% OH + CHyCH,CH(CH,) oCHy Hgg = =32.2 £ 11 kJ mol™}  (-7.7 keal mo1™))
59 = 38.4 £ 8 J mol” K™} (9.4 cal mo1™ik™1)
208
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1000/T7
RECOMMENDED RATE COEFFICIENTS
k k{(T) Range k(298) Units
N 100 729 exp(~1000/T) 250-2000 X 5.5 x 107 L wol ™!
1.7 x 10719 ¢2.9 exp(-1000/1) 9.1 x 10_14 cw’ molecule™ls™1
ky/k; 0.19 192 exp(1610/1) 298-2000 K 125

Uncertainty in log k,:

+0.2 near 298 K, increasing to i0.3 at 2000 K.

and k_y are not given because the reverse reactions are unlikely to be important at any temperature.
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0 + Cgliy, 2+ 0B + Cghyy

THERMOCHEMISTRY

The title reaction is the sum of three separate processes: attack on one of the six equivalent primary H atoms,
1
0+ CH3(CH2)“CH3 + OH + Clla(c}{z)‘.(m2
attack on one of the four equivalent secondary H atoms on the number 2 carbons,
2a
0 + CH,(CH,) CH, <+ OH + CH,(CH,)CHCH,
and attack on one of the equivalent secondary H atoms on the number 3 carbouns,
2b
0+ (:)13((:“2)4(2!'13 + OH + CH3CHZCH(CH2) 2033
Thermochemical data for O and OH are from the JANAF Thermochemical Tables, 3rd edn. (1985). Group contribution rulesl were used
‘to estimate the differences between ““f;gg and 8293 for the three hexyl radicals and for the alkane itself. Equilibrium
constant expressions have not been calculated because the reverse reactions (between hexyl radicals and OH) will, under all

conditions of practical interest, be slower than the competing radical recombination reactions (OH + C‘,l-l13 + C(’H”OH).

MEASUREMENTS

Herron and Huie?

measured k, over the temperature range of 247 - 597 K in a flow system, with [0],/{C¢H),], > 15, by
monitoring alkane disappearance by mass spectrometry. The method should be free from complications due to impurities or

secondary reactions. They obtained, at 307 X, ky = 6.8 £ 0.7 x 107 L mol'ls_l, and 1nterpolated3 kA at 298 K to be 5.6 x 107.

CALCULATIONS

Separate transition-state-theory calculations were carried out for the attack on the primary and on the secondary H atoms.
As in the case of O + n-CgH;, (see data sheet for that reaction), ky, and kj) were grouped together and only their sum, kz, was
calculated. This requires separate values for k,(298) and k,(298), the rate coefficients for O attack on primary and secondary H
atoms at 298 K, respectively. Because the experimental value for k, at 298 K is approximately 100 times larger than the rate
coefficent at the same temperature for 0 + CZHG- it was assumed that k,(298) is essentially a measure of kz(298). k1(298) was
estimated by the same procedure used for the O + n-C4H;j reaction. Similarly, the vibrational frequencies of the two activated
complexes and effect of the O atom on the barriers to internal rotation were assumed to be the same as in the case of the ana-
logous reactions of 0 + n-C,H;, (see data sheet for that reaction). For further details, see Ref. 4. The resulting values of kg
and “2 calculated separately were added together to give ka (T), which could be expressed by kA = 100 '1‘2'9 exp (-1000/T)

L wol1~ls”! over the temperature range of 250-2000 K. The calculated ratio ko/k; 1is approximately 125 at 298 K, decreasing to
approximately 2 at 2000 K.

DISCUSSION

Although there is only one set of experimental data, its consistency with data for O atom reaction with homologous alkanes
{oce data shects for 0 + Colyys © + C Hip,s and O + Cglyy), and the success of the camc model yiclding trancition-ctate—theory
calculations that fit all four reactions as well, strengthens the reliability of both the experiments and the calculations. Con-

quently, we r d ky = 100 2% exp(-1000/T) L mo1™!s™! for 250-2000 K, with an uncertainty in log k, of 10.2 at 298 K,
increasing to 0.3 at 2000 K.
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0 + C,Hy = OH + CiHys

1 - - C -1 -1
0 + CyH g = OR + n-CyH g 8H,gg = ~11.3 £ 6 kJ mol™" (-2.7 keal mol™ ")

asS,. = 42.6 £ 8 J mol k7l (10.4 cal mo17lk7])
298
0+ Gy 22+ OH + CHCH(CHp) 4Oty aR9 . = <289 + 7 kJ mol”l (6.9 keal mo1™h)
: 489, = 38.4 £ 8 J mol Ikl (9.4 cal mo1l”lk7Y)
298
0 + CyHjg 20y o4 + CH3CH,CH{CH, ) 3CH1 AHZ% = =32.2 £ 11 kJ mol™} (=7.7 keal mo1™!)
85555 = 384 £ 8 3 mol™Ik™! (9.4 cal mo1™ik7D)
0+ Cyfyg 25+ OH + CHy(CHy)HCH(CHy)oCHy 8igg = =322 £ 11 kJ mol™} (<7.7 keal mo1™h)
8599 = 32.6 £ 8 J mol™'k™! (7.8 cal mo17lk7h)
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RECOMMENDED RATE COEFFICIENTS
k K(T) Range K(298) Unita
Ky 93 12+9 exp(~880/T) 250-2000 K 7.6 x 107 L mor~t 7!
1.5 x 10719 12:9 exp(-880/T) 1.3 x 10713 em® molecule ls™1
ka/ky 0.24 T0-2 exp(1810/T) 298-2000 K 300

incertainty in log ku: 30.2 near 298 K, increasing to +0.3 at 2000 K. VUncertaianty in log k2/k1: +0.5 from 300 to 2000 K.

Fxpressions for X, k_l and k_2 are not given because the reverse reactions are unlikely to be important at any temperature.

(Dctober 1987)
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0+ C7H16 A, OH + C7H15

THERMOCHEMISTRY
The title reaction is the sum of four separate elementary processes: attack on one of the six equivalent primary H atoms,
1 .
+ —_— +
o] CHB(CH2)5CH3 OH CH3(CH2)5CH2
attack on one of the four equivalent secondary H atoms on the number 2 carbons, -

2a
0+ CHB(CHZ)SCH ==+ OH + CH3CH(CH2)ACH3

3
attack on one of the four equivalent secondary H atoms on the number 3 carbons,

2

b :
0 + CHB(CHZ)SCH] ==+ OH + CH3CH2CH(CH2)BCH3

attack on one of the two equivalent secondary H atoms on the number 4 carbon,
2c
0+ CHJ(CH2)50H3 ==+ OH + CH3(CH2)2CH(CH2)ZCH3

Thermochemical data for ¢ and OH are from the JANAF Thermochemical Tables, 3rd edn. (1985). Group contribution rules! were
nsed '\:n estimate the differences between enthalpies and entropies for the four heptyl radicals and for the alkane itself. Equili-
hrium constant expressions have not been calculated because the reverse reactions (between heptyl radicals and OH) will, under all

conditions of practical interest, be slower than the competing radical recombination reactions (OH + CHys » C7H150H)-

HEASUREMENTS
Herron and Huie? measured k, over the temperature range of 247 - 597 K in a flow system, with IOIO/IC7H16}O > 20, by monitor-
ing alkane disappearance by mass spectrometry. The method should be free from complications due to impurities or secondary reac—
tions. They obtained, at 307 K, ks = (9.7 & 6) x 107 L mo1™!s™!, and interpolated? kp at 298 K to be 7.7 x 107, Marsh and
Heicklen® generated O atoms from Hg-sensitized photodecomposition of Ny0 in the presence of C3F, and alkane at 307-398 K. va was
determined relative to the rate coefficient kg for the 0 + CqFg reaction by measuring the decrease in oxygenated fluorocarbon
products gas chromatographically. k3 had been determined previouslys. Their room temperature result is close to that of Ref. 2

but their activation energy is noticeably smaller.

CALCULATIONS

Separate transition—state—theory calculations were carried out for the attack on the primary and on the secondary‘ H atoms.
As in the case of 0 + n-CgHj; (see data sheet for that reaction), koas kop, and ky. were grouped together and only their sum, k,,
was calculated. This requires separate values for k;(298) and k,(298), the rate coefficients for O attack on primary and second—
ary H atoms at 298 K, respectively. Because the experimental value for k, at 298 K is more than 100 times larger than the rate
coefficient at the same temperature for O + CoHg, it was assumed that kA(298) is essentially a measure of k2(298). kl(298) was
assumed to be 2.5 x 10° L mol_ls'l, a value obtained by the same procedure as used for O + n—-C,H;g5+ Similarly, the vibrational
frequencies of the two activated complexes and effect of the O atom on the barriers to internal rotation were assumed to be the
same as in the case of the analogous reactions of 0 + n-C4Hg (see data sheet for that reaction). For further details, see Ref.
6. The resulting values of k) and k, calculated separately were added together to give k,(T), which could be expressed by ky = 93
12-9 exp(-880/T) L mol™ls™! over the temperature range of 250-2000 K. The calculated ratio k,/k, is approximately 298 at 298 K,
decreasing to approximately 3 at 2000 K.

DTSCISSTON
The data of Ref. 2 are preferred because of the directness of the method. The consistency with data for O atom reaction with
other alkanes (see data sheets for 0 + CsHyy, O + CgHyyy and O + C8H18), and the success of the same model yielding transition-
state-theory calculations that fit all four reactions as well, strengthen the reliability of both the experiments and the calcula-
tions. Consequently, we recommend kp = 93 12-9 exp(-880/1) L mo1~ls™! tor 25U-2000 K, with an uncertainty in log k, of 0.2 ay
298 K, increasing to #0.3 at 2000 K.
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4. G. Marsh and J. Heicklen, J. Phys. Chem. ﬂ) 250 (1967).
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0 + CgHg

0 + CgHyg

0 + CgHyg

0 + CgH)g

log (ko/ L mol™'s™)

Incertainty in log kp:

N. COHEN AND K. R. WESTBERG

O + CgHys » OH + CgHyy

Lo on + n-cghyy 805y = <113 £ 6 kI mol™! (2.7 keal mo1™l)
B850 = 43.6 £ 8 mo1~! k71 (10.4 cal mo1™! k1)
28, o + CH4CH(CH,) 5CH3 8H3ge = ~28.9 £ 7 kJ mol™l (6.9 keal mo1™)
8550 = 38.4 £ 8 3 mor”! k7! (9.4 cal mo1”l k1)
204 O + CHACH,CH(CH,) 4CHy 8gq = =32.2 £ 11 kJ ol (7.7 keal mo1™h)
B850, = 38.4 £8J mol™l K71 (9.4 cal mo1”l k1)
2% on + CH3(CHy),CH(CH,) 3CH3 8M3o = -32.2 # 11 kJ mol™! (7.7 keal mol™h)
8850, = 384 £ 83 mol™! X7 (9.4 cal mor”! X7y
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RECOMMENDED RATE COEFFICIENTS
k k(T) Range k(298) Units
Ky 1.9 ~ 102 17-8 exp(-840/T) 250 -2000 K 1.0 = 108 L mo1=loml
3.2 x 10719 128 exp(~840/T) 1.7 x 10713 en? molecule™!s™!
Kyl 0.28 102 exp(1880/1) 298-2000 K 450

0.2 near 298 K, increasing to 0.3 at 2000 K.

Uncertainty in log kzlk]:

$0.5 from 298 to 2000 X.

Expressions for K, k.j and k_j are not given because the reverse reactions are unlikely to be important at any Ctemperature.
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0+ Cgiiyg - OH > Ciyy

THERMOCHEMISTRY

The title reaction is the sum of four separate elementary processes: Attack on one of the six equivalent primary H atoms,
1
0+ CH3(CH2)6CH3 + OH + CH3(CH2)6CH2
attack on one of the four equivalent secondary H atoms on the number 2 carbons,
0 + CHy(CH ) CHy 225 Ot + CiyCH(CH
attack on one of the four equivalent secondary H atoms on the number 3 carbons,
2b

0+ CH3(CH2)GCH3 OH + CH3CH2CH(CH2)HCH3

and attack on one of the four equivalent secondary H atoms on the number 4 carbons

2¢
0+ CH3(CH2)6CH3 ==+ OH + CH3(CH2)2CH(CH2)3CH3

Thermochemical data for O and OH are from the JANAF Thermochemical Tables, 3rd edn. (1985). Group contribution rules! were
used to estimate differences between enthalpies and entropies for the four heptyl radicals and for the alkane itself. Equilibrium

2)5CH3

constant expressions have not been calculated because the reverse reactions (between octyl radicals and OH) will, under all condi-
tions of practical interest, be slower than the competing radical recombination reactions (OH *-08317 + CBH17OH).

MEASUREMENTS

Herron and Hu192

measured k, over the temperature range of 247 ~ 597 K in a flow system, with [O]o/[C8H1B]o > 14, by monitor~
ing alkane disappearance by mass spectrometry. The method should be free from complications due to impurities or secondary reac-
tions. They obtained, at 307 K, Ky = (1.23 £ 0.16) x 108 L mol“s“, ana 1ncerpolateu3 Ky at 298 K to be 1.0 x 108. An earlier
measurement” gave values of k, in the temperature range of 353 to 473 K smaller by a factor of approximately 5 than those reported
in Ref. 2. Because these values, and others from the same laboratory, are inconsistent with the majority of measurements for

other homologous alkanes, they are not used in this evaluation.

CALCULATIONS>

Separate transition-state-theory calculations were carried out for the attack on the primary and on the secondary H atoms.
As in the case of O + C5H12 (see data sheet for that reaction), kZa’ k2b and k2c were grouped together and only their sum, k2, was
calculated. This requires separate values for k1(298) and k2(298). the rate coefficients for 0 attack on primary and secondary H
atoms at 298 K, respectively. Because the experimental value for ky at 298 K is approximately 300 times larger than the rate
coefficient at the same temperature for O + CyHg, it was assumed that k,(298) is essentially a measure of k,(298). k;(298) was
estimated to be 2.2 x 105 L mc>l'1 5'1, by the same procedure used for the 0 + CMHIO reaction. Similarly, the vibrational fre-
quencies of the two activated complexes and effect of the O atom on the barriers to internal rotation were assumed to be the same
as in the case of the analogous reactions of 0 + CuH1o (see data sheet for that reaction). For further details, see Ref. 5. The
resulting values of kW and k2>calculated separately were added together to give kA(T)- which could be expressed by kA =1.9 x 102
12.8 exp(-840/T) L mol™'s™! over the temperature range of 250-2000 K. The calculated ratio k,/k, is approximately 450 at 298 X,
decreasing to approximately 3 at 2000 K. ‘

DISCUSSION

The consistency of the data of Ref. 2 with data for O atom reactions with similar alkanes (see data sheets for O + CsH12, Q0+
CgHyy, and O + C7H16), and the success of the same model yielding transition-state-theory calculations that fit all four reactions
as well, strengthens the reliability of both the experiments and the calculations. Consequently, we recommend kp = 1.9 x 102 T2'8
exp(~840/T) L mol™'s™1 for 250-2000 K, with an uncertainty in log k, of :0.2 at 298 K, increasing to :0.3 at 2000 K.
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0 + 1-C4Hyp —b* O + i-CyHg

0 + 1-C4Hq 2s on + t-Cy4Hg

N. COHEN AND K. R. WESTBERG

O + i~=C,H,o » OH + C.H,

BHOe = =18.2 % 6 kJ mol”! (-4.4 keal mol”l)
As‘;g8 = 38.5 + 8 J mol”! K7} (9.2 cal mo1”l k71

S = -39.1 £ 8 kJ mol™! (9.3 keal mo17!)

8595 = 46.0 £ 8 J mo1™! X! (11.0 ca1 mo1”! k)
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x k(T) Range k(298) Units
ky 2.0 x 1072 132 exp(-80/T) 298-2000 K 7 x 107 L mo17ls7!
3.3 x 10723 3.9 exp(~80/T) 1.2 x 10-13 cm3 molecule™ls™1
ky/ky 3.7 x 1072 10-1 exp(2315/1) 298-2000 K 150

Uncertainty in log k,: #0.2 rear 300 K, increasing to 0.4 at 2000 K.

Uncertainty in log kzlklz 40.3 near 300 K, increasing to

+0.5 at 2000 K. Expressions for K, k. and k_p are not given because the reverse reactions are unlikely to he important at any

temperature.
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0+ i~Cyly 5+ O + Cyfg

THERMOCHEMISTRY
The title reaction is the sum of two elementary reactions: removal of one of the nine equivalent primary H atoms to form
isobutyl:
0+ (CHg)CH -Loon+ (on
and removal of the single tertiary H to form t~butyl:
0 + (CHy),CH s on + (OHy)
Thermochemical data for O and OH are taken from to JANAF Thermochemical Tables, 3rd edn. (1985). Data for isobutane are from
Stull et al.! MHFDuE(i-CyHlg) = 57.3 kI mol™' is taken from Benson;?  AHEg(t-CyHg) has been the subject of considerable
disagreement, as reviewed by McMillen and Golclen.3 We use their recommended value of 36.4 kJ mol"1, but the uncertainty is at

3) 2CHCH2

least 8 kJ mol™'. Sggs(i'cuHQ) was calculated to be 310.5 J mo1™! k! using group additivity methods and assuming that the
barrier to rotation about the CC bond is 1.2 kJ mo1™1.% S°(t~CuH9) was taken to be 318 J mor 'k™1.5

MEASUREMENTS

Four measurements of kA have been reported, all near room temperat’.m"e.6"9 Of these, the ear*liest6 is discarded because it is
based on an incorrect mechanism and furthermore the method is too indirect to be reliable. The second7 was cited in a footnote of
another study and has not been reported in detail; consequently it is not possible to evaluate it properly, although it does agree
within a factor of 2 with the two remaining, and most reliable, measurements. Washida and Bayesa produced 0 atoms in a fast~flow
reactor by passing O,/He through a microwave discharge. Isobutane or isobutane~d ((CH3)3CD) at pressures comparablé to the O atom
pressure (appravimately 0.1 —~ 0.3 mPa) was added to the flow. Alkyl radieal concentrations were monitored hy photoionization mass
spectrometry. Based on the results with the deuteroalkane, those workers concluded that abstraction of the tertiary hydrogen was
the dominant but not exclusive pathway. Kk, at room temperatures was reported to be {6 ¢ 1.2) x 107 L mor7's™!,  Jewell et a1.?

" produced O atoms by the N + NO reaction, N atoms being formed in a microwave discharge through NZ' Hydrocarbon was added .

downstiream. XKipetlc measurements were made by monitocing gas chromatographic consumption off iscbutane in the presence of excess 0

atoms. They reported kp = (7.9 ¢ 1.4) x 107 L mo1™'s™" at 307 XK. There are no measurements at higher temperatures.

CALCULATIONS

Separate transition-state~theory calculations were carried out for the attack of O atoms on the primary and on the tertiary H
atoms. This requires separate values for k(298) and k2(298). the rate coefficients for O attack on primary and secondary H atoms
at 298 K, respectively. Because experimental evidence indicates that kA(298) is approximately 50 times larger than k(298) for the
0 + (CH3),JC reaction, it was assumed that k,(298) is essentiaily a measure of k,(298). k,(298) was assumed to be 5 x 10°
L m01'1s“1, a value obtained by calculating the entropy of reaction by the usual methods and taking the activation energy at 298 K
to be the same as for tertiary attack on 2,3-dimethylbutane (see data sheet for that reaction). The vibrational frequencies and
effects of O adduct on the internal rotations of the two activated complexes were assumed to be the same as in the case of O +
2,3~dimethylbutane as well. For additional details, see Ref. 10. This model gave good agreement with experimental data in the
case of the latter molecule. The resulting values of k; and k, were added together to give kA(T), which could be represented over
the temperature range of 298-2000 K by the expression, ky(T) = 2 x 1072 73-9 exp(-80/T) L mort™'s™!. According to this model
ko/ky = 150 at 298 K, decreasing to 0.3 at 2000 K.

