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Foreword

The Journal of Physical and Chemical Reference Data is published jointly by the American
Institute of Physics and the American Chemical Society for the National Bureau of
Standards. Its objective is to provide critically evaluated physical and chemical property
data, fully documented as to the original sources and the criteria used for evaluation. One
of the principal sources of material for the journal is the National Standard Reference
Data System (NSRDS), a program coordinated by NBS for the purpose of promoting the
compilation and critical evaluation of property data.

The regular issues of the Journal of Physical and Chemical Reference Data are published
quarterly and contain compilations and critical data reviews of moderate length. Longer
monographs, volumes of collected tables, and other material unsuited to a periodical
format are published separately as Supplements to the Journal This monograph,
“Evaluated Kinetic Data for High Temperature Reactions. Volume 4. Homogeneous Gas
Phase Reactions of Halogen- and Cyanide-Containing Species,” by D. L. Baulch, J.
Duxbury, S. J. Grant, and D. C. Montague is presented as Supplement No. 1 to Volume 10
of the Journal of Physical and Chemical Reference Data.

David R. Lide, Jr., Editor
Journal of Physical and Chemical Reference Data
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Evaluated kinetic data
for high temperature reactions

Volume 4

Homogeneous gas phase reactions

of halogen- and cyanide-containing species

D. L. Baulch, J. Duxbury, S. J. Grant, and D. C. Montague

Department of Physical Chemistry, University of Leeds, Leeds, LS2 9JT, UK.

The available kinetic data for 300 homogeneous gas phase reactions involving
halogens, the cyanide radical and their compounds have been compiled and critically
evaluated. For each reaction, relevant thermodynamic data, a table of measured rate
constants, a discussion of the data, and a comprehensive bibliography are presented.
Wherever possible the preferred rate parameters are given with their associated error
limits and temperature ranges. A table summarising the recommended values is provided.

Key words: Chemical kinetics; critical evaluation; cyanide; gas phase; halogens; high temperature; rate constant.
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Preface

In 1966 a special working party of the United Kingdom Science Research Council
concluded that the field of high temperature processes merited special stimulation and
development. The working party recognised the need for reliable data in this area and, in
particular, recommended that work on compilation of chemical reaction rate data be
initiated. In response to this recommendation the Office for Scientific and Technical
Information (Department of Education and Science) instituted a project on compilation
and evaluation of kinetic data for reactions of interest in high temperature systems, in the
Department of Physical Chemistry, University of Leeds, as part of the British data and
information programme. Responsibility for continued support has since been transferred
to the Science Research Council. The project is directed by Dr. D. L. Baulch and has an
advisory panel, originally under the Chairmanship of the late Professor J. W. Linnett
(University of Cambridge), and now Professor A. Maccoll (University College, London)
consisting of representatives from university, government, and industrial research
establishments having interests in the high temperature field. This volume is part of the
output from that project. ’

Our aims in this work have been to (a) select specific homogeneous gas phase reactions
of importance in high temperature systems, (b) prepare for each reaction a comprehensive
tabulation of the available reaction rate data, (c) evaluate critically the existing data and,
wherever possible, recommend reliable values for the rate parameters, (d) produce this
material in a convenient format. We hope that these tables will be sufficiently
comprehensive to serve as a primary data source to which later results may be added, will
be sufficiently critical and authoritative for the non-specialist to use them with
confidence, and will indicate areas in which more data are required and further research
would be of significant value.

High temperature systems of greatest practical importance involve reactions of atoms,
small radicals and molecules, composed of the elements hydrogen, carbon, nitrogen,
oxygen, sulphur, fluorine and chlorine. Even restricting our interest to the homogeneous
gas phase reactions of these species leaves a formidable number of possible reactions;
selection is unavoidable. We have concentrated our attention on those reactions for which
sufficient rate data exist to allow some critical assessment. However, we have included
other reactions which are related to those critically assessed or which may be important
in either high temperature processes or related low temperature systems. No doubt some
reactions of interest will have been overlooked and we hope that users of these tables will
not hesitate to inform us of such omissions.

This compilation is of potential interest to a wide spectrum of technologists, physicists,
chemists and engineers. In drawing up the table, we have tried to keep in mind the
various needs of this range of users. Particular attention has been given to the format and
the introductory notes to assist the non-specialist in chemical kinetics in finding quickly
the information he requires and in understanding the terms and symbols used. At the
other extreme we have the kineticist capable of making his own evaluation. Here we have
concentrated on providing as comprehensive a bibliography as possible and in the
“Discussion” sections have indicated briefly our reasons for selecting or rejecting
particular measurements. For rapid reference we have provided at the end of the volume
a summary table in which all our recommendations for rate constants are listed.

The present volume, dealing with reactions of halogen- and cyanide-containing species,
is the fourth in the series planned to cover all the major areas of high temperature gas
phase kinetics. The previous three volumes, published by Butterworth and Co. (London),
covered the H,-0,, H,-N,-0,, 0,-0;, and CO-0,~H, systems and reactions of sulphur-
containing species. A further volume is planned dealing with the reactions involving
atoms, small radicals and hydrocarbons.
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Many people have contributed to this work. The authors particularly acknowledge the
contribution of Professor P. Gray F.R.S. (Department of Physical Chemistry, University
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Professor A. Maccoll (University College, London), the late Professor J. W. Linnett F.R.S.
{(University of Cambridge), Dr. L. C. F. Blackman and Mr. P. G. Hawksley (B.C.U.R.A.),
Dr. D. R. Jenkins (Shell), Dr. A. S. Kallend (Central Electricity Generating Board), Dr. J.
D. Lewis (Rocket Propulsion Establishment), Mr. J. J. Macfarlane (National Gas Turbine
Establishment), Dr. A. Melvin and Dr. C. T. Brooks (Gas Council), Professor P. Gray and
representatives of the Office for Scientific and Technical Information and the Science
Research Council have served, has throughout offered helpful criticism and assistance.
Drs. D. Garvin and R. Hampson (Chemical Kinetics Information Centre, National Bureau
of Standards, U.5.A.) have provided bibliographies for many of the reactions studied and
have been most knowledgeable and constructive critics.
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0 + CH,CI — CH,CI 1-666
0] + CH,Cl, — CHCl, 1-666
0 + CHCI, — CCl, 1-666
0 + CCl, — CCl, 1-666
0 + CH;Br — CH,Br 1-666
0 + CF;Br — CF, 1-666
H3 OH + CH,F — CH,F 1-680
OH + CH,F, — CHF, 1-680
OH + CHF; — CF, 1-680
OH + CF, — CF, 1-680
OH + CH,C1 — CH,CI 1-680
OH + CH,Cl, — CHCl, 1-680
OH + CHC, — CCl, 1-680
OH + CCl, — CCl, 1-680
OH + CH,Br — CH,Br 1-680
OH + CH,FCI — CHFC1 1-680
OH + CHF(, — CFCl, 1-680
OH + CHF,Cl — CF,Cl 1-680
OH + CH,CCl, — CH,CCl, 1-680
Summary Table 1-700
Reaction Index 1-715
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Introduction

This volume contains critical evaluations of elementary
reactions of halogen and cyanide containing species. A
separate section is devoted to each reaction and within each
'section the material is presented in the following order:

1. Thermodynamic data

2. Recommended values of the rate parameters and their
range of validity

3. Graphical presentation of rate data

4. Table of rate data

5. Discussion

6. References

The reactions are presented in pairs comprising the
forward and reverse of each elementary reaction. The order
of presentation is given in the Contents and there is an index
at the end of the volume which lists the reactions according
to the participating species.

1. Thermodynamic Data

Thermodynamic data were calculated from the most recent
JANAF Tables [1-3]. For most reactions values of AH®, AS°®
and log K, are given at intervals over the temperature range
298-5000 K. For those reactions in which a change in the
number of molecules occurs values of K, are also tabulated.
They have been calculated from each value of K, assuming
ideal gas behaviour. K, and K| are given in atmosphere and
cmemol units, respectively.

Although it is currently recognised that the JANAF value
of AH,g, for the ClO radical is inaccurate (see section B13),
in the absence of improved values at room temperature and
higher, we have continued to use the JANAF tabulation.

2. Recommended Values of
the Rate Parameters and
Their Range of Validity

Throughout this volume the rate constant for the
elementary reaction,

aA + B + ... - mM + nN + ..,

is defined by the relation,

1 d[A] 1 d[B] 1 d[M] 1 d{N]
- =-——= . =iA)B) .= —— = ——— = ...
a dt b di m dt n dt

The recommended value of the rate constant is given in
cm-mol-s and cm-molecule-s units.

The recommended value of the rate constant denotes the
value which, in the opinion of the authors, is most consistent
with the available experimental rate determinations and the
thermodynamic data. In certain cases, where there is a

paucity of reliable data, an expression for the rate constant
has been obtained by using the relationship between the equi-
librium constant (K) and the rate constants for the forward
(k) and reverse (k) reactions: K .=k/k. Where no reliable
data are available for either forward or reverse reactions the
authors have not felt justified in making recommendations.

The validity of the above relationship between the equilib-
rium constant and the forward and reverse rate constants has
been the subject of controversy. However, while there seem
to be no well-documented exceptions to it, the relationship
has been shown to hold in many cases and we assume it to
be valid for all reactions discussed in this volume. It has
been used in the following way. Where no reliable data exist
for a rate constant k, and an expression for k; has been rec-
ommended, then values of %, have been calculated from £;/K,
at a series of temperatures and an expression for &, has been
derived from these values.

Whenever possible the recommended rate expression is
given in the simple Arrhenius form,

kE = A4 exp(-C/T), 2.1

where A4 (the pre-exponential or “A” factor) and C are
constants. We have chosen to use C rather than the ratio
E/R, which is more commonly used, in order to avoid any
confusion which might arise from the use of various units for
E.

The available data are rarely sufficiently accurate to show
any temperature dependence in the pre-exponential factor.
However in a few cases the data cannot be fitted to a simple
Arrhenius expression and expressions of the form,

k = A'T" exp(-C'/T), 2.2

have been used, where 4’, n, and C’ are constants.

When the data fit equation 2.1 the recommended values of
the pre-exponential factor (4) and the activation energy (K=
CR) for each reaction were obtained from the best straight
line which could be drawn through the data plotted on an
Arrhenius diagram (log & vs T7), taking into account the
differing reliabilities of the various experimental determina-
tions. Where it has been necessary to use an expression for &
involving a pre-exponential temperature dependence
(expression 2.2) then values of A’ and C’ have been obtained
from the best straight line dravn through the data on a plot
of log(kT ™) vs T ~'. The energy of activation (E) is related to
C' by the relationship E=C'R+nRT. Fitting of a straight
line to the data has been purely visual; application of a least
squares calculation involves the assignment of weighting
factors, which is difficult to do on a rational basis, and in
most cases any attempt to improve the accuracy of the. fit is
not justified by the quality of the data.

The error limits for 4 and £ were obtained by examining
the extreme lines that could reasonably be drawn through the
experimental points. There is no simple means of relating the
errors in A and £ to the error in £ when calculated from the
recommended expression, and there is a danger of grossly
overestimating errors in £ by simple substitution of errors in
A and E into the expression for k. To avoid this we have

J. Phys. Chem. Ref. Data, Vol. 10, Suppl. 1, 1981
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chosen to specify an error in & estimated from the scatter of
data over the entire investigated temperature range. It is this
error which should be used when values of % are calculated
from the recommended expression. When an expression for &
has been derived from the experimental data on the reverse
reaction the error in £ has been specified without making
any allowance for possible errors in the thermodynamic data.

Each rate constant expression has been recommended for
use in a limited temperature range dependent on the extent
of the available data. The recommended expression can be
used outside that range but the error is likely to be large and
is difficult to specify.

3. Graphical Presentation of Rate Data

All the available data are presented on a graph, usually as
log # vs T (the Arrhenius form, equation 2.1). Wherever
possible the original rate constant data have been recorded
as points on the diagram rather than as the rate constant
expressions derived from them by the original authors. In
some cases, where the original data are only presented as
points on a graph, they have been transferred to our own
diagram by measuring the coordinates of each point in the
original paper. Only when the experimental results are given
solely in the form of a temperature dependent expression
(e.g., equations 2.1 and 2.2) do we record it as a line on our
diagram.

There have been previous evaluations for many of the
reactions in this volume. All such recommendations for £ are
also presented, sometimes on a separate diagram, so that
they may be conveniently compared with those derived here.

4. Table of Rate Data

For each entry in these tables the following features are
recorded (a) measured values of the rate constant, (b) the tem-
perature of each measurement, (c) a brief outline of the exper-
imental method used and the reference, (d) any pertinent
comments on special features of the work. Wherever
necessary the rate constant recorded in the first column has
been converted to the system of units used throughout this
volume (cmemol-s). In a few cases, which are noted in the
text, a different definition of & has been used from that in

the original paper (see section 2 for definition of k) and the
appropriate changes to the values for £ have been made. In
the third column the intention has been to record sufficient
details of the technique for the specialist to be able to
understand how the determination was made. Comments on
the technique and other aspects of the work are given in the
fourth column. Also recorded in that column are references
to all the work in which that particular determination of the
rate constant has been subsequently discussed or used. By
use of this feature of the tables, in conjunction with the
references, it is possible to trace any quoted value of a rate
constant to its source,

The entries in the tables are in chronological order but the
tables themselves are divided into at least two sections. The
first contains details of original experimental and theoretical
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determinations while the second comprises other work, i.e.,
recommended expressions from review articles, compilations,
and evaluations. A third section has been added in a few
cases to record the available data on isotopic reactions.

5. Discussion

The principal aim of this section is to present concisely
the reasons leading to the recommended rate expression. In
some cases it is possible to state specifically why some
results are rejected in favour of others but often it is not
possible to be so specific. The data are subjected to a variety
of comparative tests; their relation to the work of others, to
theory, and to the results on other reactions are considered,
and as far as is reasonably possible the conclusions from
each comparison are recorded. However, in all of this there
is an element of personal judgment on the part of the
evaluator, which is difficult to record, but which is an
essential feature of the evaluation process.

6. References

The bibliographies have been based on those provided by
the Chemical Kinetics Information Center, National Bureau
of Standards, U.S.A. (Dr. R. Hampson) [e.g., 4-6] and on
literature searches by the authors. Extensive use has also
been made of the compilations of Bahn [7], Carnicom [8],
Hochstim [9], Kondratiev [10], Prud’homme and LeQuoy
[11], Engleman [12], and those of Trotman-Dickenson
[13,14] and Kerr [15,16]. There are also a number of
reviews which we have found useful in evaluating reactions
in this volume {17-25]. Those of Watson [23,24] have been
particularly valuable.

Our literature search was terminated in July 1978.
Monitoring of the literature will continue for all the reactions
evaluated here and any changes in our recommendations will
be gladly supplied on request.

7. Miscellaneous Reactions

At several points in the volume, sections on miscellaneous
reactions have been inserted. In each section of this kind we
list relevant bibliography for a number of reactions which
have been postulated as being of importance in the various
systems covered but for which there are insufficient data to
permit evaluation of either the forward or reverse reaction.

8. Symbols and Units

A list of the symbols used in this' work is presented
following the Introduction. Mainly, SI units have been used
throughout but, for those more familiar with other units,
some quantities (e.g., pressure, activation energy) have been
quoted both in SI and the more familiar units. The
conversion factors are shown in table 1.

Rate constants have been expressed in cm-mol-s units and,
these and other units,

to assist conversion between

conversion factors are given in tables 2 and 3 [26].
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TABLE 1. Conversion factors

1 cal
1 mm Hg

1 atm

4.184 ]
133.3 Pa
101.3 kPa

TABLE 2. Conversion factors for second order reactions

A em®molls™! L mol™'s™ m*mol s~ cm®molecule’s™! (mm Hg)'s™!

B
cm®mol's™ 10° 10° 6.023 x10% 62.40X10°T
L mol™'s™! 107 10° 6.023 X 10% 62.40 T
m°mol's™! 107 v 6.023 10" 62.40%107°T
em®molecule™’s™ 0.1660x 10 0.1660 <10 0.1660 % 107" 10.36 X 10727
(mm Hg)'s™ 16.03x10°T"  16.03x10°377'  16.03 T 96.53 1077

TABLE 3. Conversion factors for third order reactions

A em®mol %! L*mol %™ m®mol s em®molecule s~ (mm Hg) %™

B
em®mol%s™! 10° 10" 36.28x10% 38.94x10°1?
L*mol%s™ 107 10° 36.28 X 10% 38.94x10°T?
m®mol %! 1072 10 36.28x 10* 38.94x 10712
cm®molecule?s™ 2.76 X107 2.76 X107 2.76 X107 1.07x107%7?
(mm Hg)%s™! 257X107°T*% 257X 10772 2.57X10°T2  93.18x10%7?

To convert a rate constant from one set of units A to a new set B, the conversion factor is found vertically below A and in the

horizontal row B of the appropriate table, e.g., a second order rate constant in units of cm’molecule™’s

units of Z mol™'s™ by multiplying by 6.023 X 10%.
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List of Symbols

A4 Pre-exponential factor in the Arrhenius equation
2.1).
A Temperature-independent part of the pre-exponen-

tial factor in non-Arrhenius equation (2.2).

C Constant in the
Arrhenius equation C=E/R.

exponential term of the

c Constant in the exponential term of the non-
Arrhenius expression C'=(E-nRT)/R.
E Activation energy. E=—2.303R{alog k/3(1/T)}.

d. Phys. Chem. Ref. Data, Vol. 10, Suppl. 1, 1981
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E E'=E-nRT=CR.

T Temperature in kelvins (K).

k Rate constant, defined in section 2.

£, £ Rate constants for unimolecular reaction at the
limits [M]=0 and [M]= 0, respectively.

K, Equilibrium constant (standard state 1 atm).

log K,=-2.303(AH°~TAS")/RT.
g &y

K Equilibrium constant (standard state 1 mol em™).
logKe =logK, — Avlog(RT) where Av is the

change in the number of molecules.

M Third body or collision partner.

n Constant in non-Arrhenius equation (2.2).
X1 Concentration of X.

R Ideal gas constant,

R = 8314 J K" mol™
= 1.987 cal K™ mol™
= 82.05 cm® atm K™ mol™.

AR Standard enthalpy change (standard state 1 atm).
AS® Standard entropy change (standard state 1 atm).