DISCUSSION
There is very good agreement between the two most reliable measurements of kA near room temperat,ure,a'9 but no measurements
at higher temperatures. Consequently we rely entirely on the calculations to extrapolate kp to 2000 K. The reliability of the
model used to do this depends on the success of the same model for the analogous reaction of O + 2,3~dimethylbutane. The model
agrees well with experiments for that reaction, and there is no reason to doubt its accuracy in this case. Consequently, we

recommend kA(T) - 2« 1072739 exp(~80/T) L mol"‘s'l, with an uncertainty in log k, of 20.2 at 300 K, increasing to 0.4 at
2000 ¥,
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0 + (CHg),C = OH + Chl,

B5g, = =5.0 % 4.4 kJ mol™l (-1.2 keal mo1™l) 88550 = 48.6 £ 8 J mol~lk™! (11.6 cal mo1~lx1)
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k k(T) Range k(298) Units
k) 2.5 x 103 12-5 exp(-2720/T) - 298-2000 K 4.5 x 105 L go1”s”!
402 * 10718 725 exp(-2720/T) 7.5 x 10716 en3 molecule™ls™!

Uncertainty in log k;: 0.3 throughout range. Because the reverse reaction is unimportant at any temperature, values for k_; and
K(T) have not been recommended.

(October 1987)
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0 + (CH3)yC Loon s (CH3) 3CCHy
THERMOCHEMISTRY

Thermochemical data for O and OH are taken from JANAF Thermochemical Tables, -3rd edn. (1985). Data for (CH3)uC (2,2-
dimethylpropane, or neopentane) are taken from Stull et al." The bond dissociation energy of (CH3)uC, Dgg& ((CH3)3CCH—H), was
_determined2 relative to that of CHy, from which AHggs can be calculated to be -5.0 kJ mol'1 for the reaction. The difference
between the entropies of the radical and of the parent alkane was calculated3 by group additivity methods to be 26.0 J mol_1 K_1,
assuming a near-zero barrier to internal rotation about the «-CC bond.u An analytic expression for K(T) has not been calculated
because the.reverse reaction will, under all conditions of practical interest, be slower than the competing radical recombination
reaction, OH + (CH3)3CCH2 + (CH3)3CCH20H.

MEASUREMENTS

Of the three measurements®~ | of kq, the most reliable is that of Michael et 31.7, made by both flash photolysis-resonance
fluorescence (415-528 K) and discharge flow-resonance fluorescence (U27-922 K). With {(CH3)4C1/[0] always greater than 200, the
contribution from secondary reactions should always have been less than 10%. The reported rate coefficients (calculated without
taking secondary reactions into account) therefore require small if any, corrections. Herron and Huie6 measured K, between 276
and 597 K in a flow system, with [0]0/[C5H12]° > 10 (>200 at low temperatures), by monitoring alkane disappearance by mass
opectrometry. Under their conditione the rcaction should be free from seoondary prooesses. Nevertholess, thoir rate acefficients
are consistently larger than those of Ref. 7 by a factor of 2-3. There are nc obvious flaws with their procedure, except possibly
that the small change in alkane concentration (less than 10% at T £ 307 K) means limited precision in measuring ky (a 5% error in
[RH]O or [RH]t means a 40% error in k1). The only likely source of systematic error is the ethylene titration technique needed to
measure absolute [0]. If the stoichiometry is greater than the assumed value OI 2 atoms O consumed per molecuie or Cohy, tnen [U]
will be larger than was assumed, and k1 consequently smaller. The results of Wrights are not used in this evaluation because the
method was too indirect and the conclusions are based con an incorrect mechanism.

CALCULATIONS

A transition-state-theory calculation (TST) was carried out assuming that k(400) = 1.1 = 107 1, mol'15'1(7j and assuming
linear geometry for the C-H+O structure. Further details are given in Ref. 8. With these assumptions, the resulting rate
coefficients can be fitted by the expression k = 2.5 x 103 123 exp(-2720/T) L mol™'s™!. Another TST calculation has been
described by Michael et a1.9

DISCUSSION

Although it is difficult to pinpoint errors in the measurements of Ref. 6 we favor the more recent technique used in Ref. 7
which produced lower values for ki. We recommend the'expression for Kk, obtained by TST calculations, which also gives good
agreement with the experimental data: ky = 2.5 x 103 12:5 exp(-2720/T) L mo1 's™!. The uncertainty in k, is a factor of 2
throughout the temperature range of 298-2000 K.
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0 + (CHy),CHCH(CH,), » OH + CgH,,

o+ (CH3)2CHCH(CH3)2 s on + CH,CH(CH3)CR(CH4), AH‘Z’% = -10.0 t 8 kJ mol™! (~2.4 keal mo1”l)

.
85350 = 35.2 &5 3 mol”t K7} (8.4 cal mo1”! kD)

0 + (CH3)CHCH(CHy), 2+ O + (CHy),CCR(CHY), 8H) o = -36.2

998 + 6 k3 mol”! (-8.7 keal mo1™h)
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RECOMMENDED RATE COEFFICIENTS
k k(T) Range k(298) Units
ky 2.3 x 1071 736 exp(-140/T) 250-2000 K 1.2 x 108 L mo1”! g7t
3.9 x 10722 3.6 eéxp(-140/T) 2.0 x 10713 emd molecule ls™!
ky/ky 6.0 x 1072 701 exp(2330/T) 298-2000 K 250

Uncertainty in log k,: 20.2 near 300 K, increasing to 0.4 at 2000 K. Uncertainty in log ky/ky: 20,3 near 300 K, increasing to

10.5 at 2000 K. Expressions for K, k_3 and k_p are not given because the reverse reactions are unlikely to he impartant at any
temperature.
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0 + (C3) jCHCH(CH3), -B> OH + «Cghy 3

THERMOCHEMISTRY

The titie reaction is the sum of two elementary reactions: removal of one of the twelve equivalent primary H atoms:
0 + (CHz) JCHCH(CH3)p ~1» OH + ~CHACH(CH3)CH(CH3)
and removal of one of the two equivalent tertiary H atoms:
0+ (CH3)2CHCH(CH3)2 -2, OH + (CH3)26CH(CH3)2
Thermochemical cata for O and OH are taken from JANAF Thermochemical Tables, 3rd edn. (1985). BHfooq and ASSee for both
reactions are estimated by comparison with the analogous reactions of i-CyHqiq, with appropriate corrections for symmetry

differences and for the effects of gauche interactions.’

Analytic expressions for K(T) have not been calculated because the reverse reactions (between dimethylbutyl radicals and OH)
will, under all conditions of practical interest, be slower than the competing radical recombination reactions (OH +
C6H13 > C6H13OH)-

MEASUREMENTS

Herron and Hui‘e2 produced 0 atoms in large excess in a flow tube by the N + NO reaction and monitored alkane consumption by
mass spectrometry. The principal shortcoming of the method is the uncertainty in the O + CoHy titration used to measure fol.
They obtained values of k, from 247 to 597 K; at 307 they found kj = 1.5 & 0.3 x 108 L mol”'s™!, and interpolated3 k,(298) to be

8
1.2 x 10%.

CALCULATIONS

Separate transition-state-theory calculations were carried out for the attack of O atoms on the primary and on the tertiary H
atoms. This requires separate values for k;(298) and k,(298), the rate coefficients for O attack on primary and tertiary H atoms
3t 298 K, respectively. Because experimental evidence indicates that k,(298) is approximately 30 times larger than k(298) for the
0 + (CH3)uC reaction, it was assumed that k,(298) is essentially a measure of K,(298). k;(298) was assumed to be 5 x 105
L mol'1s'1, an estimation arrived at by calculating the entropy of reaction by the usual methods and taking the activation energy
at 298 K to be the average of the activation energies of the reactions of O with CoHg and with (CH3)uC. For additional details,
see Ref. 4. The resulting values of kq and k, were added together to give kA(T), which could be represented over the temperature
range of 250-2000 K by the expression, Kk,(T) = 0.23 13-6 exp(-140/T) L mol 's™'.  This expression agrees well with the
experimental data. These calculations suggest k2/k1 to be = 250 at 298 K, rapidly decreasing with temperature.

DISCUSSION

There is only one set of experimental data for Kp- Because there is no other alkane for which tertiary attack by O atoms has
been measured at temperatures above 300 K, there is no independent evidence to confirm the activated complex model that these data
suggest. We recommend the calculated expression, which agrees with the experimental data: kA = 0.23 T3'6 exp(~140/T) L mol'1sf1,
over the temperature range of 250-2000 K. The uncertainty in log kA is 20.2 at 300 K, increasing to #0.4 at 2000 K. The ratio
Ko/ky 1s estimated to be 250 at’ 300 K, decreasing with increasing temperature. A confirmation of the high temperature values of
ky, or alternatively a high temperature measurement of the rate of O attack on isobutane, would be very useful.
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0 + (CHy),CC(CH;); » OH + CH,C(CH,),C(CH,);

Mg = =17.5 £ 8 kI mol~! (-4.2 keal mol™l) 8800 = 44k £ 47 mol™lk7t (10.6 cal mo1™lk71y
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RECOMMENDED RATE COEFFICIENTS
k k(T) ) Range k(298) Units
Ky 3.2 x 103 725 exp(-2360/T) 298-2000 K 2 x 108 L mo1~lg™1
5.3 x 10~18 12.5 exp(~-2360/T) 3.4 x 10715 cn3 molecule™ls™!

Uncertainty in log ky: 0.4 throughout temperature range. Because the reverse reaction is unimportant at any temperature, values
for k_) ond K(T) have not becen recommended.

(October 1987)
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1
0+ (CH3)3CC(CH3)3-—* OH + CHzc(CH3)ZC(CH3)3

THERMOCHEMISTRY

T_hermochemical data for O and OH are taken from JANAF Thermochemical Tables, 3rd edn. (1985). Group additivity rulesl were
used to estimate differences between the enthalpies and entropies of the neooctyl radical, and of the alkane itself, assuming a
near-zaro barcier to internal rotation about the a-CC bond. An analytic expression for K(T) has not been calculated because the
reverse rveaction, between OH and neooctyl radicals, will, under all conditions of practical interest, be slower than the competing

radical combination process (OH + CgHyz *+ C8HI7OH)'

MEASUREMENTS
A single measurement of k; at 307 K has been reported.z The value obtained, 8 x 108 L mdl—ls_l, is 2.4 times faster than the
same workers reported for kz, the rate coefficient for the analogous reaction of 0 + neopentane. The measurement was made in a
flow system with O atoms in large excess; alkane disappearance was monitoréd by mass spectrometry, and [0] was determined by

titration with ethylene.

CALCULATIONS
A transition-state~theory calculation was carried out assuming that k(298) = 2 x 108 L mo1-1s™1 and using the same model for
the activated complex that was used for the reaction of O + neopentane (see data sheet for that reaction). Details are given in
Ref. 3 (except that there, k(298) was assumed to be 1 x 108). With these assumptions, the resulting rate coefficients can be
fitted by the expression, k| = 3.2 x 103 72-5 exp(-2360/T) L mot~ls=1e

DISCUSSION

At 298 K, the calculated entropy of activation for reaction 1 is only 0.5 cal mo1 1kl larger than that for reaction 2, 0 +
neopentane. The C-H bond dissociation energy in neooctane has not been measured but is expected to be slightly lower (by
3~3 KJ/mole) .than that ot neopentane (423 kJ/mole), which should make Cthe activation energy smaller by approximately 1-Z kJ/mol,
and k(298) larger by a factor of 1.3 - 2.7. The recommended value for k2(298) is 1 x 106, The measured value of k1(307) is
8 x 106, which seems too large because it implies that either the activation energy of reaction 1 is 5 kJ/mol less than that of
‘re'action 2 or that one of the calculated entropies of activation is significantly in error. A more plausible explanation is that
4

the measured value of k; is too high. In Ref. 2, k, was also measured using the same technique. We concluded that their

measurements of kj were also too high; see the data sheet for that reaction for a further discussion. We recommend k1(298) =
2 x 10% and the calculated expression for k)(T) based on this value, namely, k; = 3.2 x 103 12-5 exp(~2360/T) L mol_ls_l, with an
uncertainty in log k; of 0.4 throughout the range of 298 K < T < 2000 K.
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MO = -32.7 £ 5 1 moi~! (=7.8 keal mo1~-1) } s 48.5 + 5 3 mol™! X! (11.6 cal mo1”! x71)
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4.8 x 10719 2.6 o~1390/T) 1.3 x 10713 em3 molecule™ls™!

Uncertainty in log ky: $0.3 at 298 X, increasing to #0.5 at 2000 K. Expressions for K(T) and k.; are not given because the

reverse reaction is unlikely to be important at any temperature.

(October 1987)
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0 + c-Cghyg =1+ OH + c-CgHy

THERMOCHEMISTRY

Thermochemical data for O and OH are from JANAF Thermochemical Tables, 3rd edn. (1985). GCroup additivity r‘ules‘I were used to
estimate differences between AHfggs and 5898 for the cyclopentyl radical and for the parent alkane itself. An analytic expression
for the equilibrium constant has not been calculated because the reverse reaction will, under all conditions of practical
interest, be slower than the radical recombination reaction (OH + c-CgHg - c-CSH90H).

MEASUREMENTS

Thev most reliable measurements are those of Huie and Herron,2 who studied the reaction at 307-652 K in a flow tube, producing
O atoms by passing a few percent of O, in Ar through a microwave discharge. O atoms were kept in considerable excess over
alkane. Relative [0] was determined by mass spectrometry, put on an absolute basis by titration with NO5. The alkane
concentration was also measured by mass spectrometry. Because [0] was kept in excess and at most 103 of the alkane was consumed,
the method was free of complications caused by secondary reactions. ' However, since k is proportional to In([RH]/[RH]), a 5%
error in measuring either [RH]O or [RH]t results in a 50% error in k. From their own data, . they later3 extrapolated a value of
ky(300) of 7.5 x 107 L mo1's™!. An earlier measurement” of Ky relative to the rate of reaction of O atoms with C3Fg, in turn
measured relative to the rate€ of O with 1-CyHg, is not used in this evaluation because of its indirectness.

CALCULATIONS

Transition-state theory calculations were carried out for ky in order to extrapola_te the rate coefficients to higher
temperatures. s*(298) was estimated by group additivity methods, using the parent cycloalkane as a model compound. The C+H-O was
assumed to be linear -- an assumption supported by experiments of Dutton, et al.®>  vVibrational frequencies assumed for the
activated complex are described in Ref. 6, along with other details. With an assumed value for k,{298) of 7.5 x 107 L mo1~ts™!
based on Ref. 3, this model yields values for ky that are fitted by the expression, kq = 2.9 «x 103 12-6 exp(-1390) L mo1 's7t.

DISCUSSION

The calculations are in reasonable agreement with the data of Ref. 3, and also consistent with data and calculations for
reactions of O with c¢-CgHi, and with c-Cqlyy (see data sheets for those reactions). We therefore recommend ky = 2.9 x 103 Ta'6
exp(-1390) L mo1~! 57!, with an uncertainty in log k; of 20.3 at 298 K, increasing to :0.5 at 2000 K.
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O + ¢c=CgH;, » OH + c—-CgH,

0 + c~CgHyy » OH + c—CgHy,
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Uncertainty in log k;: 0.3 at 298 K, increasing to +0.5 near 2000 K. Expressions for K(T) and k_y
reverse reaction is unlikely to be important at any temperature.

are not given because the
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0 + e=Cgliyp ~1» OH + c-CgHy,

THERMOCHEMISTRY

Thermochemical data for O and OH are taken from JANAF Thermochemical Tables, 3rd edn. (1985). Group additivity rules! were
used to estimate differences between AHf‘;98 and 5398 for the cyclohexyl radical and for the parent alkane itself. An analytic
expression for the equilibrium constant has not been calculated because the reverse reaction will, under all conditions of

practical interest, be slower than the radical recombination reaction (OH + c=CgHqq » c—cﬁHHOH).

MEASUREMENTS

The most reliable measurements are those of Huie and Herron,2 who studied the reaction at 307-652 K in a flow tube, producing
0 atoms by passing a few percent of C)2 in Ar through a microwave discharge. O atoms were kept in considerable excess over
alkane. Relative {0] was determined by mass spectrometry, put on an absolute basis by titration with NO,. - Alkane concentration
was also measured by mass spectrometry. Because [0] was kept in excess and at most 10% of the alkane was consumed, the method was
free of complications caused by secondary reactions. However, since kK is proportional to ln([RH]o/[RH]t), a 5% error in measuring

either [RH], or [RH]y results in a 50% error in k. At 307 K they obtained values between 1.0 and 1.4 «x 108 L mo1~1s71.

Kim and Timmons3 studied the rcaction in a diecharge flow facility, the O atoms being generated by the reaction between N and
NO. Two procédures were used: in one, [0] was in excess and [CgHy,] was monitored mass spectrometrically; in the other, [CgH,,]
was in excess and [0] was measured by epr. The epr results were not corrected for stoichiometry and hence are not useful as they
stand. The mass spectrometric data, at 300-440 K, are in good agreement with the results of Huie and Herron: at 300 K they
reported k = 1.0 x 106. Washida and Takagi“ used photoionization mass spectrometry to monitor c~CgH,, disappearance in the
presence of excess 0 atoms and obtained a value for k, about 30% smaller than the 8.3 «x 107 value recommended by Herron and Huie;5
however, details of their data reduction are not given. Two earlier measurements are not used in this evaluation: that by

sz‘amenko,6 for reasons discussed by Kaufma.n;7 and that by Stuckey and Heicklen8 because k; was measured relative to the rate of
reaction of O + C3F6, which in turn was measured relative to the rate of O + 1-CuHB.

CALCULATIONS

Transition-state theory calculations were carried out for ky in order to extrapolate the rate coefficients to higher
temperatures. s*(298) was estimated by group additivity methods, using the parent cycloalkane as a model compound.
The C-H-0 geometry was assumed to be linear. Vibrational frequencies for the activated complex were taken to be the same as for
the reaction of O + c~CgHyg. For further details, see Ref. 9. With an assumed a value for k;(298) of 8.3 x 107 L mo1™! 7! from
Ref. 5, this model gives values for ki that are fitted by the expression, ky = 2.6 = 103 '1‘2'6 exp (~-1240/T) L mo1~t 571,

Although c-CgHqp, in its most stable (chair) conformation has a symmetry number of 6, these calculations were carried out
assuming all H atoms are equivalent. This assumption is questionable. If it is incorrect, and for example, the equatorial H

atoms are significantly more reactive than the axial ones, the calculated rate coefficient will be slightly lower than given by
the above expression. ’

DISCUSSION

The calculations, based on experimental values of k|(300) of Refs. 2 and 3, are in good agreement with higher temperature
data of those studies. Apart from this, there is no reason to invalidate the result of Ref. 4. We recommend the calculated

expression of kqy = 2.6 x 103 12-6 exp(-1240/T) L mor™" 5’1. with an uncertainty in log ky of 0.3 'at 298 K, increasing to :0.5 at
2000 K.
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O + ¢=C,H,, » OH + c=CH,,
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reverse reaction is unlikely to be important at any temperature.
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0 + o-CpHyy =L+ OH + o~CqHys

THERMOCHEMISTRY

Thermochemical data for O and OH are from JANAF Thermochemical Tables, 3rd edn. (1985). Group additivity rules! were used to
estimate differences between AHfggg and 3398 for the cycloheptyl radical and for the parent alkane itself. An analytic expression
for the equilibrium constant has not been calculated because the reverse reaction will, under all conditions of practical
interest, be slower than the radical recombination reaction (OH + C_OIHB > c—C7H13OH).