Throughout this work the symbol log refers to logarithm to
the base 10.
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F,+M—F+F+M

A1

THERMODYNAMIC DATA

T aHO as® log K, log K_
() (kJ mo1™}) @ k! mo1™hy (K, in atm) (K. in mol cm™3)
298 157.820 114.587 -21.664 -26.052
300 157.846 114.679 -21.492 -25.883
500 160.222 120.838 -10.426 -15.039

1000 163.778 125.943 - 1.976 - 6.890
1500 166.029 127.788 0.894 - 4.196°
2000 167.728 128.771 2.346 - 2.869
2500 169.059 129.373 3.226 - 2.086
3000 170.096 129.754 3.816 - 1.575
3500 170.883 129.993 4.240 - 1.218
4000 171.418 130.139 4.560 - 0.956
4500 171.711 130.210 4.808 - 0.759
5000 171.787 130.223 5.008 - 0.605
SI Units:

o
n

= 3,52 x 10~

log (Kp/Pa) = log[Kp/atm) + 5.0056

log(K_/mol n

2.12 x 10t

5 = 10

RECOMMENDED RATE

g (K_/mol cm™®) + 6.000

5 exp(-16 970/T)
M exp(-16 970/T)

CONSTANT
en® mo17! e (M=Ar)
cm® molecule™ 571 (M=Ar)

(k is defined by -d[F,]/dt = k[F,][M])

Temperature Range: 1400-2600 K

Suggested Error Limits for Calculated Rate Constant: +30% at 1400 K

rising to *50% at 2600 K.

Note: expressions for kl(M=Ne) and kl(M=F21 are given in the Discussion

Rate Parameters:

log(A/cm3 mol™L s

1 -

log(A/cm3 molecule = s

E/J mol

E/cal mol

-1

) = 13.33  £0.11
Ly - -10.45 :0.11
L. 141 100 $9290
L. 33 720 :2220
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R+ M—=F+F+ M

.0

T/K
4000 3000 2000 1000
] | I REVIEW ARTICLES
- M=F, M= Ar —— Lloyd 1971 (14).
11.0 — \ —— This evaluation.
M=Ar \
% \
\
a
O
N
» 9.0
N
s
g
™
=
(8]
~
>
()
o
o
8.0 -
EXPERIMENTAL DATA
M = Ar ---- Johnson and Britton 1964 (1), and
Seery and Britton 1966 (5).
7.0 — —-— Breshears and Bird 1973 (16).
O Mastromomico 1974 (20].
M = F, —-— Breshears and Bird 1973 (16]. \
M= Ar + F2 —-= Just and Rimpel 1970 (12).
M= Ne (Q Diesen 1965 (3) and 1966 (4).
—-— Diesen 1968 (6).
6.0 | | |
2.0 4.0 6.0 8.0 10
10417171
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F,+M—F+F+M

EXPERIMENTAL DATA

Rate Constant k Temperature Method and Reference Comments

(cm3 mo1 L s-l) (K)

12
7.08x1011exp(—15 020/T) 1300-1600 Shock tube study. No emission detected, and vibrational
3.47x109 exp (-10 410/7T) M=F2 1300-1600 FZ(S%,IO% and 20%)/ relaxation assumed complete. Values
4.07x107 exp(~5550/T) *Ar 1300-1600 Ar mixtures behind of kl determined from initial slopes

incident shocks,
and FZ(S%)/COZ(l%)
or 02(2.5%)/Ar
mixtures behind
reflected shocks.
F, monitored by
absorption at

313 nm.

JOHNSON and
BRITTON 1964 (1)

(a) 1.2 x 103 \ 1665 Shock tube study.
1.6 x 10 1735
1.9 x 103 1885 FZ(O.S and 1%) /Ar,
3.4 x 109 1945 Ne or Kr mixtures
2.8 x 1% 1on behind reflected
5.0 x 108 2040 shocks, at pressures
31 x 10 A of 214-512 mm Hg
8.5 x 1019 2355 (28.5-68.3 kPa).
i:é i iglo %égg Reaction monitored
1.4 x 1919 2645 by t.o.f. mass
1.7 x 10 2645
1.4 x 103O ? M=Ne 2670 spectrometry.
b) 1. , 16
®) 18 %10 1952
TS s DIESEN 1965 (3)
3.1 x 1og 1945 and 1966 (4)
2.3 x 103 1975
4.0 x 10, 2040
5.7 x 10) 2040
4.5 x 107 2145
7.2 x 10 2355
1.0 x 1019 2460
3.0 x 1010 2575
1.2 x 1010 2645
2.0 x 1019 2645
1.2 x 10 J 2670
1.41x10 3exp(-15 660/T)} M=F,+  Unspeci- Shock tube study.
3.72x10  exp (-9860/T) Ar+Kr  fied F, (53)/Ar and F,

(5% and 10%)/Kr or

Xe (20%)/Ar mixtures.

Incident shock
conditions. Absorp-
tion at 313 nm used
to follow [Fz].

SEERY and BRITTON
1966 (5)

of absorption profiles.
F2 +M~>F+F+M 1
Expressions are least-squares fits to
incident shock data in 5%, 10% and 20%
mixtures, respectively. Authors
consider 5% data to be most reliable.
Reflected shock data poor, and showed
large scatter. Authors could only
give kl(M = Fz)/kl(M = Ar) as within
range 1-20. LLOYD (14) presents
individual data points for this study
from enlarged graph. 5% data given by
(19) as relevant to range 1100-1600 K,
with corresponding empirical expres-
sion k; = 1.22 x 1022 772.6

(-18 470/T) en® mo171 7L,

exp

Boundary layer effects considered
negligibly small. For each experiment,
values of kl obtained from profiles of
both (a)F2 and (b)F, according to
kl[Fz][M]= -d[F,]/dt = 1d[F]/dt. Data
from mixtures in Ar and Kr approx-
imately 50% higher than from mixtures
in Ne, but with larger scatter. Least-
squares fit to data ("only for refer-
ence") mnot quoted in (3) but given as
ky (M=Ne) = 1.51 x 101% exp(-12 040/T)
em® mo1™t s71 in (4). vUsed by (8 and
13). Data considered unreliable by

LLOYD (14).

Results from 5% denixtures combined
with tnose of (1) to give expression
K, (M-AT) = 3.09x102exp (-13 750/T) cm®
mo1™ ! s7L, Expressions for F,/Kr/Ar
mixtures are for 5% and 10% F2 respec-
tively. Abnormal behaviour of F2/Xe/
Ar mixtures postulated to be result of
formation of stable Xer or XeF

species. Used by (9,10,11, and 15).
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F,+M—>F+F+M
EXPERIMENTAL DATA - CONTINUED
Rate Constant k Temperature Method and Reference Comments
(em® mo17t 71y (X)
2.0x10 3exp(-17 610/T) M=Ne 1400-2000  Shock tube study. Values of k; obtained from [F,] pro-
FZ(O.S%)/Ar(O.ZS%)/Ne files. Result reported by (2). LLOYD
mixtures. Reflected (14) presents individual data points
shocks. T.o.f. mass taken from enlargement of graph in
spectrometry used to original.
follow reaction.
DIESEN 1968 (6)
3.69x1013exp(-15 950/T) M=F2 1200-1500 Shock tube study. Shock speeds measured by magnitude of
+AT Fz(lO%)/Ar mixtures equilibrium absorption, thereby limi-
behind incident ting temperature range. Uncertainties
shocks. Absorption given as a factor 1.59 on pre-
by F, at 313 nm used exponential and * 5.02 kJ mol™1 (£1.2
to follow reaction. kcal mol‘l) on activation energy.
Effects of uncertainties in F, absorp-
JUST and RIMPEL tion coefficient and in shock speed
1970 (12) attenuation considered. Setting acti-
vation energy equal to D(FZ) (153.6 kJ
mol _1; 36.7 kcal mol_l) alternative
expression given as kl(M=F2+Ar) = 2.08
x 1020 1719 exp(-18 470/T) cmd mo1~!
st
F)y +M~>F + F +M 1
3.59x10 %exp (-17 460/T) M-Ar 1400-2600  Shock tube study. Deflection of laser beam directly
9.85x10  exp (-17 510/T) M=F, 1400-2600  F,(10% and 20%)/Ar proportional to density gradient
mixtures behind behind shock. Initial dissociation
incident shocks. rate taken at point where vibrational
Laser~beam deflec~ equilibrium clearly complete. Authors
tion technique used obtained kl(M=F)s Skl(M=F2) by numer-
to monitor density ical integration of density gradient
gradient during profiles. Pre-exponential value 4.6x
reaction. 1013 cm3 mo1™! 571 attributed to this
work and used by (22).
BRESHEARS and BIRD
1973 (16)
3.0x10§ A 1575 Shock tube study. Boundary layer and shock wave attenu-
%:g;%gg %ggg FZ(O.S%)/Ar mixtures ation effects considered negligible.
S.OxlO9 2089 under reflected Least~-squares fit given to these data
6.0x102 L e 2129 g ; 13
9.1x10° M=Ar 22324 shock conditions. by author as k% = 1.25x107" exp
7.1x109 2263 Pressures 120-320 mm  (-16 460/T) cm® mol™ ! s71.
9.9x10 2417
l.lxlOig 2489 Hg (l§—42.7 kPa).
2.6x10 J 2540 Reaction followed by

4. Phys. Chem. Ref. Data, Vol. 10, Suppl. 1, 1981

t.o.f. mass spectro-
metry.

MASTRONOMICO 1974 (29)
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F,+M—=>F+F+M

REVIEW ARTICLES

Ratg Consfant k Temperature  Method and Reference Comments

(cm” mol” s“l) (K)

1.52x10 2exp (=12 040/T i

. p(~ /T) 1600-2700 Review. Expression Used by (17,21 and 23). Not shown on
of DIESEN (4) Arrhenius plot.
MODICA 1968 (7)

4,57x102 14 34 - i

. exp (-~ 340/T) M=Ar 1000~2000 Evaluation. Derived Third~body efficiency of Ar relative

from least-squares
treatment of data of
BRITTON et al. (1,s5).

LLOYD 1971 (14).

Discussion

Of the data available for the rate of dissociation of
molecular fluorine, all of which have been produced in shock
tube studies,

F, + M > F + F + M, )

only three groups of investigators have separated the effects
of F, and the diluent as third bodies. Diesen {3,4,6] and
Mastronomico [20] used very low percentages of F, in Ne
and in Ar, respectively, and Breshears and Bird [16] were
able to separate the effects by considering two mixtures of F,
in Ar, using a sensitive laser-deflection method.

As there is good agreement between the results of
Mastronomico [20] and of Breshears and Bird [16] for
K (M=Ar) we recommend the expression

k,(M=Ar) = 2.12x10" exp(-16 970/T) em® mol™ s7,

for the temperature range 1400-2600 K, with uncertainty
limits of *=30% at 1400 K rising to +=50% at the higher
limit. ‘

The later data of Diesen [6] seem to be the more reliable
[14] for k(M=Ne) and we tentatively recommend his

expression,
k(M=Ne) = 2.0X 10" exp(-17 610/7) em® mol™” 87,

(1400-2000 K). Similarly, although the only data for £ (M=
F,) are those of Breshears and Bird [16], the apparently good
results obtained by them for k(M=Ar) with the same
method and equipment leads us tentatively to recommend
their expression,

K (M=F, = 9.85X10" exp(-17 510/7) em’ mol™ 57,

for 1400 to 2600 K.

to Ne found to lie in range 1.6-2,
by comparing DIESEN's (6) data for
k; (M=Ne) with those of BRITTON et al.
(1,5) for kl(M=Ar). Used by (18).
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A2 F+F+M->F+M

THERMODYNAMIC .DATA

T AH® As® log K, log K_
(X) (kJ mol™1y 7 x1 mo1™hy (K, in atn™1) (K, in en® mo1™l)
298 -157.820 -114.587 21.664 26.052
300 -157.846 -114.679 21.492 25.883
500 -160.222 -120.838 10.426 15.039

1000 ~163.778 -125.943 1.976 6.890
1500 ~166.029 -127.788 - 0.894 4.196
2000 ~167.728 -128.771 - 2.346 2.869
2500 ~169.059 -129.373 - 3.226 2.086
3000 ~170.096 -129.754 - 3.816 1.575
3500 -170.883 -129.993 - 4.240 1.218
40000 ~171.418 -130.139 - 4.560 0.956
4500 ~171.711 -130.210 - 4.808 0.759
5000 -171.787 -130.223 - 5.008 0.605
SI Units: 1og(xp/Pa'1) = 1og(xp/atm'1) - 5.0056
1og(KC/m3 mol"l) = log(KC/cm3 mol_l) - 6.000
RECOMMENDED RATE CONSTANT
k = 3.25 x 10° T exp(3190/T) cm® mo17% s71 (M=Ar)

= 8.96 x 107407 exp(3190/T) cn® molecule™? s~! (M=Ar)
Temperature Range: 1400-2600 K
Suggested Error Limits for Calculated Rate Constant: +30% at 1400 K rising
to +50% at 2600 K.
Note; Expression bhased on the rate constant for the reverse reaction and

equilibrium data.

Rate Parameters: 1og(A'T/cm6 mol—2 s_l) = 8.512 20.11 + log T
log(A'T/cm6 molecule” 2 s_l) = -39.0 +0.11 + log T
E'/J mol—l = =26 490 9290

1

E'/cal mol~ -6330 +2220

J. Phys. Chem. Ref. Data, Vol. 10, Suppl. 1, 1981
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F+F+M—=F,+ M

T/K

2000 1000 500 400

300

16.0 EXPERINIIENTAL D/-\T;!\ | !
v Valance et al. 1971 (107.

o Warnatz et al. 1972 (12).

@) Ganguli and Kaufman 1974 (14).
7 Arutyanov et al. 1976 (16).
A Ultee 1977 (17).

15-0 I REVIEW ARTICLES

-_ Jensen and Kurzius 1967 (6).
- Bahn et al. 1969 (7).

- Jensen and Jones 1971 (8).
- Lioyd 1971 (9).

e Wagner 1971 (11).

14,0
— This eyaluation.

log(k/cm® mo172 '])

/
QO M=Ar
7
/
/ /4\M=Ar‘
/ /
13.0 — // —]
// /‘\M=Ar
/ ,,"
/ /
// 'AM=Ar
/
12.0 1 l l
0 1.0 2.0 3.0 4.0

J. Phys. Chem. Ref. Data, Vol. 10, Suppl. 1, 1981



1-22

BAULCH ET AL.

F+F+M—F,+M

EXPERIMENTAL DATA

Rate Constant k Temperature Method and Reference Comments

(cn® mo1™? s™h x)

<1.5x1015 M=He 298 Discharge flow system. Upper limit to kl
Fz/He mixture passed F+F+M>F, +M 1
through microwave discharge, obtained by comparison with princi-
total pressures 10-40 mm Hg pal F-removing process
(1.3-5.3 kPa). [F] monitored F + wall - iF,
by esr spectrometry. Value halved to correspond to our

definition of kl‘
VALANCE, BIRANG and MACLEAN
1971 (10)

(Bis)xlol4 M=He 300 Fz—discharge flow system.F Preliminary measurements, all F
atom decay followed by mass removal attributed to reaction 1.
spectroscopy. Data also reported by FOON and

KAUFMAN (15).
WARNATZ, WAGNER and ZETZSCH
1972 (12)

(Z.Q.iO.Z)xlOl3 M=Ar 295 Discharge flow system. Fz/ Contribution to F removal at wall
Ar mixture subjected to negligible in most experiments;
microwave discharge, CI2 allowance made for few cases where
added downstream. Total necessary. Preliminary measurements
pressures 10-81 mm Hg with M=N, also reported, in which
(1.3-10.8 kPa). Chemi- kl(M=N2)=10kl(M=Ar).
luminescence from reaction F+F+M~+F), +M
F+C1, monitored simultan-
eously at two stations, at
516-620 nm. Teflon coated
flow tube.

GANGULI and KAUFMAN 1974
a4)

<7.25x1014 M=He 293+2 Fz—discharge flow system. Esr signal calibrated by reference
FZ(S%)/He mixture passed to signal for 0,. Predominant
through discharge. Total removal route for F atoms found to be
pressures 0.5-5 mm Hg reaction at wall, so that value of
(66.7-666.5 Pa). Esr Spec- kl only estimated as upper limit.
trometry used to monitor [F].

ARUTYANOV, POPOV and CHAIKIN
1976 (16].
(2.18i0.4)x1014 M=He 298 Discharge flow system. Fz/He Wall recombination rate constant

J. Phys. Chem. Ref. Data, Vol. 10, Suppl. 1, 1981

mixtures passed through dis-
charge. Total pressures
1-35 mm Hg (0.13-4.7 kPa).
[F] monitored by esr spec-
trometry. KF and LiF coated

flow tubes.

ULTEE 1977 (17)

determined at low pressures, so that
correction could be made to F atom
decay measured at higher pressures.
Author presented preliminary estimate
that kl(M=F2)>k1(M=He)>k1(M=Ar).
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F+F+M—F,+ M

REVIEW ARTICLES

1-23

Rate Constant k Temperature Method and Reference Comments
(en® mo1™? 71y x)
ol8.m1.5 .
1.1x10°°T M=rocket 1000-~3500 Review. Based on data for Allowance made for rocket exhaust
exhaust reverse reaction of (2 and products being more efficient as
products 3), for use in calculations collision partners. Error factor
on conditions in rocket given as 10 in either direction.
exhaust flames. Used by (5 and 7).
"JENSEN and KURZIUS 1967 (6)
15.-1 s e . . :
5.7%x10°°T M=Ar Unspecified Evaluation. For use in Expression of (6) also quoted, for
calculating rocket perform- 'representative" third body. Temp-
ance parameters. erature range used in Arrhenius
plot is 1000-2000 K.
BAHN, CHERRY, GOLD,
MITCHELL and WEBER 1969 (7)
3,63x10% 772 M="average" 1000-3500 Evaluation. Based on Updating of previous report (6).
third body reverse rate constant data  Error factors in each direction
of (2, 3 and 4) at 1600 K, increased to 30.
and “arbitrary but reason-
ablet T™Z dependence.
JENSEN and JONES 1971 (8)
3.09x10  Yexp (4190/T) M=Ar 1000-2000  Evaluation. Derived from  Expression compared with theoretic-
author's expression for al values obtained using method of
k_; (M=Ar) and K. BENSON and FUENO (1).
LLOYD 1971 (9)
a.38x101971723  pMepr 1100-1600  Review. Expression Author originally presented
derived from reverse rate expression in empirical form,
constant data of (2). k1=A(T/T)n, where T is the mean
temperature over the temperature
WAGNER 1971 (11) range covered experimentally.
Expression misquoted in (13).
Discussion The values found by Ganguli and Kaufman [14] at 295 K

There are only three absolute and direct determinations
[12,14,17] of the rate constant for the recombination of
fluorine atoms,

F+F+M—>F +M, N

which provide room temperature values of k,. All these
values fall below the upper limit determined by Valance et
al. [10], from a comparison of homogeneous and
heterogeneous F-removing processes in their discharge-flow
study.

and Ultee [17] at 298 K are extremely low compared with
the room temperature recombination rate constants for
bromine and chlorine atoms, and also compared with all but
one [7] of the high temperature expressions for &, derived
from the reverse reaction rate constant k_j,

F,+ M > F + F + M. 1)

The other room temperature value is that of Warnatz et al.
[12], which is reported as only a preliminary measurement
by Foon and Kaufman [15]. The large error margin is due to

J. Phys. Chem. Ref. Data, Vel. 10, Suppl. 1, 1981



1-24 BAULCH ET AL.

the possible contributions to F-atom removal by reaction with
0, or N,, and on the flow tube wall.

The scarcity and wide variation of these data for £, do not
permit us to make any recommendation for temperatures
below 1400 K. For the temperature range 1400-2600 K we
are able to use our suggested expression for £, (see this
volume, section Al) together with the equilibrium constant
K, to derive the expression

k= 3.25X10° T exp(3190/T) cm® mol™ s7'.

Error limits are those of the expression for k_;: £30% at the
lower end of the temperature range, rising to =50% at 2600
K.
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EVALUATED KINETIC DATA FOR HIGH TEMPERATURE REACTIONS

HF+M—>H+F+M

A3

THERMODYNAMIC DATA

1-25

AH®

T log X, log K.
(K) (kJ mol'l) J k! mo1 (Kp in atm) (K. in mol cm_s)
298 569,455 99.579 -94.571 -98.959
300 569.485 99.671 -93.949 -98.340
5Q0 572.296 106.872 -54.205 -58.818

1000 $78.723 115.851 -24.178 -29.092
1500 584.041 120.232 -14.059 -19.149
2000 588.370 122.713 - 8.957 -14.172
2500. 591.861 124.274 - 5.875 -11.187
3000 594.777 125.340 - 3.809 - 9.200
3500 597.287 126.118 - 2.326 - 7.784
4000 599.483 126.704 - 1.210 - 6.726
4500 601.429 127.169 < 0.339 - 5.906
5000 603.178 127.533 0.360 - 5.253
ST Units: 1og(Kp/Pa) = log(KP/atm) + 5.0056
log (K /mol m™3)= log(K_/mol cm™®) + 6.000
RECOMMENDED RATE CONSTANT
k = 3.12 x 1013 exp(-49 980/T) cn® mo17! 571 (M=Ar)
= 5.18 x 1071! exp(-49 980/T) cn’ molecule™r s™1  (M=Ar)

Temperature Range:

Suggested Error Limits for Calculated Rate Constant:

temperature range.

Rate Parameters:

log(A/cm3 molecule = s~

1

log(A/cm3 mol ™™ s~

1

E/J mo1 ™!
E/cal mol~

3500-6500 K

n

factor 2 over given

13.49 +0.3

-10.29 0.3

415 560 =
99 320 +

87 030
20 800

J. Phys. Chem. Ref. Data, Vol. 10, Suppl. 1, 1981
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HF+ M= H+ F+ M

T/K
10 000 6000 5000 4000 3000

10.5 T T 1 |

10.0 —
9.5 —
9.0

R —

N

‘s

=

o)

=

(8]

L

X

¢ 8.5
8.0 o

EXPERIMENTAL DATA

M=Ar O Jacobs et al. 1965 (5). @
@) Blauer 1968 (10). O
e Blauer et al. 1971 (13}.
7.5 = ———— This eyaluation
M=Ar+Cl} @
M=Ar+Br Q Blauer et al. 1971 (13).
M=Ar+1 °
7.0 l 1 1 l
1.0 1.5 2.0 2.5 3.0
104771 T
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HF+M—>H+F+M

EXPERIMENTAL DATA

Rate Constant k Temperature Method and Reference Comments
(cm3 mo1~1 5_1) (K)
7 -
gnéixigg gg60 Shock tube study. HE(0.2%, Authors demonstrated that emission moni-
.01x
1.01x108 4058 1% and 2%)/Ar and HF(1%)/ tored under optically thin conditions.
2-61x10§ 4100 Hz(l%)/Ar mixtures behind Values of k1 derived from initial slopes
3.38x108 4150 o A
2.94%10 4190 incident shocks. Shocked of emission decay curves.
5.11x108 4300 pressures in region of 1.3~ HF + M+ H + F + M 1
g:;gi}gs iggg 1.82 atm (132-184 kPa). Computer matching of HF profiles showed
i.gjxigg 4360 Reaction followed by ir HF theoretical curves largely independent
6:5§§10 2338 emission, monitored by InSb of k2
7.87x108 [ MeAT 4550 cell. H+ HE » Hy + F 2
i:ggiigg iggg in HF/Ar mixtures, but sensitivity to
7.36x108 4590 JACOBS, GIEDT and COHEN 1965 both k, and k
1.30x10 4740 2 3
1.34x10° 4740 (5 H+H+M>H) + M 3
1.51x109 4760 greater in HF/H,/Ar mixtures. Authors
2.49x10 4930 S -2
2.39x103 5070 arbitrarily chose T = and T dependences
2.70x109 5140 to fit these data (which we have taken
3.96x10g J 5330 . .. .
5.46x10 5370 from authors graphg, giving expressions
ky (M=Ar) = 1.13x107°171 exp(-67 480/T)
em® mo171 s'l, and 5.13x1022772
exp(-67 480/T) cm’ mo1™! s™1 (3800-5300 K)
Latter expression quoted by (7). Data
£itted to simple Arrhenius expression by
(11), giving E;=452 kJ mol™ (108 kcal
mol-l), and by (16), giving k1 (M=Ar) =
3.4x10%4 exp(-58 470/T) emd mo171 571,
(a) 2.33x107 3696 Shock tube study. Mixtures Values of kl determined from initial
g';gi%gS 22%% of (a) HF(0.852-3.57%)/Ar, slopes of emission profiles. Author
3.33x10 4426 ) HF(l%—Z.OZ%)]HZCO.ZSZ gave best fit to all data as kl(M=Ar) =
78410 158 and 0.323%)/Ar, and (c) HF  4.7x10%8771 exp(-67 480/T) cm3 mo17! 57!
2.13x109 5150 (l.34—3.12%1/F2(0.375—S.84%) (3700-6100 K) but for mixtures (a) and
%'9§§i89 }M=Ar é%{g JAr behind incident shocks. (b) better fit appeared to kl(M=Ar) =
3.41x107 5320 Initial post-shock values 2.5x102217% exp(-67 480/T) cm® mo1™l 571,
g'é?iigg gg;g of [HF] 4x1078-4.26x1077 No great difference observed between
2.82xlog 5563 mol em™3. L.r. HF emission third-body efficiences of F and Ar.
i'ggﬁigg g?éi intensity followed using
6.79x10 5905 InSh detector.
6.93x10 6314
(6) 1.49x10%) 4274
1.83x109 5124 BLAUER 1968 (10)
1.85x100 |\ o 5206
3.33x10y [ AT 5390
9.30x10 5977
7.75x109 6153
(c) 6.14x107\ 4089
6.66x10 4110
5.39x10 4138
1.09X108 4145
3.05x108 4218
2,56x10 4522
3.55x10 4700
4.30x108 4784
6.94x109 4824
1.6lx109 4871
1.05X109 4914
2.29x10 5155

J. Phys. Chem. Ref. Data, Vol. 10, Suppl. 1, 1981



1-28

BAULCH ET AL

HF+M—>H+F+M

EXPERIMENTAL DATA - conTINuED

Rate Constant k Temperature Method and Reference Comments
(cm3 mo1™l s"l) (X)
9
Lol e 50
2.S6x109 5513
3.]1x109 5613
2.66x109 5635
2.44x109 5672
4.66x109 5756
6.35x109 5862
8,22x10 6022
7.4lx1010 6102
14631010 6276
1.27x10 6320
1.16x101° 6365
(a) 2.39x10§} M=Ar 4310 Shock tube study. (a) HF Values of kl derived from initial slopes
() §:§8§%881 gggi (1.6%)/Ar, and HF(1.6%)/ of emission profiles. Authors_tabulated1
4.4éx%03 4075 (b) C1; or (c) Br, or results as lezexp(67 480/T) cm® K? mol”
. s -1 . . .
;‘;1§18§ | M= AT+ ﬁigg (d) I, (1%)/Ar mixtures. s . For mixtures in which [X]/[M]=0.019,
6.43x10 1 4208 Incident shocks. Initial authors give k; (M=I):k,(M=Br):k,(M=C1):
9.84x108 4300 - -8 ! ! 1
8.68x108 4371 [HF] values 7.1x10 to kl(M=F):kl(M=Ar)=850:500:150:1:1.
(e) 1.32x10g 4143 2.85x2077 mol cm”3, Ir HF + M+>H + F + M 1
igiﬁ89 M+Ar+ z%i’g enission from HF monit~
3.47x102) BT 4471 ored at 2.5u.
(d} 3.71x10 M=Ar+I 4299
BLAUER, ENGLEMAN and
SOLOMON 1971 (13)
Discussion detect no great increase in collision efficiency for F over Ar
Y >

There are only three studies of the rate of dissociation of
HF,

HF + M > H + F + M, 1)
all of which have been made using shock tube methods, the
i.r. emission from HF being monitored in all cases.

The data for £,(M=Ar) of Blauer [10 and 13] are only a
factor of 2 lower than the earlier results of Jacobs et al. [5].
As all the available data were obtained by essentiaily
identical methods, we have chosen to fit a single expression
to all the data, rather than to compromise between two
separate expressions [5 and 10, 13}. Neither Blauer [10] nor
Jacobs et al. [5] gave any a priori reason for choosing the T
temperature dependence, and so we feel justified in
recommending a simple Arrenhius expression

EM=Ar) = 3.12X10" exp(-49 980/T) cm® mol™ ™

(3500-6500 K), which, as a least-squares fit, has a standard
deviation of only 20%, but in order to encompass all of the
available data, error limits of a factor 2 should be taken into
account.

Although Jacobs et al. {5] used their expression for £,(M=
Ar) to model HF/H,/Ar mixtures, and Blauer [10] could

J. Phys. Chem. Ref. Data, Vel. 10, Suppl. 1, 1981

in HF/F,/Ar mixtures, there are insufficient data to make
any recommendations for £, (M=H), ¥, (M=F), and &M=
HF).

Rate of the Reverse Reaction

There have been no experimental studies on the rate of
the reverse reaction

H+F + M- HF + M. 1)

Prior to any data on %, estimates for k_, were made by
comparison with £,

H+H+M->H +M 3)

e.g., Sarli [2], £,=1.09X10" 7" em® mol s; Wilde [3],
kL (M=H,HF)=7.5X10"® 7 em® mol™® 87, the expression
for £, (M=H,) determined by Patch [1], and used by 6,8
and 12]; and Mayer, Cook and Schieler [4], k_ M=HF)=
10" T em® mol™? s, being similar to the expression of
Wilde [3], plus other expressions for M=H,, H, H,0 and
OH.

Using the data for £, of Jacobs et al. [5], Bittker {6]
quoted £ (M=Ar)=3X%10" T cm® mol? s, and taking
ks (M=H,0)=15k,(M=Ar) he used the similarity between
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HF and H,0 to suggest k_(M=HF)=10%_(M=Ar). The &,
data of [5] were also used by Jensen and Kurzius [9] to give
k,M=Ar)=1.8X10"” T em® mol? s, a factor of 6
higher than the expression derived by Bittker [6]. The higher
efficiency of molecular third bodies typically found in rocket
exhausts suggested [9] the expression k_,=3.6X10" T~ cm®
mol™ s, With the publication of the results of Blauer [10],
Jensen and Jones [14] updated the expression for k(M=
Ar), giving £ ,(M=Ar)=3.6X10" T cm® mol? s, and
increased their estimate of the relative efficiency of rocket
nozzle collision partners to threefold, giving £_,=10" T
em® mol? s\ Wagner [15] used the data of [5] to give
k. ,(M=Ar)=1.13X10"" 7 cm® mol® s7".

Using our own expression for £;(M=Ar), and the equilibri-
um constant, we obtain for £_ (M= Ar) the expression,

k,(M=Ar) = 7.5X10" exp(17 680/T) cm® mol® s7,

over the temperature range 3500-6000 K. The factor 2 error
limits for k, apply also to £_,.
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A4  F+H,~>HF+H

THERMODYNAMIC DATA

o}

T AH AS log K

) (kJ mo1™1) @ ! mo17l)

298 -133.457 -0.945 23.332
300 -133.469 -0.958 23.187

500 -133.787 -1.795 13.883
1000 -134.231 -2.447 6.884
1500 -134.649 -2.577 4.545
2000 -134.558 -2.673 3.375
2500 -134.816 -2.790 2.671
3000 -135.197 ~2.929 2.202
3500 -135.725 -3.092 1.864
4000 -136.441 ~3.284 1.610
4500 ~137.374 -3.498 1.411
5000 ~138.528 -3.740 1.252

RECOMMENDED RATE CONSTANT
k=1.5x 1013 crn3 rnol_1 s—1

11 1 -1

2.5 x 10711 cn3 molecule™d s

Temperature: 300+3 K

Suggested Error Limits for Rate Constant: #30%

(Note: this value is the  same as that given by

FOON and KAUFMAN (45)).
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F+H,—HF+H

EXPERIMENTAL DATA

Rate Constant k Temperature Method and Reference Comments
(en® mo1~1 s'l) ¢ 9]
298-423 Static system. Fz(mlmm Hg; H, and CH4 remaining in products

133.3 Pa)/H,(v3mm Hg; gave ratio k,/k; at several

400 Pa)/CH4(N3mm Hg; temperatures

400 Pa)/Nz or C02(350 mm F + H2 + HF + H 1

Hg; 46.7 kPa) mixtures F + CH4 + HF + CH3 2

photolysed using medium Authors quote k2/k1 = 2.45%0.2

pressure Hg lamp. Ratio (298 K) and 2.37+0.07 (309 X}, and

[Hz]/[CH4} varied 2:1 to expression k2/1<1== 1.05exp(252+100/T)

1:2. 'Mass spectrometry (298-423 K). Used by FETTIS et al.

used to analyse reaction (3) together with their expression

products. for k, to give k) = 4.68x10'3

MERCER and PRITCHARD 1959 °XP(-860/T) cn® mo1™t 571, FETTIS

) and KNOX (4) quote k% = S;gxlgl
exp{- (860110} /T} cm” mol s on
the basis of this work and (3). We
have used these data solely for the
evaluation of;k2 (see this Volume,
section A6).

395-435 Static system. FZ(ZO.S— Most experiments performed at 405 K.

J. Phys. Chem. Ref. Data, Vol. 10, Suppl. 1, 1981

241 mm Hg; 2.7-32.1 kPa)
/H2(20.5~340 mm Hg: 2.7~
45.3 kPa)/02(255~512 mm
Hg: 34-68.3 kPa)/N,
mixtures at total press-
ures of 645 mm Hg(86 kPa).
Decay of F, monitored by
absorption at 284.9 nm.

LEVY and COPELAND 1965 (6)

Removal of F, inhibited by O2 such
that limiting rate is reached. In
region of this limit, kinetics
obeyed expression -d[F,]/dt =
k[FZ][HZ]O'S, where k is overall
rate constant. Authors assumed
inhibition due to competition
between reactions 1 and 3
F +H, > HF + H 1

F+0, +M~>F0, +M 3
For [0,]/[H;] = 5, authors took
removal of F by reaction 3 to be
v100 times faster than that by
reaction 1. 1.3x1
em® mo17% 71 (2) ,authors obtain
K, = 2x108 cn® -1 (405 xy.
""Reasonable" pre-exponential factor
for k1 taken as lO12 cm3 mo1l™! s_l,
giving E, = 29.3 kJ mol™' (7 keal
mo1™1y.
removal rates of ~10, authors give
E, = 20.9 kJ mo1™(5 kcal mo1™}).
In a re-evaluation of these data by
the authors (11), this interpre-

Taking k3 = 014

mol™l s

For ratio of F atom

tation of the data was rejected.
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F+H,/F+D,

T/K
560t 400 300 200
EXPERIMENTAL DATA
—_— Kapralova et al. 1970 (17},
—— . — Igoshin et al. 1973 (36).%
4 Pearson et al. 1973 (38).t
——— - —— Persky 1973 (39).
— /
A Williams and Rowland 1973 (42).* ,
~———/—— Grant and Root 1974 (43).*
——————— Grant and Root 1975 (46).*
> Manning et al. 1975 (47),% ’
4
d
(4
4
|//
1
-
o - \
| | | ]
2.0 3.0 4.0 5.0 6.0 7.0
103171 !
* Refer to those studies using 18F

+ Refer to k]/k1D from absolute values of both k] and k]D

J. Phys. Chem. Ref. Data, Vol. 10, Suppl. 1, 1981
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F+H,~ HF+H

EXPERIMENTAL DATA - cONTINUED

Rate Constant k Temperature Method and Reference Comments
(cm3 molt s_l) (K)
1.6x1014exp(-805/T) 300-400 Discharge flow system. Good agreement obtained for k1
NZ/He mixtures passed derived from decay of F and rise of
through discharge, and HF. Values believed low, due to
added to NF, (from therm- neglect of diffusion effects, by
ally dissociated NZF4). FOON and KAUFMAN (45). Used by
HZ added downstream (27, 49, 50 and 51).
through moveable inlet. These data corrected for background
Total pressures 3.5 mm Hg interference by Hz by WARNATZ et al.
(466.6 Pa). Reaction (32) to give k; = 2.3x10"%exp(-780/
followed by mass spectrom- T) em® mol™t s 1.
etry, [F] determined by
titration with NOC1.
HOMANN, SOLOMON, WARNATZ,
WAGNER and ZETZSCH 1970
(16)
77-353 Static system. Pz/He Relative HF and DF yields gave
mixtures ([He]/[FZ] ratios ratios ky/k;; and ky/kqp
50 to 150:1) added to 200- F + H2 + HF + H 1
400 mm Hg (26.7-53.3 kPa) F + D2 - DF + D 1D
HZ/D2 and CH4/D2 mixtures. F + Cd4 > HF + CH3 2
[Fz]jlo% smallest reactant Authors quote statistical treatment
concentration. Products of data as giving kl/le = (1.48+«
analysed by epr spectro- 0.22)exp(23+15/T) and kz/le =
SCopy. (3.58+0.75)exp(493+76/T). Authors
KAPRALOVA, MARGOLIN and use these ratios to geflkl/kz, and
CHAIKIN 1970 (17) usi?% E, = S.O§ kJ mol “(1.21 kcal
mol ") quoted by FETTIS et al. (3),
obtain E; =(8.98:0.96) kJ mol?
((2.15%0.23) keal mol™l). These
data only used to evaluate k2
(this volume, section A6).
(1.81&.0.6))(1013 293 Fz—discharge flow Authors considered further reactions

J. Phys. Chem. Ref. Data, Voi. 10, Suppl. 1, 1981

system. FZ/He mixtures
passed through discharge
and 30% HZ/He mixture
added through capillary,
forming diffusion cloud.
Total pressure 3 mm Hg
(400 Pa).

metry used to monitor

Mass spectro-
reaction. Reaction vessel
coated with H3B03.