MEASUREMENTS

A singie series oI experimental measurements O Kk, has Deen reported. Huie andg Herron? proquced U atoms Dy passing a I1OW Of
argon with a few percent O, through a microwave discharge and added reagent gas downstream. 0 atoms were kept in considerable
excess. Relative [0] was determined by mass spectrometry, put on an absolute basis by titration with NO,. Alkane concentration
was also measured by mass spectrometry. Measurements were made between 331 and 652 K. Because [0] was kept in excess and at most
104 of the alkane was consumed, the method .was free of complications caused by secondary reactions. However, since k is
proportional to in([RH],/[RH].), a 5% error in measuring either [RH]0 or [RH], can mean a 50% error in k. The scatter in the data

reflects this shortcoming. From their data, they3 extrapolated a value of k;(298) of 1.6 x ‘IO8 L mol_isq' by assuming a linear
Arrhenius plot.

CALCULATIONS

Transition-state theory calculations were carried out for kq in order to extrapolate the rate coefficients to higher
temperatures. S*(298), was estimated by group additivity methods, using the parent cycloalkane as a model compound.
The C-H-0 structure was assumed to be linear. Vibrational frequencies for the activated complex were taken to be the same as
reaction of 0 + c~Cghyg. For further details, see Ref. 4. With an assumed value for k;(298) of 2.0 x 108 L mo1™! s71, this model
gives values for k; that are fitted by the expression, k; = 2.3 x 103 726 exp(-1020/T) L mol™ s™'. (This expression was
obtained by treating the reaction as if there were a symmetry change of 14 » 1. Strictly speaking °'C7H1h has a symmetry of 1 and
one should treat the problem as if there were 14 separate K atom abstraction reactions with (possibly) varying enthalpies and

entropies of activation. The expected variations, though, are so slight that the calculation can effectively be carried out by
assuming o(c-C-,Hw) = 14.)

DISCUSSION

The calculations are in reasonable agreement with experiment, though the latter possibly suggest more curvature in the plot
of log k vs 1/T than the former. Until there are more precise measurements available, we recommend an expression for k1 derived
from the calculations: kg = 2.3 = 103 T2'6 exp(-1020/T) L mo1 ™! s'1, with an uncertainty in log k; of 0.3 at 298 K, increasing
to +0.5 at 2000 K.
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OH + CHgF — CH,f + H,0

AHggs = -80.3 + 8 kJ mo1™! (-19.2 keal mo1”!, Asggs = 10.8 « 6 Jmol k™! (2.6 cal mo1~'x" 1)
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Uncertainty in log ky: 20.1 at 298 K, increasing to 20.2 at 250 K and to +0.3 at 1000 K.

Expressions for K and k_; are not given
because the reverse reaction is unlikely to be important at any temperature.
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OH + CHgF » CHoF + Hy0

THERMOCHEMICAL DATA

Thermochemical data for H,0 and OH are from JANAF Thermochemical Tables, 3rd edition (1985). Based on the review of MeMillen

1 o _ o - - P =1 ; Q < _

and Golden, AHfzga(CH3F) = -233 + 8 and Aﬂrzgs(CHZE‘) = -32.6 + 8 kJd mol™". We estimate Szga(CHZF) 5298(0}{3?) + Rln g,, assum

ing that the radical is nonplanar and that g, = 2. An analytic expression for K(T) has not been calculated because the reverse
reaction is unlikely ever to be important.

MEASUREMENTS

Howard and Evenson2 measured ky at 296 K at 0.8 - 10 torr total pressure in a discharge flow system, using the H + NO, reac-
tion to generate 10% - 10" OH radicals/cm3 and using laser magnetic resonance at 84.3 um for radical detection. They obtainec
(9.6 & 2.1) «x 'IO6 Lmor~ts™. Nip et a1.3 produced OH at 297 X by VUV flash photolysis of 0.3 torr Hy0 and monitored OH decay by
resonance absorption at 308.2 nm. They reported k; = (1.3 £ 0.1) 107 L mo1's™!.  in the only temperature-dependent measure-
ment, Jeong and Kaufman“ studied the reaction between 292 and 480 K in the presence of excess fluorocarbon in a discharge flow

1245

apparatus, also using the H + NO, reaction as an OH radical source, and monitoring OH decay by resonance fluorescence. Their results

are fitted by5 k; = (4.9 + 0.8) x 109 exp(-1890/T) L mol™'s™!, with a 292 K value of (8.4 + 0.5) = 108, Bera and Hanrahan®
measured kq at room temperature using pulse radiolysis--absorption spectroscopy, and reported (1.0 + 0.16) x 107 L mol ! s
The spread among the room temperature values is thus approximately 0.2 units in log kqy, or 60% in Kq-

CALCULATIONS

Transition-state-theory calculations were carried out to extrapolate ky to temperatures beyond the range of experimental data
and to test for consistency of the data with data for reactions of OH with other halomethanes. The value of k(298) required for
the calculation was taken from Ref. 4. The model for the activated complex was based on that used previously for the reaction of
OH with CHy, with appropriate changes for the vibrational frequencies, moments of inertia, etc., resulting from the substitution
of H by heavy halogen atoms. The results, in agreement with the data within 25% for T > 298 K, could be described by the expres-
sion, ky = 2.6 x [ER exp(-1480/T) L mo1”'s™!. For further computational details, see Ref. 7.

DISCUSSION

The calculations are in very good agreement with the data of Ref. U throughout the range of experiments. Hence, we rely on
them to extrapclate k; to higher temperatures and recommend Ky = 2.6 x 10% 711-5 exp(-1480/T) L mol'1s‘1, with an uncertainty in
log kq of 0.1 at 298 K, increasing to 0.3 at 1000 K and higher.
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OH + CH,F, » CHF, + H,0

AH3gg = ~76.1 £ 8 kJ mol™! (-18.2 keal mo1™') 88305 = 10.8 £ 6 J mo1” 1K™ (2.6 cal moi~ k™)
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Uncertainty in log kq: 0.1 at 298 K, increasing to 0.2 at 250 K and to 0.3 at 1000 K and higher.

not given because the reverse reaction is unlikely to be important at any temperature.
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CHEMICAL KINETIC DATA SHEETS FOR HIGH-TEMPERATURE REACTIONS

OH + CHFy » CHFp + Hy0

THERMOCHEMICAL DATA

Thermochemical data for Hy0 and OH are from JANAF Thermochemical Tables, 3rd edition (1985). Based on the review of McMillen
1 - -1, .
and Golden, AHr’eQ&(CHZFZ) = ~452.2 and AHfzga(CHFZ) 247.6 kJ mol” We estimate SZQB(CHFQ) S?QB(CH2F2) + Rln gg, assuming
that the radical is nonplanar and that g, = 2. An analytic expression for K(T) has not been calculated because the reverse
reaction is unlikely ever to be important.

EXPERIMENTAL DATA

Experimental results are summarized as follows:

Reference Temp. Range P(torr) Method - log k(E?B) ~ - a exp(~B/T)
(K) (L mol LogA B
2 293-429 1.5-2 discharge rlow- 6,54 9.65 2100
resonance fluorescence
3, 4 250-492 3 discharge flow- 6.83 9.8 1700
resonance fluorescence .
5 29 0.8-9.8 discharge flow~ 6.67 - -~
magnetic resonance
6 297 - 50 flash photolysis- 6.85 - —-—-
. resonance absorption
7 (298) 600‘ pulse radiolysis-resonance 6.72 ~—- ——-
absorption
CALCULATIONS

Transition-state-theory calculations were carried out to extrapolate ky to temperatures beyond the range of experimental data
and to test for consistency of the data with data for reactions of OH with other halomethanes. The model for the activated
complex was based on that used previously for the reaction of OH with CHy, with appropriate changes for the vibrational
frequencies, moments of inertia, etc., resulting from the substitution of H by heavy halogen atoms. The room temperature value of
ky used in the calculations was based on the results of Ref. 3. The results, in agreement with the data of Ref. 3 within 25%.
could be deseribed by the expression, ky = 2.8 x 10 T'-7 exp(-1290/T) L mo1"'s"!. For further details, see Ref. 8.

DISCUSSION

The calculations are used as a basis for extrapolating k; to temperatures above the range of experimental data. Thus we
recommend ky = 2.8 x ot gt 7 exp(-1290/T) L mol™'s™?, with an uncertainty in log ky of $0.1 at 298 K, increasing to 10.3 at
1000 K and above. This expression differs from all the data (excepting the lowest-temperature value of Ref. 2) by no more than
25%.
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OM 4 CHF, = CF, + H,0

8Hgg = -52.3 + 4 ky mor™! (~12.5 keal mo1 ") 8S3gg = 10.8 2 6 J mo1 'k {2.6 cal mo17'KT)
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Uncertainty in log kq: 0,2 at 298 X, increasing to +0.3 at 2000 K. Expressions for K and K.y are not given because the reverse
reaction is unlikely to be important at any temperature.
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OH + CHF3 » CF3 + Hy0

THERMOCHEMICAL DATA

Thermochemical data for Hy0 and OH are from JANAF Thermochemical Tables, 3rd edition (1985). Based on the review of MeMillen
and Golden,’ AHfggs(CHF3) = -695.6 and AHfgga(CHF3) . -467.2 kJ mol”l. Roger52 recommends a slightly larger value of -464.8 s
4 kI/mol. We estimate Sg% (CF3) = 5(2’98 (CHF3) + Rln gg, assuming that the radical is nonplanar and that g, = 2. An analytic
expression for K(T) has not been calculated because the reverse reaction is unlikely ever to be important.

EXPERIMENTAL DATA

Experimental results are summarized as follows:

Reference Temp. Range P(torr) Method log k@?521 K = R exp(-B/1)
() (Lmol™'s™") Log A B

3 7 296-430 1.5-2 discharge flow- 5.89 see below
resonance fluorescence

4,5 387-480 3 discharge flow- --- 9.26 291¢
resonance fluorescence

6 296 0.8-9.8 discharge flow-laser 5.08 - ---
magnetic resonance

7 297 - 50 flash photolysis- 5.32 -— -
resonance absorption

8 ~ 1300 . shock tube - — .

9 1255-1445 - 760 flash photolysis-shock - -— —
tube

A linear extrapolation on an Arrhenius plot through the data of Jeong and Kaufman passes very near to the result cﬁ‘ Howard and
Evenson of 1.2 x 105 L m1'1s_1. The data of Clyne and Holt, however, are inconsistent with the other workers; in fact, they
observed practically no temperature variation between the two temperatures of their measurements. Bradley et 31.8 reported only
relative rate coefficients for OH reacting with several compounds including CHF3. Hy, CHy, and CoHg. For these four species
relative rate coefficients were 0.19:0.59:1.0:2.88. Using our own evaluated rate coefficients for OH + Hp, CHy and CHg, the
above ratios give values for kg between 6.4 and 8.1 = 108 L mo1"s! at 1300 K, or log ky = 8.85 1 0.05, in reasonable agreement
with an extrapclation based on the results of Jeong and Kaufman. Ernst et al.9 used flash photolysis of Hy0 to produce OH in
shock-heated Ar-CHF3-H,0 mixtures and monitored [OH] disappearence. They reported ky = (4.0 & 1.0) x 188 under their conditions.

CALCULATIONS

Transition-state~theory calculations were carried out to extrapolate k; to temperatures beyond the range of experimental data
and to test for consistency of the data with data for reactions of OH with other halomethanes. The model for the activated
complex was based on that used previously for the reaction of OH with CHy, with appropriate changes for the vibrational
frequencies, moments of inertia, etc., resulting from the substitution of H by heavy halogen atoms. The results, in agreement
with the data of Ref. 3 within 25% for T > 298 K, could be described by the expression, k; = 5.7 x 103 T'+8 exp(-2160/T)
L ml_1s‘1 . For further computational details, see Ref. 1Q.

DISCUSSION

The calculations described above are in excellent agreement with all the data of Refs. 4 and 6 and in reasonable agreement
with the high temperature datum of Refs. 8 and 9. The data of Ref. 3 are discounted, leaving only the room temperature value of
Ref. 7 being unaccountably high by nearly a factor of 2. We rely on the expression obtained from the calculations and recommend
ky = 5.7 x 103 Tl's exp(-2160/T) L mol"‘s_1 » With an uncertainty in log ky of 10.2 at 300 K, increasing to #0.3 at 2000 K.
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OH + CH,Cl = CH,Cl + H,0

8gg = 765+ & ki mo1”! (18,3 keal mo1~1) 85305 = 10.8 = 6 J mo1™'k™" (2.6 cal mo1"'k™!)
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Uncertainty in log ky: 0.1 at 298 K, increasing to #0.2 at 250 K and to 0.3 at 1000 K and above. Expressions for K and k_, are
not given because the reverse reaction is unlikely to be important at any temperature.
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CHEMICAL KINETIC DATA SHEETS FOR HIGH-TEMPERATURE REACTIONS
OH + CHSCl = CHoCl + Hpl

THERMOCHEMICAL DATA

Tnermochemical data for Hy0 and OH are from JANAF Thermochemical Tables, 3rd edition (1985). Based on the review of McMillen
1 0 L. O _ -1 s o Yy _ o0 .
and Golden, AHfzga(CH3C1) = -85.8 and AHfzgg(uHZCl) = 118.4 kJ mol™'. We estimate Szga(CHZCI; 5298(0H3C1) + Rln gg, assuming
that the radical is nonplanar and that gg = 2. An analytic expression for K(T) has not been calculated because the reverse
reaction is unlikely ever to be important.

EXPERIMENTAL DATA

Experimental results are summarized as follows:

Reference Temp. Range P{torr) Method log k(2?821 k = AT exp(-B/T)
(K) {(Lmol™'s™") Log A n B
2 296 0.8-9.8 discharge fiow- 7.34 -—- Q -—
magnetic resonance
3 250-350 20-200 flash photolysis- 7.39 9.05 o 1100
’ resonance fluorescence
y 298 25-5U riash pnotolysis- 1oue -— - -
resonance fluorescence
5 297 [30-2507) flash photolysis- 7.39 - — —
resonance absorption
6, 1 2U(~4B83 3 discharge flow- .38 ’ 9.26 0 1260
resonance fluorescence (293 X)
8 295-800 76C laser photolysis-laser 7.47 4.8 1.38 1200
induced fluorescence {295 K)
9 1850-210U 38 r'lames ——— — — _—
CALCULATIONS

Transition-state-theory calculations were carried out to extrapolate k; to temperatures beyond the range of experimental data
and to test for consistency of the data with data for reactions of OH with other halomethanes. The model for the activated
complex was based on that used previously for the reaction of OH with CHy, with appropriate changes for the vibrational
frequencies, moments of inertia, etc., resulting from the substitution of H by heavy halogen atoms. With an assumed value for log
k1(298) of 7.37, the results could be described by the expression, kq = 5.0 x 105 1.4 exp (-1230/T) L mo1”! 1. This expression
is in good agreement with results of Ref. 8 (except at their lowest temperature of 295 K), but overpredicts results of Refs. 3 and
6. The calculated value of log ky is proportional to (298/T) log k1(293). For further computational details, see Ref. 10.

DISCUSSION

The flame study of Ref. 9 is considered too imprecise to be of use in this evaluation. Two other room temperature

studles‘1'12 disagree significantly with Refs. 2-8. The most recent results of Ref. 8 agree with earlier data near 335 K, but are
systematically larger at other temperatures: at the highest temperature of Ref. 6, Ref. 8 is 40% larger; at 295 K, 23% larger.
(Ncte that the analytic fit of Ref. 8--given in the table above--underpredicts their own datum at 295 K by 35%.) There is thus an
unreconcilable systematic discrepancy in the experimental record at temperatures over ca. U00 K (increasing with temperature),
notwithstanding the similarity in techniques. Inasmuch as the results of Ref. 8 cover the broadest temperature range and are in
close agreement with the TST ecaleulations, we tend to favor them. We recommend an cxpreasion very similar to both but with
slightly more curvature, to decrease the ciscrepancy with Refs. 3 and 6 and 250 K: kq = 9.3 x 108 11-6 exp(-1040/T) L mo1”! 571,
Tne uncertainty in log k; is 20.1 at 298 K, increasing to #0.3 at 1000 K and above.

the experimental discrepancies would be instructive.

An additional experimental study to resolve
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) -1 -1
Hagg = -84.5 + 8.4 kJ mol™' (-20.2 kecal mol™")

N. COHEN AND K. R. WESTBERG

OH + CH,Cl, » CHCl, + H,0

o “1,-1 ~1p-1
88508 = 10.8 ¢+ 6 J mol™'K™' (2.6 cal mol” 'K™')
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Uncertainty in log kq: #0.1 at 298 X, increasing to 0.2 at 250 K and to 0.3 at 1000 K and above.

not given because the reverse reaction is unlikely to be important at any temperature.
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CHEMICAL KINETIC DATA SHEETS FOR HIGH-TEMPERATURE REACTIONS 1253

OH + CHxCl, » CHCl, + HyO

THERMOCHEMICAL DATA

Tnermochemical data for Hy0 and OH are from JANAF Thermochemical Tables, 3rd edition (1985). Based on the review of McMillen
o -1 5 0 0 .
and Golden,’ AHFSR(CHCL,) = ~95.4 and AHEDG(CHCL,) = 100.8 kJ mol™'.  We estimate S3oa(CHCL,) = S5op(CHCL,) « RIn g, assuming
that the radical nonplanar and that g, = 2. An analytic expression for K(T) has not been calculated because the reverse reaction
is unlikely ever to be important.

EXPERIMENTAL DATA

Experimental results are summarized as follows:

Reference Temp. Range P(torr) Method log k(a? Kk = AT exp (-B/T)
{(K) (L mol Log A n B
2 298 25-50 flash photolysis- T7.94 _— —— e
resonance fluorescence
3 245-375 50-200 flash photolysis- 7.83 9.1 0 10%
resonance fluorescence
4 296 0.8-9.8 discharge flow- 7.97 —— — e
magnetic resonance
5, 6 251-455 3 discharge flow- 7.96 9.52 0 1040
resonance fluorescence (292 X)
7 298-775 760 laser photolysis-laser 8.03 4.96 1.58 622
induced fluorescence
8 298 760 HONO photolysis-NO yield 7.86 — —_— -
9 300-400 760 pulse radiolysis-absorption 7.94 9.61 0 7
spectroscopy

These results are in good agreement with each other except for those of Ref. 3, which are constantly lower by 40-60%. References
8 and- 9 are omitted from the graph: the former is unreliable bdecause of the indirectness of the method; the latter gives
insufficient details.

CALCULATIONS

Transition-state-theory calculations were carried out to extrapolate k; to temperatures beyond the range of experimental data
and to test for consistency of the data with data for reactions of OH with other halomethanes. ‘The model for the activated
complex was based on that used previously for the reaction of OHM with CHy, with appropriate changes for the vibrational
frequencies, moments of inertia, etc., resulting from the substitution of H by heavy halogen atoms. The results, in agreement
with a1l the data (except those of Ref. 3) within 264 for T 3 208 K, could be desoribed by the expression, ky - 6.0« 10“ ‘r“6
exp(-520/T) L mol™'s™'. For further computational details, see Ref. 10.

DISCUSSION

The data are all in good agreement with the exception of Ref. 3. The calculations, based on the room temperature value of
Ref. 5, are also in good agreement at other temperatures with all the data excluding Ref. 3. Consequently, we rely on the
calculations to extrapolate k; to higher temperatures than the range of experimental data: k; = 6.0 x 10k 116 exp(-520/T)

L mos~'s', witn an uncertainty in log ky of #U.1 at 298 K, increasing to #0.3 at 1000 K and higher.
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1254 N. COHEN AND K. R. WESTBERG

OH + CHCl; » CCly + H,0

8HDgg = -97-9 = 8.4 kJ mo1”! (-23.4 keal mo1™") 85355 = 10.8 2 6 J mo1”'k"" (2.6 cal mo1 ™'k
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Uncertainty in log kqy: 0.3 from 250 to 2000 K. Expressions for K and k_; are not given because the reverse reaction is unlikely
to be important at any temperature.
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CHEMICAL KINETIC DATA SHEETS FOR HIGH-TEMPERATURE REACTIONS

OH + CHCl3 » CCl3 + Hy0

THERMOCHEMICAL DATA

Thermochemical data for Hy0 and OH are from JANAF Thermochemical Tables, 3rd edition (1985). Based on the review of McMillen
1 o _ 0o . -1 s ] . 0 .
and Golden, AHf298(CHC13) = -103.3 and AHf298(6013) 79.5 kJ mol™'. We estimate 5298(CC13) SZQB(CHC]'B) + Rln g,, assuming
that the radical is nonplanar and that g, = 2. (JANAF Tables are based on the assumption that CCly is planar.) An analytic
expression for K(T) has not been calculated because the reverse reaction is unlikely ever to be important.