DODONOV, LAVROSKAYA,
MOROZOV and TAL'ROZE 1971
(18)

of H and HF to be negligible.
derived k; = 1.99x10"% cn®
from the variation of [H,],
= 1.63x10'% cn® t

of [H].
diffusion coefficients, for H2 and

They
mo1™t 571
and kl
from that

Both values dependent upon

mo1™l s~

H respectively. Quoted value takes
into account 10%-20% reliability in
[F]. Ascribed to other authors by

(15).



13.5

500
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400

F+D,— DF+D

T/K
300 200

13.0 —

—~ 12.

[}

-1

log(k/cm3 mol

12.

11.

5 —

O p—

L] Kapraloya et al. 1970 (17).
———.-—— Foon, Reid and Tait 1972 (26).

EXPERIMENTAL DATA

~——.—— Igoshin et al. 1973 (36).
Pearson et al. 1973 (38).

Persky 1973 (39).

Williams and Rowland 1973 (42}.*
Grant and Root 1974 (43).*
Grant and Root 1975 (46).*

Manning et al. 1975 «{47).*

+ vvdrboen

This evaluation.

*

4.0 5.0 6.
103171 /K71

Refer to those studies using ]8F.
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F+H,— HF+H

EXPERIMENTAL DATA - CONTINUED

Rate Constant k Temperature Method and Reference Comments
(en® mo1l s—l) (K)
(a) 253-348 Static system. (a) FZ/HZ/ Self-heating avoided by packing
(b) 273,298, CH,/Ar mixtures, [H,]/[CH,] reaction vessel. Cold flames
343 ratios 3.2:1 to 1.49:1, detected in absence of packing,
and [Ar]/[F,] and[H2+CH4]/ thought by authors to be due to
[F,] ratios 10-18 and 11-30 presence of 0, impurities.
respectively. (b) FZ/HZ/ Consumption of H,, CH, and CZH6
C2H6/N2 mixtures with [HZ]/ gave ratios kl/k2 and kl/k4
[C2H6] 4.2:1 to 8.0:1. F +H, ~HF + H 1
Remaining concentrations of F + CH4 + HF + CH3 2
hydrogen donors measured by F + C2H6 + HF + CZHs 4
gas chromatography. Authors give least squares fit to
FOON and REID 1971 (19) kl/kZ as (1.2210.05)exp{-(320215)/T}
and to kl/k4 as (4.6%2.1)exp{- (980
140)/T}.. From further experiments
with FZ/CH4/C2H6/N2 mixtures, giving
kz/k4, good agreement obtained
petween kl/k2 and produc}s(klék4) )
(¥i/kz). Assuming A4=10 cm” mol
s ~, average kl derived from two
competitive routes given as (4.85:
O.25)x1013exp{—(12401140)/T} em3
mol™! s71(273-343 K). We have used
these results solely in the evalua-
tion of k2 (this volume,section A6).
m9x1013 ~2000 Flame study. FZ/HZ/Ar Rate constant k1 derived from H2
flames at 6-8 mm Hg profile.
(800-1070 Pa), analysed
by mass spectrometric
probe. ’
HOMANN and MACLEAN 1971
(20)
/ 3.8x1013 298 Flash photolysis study. Assuming negligible vibrational de-

J. Phys. Chem. Ref. Data, Vol. 10, Suppl. 1, 1981

WF6(O.25 mm Hg; 33.3 Pa)/
H2 mixtures at total
pressures of 0.5 mm Hg
(66.7 Pa).
laser emission signals
monitored.

Intensity of

KOMPA and WANNER 1972
(28)

activation of HF* formed in reaction
1, decay of emission intensity gave
k;, independent of [F], which was
only estimated by extent of light
absorption and N,0 actinometry.
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F+H,—>HF+H

EXPERIMENTAL DATA - CONTINUED

1-37

Rate Constant k

(cm3 mol_1 s_l)

Temperature

8.9

Method and Reference

Comments

(4:1)x1012

(1.5:0.2)x10%3

(a) 1.6x1014exp(-600/T)
(b) 1.1x10%%exp(-530/T)

(1.5%0.2)x10%3

1.5x1013

300

298

250-375
260-370

296

298

Discharge flow system. sz
He mixtures passed through
moveable discharge. Ey
added downstream. Total
pressures A2.5 mm Hg
(333.3 Pa). [H] and [F]
determined by epr spectro-
metry. Flow tube coated

with teflon or HSBOS'

RABIDEAU, HECHT and LEWIS
1972 (30)

Discharge flow system.
CF4(3%)/Ar mixtures
passed through discharge.
H, added downstream with
2 -12 -12

2x107"“<{H,]¢ 5x10
cn®, with [F]/[H,] in
range 6-40.

mol

Mass spectr-
ometry used to follow
reaction, with F atoms
calibrated against NOCI.

WALKER 1972 (31)

E,- discharge flow system.
Mixtures with both (a) F
and (b) H2 in excess
studied, using mass spect-
rometry.

WARNATZ, WAGNER and ZETZSCH
1972 (32}

Molecular beam study. Few
details available. Mass
spectrometry used to follow

H and HF.
BOZZELLI 1973 (34)

Discharge flow system. CF
(1%)/Ar mixtures passed
through discharge. H,
added downstream, such
that [F]>>[H 1. Range of
[F] 5.5x10"LF to 8.0x10711
mol cm™>. Reaction monit-

4

ored by mass spectrometry,
and NOC1  titration used to
calibrate F.

k, obtained by computer matching of
[H] vs.[F,] profiles, assuming
reaction mechanism to be
H + FZ + HF + F 5
+.HF*+ F 5*
F*H2+HF+H 1
Deactivation of HF* apparently un-
important
HF*+ F, -~ HF * 2F
Used by (49 and 50).

Value of k; obtained from decay of
H,. HF only reaction product
detected.

Mass spectra confused by large H,
background signal.
and (b) obtained from first order
decay of H, and F respectively.

Expressions (a)

Beported by (45).

Values of k; determined by consump-
Error margin of +50%
Used by (48).

tion of H,.
given by authors.

CLYNE,McKENNY and WALKER 1973 (35)

J. Phys. Chem. Ref. Data, Vol. 10, Suppl. 1, 1981
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F+H,~ HF+H

EXPERIMENTAL DATA - coONTINUED

Rate Constant k Temperature Method and Reference Comments
(em® mo171 571y (X)
9.3x1013exp{-(540i90)/T) 195-295 Static system. Electric k1 determined from duration of
‘ discharge through 4:1 NF, laser pulse.
/HZ mixtures at pressures
below 10 mm Hg (1.33 kPa).
HF laser emission monitored.
IGOSHIN, KULAKOV and
NIKITIN 1973 (36 and 37)
2.4x1013 500 Static system. Electric Laser pulses showed exponential
discharge (6J) through H, decay characteristics, hence prod-
(10, 20 and 40 mm Hg; 1.3, wuction of HF shown to be via chain
2.7 and 5.3 kPa)/NF3 mix- reaction.
tures, with [NFslj[Hz] = F + Hy, + HF + H 1
5, 10 and 15, in laser H+ F, »HF +F 5
cavity. Laser pulse Laser pulse width at 10% maximum
followed by Cd-Hg-~Te laser output, corrected for delay
detector. between discharge maximum and onset
. -1
PEARSON, COWLES, HERMANN, of lasing, plotted vs. p = gave kl'
- GREGG and CREIGHTON 1973
(38)
298 Static system. Nuclear

J. Phys. Chem. Ref. Data, Vol. 10, Suppl. 1, 1981

recoil studies in SFy
(2680-2900 mm Hg; 357-387
kPa)/C,H, (10-57 mm Hg;
1.3-7.6 kPa)/HI(3-72 mm
Hg; 0.4-9.6 kPa)/H,(49-
133 mm Hg; 6.5-17.7 kPa)
mixtures.
by radio gass chroma-
tography.

WILLIAMS and ROWLAND
1973 (42)

Product analysis

Neutron bombardment of SF6 generated
near-thermal 18F atoms. Yields of
CH2=CH18F (from sequence 6+7)

measured

18 8

E o+ C,H, » cil¥p=cH 6
cut®r=ci « HI + cHy=cul®R v 1 7
and compared with total available
18F atoms, to give ratio k8/k6
18 +mr > wl8F + 1 8
in simple SFG/CZHZ/HI mixtures.
Addition of H, alters CH,=cil®F
yield, giving ratio kji/kg, with
Fely»u® «q I
value (0.14x0.02). Less comprehen-
sive report by these authors (25)
gives same value. Authors point out
that the rate constants are averaged
over energy distributions that are

not necessarily Maxwell-Boltzmann.
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F+H,—~ HF+H

EXPERIMENTAL DATA - CONTINUED

1-39

Rate Constant k Temperature Method and Reference Comments
(cm® mo171 s71) (K}
303-475 Static system. Nuclear Variation of [H!®F] with [C,F]
recoil studies in HZ/CSFG gave raf;o kyr /kg L8
mixtures (mole fraction F+Hy~HF +H 1
CyF¢ 10.43-80.5%) at total 185 + CiFg » CyFl0F 9
pressures 1000 mm Hg Ratios k9/k1, given as (0.702:0.004)
(133.3 kPa). HIBF deter- (303 K), (0.463+0.006) (353.5 K),
mined by absorption on (0.33920.004) (405 K), and (0.276%
K,CO04 and radio assay. 0.003) (475 K). Authors quote
GRANT and ROOT 1974 (43) Arrhenius equation to these data as
kg/kll (0.05£0.002)exp (800+6/T) .
1.4x1012 300 Discharge flow system. Laser power expressed as function
SFg/He mixtures passed of [HZ]’ giving k; to within #10%.
through discharge, and
added to H, in reaction
chamber. HF* laser
emission monitored by
spectrophotometry, using
PbS or PbTe detectors.
MY, PEYRON and PUGET 1974
(4
273-475 Static system. Nuclear Variation of HL®F yield with [C3F6]
recoil study in HZ/C3F6 gave kQ/klo = (0.824:0.01) at 273 K,
mixtures CC3F6 mole and values of this ratio at 303 K,
fraction varied 0-1.0) 353 K, 405 K and 475 K as given in
with CZFG moderator (95% (43). Regression analysis used to
of overall mixture), at give kg/kl’ = (0.056+0.002)exp
<1600 mm Hg (214 kPa). (760£9/T).
[H18F] measured by absorp- 18g Hy + w8 vy 1
tion on K,CO; and radio 1818F + CFg > CoFM8E 9
assay. Hot F atom reaction effects
GRANT and ROOT 1975 (46) considered negligible.
303 Static system. Nuclear Total pressures assumed same as for

recoil studies in HZ/C3F6
mixtures (variation in
C3F6 mole fraction 0-1.0)
with SF6(90% of overall
mixture), at 1000 mm Hg
(133 kPa) total pressures.
[HlBF] measured by absorp-
tion on KZCO3 and radio
assay.

MANNING, GRANT, MERRILL,
PARKS and ROOT 1875 (47}

Variation in
F yields with [C3F6] gave kq/k;:
= (0.702£0.004) (as for (43)) at
303 K.

GRANT and ROOT (43).
H18

18
18

» H8F « H g

> C3F618F

F + HZ

F + C3F6

J. Phys. Chem. Ref. Data, Vol. 10, Suppl. 1, 1981
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BAULCH ET AL.

F+H,—~HF+H

EXPERIMENTAL DATA - CONTINUED

Rate Constant k Temperature Method and Reference Comments

(cm® mo1l s'l) (x)

(1.00:0.08)x10%3 298 Discharge flow study. CF, Relative esr signal, plotted vs.
or Fz/He mixtures passed HZ flow rate, showed absence of
through discharge. H2 significant undissociated F,
(16.85%) /He mixtures concentrations. k) given by finite
added, such that 4.6x10~11 difference solutions to rate
<[Fl« 1.09x10710 po3 em™3, equations, assuming negligible wall
and 1,94x1071% [H,]< 5.80 reactions.
210710 no1 en™3, at total
pressures of ~2 mm Hg
(267 Pa). [F] monitored
by esr spectrometry.
GOLDBERG and SCHNEIDER
1976 (52)

298 CFy - discharge flow Relative rate constants for the
system. CF4(0.3%1/Ar formation of HF(v31) obtained for
mixtures passed through CH, and H, from gradients of HF
discharge, and into flow intensity vs. [CH,] or [H,]. Rate
tube. l-l2 or CH4 added constants for formation of HF(v=0)
downstream, such that assumed negligible. Diffusion and
[H,]: [Ar] and [CH4]:£Ar] quenching also ignored. Relative
ratios varied ~2x10° HF* populations obtained by computer
<1x1072. Ar pressure simulation of observed spectra.
~1 mm Hg (133.3 Pa). HF Values kljk2
emission intensities F + HZ + HF + H

’ monitored between 2.4 F + CHy ~ HF + CH3 2
and 3.1yu. obtained as 0.37, and with [F]
SMITH, SETSER, KIM and reduced by factor 10, 0.36. These
BOGAN 1977 (53) data have been used solely for the
evaluation of k2 (see this volume,
section A6).
REVIEW ARTICLES
1.18x1014exp{-(860i110)/T} 298-423 Review. Expression derived Authors used ratios k1/k2 from (1)
from work of MERCER and and kz/k4 from (3)
PRITCHARD (1) and of FETTIS F+H, »HF +H 1
and KNOX (4). F + CH4 + HF + CH3 2
F + C2H6 + HF + C HS 4
TROTAN-DICKENSON and MILNE .4 took k, - 6.03x10L5 oxp (-140/T)
1367 (8) cm® mc>.1'1 s™1 (c£. those values
used by (3 and 19)).
1.5x1013 293-300 Review. Value chosen for

J. Phys. Chem. Ref. Data, Vol. 10, Suppl. 1, 1981

good agreement between

data of (16, 18, 34 and 35).

FOON and KAUFMAN 1975 (45)
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ISOTOPIC REACTION F + Dy »DF + D

F+H,—~ HF+H

141

Rate Constant k Temperature Method and Reference Comments
(cm3 mo1”! s-l)
77-353 Static systenm. FZ/He Method of analysis as described
mixtures (50<[He]/[F2]< under reaction 1. Authors givq
150) added to 200-400 mm k1/k1D=(1.4810.22)exp(23t15/T).
Hg(26.7-53.3 kPa} HZ/DZ F+Hy>HF +H 1
or D,/CH, mixtures. [F,] F+Dp>DF+D 1D
< 10% smallest reactant ky/kyp=(3.58+0.75)exp(493£76/T).
concentration. Epr F + CHy » HF + CH, z
spectroscopy used to FOON et al. (26) used these ratios
follow reaction. and their own values for k1 and k2
KAPRALOVA, MARGOLIN and  (19) to give kyp= (3.3:0.3)x10%3
CHAIKIN 1970 (17) exgg—(12701150)jI} and (lélio.gix _1
10" “exp{-(1420+150)/T} cm” mol s
respectively.
(a) 183-348 Static system (a) FZ/CH4 Method of analysis same as that of
(b) 273,293, /DZ/Ar mixtures, ratio FOON and REID (19) for reaction 1.
346 [CH,]/[D,] varied 0.82 to Ratios k,/k;p and k,/k;j given as
9.20. (b) F2/C2H6/D2/Ar (1.26+0.07)exp(360+12/T) and (0.27
mixtures, 3.85s[C2H6]/ +0.1)exp(1070£110/T) respectively.
[D,]<8.21. Remaining CH,, F+D,>DF +D 1D
CZH6 and D2 concentrations F + CH4 + HF + CH3 2
measured by gas chromato- F + C2H6 + HF + C,H, 4
graphy. Using results from (19) for k2 and
FOON, REID and TAIT 1972 K4 3uthors give average kyj =
(26) (33310.ﬂx1c_> exp{-(1310£150)/T}
cm” mol s .
4.9x1013exp{-(400i90)/T} 195-295 Static system. Electric k1 determined from duration of
discharge through NF;/D, laser pulse.
mixtures. HF laser
emission monitored.
IGOSHIN, KULAKOV and
NIKITIN 1973 (36 and 37)
l.9x1013 ~500 Static system. 6J dis- Data analysed as for reaction 1.

charge through b, (10, 20
and 40 mm Hg: 1.3, 2.7
and 5.3 kPa)/NF3 mixtures,
with [NF;]/[D,] = 5,10
and 15, in laser eavity.
Cd-Hg-Te detector used to
follow laser pulse.

PEARSON, COWLES, HERMANN,

GREGG and CREIGHTON 1973
(38)

J. Phys. Chem. Ref. Data, Vol. 10, Suppl. 1, 1981
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ISOTOPIC REACTION F + Dy - coNTiNuED

BAULCH ET AL.

F+H,~ HF+H

J. Phys. Chem. Ref. Data, Vol. 10, Suppl. 1, 1981

recoil studies in D2/C3F6
mixtures CCSFG mole frac-
tion 10.2%-80.8%) at 1000
mm Hg (133.3 kPa). D8

measured by absorption on

K,C0- and radio assay.
GRANT and ROOT 1974 (43)

Rate Constant k Temperature Method and Reference Comments
(em3 mo171 571y ¢9]
163-147 Discharge flow system. Ratio of products [HF]/[DF] gives
SFg or CF,/He mixtures directly kl/kID
passed through discharge, F +H, ~HF +H 1
and addeg to H,y/D, ‘ F+D,+DF +D 1D
mixtures. Total Author gave as least squares fit
pressures ~0.5 mm Hg to data ky/kip = (1.04:0.02)exp(190
(66.7 Pa). Reaction +5/T). Average of 29 experiments at
products monitored by 298 K gives ratio (1.91%20.08). Used
mass spectrometry. by (33). p
PERSKY 1973 (39)
298 Static system. Nuclear Data analysed as for reaction 1.