EXPERIMENTAL DATA

The reaction has been studied by Davis et al.2 over the temperature range of 245 to 375 K by flash photolysis-resonance fluo-
rescence, using Hy0 as an OH radical source in the presence of a large excess of helium diluent; by Jeong and Kauf‘man3 using dis-
charge flow-resonance fluorescence at 249 - 487 K; by Howard and Evenson.u using discharge flow-laser magnetic resonance at 296 K;
and by Taylor et al.5 at 295 -- 775 K using laser photolysis-laser induced fluorescence. All four studies are in excellent agree-
ment. The room temperature values obtained in the four studies are (6.1 % 0.9), (6.1 z 0.8), (6.9 + 0.4) and (6.4 £ 0.3) 107 L
mol'1s'1, respectively. Two relative room temperature masummnt56'7 disagree considerably with these results, and are not used
in this evaluation. )

CALCULATIONS

Transition-state-theory calculations were carried out to extrapolate kq to temperatures beyond the range of experimental data
and test for consistency of the data with data for reactions of OH with other halomethanes. The model for the activated complex
was based on that used previously for the reaction of OH with CHy, with appropriate changes for the vibrational frequencies, mo-
ments of inertia, etc., resulting from the substitution of H by heavy halogen atoms. The results could be described by the ex-
pression, ky = 6.6 x 103 1.7 exp(~170/T) L mo1-'s™!, For further computaticnal details, see Ref. 8. Unlike all the other halo-
methanes and haloethanes considered, the calculations were in poor agreement with experimental data, underpredicting k(T) more

severely with increasing temperature, up to an error of a factor of approximately 2.5 at 775 K. There is no obvious reason why
the model should fail in this one case.

DISCUSSION

Notwithstanding the very good agreement among the different experimental studies, the failure of the calculations to predict
the same temperature dependence is disconcerting. (Failure of the model to give results in agreement with the data is so puzzling
only because the same model gives good agreement in the cases of 18 other halomethanes and haloethanes.) Consequently, we recom-
mend with caution the expression of Ref. 5: kq = 10.2 -8 exp(-100/T) L mol™'s™!, with an uncertainty of log Ky = $0.3 through-
out the temperature range of 250 - 2000 K. This expression yields values that differ from the calculated values by no more than a
factor of 2 throughout the temperature range.
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1256 | N. COHEN AND K. R. WESTBERG

OH + CH,Br - CH,Br + H,0

Mgy = ~T1.9 + 8.4 kJ mol™" (-17.2 keal mol™") Spg = 10.8 + 6 J mo1 ™K™' (2.6 cal mor k)
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Uncertainty in log ky: 20.2 at 298 K and below, increasing to :0.4 at 1000 K and above. Expressions for K and k_y are not given
because the reverse reaction is unlikely to be important at any temperature.
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OH + CH3Br + CHyBr + Hy0

THERMOCHEMICAL DATA

Thermochemical data for H,0 and OH are from uANAF Thermochemical Tables, 3rd edition (1985). Based on the review of McMillen
1 ane® - o R -1 i 0 . 0 ;
and Golden, Aﬂrzga(CH3Br) = -35.2 and AHr29B(CHZBr) = 173.6 kJ mol™'. We estimate Szgs(c}{eBr) Szgs(CH3Br) + Rln g, assuming
that the radical is nonplanar and that g, = 2. An analytic expression for K(T) has not been calculated because the reverse
reaction is unlikely ever to be important.

EXPERIMENTAL DATA

Howard and Evenson? r‘eported‘a value for kq at 296 K of (2.1'% 0.5) = 107 L. mo1™'s™! obtained in a discharge flow system with
tne 0t NOp reaviivn g an OH radical source and lader megnetic reoonance as the mcans of detcecting OH disappcarance. Davis
et al.3 studied the reaction at temperatures between 244 and 350 K in 20-200 torr Helium diluent. Flash photolysis of Ho0
provided the OH radicals, whose disappearance was monitored by resonance fluorescence. They reported k; = (4.8 & 0.5) x 108

exp[-(890 + 58)/T] L mol~'s™1, with a room temperature value of 2.4 x 107, e flame studies of Wilson et al.%»5 are subject to
too many uncertainties to be useful in this evaluation. X '

CALCULATIONS

Transition-state-theory calculations were carried out to extrapolate k; to temperatures beyond the range of experimental data
and to test for consistency of the data with data for reactions of OH with other halomethanes. The model for the activated
complex was based on that used previously for the reaction of OH with .CHy, with appropriate changes for the vibrational
frequencies, moments of inertia, etc., 'z'esulting from the substitution of H by heavy halogen atoms. ‘The results, in agreement
with the data within 60% for T > 298 K, could be described by the expression, kq = 8.3 x 10° T'*3 exp(-1200/T) L mo1™'s™1. * For
further details, see Ref. 6.

DISCUSSION

The calculations suggest a weaker temperature dependence in kq than the results of Ref. 3 show, though the discrepancy in
absolute values over the limited temperature range of the experiments is no more than 60%. There are no data for -other
brominated halomethanes for comparison. We recommend an expfession for ky based on a fit through the experimental data but forced
to have a T'-3 dependence 3s suggested by the calculations. This yields ky = 7.6 » 1ot T1'3exp(-500/'r) L mol"'s™!, with an
uncertainty in log ky of 0.2 at 298 K, increasing to 0.4 at 1000 X and above. .
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OH + CH,CIF » CHCIF + H,0

Mg = ~66.9 £ 20 kI mol”} (~16.0 keal mor™!) 85595 = 10.8 £ 6 3 mo1™'k™! (2.6 cal mo1”'k"))
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reverse reaction is unlikely to be important at any temperature.
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CHEMICAL KINETIC DATA SHEETS FOR HIGH-TEMPERATURE REACTIONS 1259

OH + CHyC1F » CHCIF + Hy0

THERMOCHEMICAL DATA

Thermochemical data for H,0 and OH are from JANAF -Thermochemical Tables, 3rd edition (1985). According to Chen
1 o - - -1 i o _ -1 ] _©

et al., AHfZQB(CHClF) = -264 kJ mol™'. We estimate AHI‘298(CHC1F) to be -50.2 + 20 kJ mol™', and Szga(CHCIF) 3298(CH2C1F) +

Rln go, assuming that the radical nonplanar and that g = 2. An analytic expression for K(T) has not been calculated because the

reverse reaction is unlikely ever to be important.

EXPERIMENTAL DATA

Experimental results are summarized as follows:

Reference Temp. Range . P(torr) Method log k(2?8) 1 K = A exp(-B/T)
(K) (L mol™'s™") Log A

2 245-375 40 flash photolysis- 7.42 9.23 1259
resonance fluorescence

3 278-373 12-20 flash photolysis- 7.32 9.27 1320
resonance fluorescence

4,5 250-486 ~3 discharge flow- 7.47 9.16 1140
resonance fluorescence

6 296 0.8-9.8 discharge flow- 7.34 —- ——
magnetic resonance

7 297 [30-2507] flash photolysis- 7.43 —— ——
. resonance absorption

CALCULATIONS

Transition-state-theory calculations were carried out to extrapolate k; to temperatures beyond the range of experimental data
and to test for consistency of the data with data for reactions of OH with other halomethanes. The model for the activated
complex was based on that used previously for the reaction of OH with CHy, with appropriate changes for the vibrational
frequencies, moments of inertia, etc., resulting from the substitution of H by heavy halogen atoms. The results, in agreement
with the data of Ref. 4 within 25% for T > 298 K, could be described by the expression, k; = 5.6 x 104 T1'6 exp(-870/T)
L mo1~'s™'. For further computational details, see Ref. 8.

DISCUSSION

The experimental data are all in close agreement, except at the lowest temperatures, for which the data of Refs. 4 and 2,
when the temperature dependence is taken into account, disagree by approximately 50%. The calculations described above are in
good agreement with all the data, splitting the difference in the lowest temperature values. Consequently we rely on the

calculated curve to extrapolate k to temperatures above those of the experiments and recommend Ky = 5.6 x 10% Tl'6 exp(-870/T)
T-1

Lmol™'s”'. The uncertainty in log kq is :0.1 at 298 K, increasing to #0.3 at 1000 K and above.
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OH + CHCIF, » CCIF, + H,0

8H . = ~73.7 % 4 kJ mol™} (~17.6 keal mol™h) ‘ 85590 = 10.8 £ 6 J mol™Ik™! (2.6 cal mo1™lk71)
T (K)
9.5 2000 1000 700 500 - 400 300
] 1 1 | 1l [

- e

9.0 [ /THIS RECOMMENDATION 300 -
T =12

- A —1
8'5 et —

L -

8.0 - "
% 8
- n 3.5 3
Ers - £
~ £
= - - 2
g <

7.0 | i ol

L
N SYMBOL . _1-14
o 2
. 3
6.5 r. o 4 7
x 5
B + 6 -
v 7 X
* 8

6.0 | A 9 &

L. — -18

5.5 I 1 I |- | l ] | 4

0.0 -5 1.0 1.5 2.0 2.5 3.0 3.5 4.0
1000/1
RECOMMENDED RATE COEFFICIENTS
= k(T) Range ¥(298) Units
X 4.9 x 10% 148 exp(-1180/1) 250-2000 K 2.7 = 106 L mol~ls~!
8.1 x 10718 p1.8 exp(~1180/T) 4.4 x 10713 em’ molecule™ g™l

Uncertainty in log ky: #0.1 at 298 K, increasing to £0.3 at 1000 K and above. Expressions for K and k_) are not given because the
reverse resction is unlikely to be important at any temperature.

February 1987

J. Phys. Chem, Ref. Data, Vol. 20, No. 6, 1991
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OH + CHCLF, * CCLF, + Hp0

THERMOCHEMICAL DATA

Thermochemical data for Hy0 and OH are from JANAF Thermochemical Tables, 3rd edition (1985). Based on the review of McMillen

1 o - - [ - o -
and Golden, AHszS(CHC1F2) 476 %+ 8 and AHfZ‘)B(CCIFZ) 269 + 8 kJ/mol. We estimate SZQB(CC1F2) Szga(CHClFZ) + Rln -
assuming that the radical is nonplanar and that g, = 2. An analytic expression for K(T) has not been calculated because the

reverse reaction is unlikely ever to be important.

EXPERIMENTAL DATA

Experimental results are summarized as follows:

Reference Temp. Range P(torr) Method log k(298) k = A exp(-B/T)
(K) (L mo1~1s™1) Log A B
2 297~-434 15-25 flash photolysis- 6.46 8.86 1635

resonance fluorescence

3 296 . 0.8-10 discharge flow- 6.31 —— —
magnetic resonance

4 250-350 40-200 flash photolysis- 6.46 8.75 1575
resonance fluorescence

5 253-427 2.3-5.8 discharge flow- 6.41 8.86 1657
resonance fluorescence

6 263-373 10-30 flash photolysis~ (6.53)2 9.10 1780
resonance absorption

7 294-426 1.5-2 discharge flow- 6.39 9.76 2300
resonance fluorescence

8 297 [2507]) flash photolysis- 6.44 -_— —
resonance absorption

9 293-482 ~3 discharge flow— 6445 8.88 1660.
resonance fluorescence

3 - interpolated value

For reasons that are not apparent, Clyne and Holt obtained a stronger temperature dependence than the other workers,
recording larger values of k; at their higher temperatures and lower at 296 K than other measurements indicate. The lowest

temperature results of Chang and Kaufman are also out of line with respect to other measurements.

CALCULATIONS

Transition-state—theory calculations were carried out to extrapolate k; to temperatures beyond the range of experimental data
and test for consistency of the data with data for reactions of OH with other halomethanes. The model for the activated complex
was based on that used previously for the reaction of OH with CH,, with appropriate changes for the vibrational frequencies,
moments of inertia, etc., resulting from the substitution of H by heavy halogen atoms. The results, in agreement with the data of

Ref. 9 within 25% for T > 298 K, could be described by the expression, k| = 4.9 X 103 1148 exp(-1180/T) L mol™ls™l. For further
computational details, see Ref. 10.

DISCUSSION

Except for thc data of Refs 7, thc variations omong thc cxperimental data ceem random. The calculated values, basaed on a
room temperature value near the cluster of points from Refs. 2,, 4, 5, 6, 8, and 9, are in good agreement with thé data at other
temperatures. Thus, we rely on the calculations to extrapolate k) to temperatures above the range of the data and recommend ky =
4.9 x 103 7le8 exp(~1180/T) L mol'ls'l, with an uncertainty in log k; of #0.1 at 298 K, increasing to 0.3 at 1000 K and above.
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OH + CHCIF = CCIF + H,0

AH‘Z’% - -92.0 & 20 kJ mol™! (<22.0 keal mol™!) As‘z’g8 - 10.8 1 6 g mol” 'K (2.6 cal mo1”'k1)
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Uncertainty in log ky: 0.1 at 298 K, increasing to 10.2 at 250 K and to 10.3 at 1000 K and above. Expressions for K and k.q are
not given because the reverse reaction is unlikely to be important at any temperature.
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OH + CHC1,F » CCL,F + Hp0

THERMOCHEMICAL DATA

Thermochemical data for Hy0 and OH are from JANAF Thermochemical Tables, 3rd edition (1985). Based on the reviews of Chen
et al.! and MoMillen and Golden,? aHDgq (CHCLF) = -284.9 and BHED0a(CCILF) = -96.2 kJ mol™!.  We estimate S3gg(CC1,F) =
Sggs(CHsz) + Rln go, assuming that the radical is nonplanar and that g, = 2. An analytic expression for K(T) has not been

calculated because the reverse reaction is unlikely ever to be important.

EXPERIMENTAL DATA

kq has been measured in eight separate experiments spanning the temperature range of 241 to U483 K. Except for Ref. 10, the
discrepancy among the different results is less than a factor of 1.8 throughout the temperature range, and if the results of Ref.
7 are discounted, the spread in values is only 35% or less. Experimental conditions and results are tabulated below:

Reference Temp. Range P(torr) Method 1og k(g?821 k = A exp(-E/RT)
(K) (L mol™'s™") Log A E/R
3 298-422 ~ 50 flash photolysis- 7.21 9.02 1250
resonance fluorescence
4 296 0.8 10 diocharge flow— 7.20 —-— ——-
magnetic resonance
5 2U45-375 40-200 flash photolysis- 7.26 9.05 1245
. resonance fluorescence
6 241 396 2.2 5,9 discharge flow— 7.26 (206 K) 8.8y 1073
resonance fluorescence
7 293-413 1.5-2 discharge flow- ' 7.33 (293 K) 9.46 1400
resonance fluorescence
8 207 [30-2507] flach photolyeis— 7.31 . I
resonance absorption
9 250-483 -3 discharge flow- 7.3 8.86 1050
resonance fluorescence
10 300-400 760 pulse radiolysis-absorption 6.439 9.04 1787
spectroscopy
CALCULATIONS

Transition-state-theory calculations were carried out to evxr.rapolate Ky to temperatures beyond the range of experimental data
and to test for consistency of the data with data for reactions of OH with other halomethanes. The model for the activated
complex was based on that used previously for the reaction of OH with CHy, with appropriate changes for the vibrational
frequencies, moments of inertia, etc., resulting from the sut_:stitution of H by heavy halogen atoms. The results, in agreement
with the data of Ref. 9 within 25% for T > 298 K, could be described by the expression, Ky = 9.1 % 103 77 exp(-610/T)
Lmol™'s™'. For further computational details, see Ref. 11.

DISCUSSION

The calculated values are in very good agreement (within 35%) with all the data save those of Refs. 7 and 10 (not plotted).
Thus, we rely on them for extrapolating k, to temperatures above those of the experimental range and recommend ky = 9.1 x 103 T1'7
exp(-610/T) L mo1"'s™?, with an uncertainty in log kq of 20.1 at 298 K. increasing to 0.3 at 1000 K and higher.
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OH + CH,CH,F = C,HF + H,0

1 o _ _ -1 o -1 o _ -1 -1 -1 -1
OH + CH3CHoF * CH3CHF + Hy0 AH298 = -82.4 £ 8 kJ mol (-19.7 kcal mol™%) ASZ98 = 16.7 £ 4 J mol™" K (4.0 cal mol K™

OH + CHaCHoF 2% CHyCHF + Hy0 BHOGe = =76.2 + 8 kI mol™! (~18.2 keal mo1l™!)  as 0 = 16.4 £ 4 3 mo1™! k7! (3.9 cal mo1”! kD)
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1.5 x 10716 7l.6 exp(-550/T) 2.3 x 10713 en? molecule™ls™!

Uncertainty in log kA: ¢ 0.3 at 298 K, increasing to +0.6 at 2000 K. kA is the sum of kl + k2; separate values -for k1 and k2 are
not recommended. Because the reverse reactions are unlikely to be important at any temperature, values for equilibrium constants

and reverse rate coefficients are not recommended.
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1
O + CH3CHpF ~» CHyCHE + HyD
~E5 CH,CHoF + Hp0

THERMOCHEMICAL DATA

The title reaction is the sum of two elementary processes: abstraction of the two u—hydr‘ogen atoms (those attached to the

same C atom as the fluorine):

OH + CHyCHpF =1+ CHyCHF + H 0
and abstraction of one of the three B-~hydrogen atoms:

OH + CHyCH F ~%» CHCHF + Hp0
The three g~H atoms are not exactly equivalent because there is a barrier to rotation about the C-C bond. Hence, the properties
of the H atom trans to the F atom (opposite it, when viewed along the C-C axis) will differ slightly from those of other two
B-H atoms. (Once one H atom is removed in reaction, there is practically free rotatiori about the C~C bond in the fluoroethyl
radical, and the products are almost equivalent.) McKean et a]..1 predict the bond strengths 6f the trans and gauche f-H atoms to
be 419.2 and 425.1 kJ mol", respectively; and that of the a~H atoms to be #16.7 kJ mol™!. These values have not been verified
experimentally, and considering the usual uncertainties measuring bond strengths, the trans/gauche. difference may be
unmeasurable. We assume. hereafter that the reactions involving the two different conformations are indistinguishable.

Thermochemical data for H,0 and OH are taken from the third edition of JANAF Thermochemical Tables (1985). Data for
fluoroethane are from Stull et al. 2 pata for the fluoroethyl radicals are not available. Based on the predictions of Ref. 1, we
estimate AHr" gg(CH3CHF) = =62.8 2 12 kJ mol =1 and aHfS 298(CHCHF) = =56.5 & 12 kJ mol~!. The entropies of the two radicals were
estimated to be 276.6 + 5 and 276.2 + 5 J mo1 " k™ 1. assuming barmer's to internal rotation of 0 and 4 kJ mol 1, respectively.

MEASUREMENTS

kA has been measured at 297 K by Nip et a1.3 using VUV flash-photolysis of water vapor to produce OH radicals and resonance
absorption to monitor their disappearance. From 18 separate measurements, a value of kA = (1.4 £ 0,22) x 108 L mol'13°1 was de~

termined. In a separate study, Singleton et al."l determined that 85 : 3% of the abstraction occurs at the a positions, whence
k1/k2 = 5.7 + 1.6.

CALCULATIONS

Transition-state-theory (TST)} calculations were carried out for k1 and k2 to extrapolate the room temperature results of
Refs. 3 and 4 to temperatures above 298 K and to test for consistency of the data with data for reactions of OH with other halo-
ethanes. The model for the activated complex was based on that used previously for the reaction of OH with halomethanes, with
appropriate changes for the vibrational frequencies, moments of inertia, etc, The results for ky and k, were added together to
give kp, which could be described by the expression, k, = 9.3 x 104 1.6 exp(~550/T) L mol -7,
details, see Ref. 5.