‘recoil studies in SF6 Authors give le'/ké as (0.08£0.02)
(2840 and 3060 mn Hg; 18F + DZ N D18F +D 1D’
379 and 408 kPa)/C2H2 18F . CZHZ > CH18F=CH 6

e (14, 24 and 57 mm Hg; Combined with their value for kll/

- 1.9, 3.2 and 7.6 kPa)/ k. this gave kys/k i = (1.820.4).
HI (14 mm Hg; 1.9 kPa)/ Lower error limits (#0.01) given
DZ(SG’”‘9 and 129 mm Hg; for le’/kG in shorter communication
11.5, 15.9 and 17.2 kPa) by these authors (25). .
mixtures. Product
analysis by radio gas
chromatography
WILLIAMS and ROWLAND
1973 (42}

303-457 Static system. Nuclear Variation in yield of D'8F with

[C3F(] §ives ratio kg/le:
8¢+ p, »DPF ¥ D 10!
185+ c_p v c.p, 18 9
376 36
Authors give ratios kg/ler as
(1.361:0.028) (303 K), (0.903+0.01)
(345 K), (0.656%0.002) (405 k), and
(0.443+0.004) (457 K), with
Arrhenius fit as k9/k1D| = (0.055¢
0.002) exp(976+10/T). Using their
expressign for kg/ki%

F+H, >H F+H 1!
authors quote kll/lel = (1.11%0.05)
exp(180£13/T) (303-475 X). BERRY
(33) quotes ROOT (private communi-
cation) as giving kl/le = (1.89+
0.08) (297 K).
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F+H,—~HF+H
ISOTOPIC REACTION F + Dy ~ CONTINUED
Rate Constant k Temperature Method and Reference Comments
(cm3 mo171 s-l) (X)
273-457 Static system. Nuclear DlSF yields analysed as for HlBF
recoil studies in DZ/CSFG yields in study of reaction 1’ (see
(0~100%) mixtures with Comments column for reaction 1
C2F6 moderator— (95% of under this reference).
total mixture), at <1600 18p , H, + HI8F + H 1
mnm Hg (214 kPa). [D'®F)  Authors give kg/kjps = (1.770.07)
determined by absorption at 273 K, and values for this ratio
on K.ZCO3 and radio assay. at 303 K, 345 K, 405 K and 457 K,
GRANT and ROOT 1975 (46) as given in (43). Arrhenius fit to
these data given as kg/lel =
(0.058+0.002) exp(950:10/T)
8¢ 4+ p, » D'8F + D 1’
18 18
F + CSFG - C3F6 F 9
Using their expression for kll/k9
obtained in same work authors
derive kl'/le' = (1.0420.06) exp
(190+18/T). Contributions from hot
18F atoms considered negligible.
Authors quote kl/le = (1.94%0.04)
at 298 X for this work.
303 Static system.  Nuclear D18F yields analysed as for H18F

recoil studies in D, (0~
100%)/C3F6 mixtures with
90% SF6 moderator at 1000
mm Hg (133 kPa) total
DlBF absorbed
on X,CO; and measured by

pressures.

radio assay.

MANNING, GRANT, MERRILL,
PARKS and ROOT 1975 (47)

yields in study of reaction 1!

18p vy, » nl8F + 1 iy
18 2 g 1
F+D,»D8F +p 1D
Authors obtained kg/le/ = (1.36%
0.03) at 303 K.
18 4 c.F, » C.F 18F 9

36 36
Using their value of kg/kﬂ they

quote le//kll = (0.51620.012).
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F+H,~ HF+H

ISOTOPIC REACTIONS F + HD > HF + D anp F + DH—>DF + H

. Rate Constant k Temperature Method and Reference Comments
(cm3 mo1~1 s'l) x)

300 Flash photolysis laser Intensity of DF emission from UF6/
study. Equimolar UFG/HD HD mixture 0.7 times that from UF6
or D, mixtures at 2 mm Hg /D2 mixture. If the mechanism for
(267 Pa). Laser pulse the laser is
intensity followed. UF, + hv + UFg + F
KOMPA, PARKER and PIMENTEL F+Dy+DF+D 1D
1968 (101 D+ UF6 + DF + UFS 10

reaction 1D solely responsible for
DF pumping, rather than reactions 1
and 10. Hence by replacing reaction
1D by 1HD/1DH

F + HD » HF + D 1HD

F +DH +DF + H 1DH
kypy/(kypy * kypp) = 0.3, or kypy/
leH = 2.3 (Authors quote this
value as 2.5, as reported by FOON
and KAUFMAN (45)).

297 Flash photolysis laser [H2] and [D2] in respective mixtures
study. CFSI/HD/Ar mix- with CF;I and Ar varied, and extra-
tures (ratios 0.5:1:50, polated to give same threshold
0.1:1:50 and 0.02:1:50), times as in CFSI/HD/Ar mixtures.
CFsl/HzlAr and CF31/D2/ From extrapolated values, and gain
Ar mixtures, at total coefficients for particular transi-
pressures of 50 mm Hg tions of HF or DF, author derived
(6.7 kPa). Laser pulse ratios kyyn/k; = 0.38:£0.03 and k) pH
intensity monitored .by /kqp = 0.50520.055. Quoting k1/k1D
InSb detectors. of (39) and ROOT (private communica-
BERRY 1973 (33) tion), author gives kyy,/k ny =

1.42:0.01
F +Hy, + HF +H 1
F+Dy+DF +D 1D
F «AD - HF + D 1HD
F +DH + DF + H 1DH
Using our values for k; and le we
obtain leD/k1DH = 1.44+0.3.
159-413 Discharge flow system. Method as for reaction 1D. Ratio

J. Phys. Chem. Ref. Data, Vol. 10, Suppl. 1, 1981

Discharge in SF6/He
mixtures, added to HD at
total pressures ~0.5 mm
Hg (66.7 Pa}. Products
measured by mass spect-
rometry.

PERSKY 1973 (40)

leD/klbﬂ givep as (1.26+0.02)exp
(35£3/T) (159-413 K)
F+HD > HF + D 1HD
F +DH +DF +H 1DH
with average value (over 15 results)
at 298 K of (1.45:0.03).
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Discussion

The development of the HF laser has led to a large
number of studies, both experimental and theoretical, of the
reaction

F + H, — HF + H. 1)

Several of these investigations have been primarily
concerned with the rate constants for the population of
particular vibrational levels of excited HF [13,14,22,23,29]
and, although in one study [22] an assessment has been
made of the overall rate constant, we do not consider these
papers in our evaluation.

The experimentally. determined absolute room temperature
values of £, cover a wide range, 1.4X 102 [44] to 3.8 10"
em® mol™ s [28]. However, within this range there are
seven studies [16,18,32,34,35,36,52] that are in agreement
over k; to within 30%. The values of %, reported in these
studies were derived from the rates of change of different
reactants and products (in some cases more than one
[18,20,32,36]), with F atoms being produced by a variety of
discharge methods. There is excellent agreement between the
data of [32,35 and 36], and the low value of 1.09X 10" ¢m®
mol™ s derived by Homann et al. [16] has been corrected
by Warnatz et al. [32] to give k;,=1.7 X 10" cm® mol™ s at
298 K. Because of this good agreement at room temperature
we follow Foon and Kaufman [45] in recommending &,=
1.5%10* ¢m® mol™ s (3003 K). The only theoretically
derived expression to agree with this value is that of Wilkins
[24], #,=1.35X10" exp(-805/T) em® mol™? s over the
range 250-500 K, obtained from classical trajectory
calculations, using a London-Eyring-Polanyi-Sato (LEPS)
potential energy surface.

The experimental studies that have investigated the tem-
perature dependence of k, [16,32,36] give activation energies
of 6.5 kJ mol™ (1.55 kcal mol”'—the corrected value [32]),
4.5 kJ mol™ (1.08 kcal mol™), and 4.4-5.0 kJ mol™
(1.05-1.2 kcal mol™), respectively. If the low values of E,
given by Igoshin et al. [36] and Warnatz et al. [32] are
correct, then together with our recommended room tempera-
ture value of %, these give an Arrhenius expression in
agreement to within ~30% with both the value of Pearson et
al. [38] at 500 K and the value at 2000 K given by Homann
and MacLean [20]. Alternatively if we take the higher value
for £, as determined by Homann et al. [16] as more accurate,
there is only agreement to within ~60% with the value from
the same authors [20] at 2000 K. Therefore, it would seem
that, unless the point values of Pearson et al. [38] and
Homann and MacLean [20] are widely inaccurate, an
activation energy for &, of (4.6%2.1) kJ mol™ ((1.1%0.5)
kcal mol™) is indicated. But because of the discrepancies
between the absolute and derived values of £, (see below),
and in the absence of substantiating data above 300 K, we
do not make any recommendation.

Rate of the Reverse Reaction

Only two measurements of %_, have been recorded,

H + HF - F + H,, (-1)

both of which have used shock tube methods.

1-45

Jacobs, Giedt and Cohen [5] studied (a) HF(0.2, 1 and
2%)/Ar and (b) HF(1%)/H,(1%)/ Ar mixtures behind incident
shocks, at temperatures 3800-5300 K, and at shocked
pressures in the range 1.3-1.82 atm (132-184 kPa). They
followed the ir. emission from HF using an InSb cell.
Assuming the activation energy £ _; to be 146.4 kJ mol™ 35
kcal mol™) they computed [HF] profiles to match their experi-
mental data, varying A_. The sensitivity of the computed
profiles to k_; was small for mixtures (a), but greater for the
hydrogen-containing mixtures (b). The authors believed their
expression k£, = 10" exp (17 610/T) cm® mol™ s to be
accurate to within a factor of 2. This expression was used by
Bittker [7] to obtain an expression for k.

In a similar study, principally of the HF dissociation rate,
Blauer [9] used HF(0.852-3.57%)/Ar,
HF(1.96-2.02%)/H,(0.232 and 0.323%)/Ar, and
HF(1.34-3.12%)/F»0.375-5.84%)/Ar mixtures in the
incident shock region, at temperatures of 3700-6100 K. The
initial post-shock [HF] range was 4X10°-4.26X 107 mol
em™. Again the ir. HF emission was followed. Taking the
HF dissociation mechanism as

HF + M > H + F + M
H+ HF - F + H,

F + HF - H 4+ F,

the integrated rate equations yielded [HF} profiles which best
matched the experimental data with % =2X 102
exp(-17 610/T) em® mol ™' 57,

The results of Jacobs et al. [5] and Blauer [9] were used
by Jensen and Jones [21], who recommended the expression
k,=1.2X10" exp(-17 500/T) cm® mol™ s (1000-3500
K) for use in calculating rocket exhaust compositions.

Theoretical expressions for 4, have also been given by
Mayer and Schieler [12], using the Johnson-Parr method,
and by Wilkins [24] using the London-Eyring-Polanyi-Sato
technique to construct a potential energy surface for reaction

-1.

All of the above expressions for %, when converted to
rate constants for the forward reaction using the equilibrium
constant, give values of £, at 300 K that are at least 2 orders
of magnitude below our recommended value, and so we make
no recommendation for the rate constant £_;.

F+ D,—>DF + D
Most of the studies of the isotopic reaction,

F + D, —» DF + D, (1D)

have produced a value of k,;, relative to k,, principally in
static systems [17,26,42,43,46,47]. In four of these studies
[42,43,46,47] the nuclear recoil method was used, in which
the fluorine was the isotope '°F. Consequently the possibility
that these atoms were “hot,” i.e., that their thermal energy

distribution was non-Maxwellian, must be considered.
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However the good agreement between the room temperature
values of k,./ky,

Bp L H, > HYF + H @)

F + D, > D¥F + D (1D")

obtained using SF, [42] or C,F, [43,46,47] as the source of
BE and the values of £,/k,, determined by Persky [39]
(discharge flow system) and by Kapralova et al. [17] (static
system) indicates that the moderators used in the nuclear
recoil studies effectively thermalised the reacting '8F atoms.

The good agreement between the values of &, at ~300
K, whether absolute [36] or derived from the ratio £,/k,,
[17,39,42,43,46,47] leads us to recommend the value k=
7.85X10" cm® mol™ s at 300%3 K, with confidence
limits of 260%.

There i1s considerable disagreement over the temperature
variation of k,;,. From the good agreement between the
values for E,—E, of Persky [39] (1.55%0.04 k] mol™;
370210 cal mol™) and Grant and Root [43] (1.49+0.1 kJ
mol™; 356426 cal mol™) and [46] (1.60%0.15 kJ mol™;
382435 cal mol'), obtained using entirely different
methods, it would appear that E;;—-E, is in the region
1.55%+0.2 kJ mol™ (37050 cal mol™). The negative value
of E\,—FE| obtained by Igoshin et al. [36] may arise solely as
a result of taking the small difference between two large
numbers: the minimum and maximum values of F\—£),
using the authors’ expressions, are —2.68 kJ mol™ (-640 cal
mol™) and 251 J mol™ (60 cal mol™). The low value for
Ep-E, of Kapralova et al. [17] (188 J mol™; 45 cal mol™)
was also possibly as high as 314 ] mol™ (75 cal mol™)
according to the authors.

Therefore if we accept the value of E, as ~4.6 kJ mol™
(1.1 kcal mol™), and that E,j-E,~1.55 kJ mol™ (370 cal
mol™), we obtain E,,~6.15 kJ mol™ (1.47 kcal mol™). But
the above E| value was based largely on the results of
Igoshin et al. [36], so it should also be reasonable to accept
their value of E,;, (3.32£0.8)k] mol™ ((790=+180) cal mol™),
and this is nearly half the value for £, estimated above.

Consequently we do not make any recommendation for &,
other than the above room temperature value.

F+ HD - HF + Dand F + DH — DF + H

There have been no absolute determinations of %y, or

leH

F + HD —- HF + D (1HD)

F + DH —- DF + H (1DH)

and only one investigation (Berry [33]) has linked these rate
constants to known values, i.e., £, and %,,. But in terms of
the intramolecular kinetic isotope effect, there is excellent
agreement between the value (1.453:0.03) for k,up/kipy
determined by Persky [40] and that of (1.4430.3) derived
from the ratios %,y,/k, and kpu/k,, of Berry [33] and our
value for k,/k;,. These both compare favourably with the
value of 1.5 at 300 K derived from classical trajectory
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calculations, using a LEPS potential energy surface, by
Wilkins [41].
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Note Added in Proof

Bulatov, Balakhnin, and Sarkisov (Izv. Akad. Nauk SSSR,
Ser. Khim., 1734 (1977)) have reported measurements of
both k£, and k;, over the temperature range 150-300 K,
using a jet-stirred discharge flow system.

H, (or D,)/He mixtures were added downstream to a flow
of F atoms in He diluent (the F atoms being generated by
passing CF,(~3%)/He mixtures through a discharge), giving
initial reactant ratios [F]/[H,} of 0.5 to 5. Total pressures
were 0.5 to 1 mm Hg (66.7-133.3 Pa), and the decay of F
atoms was measured by esr spectrometry.
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The low concentrations of F enabled these authors to
neglect other F atom removal processes such as

F+F+M—oF +M
F + wall — 1/2F,

F+0,+M—FO, + M

{the O, was present as a small impurity in the CF,). From the
initial slopes of F atom decay vs. [H,] they obtained &,=
5.55X 10" exp{-(257£100)/T} cm® mol™ s (150-300
K), and in similar experiments with D,, k;;,=5.66X10"
exp{-(418=+55)/T} cm® mol™ s over the same tempera-
tures. Hence &,/k,;,=0.98 exp{(161+115)/T}.

Their values of %, and &,; at 300 K are ~60% and 80%
respectively, above our recommended values, but we see no
reason to alter these recommendations.

At 2.1 kJ mol™ (510 cal mol™), their activation energy £,
is the lowest yet measured. However they emphasize that
these measurements were made at low temperatures, and the
disagreement with previous values (e.g., [16]), obtained at
higher temperatures, may merely be an indication of non-
Arrhenius behaviour. Their temperature dependence for the
ratio k,/kyy is only slightly smaller than those of Persky [39]
and Grant and Root [43,46] and tends to confirm our
suggestion that E,~E, ~1.55 kJ mol™".

J. Phys. Chem. Ref. Data, Vol. 10, Suppl. 1, 1981
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A5  H+F,—>HF+F

THERMODYNAMIC DATA

o]

T AH AS log K
(K) (kJ mol™1) 3 k! mo1 ™l
298 -411.635 15.008 72.900
300 +411.639 15.008 72.457
500 -412.074 13.966 43.779
1000 -414.944 10.092 22.202
1500 -418.053 7.556 14.853
2000 -420.642 6.058 11.303
2500 -422.802 5.100 9.101
3000 -424.681 4.414 7.625
3500 -426.404 3.874 6.566
4000 -428.065 3.435 5.770
4500 ~-429.717 3.042 5.147
5000 -431.341 2.690 4.648
RECOMMENDED RATE CONSTANT
k=288 x 1083 exp(-1210/T) em3 mo1”l s71
= 1.46 x 1071° exp(-1210/T) cm® molecule™t s71
Temperature Range: 290-570 K.
Suggested Error Limits for Calculated Rate Constant: $70% in the
temperature range quoted.
Rate Parameters: 10g(A/cm3 mol™t 5-1) = 13.95 0.23
1og(A/cm3 molecule 1 s-l)'= -9.84 :0.23
E/J mol™! = 10 040 5190
E/cal mol™! = 2 400 :1240

J. Phys. Chem. Ref. Data, Vol. 10, Suppl. 1, 1981
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EVALUATED KINETIC DATA FOR HIGH TEMPERATURE REACTIONS
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BAULCH ET AL.

H+F,~> HF+F

EXPERIMENTAL DATA

Rate Constant k
- _1)

(cm® mol”

1

S

Temperature

€9]

Method and Reference

Comments

495

J. Phys. Chem. Ref. Data, Vol. 10, Suppl. 1, 1981

Static system. FZ(ZO.S—
241 mm Hg; 2.7-32.1 kPa)/
H2(20.5-34O mm Hg; 2.7-
45.3 kPa)/OZ(ZSS—SIZ mm
Hg; 34-68.3 kPa)/N2 mix-
tures at total pressures
of 645 mm Hg (86 kPa).
Decay of F, monitored

by absorption at 284.9 nm.