For further computational

DISCUSSION

For want or more experimentél data, we are forced to rely on the single experimental measurements of kA and k /k2, and the

TST calculations based upon them. The experimental findng that ky/ky = 6 requires an acuvatlon energy difference of E; -

1 2 6.5 kd mol", since calculations suggest that the activation entropy for g~abstraction exceeds that for a-abstraction by
~2.2 gibbs mol1™'. While such a large difference may seem questionable, it is consistent with the lower experimental values for
rate coefficients for OH with haloethanes with only B-atoms. Hence, we recommend Ky = 9.3 x 10“ -6 exp(~550/T) L mol"‘s", with
an uncertainty in log k,(298) of 0.3, increasing to :0.6 at 2000 K.
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OH + CH,CH,Cl » C,H,Cl + H,0

OH + CHyCH,CL ~1» CHyCHCL + K0  AHOgg = =78 + 12 kJ mol™! (-18.6 keal mo1™)) 4855 = 17.6 x5 Jmo1™ K™' (4.2 cal mo1”! k1)

- -1 o -1 -1 -1
OH + CH3CH201 -2 CH,CHC1 + Hy0 Aﬂgge = =70 + 12 kJ mol 1 (-16.8 keal mol™ ") A3298 =17.3+5 dmol”' XK' (4.1 cal mol™' K')
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RECOMMENDED RATE COEFFICIENTS
k k(T) Range k(298) Units
Ky 65 726 exp(110/T) 298 - 2000 K 2.3 x 108 L mo1~'s™
1.1 x 10719 126 exp(110/7) 3.9 « 10713 em3 molecule™ s

Uncertainty in log kA’ + 0.2 at 298 K, increasing to :0.5 at 2000 K. kA is the sum of kq + k,; separate values for k; and kj are
not recommended. Because the reverse reactions are unlikely to be important at any temperature, values for equilibrium constants
and reverse rate coefficients are not recommended.
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OH + CH3CHCL ==+ CHaCHCL + Hp0
S5 CHoCHLCL + g0

THERMOCHEMICAL DATA

The title reaction is the sum of two elementary processes: abstraction of one of the two a-hydrogen atoms (those attached to
the same C atom as the chlorine):

OH + CHaCH,C1 ~Lv CHgCHCL + Hy0
and abstraction of one of the three 6-hydrogen atoms:
2
OH + CHgCHCL -5+ CHaCHyC1 + Hy0

The three B-H atoms are not exactly equivalent because there is a barrier to rotation about the C-C bond. Hence, the
properties of the H atom trans to the Cl atom (opposite it, when viewed along the C-C axis) will differ slightly from those of the
two gauche B-H atoms. (Once one H atom is removed by reaction, there is practically free rotation about the C-C bond in the
chloroethyl radical, and the products are almost equivalent.) McKean et 31.1 predict the bond strengths of the trans and
gauche B-H atoms to Ye 415.0 and ¥28.7 kJ mol", respectively; and that of the a-H atoms to be 428.9 kJ mol”!. Tnese values have
not been verified experimentally, and considering the usual uncertainties measuring bond strengths, the trans/gauche difference
may be unmeasurable. We assume hereafter that the reactions involving the two different conformations are indistinguishable.

Thermochemical data for 1150 end Oll ere taken from the third edition of JANAF Thermochemical Tables (1983). Data for
chloroethane are from Stull et al.z. Data for the chloroethyl radicals are not available. Based on the predictions of Ref. 1, we
estimate AHfg98 (CH4CHC1) = 91.6 + 12 kJ mor~! and _Hfg% (CHxCHpCL) = 99.2 & 12 kJ mwl . e entropies of the two radicals were

estimated to be 288:3 and 287.9 + 5 J mol'1K'1, assuming barriers to internal rotation of O and 4 kJ mol'1. respectively.

MEASUREMENTS

“A = Ky + Ky was measured by Howard and Evenson3 at 296 K in a discharge flow system using the H + NO, reaction as a source
of OH radicals and laser magnetic resonance for monitoring OH consumption. From 9 separate measurements they determined Ky to be
(2.3 + 0.4) x 108 L mor 's™. Paraskevopoulos et él.“ used VUV flash photolysis of Hy0 at 297 K and monitored OH disappearance by
resonance absorption. They reported k, = (2.37 ' 0.32) x 108 L mol”'s™Y, in excellent agreement with the earlier study. Neither
group monitored the chlorcethyl radicals produced and consequently could make no determination of k«|/k2. Kasner et 31.6 used
laser photolysis--laser-induced fluorescence to measure k, at 29% 5 T/K 5 789 and TY0 torr and reported kp = 68.4 1499
exp(115/T).

CALCULATIONS

Transition-state-theory calculations were carried out to extrapclate ky to temperatures abpve 298 K and to test for consis-
tency of the data with data for reactions of OH with other haloethanes. It was assumed that Ky >> kp, so that the experimental
measurement of kA(295) is essentially a measure of Kq. This assumption is justified by (a) the much smaller rate coefficients for
OH reactions with halcethanes having only B-hydrogen atoms (e.g., CH3CF3, CH3CCI3); and (b) the experimental determination
that a-hydrogen abstraction from CH3CH2F accounts for approximately 85% of the total reaction.” The model for the activated
complex was based on that used previously for the reaction of OH with CHy, with appropriate changes for the vibrational

frequencies, moments of inertia, etc. The results could be described by the expression. Ky = 5.8 x m“ '1‘1'6 exp{-250/TY I.

mo1 1s™Y.  For further computational details, see Ref. 7.

DISCUSSION

The transition ostate theory calculstiocns described above underpredict twsulls of Ref. 0 Ly up to 16% at tnelr nignest
temperatures. Lacking a measurement of kI/kE at any temperatures, we had to assume kq >> ky at room temperature, and that kA = kg
throughout the temperature range. However, the neglect of contributions from kp means that the TST estimate of kp will be a lower
limit at temperatures above 296 K. We thus recommend the results or Ref. 6, namely kp = 65 T2'6 exp(110/T) L mol'1s'1, with an
estimated uncertainty in log k, of +0.2 at 298 K, increasing to #0.3 at 2000 K.
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OH + CH,BrCH,Br - CH,BrCHBr + H,0

MSy = =77 + 10 kJ mo1™! (~18.4 keal mol ™) 8550, = 22:6 + 6 J mol K™ (5.4 cal mol”'k™h)
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Uncertainty in log ky: 20.2 at 298 K, increasing to 10.5 at 2000 K. Expressions for K and k—l are not given because the reverse

reaction is unlikely to be important at any temperature.
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OH + CHyBrCH,Br + CHBrCHoBr + Hy0

THERMOCHEMICAL DATA

Thermochemical data for H,0 and OH are from the third edition of JANAF Thermochemical Tables (1985). Data for 1,2-
dibromoethane are given by Stull et al.1 Data for the 1,2-dibromoethyl radical are not available, Ve estimate the C-H bond
dissociation energy to be 423 + 10 kJ mol”! whence 8HfDyg (CHBrCHBr) = 289 £ 10 ki mo1™'; Sgoq (CHBrCHpBr) is estimated to be 347

+ 6 Jmo1 k.

MEASUREMENTS
Ky has been measured at 296 X by Howard and E.\/enson2 in a discharge flow system using the H + N02 reaction as a source of OH
radicals and laser magnetic resonance to monitor OH consumption. From 19 separate measurements they determined k; to be
(1.5  0.3) x 108 L mo1™"s71.
CALCULATIONS

Transition-state-theory calculations were carried out to extrapolate k¢ to temperatures above 298 K and to test for consis-
tency of the data with data for reactions of OH with other haloethanes. The model for the activated complex was based on that
used previously for the reaction of OH with CHy, with appropriate changes for the vibrational frequencies, moments of inertia,
ete. Tne results could be described by the expression, ky = 1.8 x 104 T1'7exp(-180/T) Lmoi1's7!. For further computational
details, see Ref. 3.

DISCUSSION

In the absence of experimental data above room temperature, we rely on the TST calculations based on the single reliable
measurement of Ref. 2. We recommend ky = 1.8 x 104 717 exp(~180/T) L m1 15”1, with an uncertainty in log kq of 0.2 at 298 X
increasing to :0.5 at 2000 K.
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OH + CH,FCHF, - C,H,Fy + H,0

095 = <77 1 10 kJ mol™) (-18.4 keal mol™l)  asS,. = 23.0 + 6 J mor”! k7! (5.5 cal mo1”! x7)

O+ CH,FCHF) L. CHFCHF, + Hy0 AH 298

1o

OH + CH,FCHF, s curer, + 1,0 BHOo0 = =77 £ 10 kJ mol™! (-18.4 keal mo1™!) s . = 23.0 + 6 J mol™! k7! (5.5 cal mo17! k1)

298
T K)
2000 1000 700 500 400 300
10
1 ] | | | ]
L -1
THIS RECOMMENDATION

9l / 1
_ i
Tm B =12 Tm
- @
-— =
g 3
- -~ =]
y — £
K, €
g - =
g
8 SYMBOL REF. N =

a 1
I X 2 _J -13
n A -
7 ] | 1 ] | | x_| .
0.0 .5 1.0 1.5 2.0 2.5 3.0 3.5 4.0
- 1000/T

RECOMMENDED RATE COEFFICIENTS

k k(T) Range k(298) Units
Ky 3.1 % 104 787 exp(-930/T) 298 - 2000 K 2.3 x 107 L mol™ls1
502 % 10717 7127 exp(-930/T) 3.9 » 10714 o molecule™ls™!

Uncertainty in log kj@ +0.3 at 298 K, increasing to 20.5 at 2000 K. Ky 15 the sum of k; + kz; separate values for kl and k, are
not recommended. Because the reverse reactions are unlikely to be important at any temperature, values for equilibrium constants
and reverse rate coefficients are not recommended.
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OH + CHoFCHF, -1+ CHFCHF, + Hp0
2. CHyFCP, + Hy0

THERMOCHEMICAL DATA

The title reaction is the sum of two elementary processes: abstraction of one of the two equivalent H atdms to form 1,2,2-
trifluoroethyl:
OH + CHyFCHF, -1» CHFCHF, + Hy0
and abstraction of the single H-atom to form 1,1,2-trifluorocethyl:
OH + CHoFCHF, -2+ CHyFCF, + Hy0
Thermochemical data for Hy0 and OH are taken from the third edition of JANAF Thermochemical Tables (1985). Data for 1,2,2-
trifluoroethane and for the radicals are not available. In the absence of such data we assume both C-H bond dissociation energies
to be U423 + 10 kJ m01'1, whence AHggg = -77 + 10 kJ/mol for both reactions. Asgg8 for each reaction is estimated to be 23 + 6
Jmo1" k.

MEASUREMENTS

Clyne and }«lolt1 produced OH in a discharge-flow system by the reaction of H atoms with NO,, and monitored OH consumption by
resonance fluorescence. Because products were not monitored, their measurements gives only kA' the sum of k1 + k2. Over the
temperature range of 293 - 441 K, they reported log k, = (8.95 = 0.14) - (1&'30 + 43)/T; however, their data suggest considerable
curvature on an Arrhenius plot of log k vs 1/T.

Martin and Parskevopoulos2 studied the reaction at 298 K, generating OH radicals by VUV flash photolysis of H30 vapor and
monitoring OH disappearance by resonance absorption. They obtained log kA(298) = 7.04, about a factor of 3 lower than Clyne and
Holt's value of 7.47 at the same temperature. Both groups claim experimental uncertainties of #10% in k.

CALCULATIONS

Transition-state-theory (TST) calculations were carried out to extrapolate k s to temperatures beyond the range of
experimental data and to test for consistency of the data with data for reactions of OH with other haloethanes. Log kA(298) was
assumed to be 7.37. kg and k, were calculated separately, assuming k1(298) = 2k,(298), and the results added together to give
kA' The model for the activated complex was based on that used previously for the reaction of OH with CHy, with appropriate
changes for the vibraticnal frequencies, moments of inertia, etc. The results, in agreement with the data within 25%, could be
described by the expression, k; = 3.1 x 108 71-7 exp(-930/T) L mol™'s™V.  For further computational details, see Ref. 3; however,
a slightly larger value of kq(298) was assumed there.

DISCUSSION

Although Clyne and Holt obtained log k, = 7.7 at 298 K, in view of the scatter of the data at other temperatures, a value of
7.37 is consistent with their results. However, Ref. 2 suggests that k, is smaller by as much as a factor of 3 at room
temperature. We hase nur recommendation on the TST caleulations described above, recognizing that this may be subject to revision
when another, decisive measurement of k,(298) is made. An additional contribution to the uncertainty comes from having to
apportion kA(298) arbitrarily between k; and Kk,; we assumed an equal reaction rate coefficient for each of the 3 H atoms. Thus we
recommend ky = 3.1 x 104 1.7 exp(-930/T) L w1l 's™!, with an uncertainty in log k, of #0.3 at 298 K, increasing to #0.5 at
2000 K. A negative error 1s more probabie than a positive one. .
References
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OH + CH,CICHCI, » C,H,Cl; + H,0
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OH + CHpCICHCL, ~*» CHCICHCLp + Hp0 AHDge = =77 + 10 kJ mol™" (~18.4 keal mo1™") 8874g = 19.2 ¢ 6 J mor™! K™1(.6 cal mor™! k™)
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OH + CHCICHCL, -1+ CHCICHCI, * Hy0
-2, cHge1cel, + Hy0

THERMOCHEMICAL DATA

The title reaction is the sum of two elementary processes: abstraction of one of the two equivalent H-atoms to form 1,2,2-
trichloroethyl:
OH + CHyCICHCL, -1+ CHCICHC, + Hy0
and abstraction of the single H-atom to form 1,1,2-trichlorcethyl:
OH + CHyCICHCL, -2+ CHpCLCCL, + Hy0
Thermochemical data for Hy0 and OH are taken from the third edition of JANAF Thermochemical Tables (1985). Data for 1,1,2-
trichloroethene arc from Stull ot al.’*, data for thc radicals arc not available. In the abocnce of ouch data we aooume both C-H

bond dissociation energies to be 423 : 10 kJ mol™!, whence “‘lggg = =77 + 10 kJ mol™! for each reaction.

MEASUREMENTS

The only published study of this reaction is that of Jeong and Kaufman,? who produced OH in a discharge flow system by the
reaction of H with NO,, and monitored its consumption by resonance fluorescence. Over the temperature range of 277 to 461 K, they
reported3 ky = (9.9 2 1.6) = 108 exp[-(960 £ 1M0)/TI L mol~'s™!, an expression only slightly different from that given in the
earlier paper. Since products were not monitored, this represents the sum of kg + k.

CALCULATIONS

Transition-state-theory (TST) calculations were carried out to extrapolate ky to temperatures beyond the range of
experimental data and to test for consistency of the data with data for reactions of OH with other haloethanes. Separate
calculations were carried out for the two kinds of H atoms assuming k;(298) = 2k5(298), and the resulting values of ky and ko were
added together to give k. The model for the activated complex was based on that used previously for the reaction of OH with CHy,
with appropriate changes for the vibrational frequencies, moments of inertia, etc. The results, in agreement with the data within
25%, could be described by the expression, ky = 1.6 = 104 -7 exp(-100/T) L mo1”'s™'. For further computational details, see
Ref. 4.

DISCUSSION

The TST calculations described above are in good agreement with the lower four temperature measurements of Refs. 2 and 3, but
overprediot kA inoreasingly, albeit slightly, at the higher temp . C q tly, we rely on a lcast-aquares fit through
the experimental data to extrapolate k, to higher temperatures, and recommend k, = 1.6 x 108 T1‘6 exp(80/T) L mor~1s™1.  nis
expression predicts a value of k,(2000) smaller by a factor of 2 than the TST calculation does. The estimated uncertainty in log
ky is £0.2 at 298 K, increasing to 0.4 at 2000 K and 0.3 at 250 K.
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OH + CH,FCF, » CHFCF, + H,0

AHgge ~ =77 £ 10 kJ'mol™" (~18.4 keal mo1™ 1) 85395 = 19.2 + 4 Jmo1" k™! (4.6 cal mo1~ k1)
T (K)
10 2000 1000 700 500 400 300
| [ I i [ I
-1
9L N
—J-1z
" _~THIS RECOMMENDATION
n - T
%)
2 B
- L. 3
s 8
- o
= . 8 E
— L]
E -3 S
on \"
k=] =
— T o
=4
B SYMBOL REF .
A 1 _
= v 2
x
N + 2 — 14
%
6 | | ! [ | | | -
0.0 .5 1.0 1.5 2.0 2.5 3.0 3.5 4.0
1000/1
RECOMMENDED RATE COEFFICIENTS
K k(T) Range k(298) Units
X 2.1 x 104 117 exp(-14t0/T) 250 - 2000 K 3.0 = 10° Lmo1's™!
3.5 » 10719 11T exp(-1110/7) 5.0 x 10715 om?® molecule”'s™!

Uncertainty in log ky: #0.2 from 250 to 300 K, increasing to :0.3 at 2000 K.
reverse reaction is unlikely to be important at any temperature.

Expressions for K and k_y are not given because the

May 1991

J. Phys. Chem. Ref. Data, Vol. 20, No. 6, 1991



CHEMICAL KINETIC DATA SHEETS FOR HIGH-TEMPERATURE REACTIONS 1281
OH + CHoFCF3 » CHFCF3 + Hy0

THERMOCHEMICAL DATA

Thermochemical data for Hy0 and OH are from JANAF Thermochemical Tables, 3rd edition (1985). Data for 1,1,1,2-
tetrafluorcethane and for the 1,2,2,2-tetrafluorcethyl radical are not available. We estimate the C-H bond dissociation energy to

be 423 + 10 kJ mol™!, whence AHgga for the reaction is =77 & 10 kJ mol™'. Asg98 for the reaction is estimated to be 19.2 % 4
11
Jdmol 'K .

MEASUREMENTS

There are two temperature-dependent measurements of ki, both by the same method: in a discharge flow sytem, OH was generated
by the reaction of H atoms with NO,, and its disappearance monitored by resonance fluorescence. Clyne and Holt1 made measurements
at temperatures from 294 to U429; Jeong et al.,2 from 249 to 493 K. Except at room temperature, the results are in fair agreement,
but the two groups reported different Arrhenius parameters. Clyne and Holt gave log ky = (9.29 = 0.23) - (780 & 87)/T in L
mol™'s™! units; Jeong et al. reported log Ky = (8.82 + 0.88) - (620 ¢+ 15)/T. Martin and Paraskevopoulos3 measured ky at 298 X
using VUV flash photolysis of H,0 and resonance absorption detection and obtained (3.10 * 0.35) x 106 L mo1™'s™!, in near
agreement with Clyne and Holt's value of (3.31 z 0.42) = 108 (at 294 K) and smaller than Jeong et al.'s value of (5.08 :
0.42) x 106. Liu et al.u measured by flash photolysis-resonance fluorescence at 270 < T/K < 400. Their values for kq agree with
the other measurements at tneir N1gNest TEMPerature DUl OIVEerge ILnCredslngly ds Lemperdlures decreases, glving 3.1 = 106 at 290 K.

CALCULATIONS

Transition-state-theory (TST) calculations were carried out to extrapolate kq to temperatures above the range of experimental
data and to test for consistency of the data with data for reactions of OH with other haloethanes. Log k;(298) was assumed to be
6.48. The model for the activated complex was based on that used previously for the reaction of OH with CHy, with appropriate

changes for the vibrational frequencies, moments of inertia, etc. The results, in agreement with the data within 35%, except at
the lowest temperature, could be described by the expression, ky = 2.1 x 104 T'-Texp(-1270/T) L mol™'s™".
tional details, see Ref. 5, where a different value for k{(298) was used.

For further computa-

DISCUSSION

The TST calculations are in good agreement with Ref. U, which should be the most reliable measurements. Consequently, we
recommend ky = 2.1 x 10% 707 exp (-1410/T) L mo1™! ™7 for 250 < T/K < 2000, with an uncertainty in log k; of 0.1 at 300 K,
increasing to $0.2 at 250 K and to #0.3 at 2000 K.

References

M. A. A. Clyne and P. M. Holt, J. Chem. Soc. Faraday Trans. II, 75, 582 (1979).

K.-M. Jeong, K.-J. Hsu, J. B. Jeffries, and F. Kaufman, J. Phys. Chem. 88, 1222 (1984).
J.=-P. Martin and G. Paraskevopoulos, Canad. J. Chem. 61, 861 (1983). ~—

R. Liu, R. E. Huie, and M. J. Kurylo, J. Phys. Chem. 3§, 3247 (1990).

N. Cohen and S. W. Benson, J. Phys. Chem. 91, 162 (1987).

VW N =

J. Phys. Chem. Ref. Data, Vol. 20, No. 6, 1991



1282 N. COHEN AND K. R. WESTBERG

OH + CH,CICF; - CHCICF; + H,0

BSoe = <77 10 %I mol™! (-18.4 keal mo17l) 85550 = 20.5 & 4 J mol k™! (4.9 cal mo17lxl)
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because the reverse reaction is unlikely to be important at any temperature.
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OH + CHyCLCF3 * GHCLCF3 + Hy0

THERMOCHEMICAL DATA

Thermochemical data for Hy0 and OH are from JANAF Thermochemical Tables, 3rd edition (1985). Data for the l-chloro,2,2,2-
trifluoroethyl radical and enthalpy data for 2-chloro,l,1,l-trifluoroethane are not available. The H-CHCICF3 bond dissociation
energy is given by McMillen and Golden.! From these data AH;QS for the reaction is calculated to be -73 + 10 kJ/mol. ASZ% for
the reaction is estimated to be 20.5 % 4 J mcl'll('l, assuming that the three ligands on the unsaturated C atom of the radical are

nonplanar.

MEASUREMENTS

Handwerk and Zellner? studied the reaction at temperatures between 263 and 373 K in a static system, using flash photolysis
of HyO to generate OH radicals and monitoring their disappearance by resonance absorption. They reported k; = (6.62 = 1.8) x 108
exp[-(1260 = 60)/T] L mo1~}sL, Clyne and Holt3 made measurements between 294 and 427 K in a discharge flow system, using the=

reaction between H and NO, to produce OH and monitoring its ption by Tt fluor « They reported log k; = (10.37
+ 0.34) - (1000 % 130)/T in L mol~ls™! units. Howard and Evenson® reported a measurement near 296 K made in a discharge flow
system also using the H + NOp reaction as an OH source but with laser magnetic resonance as a means of monitoring OH
consumption. They reported k; = (6.32 + 1.38) x 108 mol'ls'l, in close agreement with the value of Clyne and Holt, but much
smaller than Handwerk and Zellner's result of (9.03 # 1.81) x 10% at 293 k.

CALCULATIONS

Transition-state-theory (TST) calculations were carried out to extrapolate k; to temperatures be);ond the range of
experimental data and to test for consistency of the data with data for reactions of OH with other haloethanes. Log k1(298) was
assumed to be 6.95. The model for the activated complex was based on that used previously for the reaction of OH with CH,, with
appropriate changes for the vibrational frequencies, moments of inertia, etc. The results, in agreement with the data generally
within a factor of 2, could be described by the expression, ki = 1.6 x 104 T1'7exp(—1020/1') L mol-ls—l. For further computational
details, see Ref. 5. ’

DISCUSSION

The results of Ref. 3 exhibit a much stroﬂger temperature dependence than do those of Ref. 2; however, the scatter in the
data 1s so much greater that we are inclined to give more weight to Ref. 2. The TST calculations predict a slightly larger
temperature dependence than the results of Ref. 1. Until another, definitive measurement of ky is made, we recommend the results
of the TST caleculation: kj = 1.6 X 104 T!7 exp(-1020/T) L wol~ls™), with an uncertainty in log k) of #0.2 at 298 X, increasing to
+0.5 at 2000 K and to 0.3 at 250 K.
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OH + CH,CICF,Cl » CHCICF,Cl + H,0

AH;QB = =77 % 10 kJ mol™! (-18.4 keal mol™l) ASZQB =19.2 £ 6 J mol~*k"! (4.6 cal mo1™ik"1)
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because the reverse reaction is unlikely to be important at any temperature.
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OH + CHCICF,Cl ——» CHCICF,C1 « Hy0

THERMOCHEMICAL DATA

Thermochemical data for Hy0 and OH are from JANAF Thermochemical Tables, 3rd edition (1985). Data for 1,2-dichloro,1,1-
difluoroethane and for the 1,2~dichloro,2,2-difluoroethyl radical are not available. We estimate the C-H bond dissociation energy

to be 423 + 10 kJ mol™ ', whence Aﬂgga for the reaction is =77 + 10 kJ mol™'. Asgga for the reaction is estimated to be 19.2 + 6 J
~1 -1
mol 'K .

MEASUREMENTS

measured kqy in a discharge-flow apparatus, using the H + NO, reaction to produce OH radicals and monitoring
their disappearance by resonance fluorescence. Over the temperature range of 249 - 473 K they could express ky by (1.22 &
0.12) x 109 exp[-(1260 + 35)/T1 L mol~'s™!, but noted that their data suggested considerable curvature on an Arrhenius plot.

Jeong et al.1

Watson et a1.2 used flash photolysis-resonance fluorescence at 250, 298, and 350 K, with the source of OH radicals being 50 ~
400 mtorr of Hy0. They reported k = (1.8 :gg) x 109 exp[-1580 :‘Z'gg)m L mol"s'1, with an estimated correction made for the

presence of 450 ppm of halogenated C, alkenes. Their approximate room temperature value of (1 : 0.1) «x 107 is about 2/3 of the
value obtained by Jeong et a1.1

CALCULATIONS

Transition-state-theory (TST) calcuiatlons were carried out to extrapolate k1 to temperatures beyond the range of
experimental data and to test for consistency of the data with data for reactions of OH with other haloethanes. The model for the
activated complex was based on that used previously for the reaction of OH with CHy, with appropriate changes for the vibrational
frequencies, ‘moments of inertia, etc. A value of log Kq(298) = 7.2 was assumed. The results, in agreement with all the data

within 40%. could be described bv the expression, k; = 1.5 x 10% T'-Texp(-810/T) L mo1™Vs™ . For further computational details,
see Ref. 3.

DISCUSSION

The results of Ref. 2 are consistently lower than those of Ref. .1, especially at the lowest temperature of both studies
(250 K), where the .discrepancy is a factor of 1.8. We see no compelling reason for preferring one set of results over the other,
though we have made our TST calculations based on a value of k1(298) consistent with the results of Ref. 1. Until a third,
decisive measure of ki is made, we recommend the results of the TST calculation: k; = 1.5 x 104 1.7 exp(-810/T) L mol™'s™, with
an uncertainty in log kg of $0.2 at 298 K, increasing to 0.4 at 2000 K and to 0.3 at 250 K.
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OH + CHF,CHF, - CHF,CF, + H,0

BHO o = <77 % 10 kJ mol™l (-18.4 keal mol™!) ASZ% = 20.5 £ 6 J mol k™! (4.9 cal mor"lk7})
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OH + CHF,CHF, + CF,CHF, + Hy0

THERMOCHEMICAL DATA

Thermochemical data for H,0 and OH are from JANAF Thermochemical Tables, 3rd edition (1985). Data for 1,1,2,2-
tetrafluorcethane and for the 1,1,2,2~tetrafluoroethyl radical are not available. We estimate the C-H bond dissociation energy to
be 423 + 10 kJ/mol, whence Aﬂgge for the reaction is ~77 & 10 kJ/mol. Asgg8 for the reaction is estimated to be 20.5 + 6

-1
J mol 'K .

MEASUREMENTS

The single published study of this reaction-to date is by Clyne and Holt,1 who used a discharge flow system in which OH was
generated by the reaction between H atoms and N02 and its consumption monitored by resonance fluorescence. For 4 temperatures
between 294 and 434 K they reported log kq = (9.22 & 0.53) ~ (780 + 170)/T in'L mo1~'s™1 units, with considerable deviation from
linearity on an Arrhenius plot.

CALCULATION3

Transition-state-theory (TST) calculations were carried out to extrapolate k.I to temperatures above 298 K and to test for
consistency of the data with data for reactions of OH with other haloethanes. Log kq(298) was assumed to be 6.50. The model for
the activated complex was based on that used previously for the reaction of OH with CH,, with appropriate changes for the
vibrational frequencies, moments of inertia, etc. - The results in reasonable agreement with the data considering the scatter,
could be described by the expression, ky = 1.6 « 104 T1'7exp(-1330)/T L mo1”'s"!. For further computational details, see Ref. 2.

DISCUSSION

As the graph shows, the four data points of Ref. 1 exhibit considerable uncertainty in temperature dependence. Log ky at
room temperature could easily be in error by 20.25 units. The "universal" rate coefficient expression derived in Ref. 3 predicts
a value of log k;(298) of over 7.35. On the other hand, in the case of several other haloethanes the results of Ref. 1 are
significantly larger than those of other workers. With some hesitancy, therefore, we rely on the TST calculations based on room
temperature value of k1 determined in Ref. 1, recognizing that another measurement is badly needed. We recommend ky = 1.6 x ‘IOll
71.7 exp(~1330/T) L mol™'s™!, with an uncertainty in log k; of 0.3 at 298 K, increasing to :0.6 at 2000 K.
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OH + CHF,CF; - CF,CF; + H,0
B o = -68 & 8 kI mol™) (-16.2 keal mo1”h) 848990 = 12:6 £ 4 3 mol™'K! (3.0 cal mol™ k)
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Uncertainty in log kj: 40.3 at 298 K, increasing to 0.6 at 2000 K. Expressions for K and k_) are not given because the reverse
reaction is unlikely to be important at any temperature.
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OH + CHFCF3 » CFyCF3 + Hy0

THERMOCHEMICAL DATA

Thermochemical data for Hp0 and OH are from JANAF.Thermochemical Tables, 3rd edition (1985). Data for pentaflourcethane are
from Chen et ar.!. Data for the pentafluoroethyl radical are from Rog,er‘s.2 who cites AHfggs = -891 &+ U kg mol_1 and 3398 = 341.,2
J mo1 k. The uncertainty in Asg98 for the reaction results primarily from the uncertainties in the barriers to internal
rotation in both the haloalkane and the radical.

MEASUREMENTS

The only temperature-dependent study of this reaction to date is by Clyne and Holt3. who used a discharge flow system in
which OH was generated by the reaction between H atoms and N02 and its consumption monitored by resonance fluorescence. For &
temperatures between 294 and 441 K they reported log k; = (8.01 & 0.20) - (478 =+ 43)/T in L m1 1s™? wnits. Their room
temperature value (294 K) was (3.0 z 1.1) x 105, & much smaller value of (1.5 £ 0.17) x 108 L mo1 1s™! at 298 K was reported by
Martin and Paraskevopoulos“. who used flash photolysis of Hp0 vapor as an OH source and monitored the disappearance of OH radicals
by resonance absorption. .

CALCULATIONS

Transition-state-theory (TST) calculations were carried out to extrapolate ky to temperatures beyond the range of
experimental data and to test for consistency of the data with data for reactions of OH with other haloethanes. Log k\(298) was
assumed to be 6.28. The model for the activated complex was based on that used previously for the reaction of OH with CHy, with
appropriate changes for the vibrational frequencies, moments of inertia, etc. The results, in reasonable agreement with the data
though suggesting stronger temperature dependence, could be deseribed by the expression, k; = 1.4 x 10u T1'6exp(-1270/T)

L mo1 's™!. For further computational details, see Ref. 5; however, a slightly larger value of k;(298) was assumed there.

DISCUSSION

The room temperature value of K reported in Ref. U is smaller by more than a factor of 2 than the value of Ref. 3; but it is
consistent with higher temperature data of the latter study if the temperature dependence is as detemined by the TST calculations
described above. In view of the unsatisfactory agreement between the experimental studies, we rely on the TST calculations until
another, definitive experiment is published. We recommend Ky = 1.4 x 0% 71-6 exp(-1270/T) L mol'1s'], with an uncertainty in log
ky of %0.3 at 298 K, increasing to 20.6 at 2000 K. '
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OH + CHCIFCFy » CCIFCF; + H,0

WH3gg = =77 + 10 kJ mol™" (-18.4 keal mol™") 853 = 15.5 + 6 J mo1 k™! (3.7 cal mol k™)
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RECOMMENDED RATE COEFFICIENTS
k k(T) Range k(298) Units
K 5.0 x 103 17 exp(-770/T) 250 - 2000 K 6.3 x 10° L mo1"!s™!
8.3 « 10718 71+7 exp(-770/T) 1.0 x 10714 em3 molecule™ls™ !

Uncertainty in log kq: #0.2 at 298 K, increasing to 0.5 at 2000 K. Expressions for K and k.4 are not given because the reverse
reaction is unlikely to be important at any temperature.

May 19
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OH + CHClFCF3 > CClFCF3 + Hy0

THERMOCHEMICAL DATA

Thermochemical data for Hy0 and OH are from JANAF Thermochemical Tables, 3rd edition (1985). Data for 1,1,1,2-
tetraflouro,-2-chloroethane and for the 1,2,2,2-tetraflouro,i-chloroethane radical are not available. We estimate the C-H bond
dissociation energy to be 423 + 10 kJ mo1~!, whence AHggs for the reaction is estimated to be -77 # 10 kJ mol™'. 854g for the
reaction is estimated to be 15.5 + 6 J mo1”'K™'.

MEASUREMENTS

Watson et al.! measured Ky at 250, 301, and 375 K using flash photolysis of 50 - 200 mtorr H,0 as an OH source and resonance
fluorescence to monitor its disappearance. They reported ky = (3.69 & 0.24) x 108 exp[-(1244 + 90)/T1 L mo1 ts™1, with a value at
301 K of (5.7 & 0.2) x 106, Howard and Evenson obtained a slightly higher room temperature value of (7.5  1.1) x 106 (296 K)
using the H + NO, reaction in a discharge flow to generate OH radicals and laser magnetic resonance to detect their disappearance.

CALCULATIONS

Transition-state-theory (TST) calculations were carried out to extrapolate k; to temperatures beyond the range of
experimental data and to test for consistency of the data with data for reactions of OH with other haloethanes. Log k1(298) was
assumed to be 6.80. The model for the activated complex was based on that used previously for the reaction of OH with CHy, with
appropriate changes for the vibrational frequencies, moments of inertia, etc. The results, in r'easonablev égr‘eement with the data
considering the scatter, could be described by the expression, kq = 5.0 x 103 T1'7exp(-770/T) L mo17ls™t,
tional details, see Ref. 3; however, a slightly larger value of k,(298) was assumed there.

For further computa-

DISCUSSION

The experimental data are within approximately 25% of the values of kq calculated by TST; hence we recommend the TST

expression of ki = 5.0 x 103 117 exp(-770/T) L m01_1s_1, with an uncertainty in log k; of 0.2 at 298 K, increasing to 10.5 at
2000 K.

References

1. R. T. Watson, A. R. Ravishankara, G. Machado, S. Wagner, and D. D. Davis, Int. J. Chem. Kinet. 11, 187 (1979).
2. C. J. Huward and K. M. Evenson, J. Chem. Phys. 064, 4303 (1976). -
3. N. Cohen and S. W. Benson, J. Phys. Chem. 91. 162 (1987).
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OH + CHCI,CFy - CCI,CF; + H,0

A

Sog = 17 % 10 kd mo1™! (-18.4 keal mo1™1) 85305 = 172 £ 6 I mol k! (4.1 cal mor”Tk™)
T (K)
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RECOMMENDED RATE COEFFICIENTS
Kk k(T) Range k(298) Units
Ky 4.4 x 103 777 exp(-370/T) 250 - 2000 K 2.0 x 107 L mor”1s™!
7.3.x 10718 11T exp(-370/1) 3.4 x 10714 em’ molecule™'s™!

Uncertainty in log ky: 0.2 at 250 to 300 K, increasing to :0.4 at 2000 K. Expressions for K and k.9 are not given because the
reverse reaction is unlikely to be important at any temperature.

May 1991

J. Phys. Chem. Ref. Data, Vol. 20, No. 6, 1991



CHEMICAL KINETIC DATA SHEETS FOR HIGH-TEMPERATURE REACTIONS

OH + CHClZCF3 + CCIZCF3 + K30

THERMOCHEMICAL DATA

Thermochemical data for H,0 and OH are from JANAF Thermochemical Tables, 3rd edition (1985). Data for 1,1,1-trifluoro-2,2-
dichloroethane (except for Asgga -- see Ref. 1) and for the 2,2,2-trifluoro-1,1-dichloroethyl radical are not available. We
estimate the C-H bond dissociation energy to be 423 + 20 kJ mol'T, whence AHO 598 for the reaction is ~77 t 10 kJ mo1”! Asgga for
the reaction is estimated to be 17.2 + 6 J mo1 K™,

MEASUREMENTS

Clyne and Holt2 used a discharge flow system to measure ky at 4 temperatures between 293 and 429 K. OH was generated by the
reaction between H atoms and NO,, and ‘its consumption monitored by resonance fluorescence. They reported log k1 = (8.83 + 0.02) -
(435 = W4)/T in L mol™'s™! units. At 293 K they obtained ky = (2.32 & 0.11) x 107 L mol™'s™!. Howard and Evenson3 obtained a
smaller room temperature value of (1.71 i 0.26) x 107 in a similar experiment except that the OH was monitored by laser magnetic
resonance. Watson et al." used flash photolysis resonance fluorescence at 245, 298, and 375 K and reported a rate coefficient of
(8.4 + 0.24) x 108 expl(-1102 *121)/T) L mo1”'s™.  ‘eir room temperature result of (2.2 + 0.2) x 107 agrees with that of Ref.
1. (The higher and lower values shown for Ref. 4 on the graph represent experiments at 40 and 300 torr diluent, respectively.)

Liu et al.? measured ky by flash photolysis-resonance fluorescence at 270 < T/K < 400. Their values for k; agree with the other
measurements.

CALCULATIONS

Transition-state-theory (TST) ecaleulations were carried out to extrapolate k; to temperatures beyond the prange of
experimental data and to test for consistency of the data with data for reactions of OH with other haloethanes. The model for the
activated complex was based on that used previously for the reaction of OH with CHy, with appropriate changes for the vibrational
frequencies, moments of inertia, etc, log k1(298) was assumed to be 7.3. The results, in agreement with the data generally
within 25%. could be described by the expression. ky = 4.4 x 103 T'-Texp(-370/T) 1. mo1"1a1.  For further computational details,
see Ref. 5; however, & slightly larger value of kq(298) was assumed there.

DISCUSSION

The TST calculations are in satisfactory agreement with all the experimental data; hence we rely on them to extrapolate k1
beyond the temperature range of the experiments and recommend ki = by« 103 77 exp(-370/T) L mo1! "1, with an uncertainty in
log kq between 250 and 300 K of 0.2, increasing to :0.4 at 2000 K.
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OH + CH,CF, - CH,CF, + H,0

8HQge = =53 + 8 kJ mol™! (-12.6 keal mo1”1) 8599 = 20.1 + 4 7 moi”Ik} (4.8 cal mol~Ik71)
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RECOMMENDED RATE COEFFICIENTS
k k(T) Range k(298) Units
Ky 4.1 % 108 T!+! exp(-2380/T) 298 - 2000 K 7.3 x 10° L mo1~ls~!
6.8 x 10715 71-1 exp(-2380/T) 1.2 » 10713 cm’ molecule™!s~t

Uncertainty in log k;: 20.3 at 298 K, increasing to +0.5 at 2000 K. Expressions for K and k_l are not given because the reverse
reaction is unlikely to be important at any temperature. .