LEVY and COPELAND 1965 (4)

Static system. F2(10~100
mm Hg; 1.3-13.3 kPa)/H2
(2.2-400 mm Hg; 0.29-53.3
kPa)/O2 (2.2-100 mm Hg;
0.29-13.3 kPa)/N2 mixtures
at total pressures 95-760
mm Hg (12.7-101.3 kPa),
irradiated at 313 nm. F,
decay followed by
absorption at 285 nm.

LEVY and COPELAND 1968 (5)

Removal of F, inhibited by O2
such that limiting F, removal
rate reached. Assuming initia-
tion at wall, authors described
inhibition in terms of competi-
tion between reactions 1 and 2
H + F, ~ HF + F 1

H + O2 + M HO2 + M 2

or between reactions 3 and 4
F + HZ -~ HF + H 3

F+0, +M~ FO2 + M 4
If step 2 ~100 times faster than
step 1, then for [0,]/[H,]=5, and
taking k,=1.3x10% 241
(2), authors obtain kl=2xlO8 cm
-1 o5 1.
"reasonable" pre-exponential
factor A1=1012 en® mo17t s_l,
authors give E;=29.3 kJ mo1™t
(7 kcal mol 1), 1f the F atom
removal rate ratio is 10, then
1 (5 xcal
Authors re-examined

cm® mol™“ s
3

mol " s Using a

E; given as 20.9 kJ mol~
mol™1y.
these data in light of later work
(5) to give ky/k,[M]=13.6 (405 K,
1 atm (101.3 kPa)), using E2=O
and E;=6.3 kJ mol~? (1.5 kcal
mol™1y, Using our expression for
kz(M=Nz) (Volume 1, ».377) we
obtain from this re-evaluated
ratio k1=8.44x1011 em® mo1™ ! 57t
(405 X).

Rate of F, removal found to be
independent of [H,], directly
proportional to incident light
intensity I, and inversely
proportional to [02], consistent
with mechanism

F2 + hv -+ 2F
F + HZ + HF + H 3
H+F2—>HF+F 1
H + O2 + M > HO2 + M 2
HO2 + FZ + HF + F + 02 5
6

F + HO2 + HF + O2
in the limit that k[F][HO,]>>
k5 [FZ][HOZ].
(4 kPa) data analysed by Taylor
expansion of integrated

For pg <30 mm Hg
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H+F,—>HF+F

EXPERIMENTAL DATA - CONTINUED

Rate Constant K Temperature Method and Reference
(em® mo17! 571y (K)

Comments

LEVY and COPELAND 1968 (5)
continued.

l.75x10i§ 294 Discharge flow system. 1%

2.2 30 .

Z.Bgiiglz 34§ Hz/He mixture passed

4.70x10 403 through discharge; F,/He

7.17x10} 461 2

1:09x1013 509 mixture added downstream

1.57x10 565 such that [H]>[F2]. Total
pressures 3 mm Hg (400 Pa),

and 3x1013<[H]<zx1014

cm 3. Reaction followed

mol

by mass spectrometry.

ALBRIGHT, DODONOV,
LAVROVSKAYA, MOROZOV and
TAL'ROZE 1969 (6) and
DODONOV, LAVROVSKAYA,
MOROZOV, ALBRIGHT,
TAL'ROZE and LYUBIMOVA
1970 (7)

(2.5:0.2)x10%2

300 Discharge flow system. H,
/He mixture passed through
moveable discharge, and E,
added downstream. Initial
[H]= 2.5x107° mol cm™2.
Flow tube coated with H3B03.
[F] and [H] followed by
esr spectrometry, and
temperature profile

measured.

RABIDEAU, HECHT and LEWIS
1972 (11)

expression, giving k,/k,[M]=(4.6
+0.7) at 298 K. Graphical
analysis of F2 decay for PF2>30
mm Hg (4 kPa) gave average (over
6 measurements) for kl/kZ[M] as
4.2 (298 K and 1 atm (101.3 kPa))
Authors used kz(M=NZ)=9.2x1015
em® mo172 571 (1, together with
kZ(M=N2)/§%(M=§2) of13), to give
k;=1.8x10"" cm” mol” s™l. using
BENSON's data (2) authors took
E,=6.3:1.3 kJ mol™l (1.5:0.3 kecal
mol-l). Using our expression for
kz(M=N2) (Volume 1, p.377) we
obtain k;=(6.04:0.9)x101l cm®

1 -1

mol™" s (298 K).

Authors gave accuracy of k; as
25-30%,

H + F2 + HF + F 1
and fitted these data to expres-
sion ky=(1.2120.1)x10 ¥exp (- (1210
+100)/T} em® mol™l s71 (294-565
K). Used by (10,13,14 and 15).
Mean of Al values from this work
and (11) used by (17 and 18).

Rate expressions from simple
reaction mechanism integrated by
computer, and values of k1 and

kg adjusted to obtain optimum

fit
H + F2 > HF + F 1
F + H2 + HF + H 3
Temperature profiles matched b{4

varying El’ assuming A1=1.2x10
3 -1t -1 .

cm™ mol s (6), and using

expression for k3 of HOMANN et

al. (8). Value determined.for

E; as 10.9 kJ mol7! (2.6 kcal

mol"l), for T< 425 K. E; used

by (17 and 18).

J. Phys. Chem. Ref. Data, Vol. 10, Suppl. 1, 1981
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1-52
H+F,~HF+F
EXPERIMENTAL DATA ~ CONTINUED
Rate Constant k Temperature Method and Reference Comments
(cm3 mo1”! 5'1) (X)
m1012 300 Fz—discharge flow system. k1 obtained from pseudo-first
H atoms produced in excess order kinetics of FZ' Value
by reaction 3, and E, only preliminary, and reported
decay followed by mass by FOON and KAUFMAN (16).
spectrometry.
WARNATZ, WAGNER and
ZETZSCH 1972 (12)
300 Flash photolysis study. F2 Analysis of reaction mechanism
/HZ/OZ/He’ or Ar or CO2 (in F + H2 + HF + H
excess by about 100-fold) H + F, ~ HF + F ‘1
mixtures at total pressures H + O2 + M HO2 + M 2
70-760 mm Hg (9.3-101.3 H + HO2 + stable products
kPa). Reaction followed gave pressure rise (neglecting
manometrically. reactant comsumption, flash
VASIL'EV, MAKAROV and héating of gas mixture, and heat
CHERNYSHEV 1975 (17) losses) in terms of ratio kl/kZ’
and at long reaction times as
func tion of kz‘ _Xalues of l_(i/k2
given as 3.14x10 7, 3.09x10 7,
and 7.64x1075 mol cm™3 for M=He,
Ar and €O, respectively. Using
their value of kZ’ authors
derived k1=1.39x1012 cm? mol—l
s7L. Taking k,(M=He,Ar) from
Volume }é (p.377) we ggrivg kl:d
2.49x10 and 2.45x10 cm” mol
s71 at 300 k.
(2.610.6))(1012 298 Discharge flow study. CF4 Log of relative esr signal
or F,/He mixtures passed showed decay of [F] to be
through discharge. HZ/He initially linear with probe
mixtures added to give [F] distance from esr cavity, due to
= 5.67x10" 1 o6, 69x10711 reaction 3, followed by decrease
mol cm-3, [FZ] = 1.21x in observed removal rate due to
10711-1.93x1071 mo1 cm_s, reaction 1
and_l[gz] = 4.:_z§x10‘1°-6.16 F+H,»HF +H 3
x10 mol ¢cm ~. Total H + F2 + HF + F 1
pressures ~2 mm Hg (267 One-dimensional finite differ-
Pa). [F] followed using ence technique used to obtain ky
esr spectrometry. from rate equations.
GOLDBERG and SCHNEIDER
1976 (20)

(a) ;.3§}8}i ;;: Discharge flow system. Under system (a), below ~300 K,
S'SXIO%i 238 (a) Hz/He.mixtures passed steady state [H] set up by
2:i§%811 g;g through discharge, or (b) reaction sequence
S'SXIOii 263 discharg? in mixtures of H + F, ~ HF + F 1
g.g;igll ggg FZ/He, with H2 added down- F + HZ + HF + H -3
9.5x1011 298 stream. F, added through and [H] given by decrease in

d. Phys. Chem. Ref. Data, Vol. 10, Suppl. 1, 1981
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1-53

H+F,—~ HF+F

EXPERIMENTAL DATA - cONTINUED

Rate Constant k Temperature Method and Reference Comments
(cm3 mol™1 s_l) (X)
1.68x10L2 357 moveable inlet, giving [H,] observed in absence of F,.
1.71x10%2 357 2 2
1 Bleolz 357 total pressures 270 Pa. At higher temperatures wall
i ggxloig 357 Initial [H]/[F,] ratios recombination allowed for, using
x10 357 . N
3.0x10%§ 217 (a) 4-20, (b) 4-10. kw found in this study.
3 2x1012 417 Reaction monitored by mass F + wall » %FZ w
3'3)(1012 417 spectrometry. Reaction 3 used as titration for
3.7xlO12 455
) a0 5 HOMANN, SCHWEINFURTH and [t] in system (b), with A[H]= -
3_2xloii 325 WARNATZ 1977 (21) 4[H,]. - Pseudo first order decay
2.9x10 237 . of F, (for T<360 K) used to
3.5x1051 237 2 .
3.9x10}§ 237 derive kl’ with allowance for
3.3x10 245 axial F, diffusion. Wall
4.5x1031 245 z .
4'6Xloii 255 recombination of F for T>360 K
4.9x10 255 gave F, decay no longer pseudo
5.6x10%1 273 2
5 9x10%% 273 first order, k1 derived from
6.4x10 273 computer matching of [F,]
7'2X101% 298 rofiles, using reacti ﬁ sequence
7.3x107] (2 pts) 298 P ’ g 1o a
8.5x1011 298 1, 3 and w. These data fitted by
8.7x10 298 expression k, = 4x1013exp{-(1110
£50) /T} emd mo1”t s7L,
Discussion correcting for improved values of £,. They attributed the

The strongly exothermic reaction of hydrogen atoms with
fluorine,

H + F, - HF + F, 8

leads to vibrationally excited HF, and is therefore of interest
in connection with the HF laser. To date there have been few
studies of reaction 1, particularly at high temperatures.
However those studies in which the temperature dependence
of k, has been investigated have produced very similar values
of £, namely 10.04 kJ mol™ (2.4 kecal mol™) [6,7], 10.9 k]
mol™ (2.6 keal mol™) [11], and 9.2 kJ mol™ (2.2 kcal mol™)
[21]. On the other hand, the absolute values of £; from these
studies vary by more than a factor of 3.

There is good agreement at 300 K between the H,-
discharge flow data of Rabideau et al. [11], the F,-discharge
flow data of Goldberg and Schneider [20], and the values
derived from the flash photolysis data of Vasil’ev et al. [19],
using our recommended expression for A,(M=He,Ar)

(Volume 1, p. 377)

H+ 0, + M > HO, + M. @)

Our conversion of the ratio &,/k,(M=N,} determined by
Levy and Copeland at 298 K [5] gives a value for &, a factor
of 4 below the data of [11,19 and 20]. We attribute this
discrepancy to hetero- or homogeneous F  atom
recombination, thereby reducing the apparent rate of F,
decay. Homann et al. [21] on the other hand, accepted Levy

and Copeland’s original value of k, [5], ie., without

difference between this value [5] and their own data [21] to
uncertainties in the *“comparatively complicated” reaction
mechanism, whereas, according to our interpretation this
difference is small.

The overall picture, then, is one of general agreement over
the value of the activation energy, E,, but with an
uncertainty in the absolute values of more than a factor of 3.
In view of this difference, we have adopted a compromise
expression, taking £, as 10.04 kJ mol™ (2.4 kcal mol™), and
k, at room temperature as 1.52X 10" ¢m?® mol™ 577, giving

k, = 8.8X10" exp(-1210/T) cm® mol™ s

over the temperature range 220-570 K. To encompass the
lower values of Homann et al. [21] and the higher values of
[11,19 and 20], we recommend uncertainty limits of =70%
over the whole of this range.

Rate of the Reverse Reaction

No experimental data are available on the reverse reaction

-1

HF + F - H + F, (-1)

Wilkins [9] has calculated both low- and high-temperature
expressions for k_, using a potential energy surface
constructed by the London-Eyring-Polanyi-Sato technique.
For the range 250-500 K he gives £ =2.4X 10" exp(48
140/T) ecm® mol™ s™'. It appears obvious that this expression
has a minus sign missing from the activation energy. Using

J. Phys. Chem. Ref. Data, Vol. 10, Suppl. 1, 1981
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our recormmended expression for k,, together with the equilib-
rium constant K, we obtain £, = 1.33x10"
exp(~50 680/T) cm® mol™ 57! over the range 298-500 K.
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F+ CH, — HF + CH,

THERMODYNAMIC DATA

T sH® AS log K.

X) (kJ mol™hy @ k% mor™ly
298 -130.896 22.937 24,131
300 -130.880 22.991 23.989
500 -129.265 27.196 14.925
1000 -129.068 27.870 8.198
1500 -132.030 25.514 5.930
2000 -135.855 23.317 4.766
2500 -139.804 21.556 4.047
3000 -143.691 20.138 3.554
3500 -147.482 18.966 3.191
4000 -151.151 17.987 2.913
4500 -154.703 17.150 2.691
5000 -158.151 16. 426 2.510

RECOMMENDED RATE CONSTANT
k = 4.0 x 1083 cn mo17! 571
-11 3 -1

= 6.65 x 101! cn® molecule™ s
Temperature: 300 + 3 K

Suggested Error Limits for Rate Constant:

+20%

J. Phys. Chem. Ref. Data, Vol. 10, Suppl. 1, 1981
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F+ CH, = HF + CH;

T/K
1000 500 400 300 200
14.5 EXPERIMENTAL DATA T . T T
[¢] Mercer and Pritchard 1959 (1).*
—— ——— Fettis et al. 1960 (2)
A Kapralova et al. 1970 (6).*
——.———  Foon and Reid 1971 (7). 13.7 \:\ -
v Foon and Reid 1971 ¥7).* \‘O\\\
O Joanathan et al. 1971 (8}.*
————— Wagner et al: 1971 (9),
14.0 | - 13.6 F - ¥
a Kompa and Wanner 1972 (14}, ’
¢ Clyne et al. 1973 (16). \V/
[ 4] Pearson et al. 1973 (17}.
- 1 13.5 I
1 Pollock and Jones 1973 (18]. ~ -
~o 3.2 3.3 3.4
A Williams and Rowland 1973 (19}.* N
+ My et al. 1974 (213.* d
’ ~
> Manning et al. 1975 (23).* ~ o
~
q Smith et al. 1977 (26).* ~
. 13.5 — - =
N
» | 4
T
©
E .
™
=3
o
~
4
o
[5)
— 13.0 |
12.5
~ \
BEYIEW ARTICLES \\\\\\\
——————  Trotman-Dickenson and Milne 1967 (5). N \\\\‘\\\
(%} Foon and Kaufman 1975 (22}. \ \
X This evaluation.
12.0 | | |
1.0 2.0 3.0 4.0 5.0

103771k
Filled symbols refer to those studies using ]BF.

* Refer to values obtained from ratio k]/k2 and our value for k2

(section A4)
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F+ CH, ~ HF + CH,

EXPERIMENTAL DATA

1-57

Rate Constant k Temperature Method and Reference Comments
(cm3 mo171 571y (K)
298-423 Static systems. Fz(ml mm This study reported by FETTIS et
Hg; 133.3 Pa)/HZ(NS mm Hg; al. (2) as a private communica-
400 Pa]/CH4(N3 mm Hg: 400 tion. Relative concentrations of
Pa)/N2 or C02(350 mm Hg; remaining HZ and CH4 gave ratios
46.7 kPa) mixtures photo- ky/k,
lysed by medium pressure F + CH4 + HF + CH3 1
Hg lamp. [HZ]/[CH4] F +Hy>HF +H 2
ratios varied 2:1 to 1:2. Authors quote values kl/k2=2.451
Reaction products analysed 0.2 (298 X) and 2.37+0.07 (309 K)
by mass spectrometry. and expression kl/k2=1.05exp(2521
MERCER and PRITCHARD 1959  100/T) for 298-423 K. Using
(1) our value of k2 at 300 K
(this Volume, section A4) we
obtain k,=(3.68£0.3)x1013 cm®"
mo1”1 s'}.
(a) 198-351 Static system. (a) FZ/CH4/ Ratios kl/k3 and k3/k4
(b) 213-293 C2H6/N2 and (b) FZ/CZHG/ F + CH4 + HF + CH3 1
C3H8/CO2 mixtures at total F + C2H6 + HF + CZHS 3
pressures of ~160 mm Hg F + CzHg + HF + €;H, 4
(21.3 kPa). Hydrocarbon obtained as equal to [CH F][C,H(]
ratios varied between 1.5 /[C,HgF] [CH,] and [C,H F] [CsHg]/
:1 and 1:1.5, and F,/hydro- [C3H,F] [C,Hg] respectively. Fluo-
carbon ratio 1:10 to 1:20. rinated products in these exp-
F,/diluent ratio 1:120. ressions formed by reactions
Products analysed by gas R + F2 + RF + F
chromatography. Authors quote k;/k,=(0.38:0.04)
exp{-(467+21) /T} and ks/k4=(1.84
FETTIS, KNOX and TROTMAN- ., g5)exp{-(140£6)/T}. Assuming
DICKENSON 1960 (2) zero activation energy for k4,
and that pre-exponential factor
A3=7.94x1012 em® mor”l 7L,
authors quote k1=2.46x1013exp
(-610/T) cm® mo1 ™} s™1. FETTIS
and KNOX (3) also assumed E,=0,
but took A3=lO13 em3 mo171 5_1,
the value calculated from
transition state theory, giving
k1=(3.0510.5)x10133xp{-(610140)/
T} en’ mol-1 s"h.
9x1010T0'685exp(-705/T) 298-2500 Theoretical expression, For use in propellant combustion

derived from the Johnston-
Parr transition state
theory, using the rigid-
sphere collision model.

MAYER and SCHIELER 1966 (4)

Not plotted on
Arrhenius diagram.

problems.

J. Phys. Chem. Ref. Data, Vol. 10, Suppl. 1, 1981
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500 400

BAULCH ET AL.

F+ CH, / F+ H,

T/K

300 200

2.0

1.5

Avw 4+ »Po 0O

1.0

Tog(kq/k,)

0.0

T

Mercer and Pritchard 1959 (1),
Kapralova et al. 1970 (6).
Foon and Reid 1971 (7).
Jonathan et al. 1971 (8).
Kompa and Wanner 1972 (14}).*
Clyne et al. 1973 (16).*
Williams and Rowland 1973 (19).
My et al. 1974 (21).