February 1987
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OH + CH3CF3 » CHCF3 + Hp0

THERMOCHEMICAL DATA

Thermochemical data for Hy0 and OH are from JANAF Thermochemical Tables, 3rd edition (1985). Data for 1,1,1-trifluoroethane
are from Stull et a1.’! Data for the 2,2,2-trifluorocethyl radical are from Rogers,2 who cites AHr‘298 = -517 ¢+ 8 kJ mol"
and 3298 = 299.4 g mol'1K'1. The uncertainty in A$298 for the reaction results primarily from the uncertainties in the barriers
to internal rotation in both the haloalkane and the radical.

EXPERIMENTAL DATA

Clyne and Holt3 studied the reaction at 4 temperatures between 293 and 425 K in a discharge-flow system. The OH was produced
by the reaction of H atoms with NO,, and its disappearance monitored by resonance fluorescence. They expressed their results by
log ky = (10.62 £ 0.40) - (1390 & 220)/T in L mol™'s™! units. At 293 K they obtained only an upper limit to ky of 6.0 x 10°.
Martin and Paraskevopoulosu obtained a larger value for ki at 298 K of (1.03 0.26) x 106, This result was obtained by flash
photolysis of Hy0 in the VUV to produce OH radicals, whose disappearance was then monitored by resonance absorption. Their
fluorocarbon was of measured purity 99.6%, ‘with 0.4% CFCICH, impurity. Assuming a reactivity of the latter compound
characteristic of olefins with OH, there is sufficient impurity present to contribute significantly to the measured rate
coetticient at room temperature. Clyne and Holt's reagent was stated to be 99.9% pure or better.

CALCULATIONS

Transition-state-theory (TST) calculations were carried out to extrapolate k1 beyond the range of experimental data and to
test for consistency of the data with data for reactions of OH with other haloethanes. Log k; was assumed to be 5.9. The model
for the activated complex was based on that used previously for the reaction of OH with CH),, with appropriate changes for the
vibrational frequencies, woments of ioectia, elo. The resulls, in agreeusnl with tlie data cithin a factor of 2, could Le
described by the expression, ky = 4.1 x 106 T1'1exp(—2380/'r) Lmol ts'. For further computational details, see Ref. S; however,
a slightly larger value of kq(298) was assumed there.

DISCUSSION
Both room temperature measurements of Ky leave something to be desired: that of Ref. 4 may be too large because of possible
impurities; the lower value of Ref. 3 is given as only an upper limit. A value of log l<-|(298) - 5.9 is consistent with both
measurements, but may still be tco large. The TST calculation based on this value for k;(298) predicts values at higher

temperatures consistently lower than the other results of Ref. 3. However, values for the rate coefficient for the analogous
reaction of OH with CH3CC13 obtained in Ref. 3 are consistently higher than results of other workers (see Data Sheet four that
reaction). The TST calculation for that reaction is in good agreement with the most reliable experimental data. Hence, we chose
to rely on the TST calculations in this case, not withstanding the disagreement with Ref. 3. We recommend ky = 4.1 « 106
7! '1exp(-2380/T) L mol 's™!, with an uncertainty in log kq of #0.3 at 300 K, increasing to +0.5 at 2000 K,
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OH + CH,CF,Cl = CH,CF,Cl + H,0

8H3gg = <77 £ 10 kJ mol™" (-18.4 keal mo1™") 88305 = 17.7 £ 5 J mor ™'k} (4.2 ca1 mo1 k")
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k k(T) Range k(298) Units
Ky 3.4 % 105 117 exp(-1300/7) 250 - 2000 K 2.3 x 108 L mo1~ls™!
5.7 x 10716 711 exp(-1300/) 3.8 » 10715 om3 motecule™'s™

Uncertainty in log kq: 0.2 at 298 K and below increasing to 0.3 at 2000 X. Expressions for K and k_q are not given because the
reverse reaction is unlikely to be important at any temperature.
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OH + CHiCF,CL + CHCF5CL + Hy0

THERMOCHEMICAL DATA

Thermochemical data for H,0 and OH are from JANAF Thermochemical Tables, 3rd edition {1985). Data for 1-chloro,1,1-
difluorethane and the 2-chloro,2,2-difluoroethyl radical are not available. We estimate the C-H bond dissociation energy to be
423 + 10.kJ mol'1, whence A}«lg98 for the reaction is -77 % 10 kJ mol” 1. Asgga for the reaction is estimated to be 17.7 + 5 J

=Tp-1
mol K .

MEASUREMENTS

The reported measur‘ements1'7 of k1 show considerable scatter, much of which can probably be attributed to impurities.
( Paraskevopoulos et al.S estimate that the 0.054% C2F2C12 impurity could increase the apparent rate coefficient by 35% at room
temperature.) Howard and Evenson1 measured ky at 296 K, using a discharge-flow system to produce the OH radicals by the reaction
of H + NOp, and laser magnetic resonance for OH detection. Their haloethane was of greater than 99.99% analyzed purity. They
obtained the lowest reported room temperature value for kq of (1.7 & 0.25) x 10E L mol™'s™. Watson et al.? used photolysis of
Hx0 by an Ny spark discharge lamp as an OH source and resonance fluorescence for OH detection. Their halocarbon was of stated
purity >99.8%. They fitted their data at 273, 298, and 375 K by k; = (6.9 £ 0.9) x 108 exp[-(1748 ¢ 30)/T] L mo1”"s™!. Handwerx
and Zellner3 produced OH by flash photolysis of HyO and used resonance absorption to monitor its disappearance. After
purification the CH3CF2C1 contained 0.02-0.1% of - other saturated fluorocarbons and unstated amounts of unsaturated
fluorocarbons. They reported ky = (1.08 = 0.3) x 108 exp[-(1790 + 150)/T] based on measurements at 293 and 373 K. Clyne and
Holt® studied the reaction at 5 temperatures between 293 and Y417 K, using the H + NG, reaction in a discharge flow system to
produce OH and resonance fluorescence to monitor its disappearance. The halocarbon was stated to be more than 99.8% pure. They
reported log ky = (9.3 z 0.36) - (780 + 130)/T in L mol”'s™! units, and k(293) = (4.3 + 0.8) x 106. Paraskevopoulos et a1.’?
measured ky at 297 K by flash photolysis-resonance absorption and reported (2.79 & 1.04) x 108 L mo1™'s™!.  Their reagent was
99.9% pure. Cox et al‘.6 reported the same result, but their method requires some unproven assumptions about the reaction mechan-
ism. Liu et 31.7 measured Ky by flash photolysis-resonance fluorescence at 270 < T/K < 400.

CALCULATIONS

Transition-state-theory (TST) calculations were carried out to extrapolate k.I to temperatures above 300 K and to test for
consistency of the data with data for reactions of OH with other haloethanes. Log k1(298) was assumed to be 6.4. The model for
the activated complex was based on that used previously for the reaction of OH with CHy, with appropriate changes for the
vibrational frequencies, moments of inertia, etc. The results, in fair agreement with the data considering the scatter, could be
described by the expression, k; = 3.0 x 106 T1'18xp(-19HO/T) L mol-'s!. For further details, see Ref. 8; however, a slightly
larger value of kq(298) was assumed there.

DISCUSSION

The TST calculations predict a slightly larger temperature dependence than the results of Ref. 7, which should be the most

reliable experiments. We rely on the latter, but assume a preexponential factor of T1'1, as the calculations prediet, and

rocommend k| - 3.1 « 105 11+ oxp(+1300/T) for 270 < T/K < 2000, Thie agroes with the data of Rof. 7 within 10%.
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OH + CH4CCly » CH,CCly + H,0

8H3gg = =77 + 10 k mo1™! (~18.4 keal mo2™!) 853gp = 20.2 = 5 Jmol”'K™! (4.8 cal mo1” k™)
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Uncertainty in log ky: #0.2 at 250 - 300 K, increasing to =0.4 at 2000 K.
reverse reaction is unlikely to be important at any temperature.
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OH + CH3C(213 + CHQCClB + Hy0

THERMOCHEMICAL DATA

Thermochemical data for H,0 and OH are from JANAF Thermochemical Tables, 3rd edition (1985). Data for 2,2,2-trichloroethane
are from Chao et al.' Data for the 2,2,2-trichloroethyl radical are not available. We estimate the C-H bond dissociation energy
to be 423 x 10 kJ mol”', whence AHfSoq for the reaction is -77 : 10 kJmol™'. S35 for the reaction is estimated to be

20,2+ 5 Jmo1 K.

MEASUREMENTS

Of the published studies of this reac‘:icn'\,z'10 the first four have been invalidated on the grounds that the methyl chloroform
contained significant levels (~0.1%) of CHyCCl,, which reacts two to three orders of magnitude more rapidly with OH and therefore
gives spuriously large results for k, if not taken into account. This ‘problem has been discussed in Refs. 6 and 7. Kurylo et
al.6 measured 'kq at 253-363 K by flash photolysis-resonance fluorescence, using HONO, photolyzed at 165 nm as the OH source.

Jecng and Kaufman7

studied the reaction in a discharge flow system over the temperature range of 278 to 460 K, using the. H + NO,
reaction as an OH source and with resonance fluorescence as a means of OH detection. The two studies are in excellent agreement,
the former giving k; = (3.25 & 1.1) « 107 exp(~(1810 + 100)/T] L mol™'s™! and the latter, k; = (3.3 & 0.8) x 107 exp[~1832 s
98)/T]. Both reported a room temperature value very close to 6.4 x 106 L mol™'s™!. Reference 8 is unreliable because of the
indirectness of the method. Nelson et 31_9.10 measured ky by two separate techniques: at 298 K OH was produced by photolysis of
cu3ono/02 mixtures and the rate was measured relative toc that rorb OH + CH3C1 by monitoring the relative disappearance of CH3CCl3
and CH3C1.9'1° At 359, 376, and 402 K OH was produced by pulse radiolysis of Hy0/Ar mixtures and its absorption monitored by
kinetic absorption spectroscopy at 309 nm.10 ‘The points plotted are from Ref. 10. Though both methods are somewhat indirect, the

results are in good agreement with other studies.

CALCULATIONS

Transition-state-theory (TST) calculations were carried out to extrapolate ky to temperatures beyond the range of
experimental data and to test for consistency of the data with data for reactions of OH with other haloethanes. Log kq(298) was
assumed to be 6.8. The model for the activated complex was based on that used previously for the reaction of OH with CHy, with
appropriate changes for the vibrational frequencies, moments of inertia, etc. The results, in reasonable agreement with the data
considering the scatter, could be described by the expression, Ky = 2.4 x 108 T':lexp(-1610/T) L mo1"'s™". For further details,
see Ref. 11.

DISCUSSION

After discarding the results of Ref. 3, which were superseded by Ref. 7, those of Ref. 5, which have proven less reliable in
the cases of other OH + haloalkane reactions, and Ref. 8, we are left with five presumably reliable measurements of log kq(298),
three near 6.8 and two near 6.95. We accept the lower value because of possible reagent impurities in the other studies. The TST
calculations based on this room temperature value are in good agreement with the other data of Refs. 6 and 7 at other
temperatures, and we rely on them for our recommended expression. We recommend Ky = 2.4 x 106 Tt exp(-1610/T) L mor~ 1571 , with
an unecertainty in log k] of 0.2 at 250 - 300 K, inereasing to z0.L at 2000 XK. :
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MO . = -BU.56 + 6 kJ mol™! (-10.65 keal mo1~ 1)

258

The uncertainty in

N. COHEN AND K. R. WESTBERG

OH + NH; = NH, + H,0

8S9gg = 7-1 £ 0.4 Jmo1™'K™! (1.7 cal mo1”'k"T)

KT = 19.8 703 exp(5240/T)

log K(T) is 21.7 at 200 K, decreasing to 1.1 at 298 K and £0.1 at 3000 K.
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Uncertainty in log ky: 0.1 at 300 K increasing to 0.3 at 225 and 2000 K, and 0.4 at 3000 K. Uncertainty in log k_q: #1.1 at

300, decreasing to :0.4 at 3000 K.
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1
OH + NHy z=2 NH + Hy0

THERMOCHEMICAL DATA

Thermochemical data are taken from the JANAF Thermochemical Tables, 3rd ed. (1985), according to which AHfggg(Nﬂe) =190.4 »
6.3 kJ mol~'. The analytic expression chosen for K(T) matches equilibrium constants calculated from those data to within 5%
between 200 and 6000 K.

MEASUREMENTS

Since the 1972 review by Baulch et al.,‘* the following studies have been published. At low temperatures (<700 X), ky has
been measured by discharge flow-mass spectrometry at 298 KZ, VUV photolysis-resonance fluorescence (298 K)3, pulsed radiolysis-
resonance absorption (418 K)u, flash photolysis-resonance fluorescence (298 K5, 297-u47 1(6), discharge flow-ESR (298-669 K7),
flash photolysis resonance absorption (228-472 Ks), pulsed radiolysis-computer modeling (300 K9), and discharge flow-resonance
fluorescence (297-364 K'O and 294-1075 K''). There have been 5 shock tube studies: a combined flash photolysis-shock tube
experiment (1080-1695 K'2); an induction time measurement (1390-1920 K'3); a shock tube-laser absorption study'® (1750-2060 K); a
similar study but using resonance absorption15 {1600-2000 K); and oneﬂ7 that obtained only an upper limit to the value of kg (not
shown on the graph). More recently a laser pyrolysis-laser induced fluorescence study (8HO-1425 K),17 a flame study (2080-2360
}(),18 and a flash photolysis laser-induced fluorescence study (273-433 K)19 have appeared.

CALCULATIONS

Transition-state theory (TST) calculations were carried out for several activated complex configurations to test which of the
high-temperature measurements could be consistent with the low-temperature results. The N-H-0 and H-O-H bond angles were assumed
to be 165 and 110° respectively; the N-H and H-O bond. lengths were assumed only slightly lengthened from their normal lengths.
The N<H-0 symmetric stretching and the two H-N°H bending frequencies were assumed to be 2300 and 1000 cm'1, respectively.
The N+H+0O and H-O~H bending frequencies were varied between 600 and 900 em™'. The two internal rotations were assumed either free
or with low barriers of 4.2 and 8.4 kd/mol. With the varied vibrational frequencies taken to be 900 cm ' and free internal
rotation, the calculations agreed with the data of Refs. 3, 6, 8, 10, and 17, and could be fitted over the temperature range of
250 to 3000 K by k; = 5.0 x 104 T1'6 exp{-480/T). None of the models allowed the data of Ref. 13 to be consistent with a room
temperature value of kq of 9 x 107 L mol"'s'1, which all the reliable room temperature data suggest. The calculations also imply
that the results of Ref. 12 are too low by a factor of 3-5. The calculations suggest values of log kq at 2000 K of 9.7 - 10.0.
Another TST caleulation'? gave nearly identical results at T > B0O K, but slightly larger at lower temperatures (50% at 250 K).

DISCUSSION

The chock tube study of Pujii et 31.13 hae been oritioizadw for the oversimplified data analyeis and the indirect dependence
of kq on the induction time. Ref. 15, which corroborated the results of Ref. 13, may have been misled by the erroneous choice for
the rate coefficient for the 0 + NH3 reaction. The value of kg deduced in Ref. 12 depends on computer modeling and may be
sensitive to assumed values for some other rate coefficients. The much larger values of ky deduced in Ref. 14 were obtained by a
more direct experimental procedure; the flame study results of Ref. 17 agree with these. The recently reported larger values for
the rate coefficient for the H + NHy reaction will lower the deduced value of k; in both of these studies -- possibly by 50%.
Refs. 3, 6, 8, 10, and 11 all agree on a value for log ky of 7.95 ¢ 0.10 at 295~300 K. Between 500 and 1500 K there is at least a
factor of 2 uncertainty in the data. We recommend the expression for k; Dased on the TST calculation described above: k, =
5.0 = 108 1.6 exp(-180/T) L mo1”! &1, This gives agroement with the lowest temperaturc experimental daw3'6'a"°'”-19 and the
nighestw"a. within experimental error (taking into account the necessary lowering of k1, because of the revised value for the
H+ NH3 rate coefficient). The uncertainty in log Ky is 0.1 at 300 K, increasing to 0.3 at 2000 K.
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1302 N. COHEN AND K. R. WESTBERG

OH + NH, = NH + H,0

BH) e = -119.3 & 12 kI mol™l (-28.5 keal wo1~1) B899 = ~8.3 % 0.4 J wol k! (-2.0 cal mo1"lx71)

K(T) = 0.73 791 exp(14320/T)

The uncertainty in log K(T) is *3.1 at 200 K, decreasing to %2.1 at 298 K and +0.24 at 3000 K.
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1.5 x 10716 715 eyp(230/T) 1.7 x 10712 cn? molecule™ls™!
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Uncertainty in log kj: #0.7 throughout range of 250-3000 X. Uncertainty in log k.j: *1.3 at 600 X, decreasing to 20.8 at
3000 K. k_j has not been studied directly. Its uncertainty reflects those of both k; and K(T).
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OH + NHp + NH + Hy0

THERMOCHEMICAL DATA

Thermochemical data {except for AHfg B(NH)) are taken from the JANAF Thermochemical Tables, 3rd ed., according to which
AHYS%(NHE) = 190.3 £ 6.3 kJ mol'1; AHfZQS(NH) = 376.6 & 16 kJ mo1”'.  More recently, Piper‘ reanalyzed experimental data
for AHI‘S(NH) and recommended 352 * 10 kJ mol"1; we use this value. The analytic expression chosen for K{(T) matches equilibrium
constants calculated from those data to within 3% between 200 and 6000 K.

MEASUREMENTS

There are no direct measurements of this reaction. Dean et al.Z found the kinetics of NH3 oxidation at 1279 to 1323 K to be
sensitive fo k;, and that their model was consistent with experiments if they assumed k; = 3 x 107 'I‘o'f’8 exp(~600/T) L mol-1s_‘,
an expression taken from Tunder et 31.3; this gives values of approximately 2.5 x 109 in their temperature range. Kimball~Linne
and Hanson“ modeled experiments in a combustion-driven flow reactor in which NO and NH3 were reacted at 1050 -~ 1450 K. They
optimized fits to data when ky was taken to be 6 x 109. Branch, Kee and Miller® modeled NH3 reduction by NO near 1200 K and found
they needed to have k; = 4.5 x 109 exp(-1100/T) to predict NO behavior correctly. This gives kqy = 1.8 x 109 at 1200 K and is
slightly smaller than the value they earlier assumed6 because of the revised value for the NH2 + NO reaction rate coefficient.
Niemitz et a1.7 required a value of 5 x 109 at 1350 KX to model their experiments on the CH + NH3 reaction studied by flash
photolysis of shock heated mixtures of NH3, H0 and Ar.

CALCULATIONS

We have used transition-state theory to calculate values of Ky, assuming a model for the transition state very similar to
that used in a successful TST calculation for the OH + NH3 rate coefficient (see data sheet for that reaction). (This model
implicitly assumes the reactor proceeds directly by H atom abstraction, rather than by formation of an Olr{---m-l2 complex that
subsequently rearranges.)} The principal differences in the transition state properties for the OH - NH, reaction are in the
electronic degeneracies (NHZOH* is assumed to be a triplet state, whereas NH30H* was assumed to be a doublet) and in the symmetry
changes. With an assumed value of k1(298) of 1 x 109, the calculated values could be fitted by the expression, k1 =
9.0 x 104 71-5 exp(230/T), which gives kq(1300) = 5 x 109, in reasonable agreement with the modeling requirements.

DISCUSSION

In the absence of direct measurements we recommend the above TST calculated values for ky: 8.6 x 104 715 exp(230/T), with an
uncertainty of a factor of 5 throughout the range of 250 to 3000 K. This large uncertainty allows for the possibility that the
reaction proceeds via two parallel pathways: direct abstraction (modeled by the TST calculations) and addition followed by
rearrangement of an OH---NH2 complex.
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OH + NH z1» H + HNO

22 N+ HyO

THERMOCHEMICAL DATA

Thermochemical data are taken from the JANAF Thermochemical Tables, 3rd ed. More recently, Pipex‘1 reanalyzed experimental
data for AHf‘g(NH) and recommended 352 : 10 kJ mol'1; we use this value. The analytic expressions chosen for K;(T) and K,(T) match
equilibrium constants calculated from those data to within 10% from 200 to 6000 X.