1. 1975 (23).

1977 (26).

Manning et

Smith et al.

| 1

2.0

Filled symbols refer to those studies using

*

3.0 4.0 5.0 6.0
10377171
18

Refer to k1/k2 from absolute values of both k] and k2’
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F+ CH, = HF + CH,

EXPERIMENTAL DATA - CONTINUED

1-59

Rate Constant k Temperature Method and Reference Comments
(cm3 mol % s_l) (X)
77~353 Static system. F,/He Ratios kl/k2D and lsz/k2D
mixtures (FZ:He ratios F + CH4 + HF + CH3 1
50 to 150) added to 200- F + H2 + HF + H 2
400 mm Hg (26.7-53.3 kPa) F + D2 - DF + D 2D
H,/D, or D,/CH, mixtures. given by relative HF and DF
|F,]710% smallest reactant yields. Authors quote values of
concentration. Product these ratios at several tempera-
analysis by epr spect- tures, and give using statistical
roscopy. treatment k1/k2D=(3.58i0.75)exp(
KAPRALOVA, MARGOLIN and 493£76/T), and k,/k,p=(1.480.22)
CHAIKIN 1970 (6) exp (23+15/T). Therefore the
ratio kl/k2=(2.42t1.0)exp(470t90/
T). Using our room temperature
value of k2 (this Volume, section
A4) we obtain k,=(1.7420.7)x10"*
em® mo17l 571 (300 K).
(a) 253-348 Static system. (a) FZ/HZ/ Reaction vessel packed to prevent
(®) ggg’ggg’ CH4/Ar mixtures, HZ/CH4 self-heating. Absence of packing
ratios 3.2:1 to 1.49:1, and produced cold flames, suggested
(H2+CH4)/F2 and Ar/F2 ratios by authors as due to presence of
11 to 30 and 10 to 18 small amounts 0,. Ratios kz/k1
respectively. (b) FZ/CH4/ and kl/kS given by consumption
C,Hg/He mixtures, with CH;/ of CH,, H, and C,H.. Authors
C,Hg ratios 1.6:1 to 3.3:1. give kz/k1=(1.22i0.05)exp{-(320t
Concentrations of remaining 15)/T} and kl/k3=(4.2¢1.8)exp{-(
hydrogen donors measured by 690+110)/T} as least squares fit
gas chromatography. to data.
FOON and REID 1971 (7) F o+ CHy > HE + CHyg !
F + HZ - HF + H 2
F + CZHG + HF + CZHS 3
Experiments also performed in FZ/
Hz/CzHé/N2 and FZ/C2H6/C3H8/NZ
mixtures. From latter, assuming
A3=1013 em® mo1™! 571 and E,=0,
authors obtained kS'
F + C3H8 +~ HF + C3H7 4
Average k1 derived from available
competitive routes given as (4.0
+0.2)x1013exp [~ (930£120) /T} cn
mol 1 ™ At 300 K we obtain
kl=(3.6t0.2)x1013 using authors'
kl/k2 and our value of kz(this
Volume, section A4).
300 Discharge flow system. CF4 Ratios of intensity peaks of

(~1%) /Ar passed through
discharge and CH4 or H2
added downstream. Total
pressures 80-100 u Hg(10,7-

13.3 Pa). Emission

emission spectrum gave relative
rate constants for population of
various vibrational levels of HF.
Corrections made for collisional
de-activation, by extrapolating

J. Phys. Chem. Ref. Data, Vol. 10, Suppl. 1, 1981



BAULCH ET AL.

F+ CH, —~ HF + CH;

EXPERIMENTAL DATA - CONTINUED

Method and Reference

Comments

1-60
Rate Constant k Temperature
(cm3 mo1™1 s_l) (X)
3.3x101%exp {- (580+150) /T} 253-352
4.3x1013 : 298
3.6x10%3 298

J. Phys. Chem. Ref. Data, Vol. 10, Suppl. 1, 1981

spectrum of vibrationally *

excited HF product recorded.

JONATHAN, MELLTIAR-SMITH,
OKUDA, SLATER and TIMLIN
1971 (8)

Discharge flow system. NZ/

He mixture passed through
discharge and added to
thermally dissociated N,F,,
forming F atoms via

N + NF2 - N2 + 2F

CH, added downstream, ratio

[cH ] /[F]=9. Total
pressure 3.5 mm Hg (467 Pa)
Reaction followed by mass
spectrometry.

WAGNER, WARNATZ and
ZETZSCH 1971 (9)

Flash photolysis study.
WF6(O.25 mm Hg; 33.3 Pa)/
CH4 mixtures at total
pressures 0.5 mm Hg(66.7
Pa). Intensity of laser
emission signals monitored.

KOMPA and WANNER 1972 (14)

Discharge flow system. CF4

(1%)/Ar mixtures passed
through discharge. CH,

added downstream, such that
[F]>>[cH,]. [F] range 2.5x

101 to 4.0x107M po1 cm™3

Reaction monitored by mass
spectrometry, with F
calibrated by titrating
with NOCIL.

CLYNE, McKENNEY and WALKER
1973 (16)

.

‘A= 1.26x10%% cm

to zero time, and for production
of HF(v=0). Authors give k /k1
as (0.74£0.07) and assuming A =

2 5 mo171 s‘l, and
u51ng E,=7.2kJ mo171(1.71 keal

) (5), quote E —6 4 kJ mol

(1 53 kcal mol 1) Also reported
by JONATHAN (12). Using our value
for k (this Volume, section A4)
we obtaln k =(2.03:0. 2)x1013 cm3
mo1”l s~ (300 K).

-1

Reaction performed in presence .of
excess of N atoms, such that CH3
removed by reactions such as

N + CHg + HCN + 2H

F atom concentration estimated by
extent of light absorption and
N,0 actinometry. Assuming
negligible vibrational deactiva-
tion of HF*, decay of emission
intensity gives kl’ independent
of [F]. Authors also measured k,
F+H, +HF +H 2

Wide error margin of :100% given
by authors, owing to fact that
later, improved technique, as
used to remeasure k5

F + Cl2 + FC1 + C1 5
(see this Volume, section El1),
showed this work to be imprecise.
k also determined in this work.
k used by (24). WALKER (15)
reports kl as (3. 6+l)x1013 cm
mo1™! s717 (298 k).

3



EVALUATED KINETIC DATA FOR HIGH TEMPERATURE REACTIONS 1-61

F+ CH,—~ HF + CH,

EXPERIMENTAL DATA ~ conTinuep

Rate Constant k Temperature Method and Reference Comments
(em® mo171 s_l) x)
2.6x1013 500 Static system. 6J discharge Exponential decay of laser pulses
through CH4(10,20, and 40 showed HF production to be via
mm Hg; 1.3,2.7 and 5.3 kPa) chain reaction
/NF3 mixtures, with [NF3]/ F + CH4 + HF + CH3 1
[CH4] = 5,10 and 15, in CHy + F, > CHyF + F 11
laser cavity. Cd-Hg-Te From laser pulse width at 10%
detection used to monitor maximum laser output, corrected
laser output. for delay between discharge maxi-
PEARSON, COWLES, HERMANN, mum and onset ?f laser activity,
GREGG and CREIGHTON 1973 plotted vs. p ~, authors derived
an Ky
298 Flow system. FZ/Ar Reaction sequence causing emission
mixtures added to NO/CH4 given as
mixtures at total pressure Fz + NO - FNO + F
3.7 mm Hg (493 Pa). F + NO + M > FNO* + M 6
Emission intensity FNO* +~ FNO + hv
monitored downstream from Addition of CH, promotes competi-
mixing region. tion between reactions 6 and 1
POLLOCK and JONES 1973 (18) F o+ CHy » HF + CHy 1
and changes emission intensity to
give ratio kg [M]/k; as <0.9x1074,
Using k. from (13) authors gave
k1>6x10§3 end mo1™! 571, we have
used our value of k6 (this Volume,
section A22) to give k1>6.3x1013
em® mo17t s7L.
298 Static system. Nuclear 18F atoms generated by neutron

recoil studies in SF6(284O
and 2860 mm Hg; 379 and 381
kPa)/CZH2 (14-47 mm Hg; 1.9
-6.3 kPa)/HI (7-24 mm Hg;
0.9-3.2 kPa)/CH4 (92-125 mm
Hg; 12.3-16.7 kPa) mixtures.
Product analysis by radio-
gas ~chromatography.

WILLIAMS and ROWLAND 1973
(19)

bombardment of SFG' Authors

yl8

measured yields of CH2=C F from

reaction sequence 7 and 8

18 &+ ¢ H, » cul8r=cu 7
18 22 18
cu'8r=cH + HI > ci, =cu'BE
+ I 8

and compared with total available
18g atoms, gave ratio kg/k7
18 18
F + HI - H"F + 1 9
determined from SFG/CZHZ/HI
mixtures. Addition of CH4 alters
CH2=CH18F yield, to give kl./k7
18 18
F + CH4 > H "F + CH3
Experiments also performed with
SF6/C2H2/HI/C2H6 and SFG/CZHZ/HI/
H2 mixtures. Authors quote kl'/
k7=0.4110.04, and combining their
results for kz‘/k7 and k3-/k7

1

18p v i, » WBF + H 2

18
F + CZH6 + H °F =+ C2H5 3!

18
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F+ CH,—~ HF + CH,

EXPERIMENTAL DATA - CONTINUED

Rate Constant k

(cm3 mo171 s_l) (x)

Temperature

Method and Reference

Comments

300

303

J. Phys. Chem. Ref. Data, Vol. 10, Suppl. 1, 1981

WILLIAMS and ROWLAND 1973
(19) continued

Discharge flow system. SF6
/He mixtures passed through
discharge, and added to CH

or HZ in reaction chamber.

4

Intensity of laser emission
from HF* monitored spectro-
photometrically.

MY, PEYRON and PUGET 1974
(21)

Static system. Nuclear
recoil studies in CH4/C3F6
mixtures (mole fraction
C3Fg 0-1.0) with 95% C,Fg
or 90% SF¢ moderators at
1000 mm Hg (133 kPa) total

18F determined

pressures. H
by absorption on K,Co, and

radio assay.

MANNING, GRANT, MERRILL,
PARKS and ROOT 1975 (23)

they give k;,/k,,=2.920.5 and
ks./k1.=3.4t0.5.
that various rate constants are

Authors remark

averaged over energy distribu-
tions that are not necessarily
Maxwell-Boltzmann. Earlier, less
complete report by these authors
(10) gives kl./k7=0.43i0.04. We
have used our value of kz (this
Volume, section A4) to give k1=
(4.35:0.8)x10%% cm® -1
(298 K).

mol™1l s

Variation in laser power with
[cH,] and [H,] gave ratio k,/k,

F + CH4 ~ HF + CH, 1

F + H2 + HF + H 2
where rate constants are
summation of rate constants for
excitation into available vibra-
tional levels of HF. Authors
obtained kl/k2=2.6 at 300 K.
Using their own value of k2 (this
Volume, section A4) this gives
kl=3.64x1012 em® mo171 s_l, but
using our value for k2 (see
section A4 of this Volume) we

obtain k =3.9x101% cn’ -1

mol L s

Pressure assumed to be same as in
(20). Variation in HlBF yields
with [C3F6] giveslgatio kl./k10
F + CH, » H"F + CH 1'
18 4 18 3
F + C3F6 > C3F6 F 10

Authors quote klo/kl,=(0.27Zt
0.006). Experiments also
performed with HZ/C3F6 and C2H6/
C3F6 mixtures giving klO/KZ' and
k,~/k

107732
18 v 1, » u'8F + H 2
18 18 H '

F + C2H6 + H""F + C2 5 3
Authors quote kl'/kZ' as (2.58%
0.06) and kS'/kZ' as (7.3920.39).
With our value for kz(this Volume
section A4) the former gives k1=
(3.87:0.1)x10%3 cm® -1

em® mo17l s
(303 K}.



EVALUATED KINETIC DATA FOR HIGH TEMPERATURE REACTIONS

F+ CH,— HF+ CH,

EXPERIMENTAL DATA - CONTINUED

1-63

Rate Constant k Temperature Method and Reference Comments

(em® mo1™t 71y ()

(4.5211.O)x.013 298 Discharge flow system. (FZ Although CH4 in excess by factor
+He) (4%) /Ar mixtures passed 2.5-20, correction (from 2-14%)
through discharge, giving to pseudo first order F atom
typically [F]=5.0x10"1% mol removal necessary to allow for
cm” CH4 added in excess CH, consumption. Absence of
downstream. Total deviation of first order rate
pressures 150 Pa. [F] constants from linear variation
decay monitored by with [CH,] indicated valid
resonance fluorescence at assumption of 1:1 stoichiometry.
94.58 nm. AufgorssrecoT?enelkl=(4.3410.7)x
CLYNE and NIP 1977 (25) 1077 em”™ mol = s 7, as mean of

results of this work and of (9
and 16).

298 Discharge flow system. CF, Intensity of emission at given
/Ar mixture passed through wavelength plotted vs. [HZJ and
discharge. CH,/Ar and H,/Ar [CH4], and compared. Authors took
mixtures (typically 1:100 reaction 1 as their reference
and 1:500 in Ar) added reaction, and quoted kz/k1=0.37
downstream. Typical values: F + H2 + HF + H 2
[F]:S.leo‘lz, 1.7x10 43¢ At the lower [F] value, k,/kg
[H,] or [CH4]<6.6x10—11 mol quoted as 0.36. Using our
cm~>. Several experiments recommended value for k2 (this
also performed at [F]=8.3 Volume, section A4) we obtain
x107%3 nol em™3. HF k1=4.05x1013 em® mo171 571,
emission intensity monitored
2.4-3.1 qu.

SMITH, SETSER, KIM and BOGAN

1977 (26)

REVIEW ARTICLES

1.23x1014exp{—(610140)/T} 198-351 Review. Based on ratio k3/k1 of (2)

TROTMAN-DICKENSON and MILNE F + CHy » HF + CHy 1

1967 (5) B+ CoHg » HE + CoHy 3
andlgn assumed exprgssio?1k3i§.03
x10""exp(-140/T) cm” mol s .
Used by (8).

4.8x1013 293-300 Review. Derived from expression of WAGNER

FOON and KAUFMAN 1975 (22)

et al. (9), as being in agreement
with average of other less

accurate measurements.

J. Phys. Chem. Ref. Data, Vol. 10, Suppl. 1, 1981
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BAULCH ET AL.

F+ CH, = HF+ CH,

EXPERIMENTAL DATA - CONTINUED

Rate Constant k
(cm3 mo1”! sh

()

Temperature

Method and Reference

Comments |

ISOTOPIC REACTION F + CD4 + DF + CD

3

238-352

298

303

J. Phys. Chem. Ref. Data, Vol. 10, Suppl. 1, 1981

Static system. FZ/CZHG/CD4
/Ar mixtures. Ratio C2H6/
CD, varied 2.88 to 11.75,
Concentrations of C2H6 and
CD, measured by gas chroma-
tography.

FOON, REID and TAIT 1972
(11)

Nuclear
recoil studies in SF6(2730
~-2850 mm Hg: 364-380 kPa)/
C2H2(14-70 mm Hg; 1.9-9.3
kPa)/HI (7-35 mm Hg; 0.9-
4.7 kPa)/CD4(7O-126 mm Hg;
9.3-170 kPa) mixtures.
Product analysis by radio

Static system.

gas chromatography.

WILLIAMS and ROWLAND 1973
(19)

Static system. Nuclear
recoil method. CD4/C3F6
mixtures with 90% SF6
moderator. D18F measured

by absorbing on K2C03.

MANNING, GRANT, MERRILL,
PARKS and ROOT 1975 (23)

Data analysed as by FOON and REID
(7). Ratio k3/k1D

F + CD4 + DF + CD3 1D

F + CZH6 + HF + C2H5 3
given as (0.2420.04)exp(805£100/
T).
previously (7) authors quote Kip=
(3.7£0.3)x10  3exp{ - (1050+25) /T}
cmd mo17l s”

Using value for k3 derived

Analysis as for reaction 1 (see
previous entry in '"Comments"

column for (19)). Authors quote

le'/§7 18
F +CD, » D}8F + D 1D’
18 4 185 iy >
F + C,H, + cHl8p=ci 7

as (0.24:0.04). Combining this
with their ratios kl'/k7 and kz,/

k,
185 4 ¢, » 0B CH, 1

18+, » w8 + u 2!
we obtain le,/k1,=(0.5910.2) and
le./k2.=(1.7:0.6).
less complete report by these

Earlier,

authors (10) gives le./k7 as
(0.2720.04).

Consumption of CD, analysed as
for reaction 1 (see "Comments"
column for (23)), to give ratio

kipr /Xy 18
18 €Dy + D°F + CD; 1D
18z 4 ¢c.F, » C,F 18 10
F + C3Fg > C3Fg

Authors give klo/k1D,=(0.424t
0.003).
gave ratio ky4/k,,

18w m, » ul8F 4 1 2
and authors quote le./k2,=(1.66t

0.06).

Experiments with HZ/C3F6
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Discussion

The rate constant for the reaction between fluorine atoms
and methane,

F + CH, — HF + CH, Q)

has been principally obtained relative to that between F
atoms and hydrogen,

F + H, —» HF + H. @)

At room temperature the values of £,/k, given by Mercer and
Pritchard {1] and Foon and Reid [7], using static systems,
are in agreement with the results of My et al. [21], Clyne et
al. [16], and Smith et al. [26], using discharge flow methods.
The ratio k,/k, for [16] shown on the Arrhenius plot is
derived from absolute values of both £, and £,. All these
results also compare favourably with &,/%, as found in
nuclear recoil investigations by Williams and Rowland [19]
and Manning et al. [23], using SF, [19] or C,F, [23] as
precursors of B8R indicating that the moderators used in
these studies effectively thermalised any “hot” '’F atoms.
Moreover when all these ,/k, ratios are converted to values
of k|, using our recommended value for k, (this volume,
section A4), we find close agreement with the absolute values
of k, determined by flash photolysis (Kompa and Wanner
[14]) and discharge flow methods (Wagner et al. [9], and
Clyne et al. [16,25]). The low value of k,/k, obtained by
Kompa and Wanner [14] is a result of their high value for £,
(see the Arrhenius plot for £, this volume, section A4). The
low values of £, reported by Fettis et al. [2] and Foon and
Reid [7] were both derived from assumed values for the pre-
exponential, 4, for the reaction

F + GH, — HF + CH,. 3)

On this basis these values of 4; must be presumed low.