MEASUREMENTS

There are no direct measurements of either k; or k, or their sum. Dean and coworker‘52 used k; = ky = 5 x 108 '10'5
exp(-1000/T) L mol™' s1 in their mechanism for NH3 oxidation near 2000 K, but provided no comment on the sensitivity of the
modeling results to these values.

CALCULATIONS

ko can be estimated using the analogous reaction of 20H = HZO + 0 as a guide. The rate coefficient for that reaction is
well-described by k = 2.1 x 10° T"Ll exp(200/T) L mol™' s7'.  If we use this expression, augmented by a factor of 16/9 because of
the different eleet,ronic degeneracies (assuming the activated complex is a quartet state), and converted to a two-parameter
expression (a third seems unnecessary considering the approximations involved), the resulting expression is ky = 2 x 106 T1'2
Lml ™t st

kq can be estimated by comparison with ky, the rate coefficient for the reaction 20H «-+ H + HO,. The reverse reaction rate
coerficient is 4.4 x 10%0 L mo1"'s™!, with formation of 20H occurring 87% of the time.3 This implies an intrinsic activation
energy barrier of approximately 4 kJ mol”! if the g* = 1 and approximately 1 kdJ mol”! if g* = 3. Assuming the transition state is
a 2A state, then g* for Reaction (1) is 2, and the maximum value kqy can have (if there is no activation energy) is approximately
5 % 1019 L mo1"'s™!. If the activation energy is as large as 4 kJ moi~!, then ki will be only 1 x 10'0,  Ssince both reactions 2

and U4 pass through addition complexes, we would expect very small, if any, activation barriers. We estimate ky(298) = 2 x 1010,
with an uncertainty of a factor of 2.5.

DISCUSSION

In the absence of experimental data, we choose the estimation described in the preceding section, namely, ks = 2 x 1010
T“2 L mol" s“. ky should have little--or possibly negative--temperature dependence, and a large room temperature value, as is
often the case for reactions that proceed through an addition complex. We assume the value estimated above, namely, 2 x 1010 and
assume further that k; is essentially temperature-independent. Both of these rate coefficients have considerable uncertainty--at
least a factor of 4 throughout the temperature range.

Two other reactions between OH and NH can be written:

OH*NH‘HZ*NO
OH ~ NH - NHp = O

The first of these, though exothermic, is a four-center reaction and, like the analogous reaction of 20H =+ H2 + 02, would be
expected to have a large activation energy. It would therefore not compete with reactions (1) and (2), even at fairly high tem-

peratures. The second reaction is slightly endothermic, and is discussed in the reverse direction in the data sheet for O + NH,
reactions.
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OH + NH, = O + NH,

BHOs = ~26.1 % 6 %3 mol™l (=6.2 keal mol™h) 8800 = <246 % 0.4 7 mol 1K (5.9 cal mo1"lkh)
K(T) = 1 x 1073 195 exp(3490/T)

The uncertainty in log K(T) is 1.l at 298 K, decreasing to 0.1 at 3000 K.
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calculated from k_j and K(T); its uncertainty reflects the uncertainties in both of those quantities.
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1
OH + NH, ==+ 0 + NHy

THERMOCHEMICAL DATA

Thermochemical data are taken from JANAF Thermochemical Tables, 3rd ed., according to which AHFS 98(NH2) = 190.4 + 6.3

kJ/mol. The analytic expression chosen for K(T) matches equilibrium constants calculated from these data to within 8% from 298 to
6000 K.

MEASUREMENTS

There are no direct measurements of kq. K_; has been measured at moderate temperatures (300-850 K) in t‘lowing1"9 and
static'® systems and at high (>1000 K) temperatures in flames'' and in shock tubes.'? %  The most precise study is that of
Perry,8 who used laser photolysis/NO, chemiluminescence to follow the reaction at 448 - 841 K By maintaining a very large excess
of NH3, he minimized the effects of secondary reactions. He obtained log k.q = 5.98 and 8.01 (L mot™! 571 units) at 448 and 841
K, respectively. The most reliable high~temperature study is that of Salimian et al. 13 who shock heated mixtures of NH3 and N,0
to 1750-2060 K and monitored OH absorption in the UV with a ring dye laser, obtaining log k.4 = 9.37 + 0.3 at 2000 K. Earlier
studies near 300 Kz’“ indicated values of log k_q of 4.8 - 5.5. ° Baulch et,al.9 studied the reverse reaction at 350 K in a
discharge-flow diffusion-stirred reactor. By measuring the NO yields with and without added NO reagent, they concluded that the
experimental results were not consistent with a computer simulation in which the initial step produced NH,, deciding therefore
that O + NH3 must form an NH3O addition complex.

CALCULATIONS

Transition-state theory (TST) calculations of k., have been described by Salimian et a1.'3 ana by Cohen.w The latter
obtained good agreement with the data of Refs. 8 and 13 by assuming log k_q(300) - 4.5, which is a factor of 2 or more lower than
the experiments near that temperature indicéte.z"” These calculations are fitted by the expression k_; = 1.1 x 103 121

exp(~2620/T) L mol”™ls™! for 208 < T < 3000 K. Caleulations by Hart'T and Melius'® indicate than an NH,0 addition complex would
not be stable. ’

DISCUSSION

The literature through 1969 was reviewed by Cohen and Heicklen'® and by Baulch et al.,2% both of whom concluded that most of
the early studies were unreliable. Detailed computer r.'alculations"6 carried out to simulate the experimental conditions of Refs.
3, 4, and 9 showed that, notwithstanding the results of Ref. 9, the H-abstraction mechanism could not be unambiguously ruled
out. However, a satisfactory explanation for values of k.q factors of 2-3 larger than the TST calculations obtained in some
experimental studies at 298 - 350 K could not be found.  Accordingly, we regard the mechanism and the rate coefficient at low
temperatures, to be uncertain at present. Provisionally, we recommend the results of the TST calculations of Ref. 16, which are
in good agreement with the data of Refs. 8 and 13, but a factor of 2 lower than the lowest experimental results at 298-350 K: k_q

= 1.1 x 103 121 exp(-2620/T) L mol™! s™), with an uncertainty in log k., of 0.3 throughout the temperature range of 298 - 2000
K. The uncertainty in log k,(298) is considerably larger, reflecting the uncertainty in AHfgga(Nﬂz) and, thereby, in K(T).
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O+ NH, =NH +OH & O+ NH, =H + HNO & O + NH, » H, + NO

0+ N, 2+ NH + OH BHYg = =48.5 + 12 kJ mol™l (-11.6 keal mol™))
K (0 = 6.9 7701 exp(5800/7) 8555 = 9.2 £ 0.4 J wol "Ikl (2.2 cal mo1~ g1y
2 o - - -1 -1
0 + NHp =2 H + HNO AH298 = ~122 £ 7 kJ mol™ " (-29.1 kecal mol ")
Kp(T) = 1.3 x 1072 103 exp(14730/7) 88509 = -20.5 % 0.4 J mot™! XL (-4.9 ca1 mo17! k1)
o+ mu, A= Qz + No AHY o = =349.4 + 6 X3 me1”Ll (~R3.5 kead marTly
Ky(T) = 2.2 x 107} exp(41960/T) 8555 = -14.3 # 0.4 J mol™! K71 (-3.4 cal mo1”! k71)

The uncertainty in log Kj(T) is #3.1 at 200 K, decreasing to 2.1 at 298 K and +0.3 at 3000 K. The corresponding uncertainties in
log Ky(T) are +1.8, +1.2, and $0.25, respectively. Those for log K3(T) are 1.5, #1.0, and 10.2, respectively.
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1.2 x 1071 1.2 x 10711 cn® molecule ts™
Ky 1.0 x 10% 701 exp(-5800/T) 298-3000 7.1 L moi~ts7!
1.7 ~ 10717 0.1 chp(-5800/T) 1.2 = 10770 cm® molecuie™!s™!
kg 4.5 x 1010 298-3000 4.5 x 1010 L mo1"1s71
7.5 x 10711 7.5 x 1071} en molecule ls™)
k_g 3.5 x 1012 170-3 exp(-14730/T) 550-3000 L mo1~1s7t
5.8 x 1079 77043 exp(-14730/T) cn3 molecule ls™!
K3 5 x 109 298-3000 5 x 107 L mo1 ts7L
8.3 » 20712 8.3 » 10712 em? molccule ts™}

Uncertainty in log k,: 20.2 at 298 K, increasing to 0.5 at 3000 K. [Uncertainties in log ky, log k,, and log ki: +0.3, #0.3, and
+0.7 throughout temperature range.
(August 1987)
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CHEMICAL KINETIC DATA SHEETS FOR HIGH-TEMPERATURE REACTIONS

0 + NHy =2 NH + OH
0+ Wy Zr 0+ MmO
0+ My =35 By + NO
THERMOCHEMICAL DATA

Thermochemical data for HNO are taken from the JANAF Thermochemical Tables, 3rd ed., according which Aﬂfggs(miz) = 190.4
t 6; Aﬂfggs(HNO) = 99.6; AHf;QS(NH) = 376.6 t 16 kJ/mol. More recently, Piperl reanalyzed experimental data for AHfg(NH) and
recommended 352 + 10 kJ/mol; we use this value. The analytic expressions chosen for K (T), K,(T), and K3(T) match equilibrium
constants calculated from those data to within 7%, 10%, and 10%, respectively, between 200 and 5000 K.

MEASUREMENTS

Dransfeld et al.,2 studied these  and other reactions of NH, radicals in a discharge—flov}r system at 296 K. NH, radicals were
produced by the reaction between F atoms (produced by a microwave discharge through Fz) and NH3 and were detected by either laser-
induced fluorescence (LIF) or laser magnetic resonance (LMR). O atoms (at 7.1 x 10'10 to 1 x 10-8 mol/L) were generated in excess
relative to NH, by microwave discharge through Oj-He mixtures. Time-dependent concentration profiles were determined by electron
spin resonance, and absolute concentrations were -determined by O + NH, chemiluminescence. The products NH and OH were detected by
LMR; ‘HNO, by LIF. A value of (5.3 % 1.5) x 1010 | mor~1s™? (25 times larger than earlier reported by Gehring et 31.3) was
obtained for ks = k; + ky + kg by monitoring NH, disappearance. Separate values for k; = (7 % 3) x 107 and ky =
(4.6 % 1.2) x 101V L mo173s™! were determined by computer fits to [OH] and [NH] profiles. Reaction 3 was eliminated on the basis
of results of Albers et al.,3 who did not observe simultaneous appearance of NO and Hy in O + NHj discharge flow experiments.
Other possible reaction chamnels (yielding NO + 2H, or N + H,0) could be eliminated in both experiments, either on thermochemical
grounds or on the basis of product conéentration profiles. In their high temperature mechanism, Dean et al.5 assumed that
reaction (1) dominates, obtaining agreement with.experiment with k1(1300) = 1.4 x 1010, but could not rule out reaction (2).

CALCULATIONS

Moliue and Bin\zlnyé need fanrrhenrder Md1ler~Plesset perturbation theory with bond additivity corrections to investigate the
reaction. Their caleculations indicate two possible paths to form NH + OH, one via two successive complexes:
) 0.+ NH, —» H,NO —~» HNOH ——» NH + OH (1la)
and the other via direct H atom abstraction, with very little activation energy (approximately 20 kJ mol—l)
0+ NHZ --+ NH + OH (1b)

They also found two separate paths for reaction (2) and one for reaction (3):

0+ NH, —-» H,NO ——> HNO + H (2a)
o+ NHZ - HZNO ==+ HNOH ~+ HNO + H (2b)
O+NH.Z—-»H2NO-—->NO+H2 3)

They concluded that reaction 2 would dominate, with a smaller contribution from 1, and even less from reaction 3. We have carried
out transition-state theory (TST) calculations for kyp using a model for the transition state very similar to that used for the 0
+ NH3 reaction (see data sheet for that reaction) but assuming that g: = 4. For different assumed values of klb(298), the
calculations can be fitted by kyp = 1.4 x 1075 T1+4 [1(298))298/T exp(+780/T). ‘

DISCUSSION

The experimental results of Ref. 2 for k,, k;, and k, are reasonable, but provide only room temperature values. The
sensitivities of the separate values for k; and k; to details of the computational model assumed were not discussed. The TST
caleculations described above indicate that if k;,(298) is as large as 7 x 10? L mo1 371 (see Ref. 2), then the barrier height is
less than 1 kJ/mol, which seems too small (cf. Ref. 6). Consequently, a considerable contribution to -kl must come from Kia if the
experimental resnlts are correct. The TST calculations indicate that k;,, varies by less than a factor -of 2 from 200 to 3000 K.
The association process (kla) should have little--or even negative-—temperature dependence. Thus, in any case kl should have a
very weak temperature dependence. The same is true for ky. If the relative enthalpies of the intermediates HoNO and HNOH
calculated in Ref. 6 are correct (though we don't expect both the barriers to form HNO + H to be so lgrge), then [HZNO]eq. >

[HNOU}q  except at the highcot tcmperaturco.  Gimple wnimolecular reaction theory cuggecte ky > Iy, and kyp > k.,

kg > kZ; >> Kkap, > ky,-  The entropy of activation for reaction 1b is 13-17 J uml"lk”1 larger than for the other four reaction

whenca

paths. If it has an activation energy —~ even as small as 10 kJ/mol (Ref. 6 calculates 20), klb will not ‘dominate wuntil
T » 1000 K. Thus, we would expect ky > ky > ky at moderate and low temperatures and k, > ky > ky at high temperatures. The

experimental evidence suggests ki < Ky and kj, which means the relaclve barrier helghts are incorrects  Bul eveu su, “3 way not be

negligible.

We rely on Ref. 2, noting that the total value ks is more reliable than the individual values of ky and ky. We recommend k;

= 7 x 10° and kg = 4.5 x 1010 for 298 to 3000 K, with a factor of 2 uncertainty in each. We estimate, on theoretical grounds,
that k3 should not be less than 5 x 109, although there is no supporting experimental evidence at present.
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O+ NH =H + NO

0+NH—1*H+N0
P

2

O+ M 52 N+ OH

N. COHEN AND K. R. WESTBERG

&

(e}
AH)gg

o
88,94

Ky (T) = 7.1 x 1072 701 exp(35220/T)

#

0
0y
4598

#

Kp(T) = 1.1 79 exp(10700/T)

O+ NH =N+ OH

= ~292.8 + 10 kJ mol~! (~70.0 keal mo1~l)
= -16.8 + 0.1 J mol™K™} (~4.0 cal mo1™lk7l)

-89.4 # 10 kJ mol™l (-21.4 keal moi™})
-5.3 £ 0.1 J mol™} K™ (~1.3 cal mo17k"1y

The uncertainties in log K;(T) and log Ky(T) are *2.6 at 200 K, decreasing to 31.7 at 300 K and 30.3 at 3000 K.

log (k /Lmol™'s™)

T (K)
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B THIS RECOMMENDATION k, v
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IW
T
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8
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10| -1 ™
THIS RECOMMENDATION k, g
‘/”’//, ~
I
™ o
=2
A
— REACTION  SYMBOL REF . y
1+2 v 2
1 X 3
2 A 3 ]
9 | | | | ] | -
0.0 .5 1.0 1.5 2.0 2.5 3.0 3.5
1000/7
RECOMMENDED RATE COEFFICIENTS
k k(T) Range - k(298) Units
¥ x 1010 250-3000 1 x 1011 1 mo1”ls™}
1.2 x 10710 1.7 x 10710 e’ molecule ts~!
Xy 9.9 x 101 170-1 oypr-35220/7y | 1300-3000 L mo1™ls71
1.6 x 107 1701 exp(-35220/T) en® molecule”ls™?
ks 7 % 10 250-3000 3 x 109 L mo17ls7
1.6 x 10711 5 x 10712 en3 molecule™ls™!
ko 6.4 x 107 191 exp(~10700/T) 500-3000 L mo1"1s™1
1.1 x 10711 10-1 exp(~10700/T) en? molecule~ls~!

Uncertainty in log k; and log kg: +0.3 and 0.7, respectively, throughout range of 250-3000 K.

1300 K, decreasing to #0.4 at 3000 K.

Uncertainty in log kogt +1.2 at 500 K, decreasing to +0.8 at. 3000 K.

Uncertainty in log k_j: 40.5 at

The uncertainties in

loé k_; and log k_, reflect those of both the respective forward rate coefficients and equilibrium constants.
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CHEMICAL KINETIC DATA SHEETS FOR HIGH-TEMPERATURE REACTIONS 1311

0+ NH -1» H + NO
2 n+on

THERMOCHEMICAL DATA

Thermochemical data taken from the JANAF Thermochemical Tables, 3rd edition. More recently, Piper reanalyzed experimental
data for AHfS(NH) and recommended 352 + 10 kJ mol '; we use this value. The analytical expressions chosen for Kq(T) and Kx(T)
match equilibrium constant calculated from those data to within 5¢ and 3%, respectively, between 200 to 6000 K.

EXPERIMENTAL DATA

There are no direct measurements of either ky, ko, or kp = kg + ks. Dransfeld et al.? best fitted their room temperature
flow tube data on the O + NH, reaction system by assuming k = (5 %+ 2) x 100 L mo1"'s™!. Dean et a1.3 assumed ky = 6.3 x 108
10:5 and ky = 6.8 x 108 ‘I'O‘Sexp(—UOOOIT) in their modeling of NH3 flames near 2000 K. Neither gave any indication of the sensi-~
tivity of their model to these assumed values. Cohen“ found much better agreement with experimental data on the O + NH3 reaction
by assuming k4 >} Ko. )

CALCULATIONS

Melius and Binkley5 carried out fourth-order Moller-Plesset perturbation theory calculations with bond additivity correc-
tions, They found three pathways leading' to H + NO, and two leading to N + OH:

0+ NH » HNO('A") » H + NO (12)
0+ NH + HNO(3A") » H + NO ~ (1b)
+ HON » H + NO (1e)
+ HON + N + OH (2a)
0+NH+ [Pr] »N+OH (2v)

The addition paths, (1a), (1b), (1c), and (2a), were found® to have no activation barrier; the metathesis reaction (2b) was found
to have a very small (~ 4 kJ/mol) activation energy.

An approximate lower limit for k; can be calculated by assuming that reaction (1) occurs only via path (1a); that the only
energy barrier is the so-called centrifugal barrier imposed by conservation of angular momentum; and that all trajectories that
cross this barrier lead to reaction. The average position of the barrier as a function of T can be calculated from data given by
Chase et al.6 and a formula given by Benson.7 The collison frequency thus calculated must be corrected for electronic degen-
eracies by multiplying by Q#/QOQNH' where Q# and Qyy are assumed to be 1 and 3, respectively. k;, thus obtained is (1.4 «
0.2) x 100 1 mo1”'s™? for 200 < T/K < 2000. Above 2000 K, the calculated centrifugal barrier lies inside the sum of
Van der Waals radii for the reagents, and consequently there may be some steric restrictions, leading to a decrease in ky,. An
upper limit for kq can be calculated by assuming that all reactions on the 3A" surface also lead to H + NO (via 1b and 1ec), so
that ky, = 0. Using the same procedure, (ky, + kjo) is calculated to be s 4.1 x 10’0, so that ky = (3 + 2) x 10'0 for 200 < T/K <
2000, A similar procedure was used? to calculate the rate coefficient for the analogous reaction between O and OH, and gave good
agreement with the experimental value of 2.4 x 1070 at 298 K.

Because reaction 2b has a small potential energy barrier, Koy, cannot be calculated accurately; kZa < b1 ox 1010 but cannot be
fixed more precisely.

DISCUSSION

The calculations are considered sufficiently reliable to recommend kg = (3 ¢2) x 10'0 L mo1™1s™ for 200 < T/K < 2000.
Reaction (2) can proceed either by a temperature-independent addition mechanism or an abstraction mechanism, which should have a
small activation energy. To keep k2 << k1 we recommend k2 = 3 x 109 L mol"ls"1 over the same temperature range, with an un-
certainty of a factor of 5.
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