The close agreement of the room temperature data for k,
{1,7,9,14,16,19,21,23,25,26] allows us to recommend k,=
(4.020.8)x 10" cm® mol™ s at 3003 K.

The temperature variation of %, is less clear. The
similarity between the activation energy differences £ -, of
Mercer and Pritchard [1] (E,-E,=—-(2.1%0.8) kJ mol™;
—~(500%200) cal mol™) and Foon and Reid [7] (E\-E,=
—~(2.6%0.1) kI mol™”; —(630+30) cal mol™) suggests that
E,~2.3 kJ mol™ (540 cal mol™") using the available data for
E, (see Discussion of k, in section A4 of this volume).
However, the only study on the absolute value of £, [9] gives
E, as 4.8 kJ mol™” (1.2 kcal mol™). Until further data are
available on the activation energy of reaction 1 we feel any
recommendation for £, would be unjustified.

Rate of the Reverse Reaction
There are no available data for the rate constant £_,

HF + CH, — F + CH,. -1)

However, using our recommended room temperature value
for k, and the equilibrium constant at 300 K, we derive
k,=41X10" cm® mol™ s\,

1-65

F + CD, — DF + CD,

All the investigations of reaction 1D have been made in
static systems,

F + CD, — DF + CD,, (1D)

and have produced relative values of k,,. Foon et al. [11]
measured the ratio £,/k,j,

F + CH, — HF + GCH,, 3)

but their final expression for £, was derived from their own
expression for £,, which has been shown, in the Discussion
of reaction 1, to be too low.

The nuclear recoil studies of Williams and Rowland [19]
and of Manning et al. [23] gave ratios &,/ ky

®F 4+ CD, — D®F + CD, (1D")

Bp 4 H, — H®F + H @)

of (1.72£0.6) and (1.66%-0.06), respectively, at room temper-
ature. The excellent agreement between these values was
obtained despite considerable differences in the methods

used in these investigations. Williams and Rowland [19] also
reported &,/ k. =(0.59%0.2)

F 4+ CH, — H®F + CH, 1)

As the "°F atoms used in these studies have been shown to
be essentially thermalised (see above), using our recommend-
ed values for £, and £, we obtain k,;=(2.5530.9)x 10"
and  (2.36+0.8)X10" cm® mol? s (3003 K)
respectively, from the above ratios.
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A7

FO+M—F+FO+M

THERMODYNAMIC DATA

o}

T AH As° log K, log K.
(X) (kJ mo1™1) @ k1 mo17hy (K, in atm) (K, in mol cm™3)
298 163.176 127.880 -21.908 -26.297
300 163.193 127.943 -21.731 -26.122
500 164.636 131.733 -10.319 -14.932

1000 166.188 134.005 - 1.681 - 6.595
1500 167.055 134.704 1.220 - 3.870
2000 167.816 135.160 2.677 - 2.538
2500 168.678 135.536 3.556 - 1.756
3000 169.624 135.880 4.144 - 1.247
3500 170.703 136.377 4.568 ~ 0.890
4000 171,916 136.532 4.887 < 0.629
4500 173.1285 136.859 5.137 < 0.430
5000 174.828 137.181 5.339 - 0.274
SI Units: 1og(Kp/Pa) = log(Kp/atm) + 5.006
log (K./mol n3) = log(K./mol em™3) + 6.000
RECOMMENDED RATE CONSTANT
K° = 1.8 x 10" exp(-17 500/T) cm® mol™t s7! (M=Ar)
= 3.0 x 1079 exp(-17 500/T) cm> molecule ™t s™1 (M=Ar)

Temperature Range: 800-1300 K.

Suggested Error Limits for Calculated Rate Constant: A factor of 3 over the

quoted temperature range.

Note: Expression for k°(M=F20) given in the Discussion.
Rate Parameters: 10g(A/cm3 mol_l s_l) = 15.25 +0.50
1og(A/cm3 molecule™! s-l) = -8.52 £0.50
E/J mol™} = 145 500 16 500

1

[

E/cal mol~ 34 800 4000

J. Phys, Chem. Ref. Data, Vol. 10, Suppl. 1, 1981
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F,0+M—F+FO+M

EXPERIMENTAL DATA

1-69

Rate Constant k Temperature Method and Reference Comments
(em® mo1™1 s_l) (X)
2nd ORDER RATE CONSTANT k°
1.4x10% 523 Static system. FZO(ll.O— Reaction 1 found to be a homogeneous
g:?iigl } M=F20 gig 100%)/M mixtures, where second-order reaction under all con-
l.3x10} 523 M=02(0.77-4].1 kPa), NZ( ditions of pressure and for all
g:giigl } M=02 gi; 39.3 kPa), He(37.0-71.1 surfaces except glass, which induced
1.3x10§ =N, 523 kPa), Ax(49.3-66.7 kPa) a heterogeneous reaction.
2800 MEs o3 or SiF, (1.23-54.2 kpa), F,0 + M > F +.FO + M 1
6.0x102 } M=Ar 523 total pressure 14.0-90.1 Authors unable to identify reaction
i:%;igl ggg kPa. Reaction followed products other than the final leand
g'giigi ] M=SiF4 éig manometrically. 0,. No attempt made to propose re-
' KOBLITZ and SCHUMACHER action mechanism. 17
1934 (1) An exp;essi?? kl;3.9x10 exp(-19 500
/T) cm” mol s is derived to fit
these data in (4). This is given as
k1;2.5x1017exp(—19 500/T) cmi7mol-1
s~ in (5, 15) and k;=5.0x10"" exp(
-19 500/T). cm® mol 1 st in (7, 9).
1,2xlO§ 773 Flow system. FZO(O.I-I%) Flow tube constructed of nickel to
i:iiigﬁ M=He g%g /He mixtures at total avoid surface effects. No evidence
4.0x102 . 923 pressures of 8.0-13.3 kPa. found for the FO radical, which the
8.9x10 973 Reaction followed mass authors considered to be too react-
spectrometrically. ive to be detected in this system.
DAUERMAN, SALSER and igfgors derive expregsion_? =Ei7x
TAJIMA 1967 (4) exp(-16 300/T)cm” mol s to
fit their data. No explanation is
given for the discrepancy between
these results and those of (1). k1
quoted by (7, 9), recalculated in
(10) as 5x10'%exp(-10 000/T) cm®
mo1™l 571, E; quoted by (15).
1.1x10§ ] 820 Shock tube study. F20(0.1 Authors obtain expression ki=1.3x
gfg§i86 gig -1%)/Ar mixtures at 409- lolsexp(—l7 200/T) cm3 mol~ s'l.
3;7x106 852 3090 kPa pressure. Reflec- No evidence was found for a transi-
;:giigé g;g ted shocks, [FZO] decay tion to first-order kinetics at the
1.2x10; 927 monitored by u.v. absorp- higher pressures. Extrapolating
g:giig; ggg tion spectrometry at 225 nm. their results to. lower temperatures,
5.0x10 1005 they find them to be a factor of two
§'§§i87 ? M=Ar ig%g EE?E’ WAGNER and WEDEN 1367 higher than those of (1) for M=Ar.
8:Oxlog 1042 ) They suspect this apparent doubling
8.5x10 1059 R
l.6x108 1075 of kl could be due to reaction 2,
1,8x10§ 1101 but this claim could not be sub-
g'giig iiig statiated.
2.6x108 1134 F,0 + F > F, + FO 2
doxlos e Quoted by (7, 9, 10). Used by (12).
1.2x10°% 1240
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F,0+M—F+FO+M

EXPERIMENTAL DATA - coNTINUED

Rate Constant k Temperature Method and Reference Comments
(en® mo171 571y (X)
£10% 594 Estimated value. Value for use in analogue computer

BLAUER, JAYE and ROSE 1968

(6)
1.7x10 % exp (~15 800/T) 856-1290  Shock tube study. F,0(2.5
M=Ar -10%) /Ar mixtures at 1.03-
1.92 MPa pressure. Incid-
ent shocks. [F,0] decay
followed by u.v. absorp-
tion spectroscopy at 220 nm.
BLAUER and SOLOMON 1968 (7)
1.3x103 563 Static system. F,0(13-90%)
7.1x10 - 593 :
1 1x104 M=F,0 611 /Ar('\zlo%)/N2 (83.5%) mix-
3.0x10; 633 tures at 1.33-16.0 kPa total
1.5x10 M=N; 563 pressure. Reaction followed
by mass spectrometry.
SOLOMON, BLAUER and JAYE
1968 (9)
z.leog \ 770 Shock tube study. F,0(0.3-
2.2x10 810 .
1.6x106 315 7.4%)/Ar mixtures at 208-
5.0x102 818 314 kPa pressure. Reflect-
1,5x10 823 .
J.OxlOs 835 ed shocks. Reaction follo-
8.0x102 840 wed mass spectrometrically.
5.6x106 865
5.0x10 877 LIN and BAUER 1969 (10)
1.8x10; > M=Ar 882
5.3x107 898
1.0x10 900
1.5x10 910
l.4x107 917
l.3x107 925
2.8x106 945
7.9x10 960
7.1x10% 965
1.4x10 990

study of FZO dissociation. Estim-
ates of kl’ k3 and k4 put in to
obtain computer estimate of kz.
F,0 + M+ F + FO + M
FZO + F » Fz + FO
FO + FO + M » 0, + 2F + M
F+F +M>» FZ + M

I 7 R N

Expression derived by computer
analysis of results. No details of
individual rate constants given.
Authors neglected reaction 2 in
their mechanism, but conceded that
it might become important at the
high [F,0] used, leading to a chain
mechanism. k3 was assumed to be
very fast, and k, was taken from
(8]1. Quoted by (9, 10).

Above the pressures used, transition
to first-order kinetics observed.
Authors believe that the decomposi-
tion proceeds by a chain reaction,
with reaction 2 chain-carrying.
Quoted by (10).

Results obtained for koverall in
good agreement with previous values
of kl' For T<1000 K, authors give
_ 15 _
koverall—6.3x10 exp(-19 000/T) cm

mol=1 s-1; above this temperature,

3

koverall began to level off to a
constant value. The authors attrib-

uted this to attainment of equilib-
rium in reaction 1. Assuming k,=
K nd K,-7.9x1010 cn3 mol”
oyerall 2 3

s-1 gave too low a value for O2

1

production. If 0, production was
taken into consideration, k1 was
calculated as 2.0x1017exp(—21 300/T)
em® mo1™! s™1. Reaction 2 was found
to be unimportant in the mechanism,
but reactions -1 and -4 are import-
ant even in the early stages of the
reaction. Values of k; thus
obtained are somewhat lower than in
earlier studies.

FZO +M~+F + FO + M 1

J. Phys. Chem. Ref. Data, Vol. 10, Suppl. 1, 1981
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F,0+M—F+FO+M

EXPERIMENTAL DATA = CONTINUED

Rate Constant k Temperature Method and Reference Comments
(cn® mo17! 571y x)
LIN and BAUER ~ continued, FO + FO + 2F + 0, 3
Used by (12).
é.g;igg' g?g Shock tube study. F,0(1.2 - Results obtained from the half-life
7:8x10§ 1000 -3.2%)/C02(0.8-2.9%)/Ar of F,0 during its decay in the FZO/
1.1x10 _ 1010 mixtures at total pressures C(CO system. These results were
1.6x108 [ M=Ar 1036 . ) .
6.3x108 1086 of 13.3-133 kPa. Incident adjusted to fit the data for react-
?.g;igs %i%g shocks, [F,0] followed by ion S, which is temperature-indepen-
. u,v. absorption spectros- dent.
copy at 220 nm. €0 + FO » CO, + F -5
HENRICI, LIN and BAUER 1970 The results thus obtained were
a2z combined with the data from (5 and
10) to give ky=5.0x100exp(-20 300/
T) cm® mol™t 571, If the results
from (5) are excluded, this gives
ky=1.3x10 exp(~21 200/T) cn® mo17?
s 1, in good agreement with the
authors' earlier work (10).
7.8x1016exp(-19 300/T) 501-583 Static system. F,0(5.6- Using the mechanism developed by
M=F20 100%) /M mixtures, where previous workers, authors obtained
M502(13.3—80.0 kPa), N, results in good agreement with those
(26.7-53.3 kPa), F2(13.3- of (5). No details of individual
66.7 kPa), He(13.3-80.0 results given. Relative third body
kPa) or SiP4(13.3«66.7 kPa efficiences given as FZO:OZ:NZ:FZ:
}. Total pressure 1.33- He:SiF,=1:1.3:0.71:0.64:0.65:1.06.
99.8 kPa. Reaction follow-
' ed manometrically.
CZARNOWSKI and SCHUMACHER
1972 (13) and 1973 (15)
4-9X10§ 603 Stirred-flow system. F,O Authors obtained expression k,=7.9x
3.2x10 633 g 2 16 3.1 M,
8'4XIOi M=He 658 (1.0-10%) /He mixtures at 10" "exp(-19 700/T)cm” mol s in
Z.3x104 680 total pressures of 101 kPa. good agreement with the results of
5.5x10 704

J. Phys. Chem. Ref. Data, Vol. 10, Suppl. 1, 1981

Reaction followed mass
spectrometrically.

HOUSER and ASMUS 1972 (14)

(15).

ions, a slightly different reaction

Unlike previous investigat-
mechanism was adopte&. Reactions 3
and 4 were considered unimportant in
a system where the overall kinetics
were less than first order.
F,0 + M > F + FO + M
F20 + F -+ FZ + FO
FO + M >~ F + 0 + M
FO + FO + M+~ F, + 0,
0O +0 + M~ 02 + M

+ M

00 N O N
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F,0+M-F+FO+M

EXPERIMENTAL DATA - CONTINUED

Rate Constant k Temperature
(en3 mo17? s71) (09}

Method and Reference

Comments

15t ORDER RATE CONSTANT k *

1‘3x10:g 563 Static system. F,0(0.2- Above 90 kPa pressure, reaction
i:i;ig—z } M=NZ ggi 87%)/Ar (0~23%1/M mixtures, considered by authors to be almost
2.1x10:2 634 where M=N2, FZ’ He, Kr, in its first order region, although
%:%§18:3 } M=F,0 ggi‘s CFy or 0,. Total pressures 1o limiting rate constant was found.
5.4x10_ 563 90.6-745 kPa. Reaction Variation of k, with pressure over
1.8x10°3 | ¥=F 274 1

9:0x10:: M=He 563 followed by mass spectro- the pressure range studied is slight
6.2x10 M=Kr 563 metry. in contrast to findings of (5).
1'IXIO:§ M=CF4 563 Expression for M=N ive s k? =
1.2x10 M=0, 563 SOLOMON, BLAUER and JAYE XpTess 2 given as ky

1968 (91

1.0x10%xp(-15 100/T) s~ L.

REVIEW ARTICLE

1x108exp(-11 000/T) s71 860-1680

M=Ar tube work.
STREHLOW 1969 (11}

Discussion

Fluorine monoxide is believed to decompose via a chain
mechanism. Most investigations have assumed the essential
steps in the chain to be:

F,0 + M > F + FO + M (1)
F,0 + F > F, + FO )
FO + FO(+M) — 2F + O, (+M) 3)
F+F+M-oF +M (4)

Lin and Bauer [10], and Houser and Asmus [14] have
considered alternative paths, but in the temperature range
studied, a reasonable agreement is given for %, whatever
mechanism is assumed.

2nd Order Rate Constant k]

Rate constants have been obtained at low temperature
using both static pyrolysis systems and flow systems. A
variety of third bodies has been considered. The earliest

General review of shock

Expression derived from preliminary
work of BLAUER and SOLOMON (3).
Mixtures given as <20%F20 in Ar at
2.3-17.5 atm. (233-1770 kPa).
Results evaluated differently by
original authors in (7). 1f
expression extrapolated to 600 K,
the value of k: given is two to
three orders of magnitude higher
than any in (9).

work was in a static pyrolysis system by Koblitz and
Schumacher [1]. Like Solomon et al. [9], in a similar study,
they made no attempt to elucidate a mechanism, although
both assumed that reaction 2 must be the chain-carrying
reaction. Czarnowski and Schumacher [15] repeated the work
of [1] using the above reaction mechanism as. quantitatively
predicting the overall stoichiometry. In this second work, the
rate constants obtained are generally lower than in [1].
Dauerman et al. [4] consider surface effects responsible for
the high values in [1], but it is hard to see any real reason
for the discrepancy.

On the basis of these results, we recommend the
expression k,(M=F,0)=3.0X10"" exp(-19 400/T) cm®
mol™ s™' over the temperature range 500-650 K, with error
limits of a factor of 4. As the activation energies of [1,9 and
15] agree well, we recommend a similar value, with large
error limits due to discrepancies in the A factor.

The two flow studies show less agreement, the values of k,
obtained by Dauerman et al. [4] being at least 100% lower
than the extrapolation of the values of Houser and Asmus
[14] to higher temperatures. The former authors obtained a
lower activation energy than anybody else, although both
expressions extrapolated back to 7=>523 K agree reasonably
with the single point determination for M=He by Koblitz
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and Schumacher. It should be noted that Dauerman et al.
arbitrarily introduced a 7'? term in their rate expression.
This has been removed to allow their expression to agree
with their experimental data. Even allowing for this, we must
reject the data of Dauerman et al. on the grounds of the low
activation energy, and thus make no recommendation for
k(M=He).

Of the high temperature shock tube studies, the main
disagreement lies between the results of Troe et al. [5] and
Blauer and Solomon [7] on the one hand, and Lin and Bauer
{10,12] on the other. The former authors give a low A factor
and activation energy, but the latter use a slightly different
mechanism, considering the effects of the reverse reactions
-1 and -4 to modify their apparent rate constants, giving
higher 4 factors and activation energies. At temperatures
around 1000 K, where the data were obtained, the
agreement is quite good, but the opposing trends can be
clearly seen as the temperature increases. Lin and Bauer
claim that unless reactions -1 and -4 are taken into account,
the calculated O, yield is less than that observed experimen-
tally. However, the scatter on their results is large, with a
correspondingly large error in their activation energy, which
is sufficient for it to overlap with the values determined by
other investigators. At this stage, it is not clear how
important the modification of Lin and Bauer in the
mechanism is to the determination of k. Certainly their
expressions, extrapolated to 500 K are considerably below
the experimental values at that temperature. They claim that
surface effects are important at these temperatures, yet the
work of Schumacher et al. [1,15] conclusively shows the
reaction to be homogeneous on a variety of surfaces.

BAULCH ET AL.

We thus recommend a compromise expression, based on
all the high temperature studies (5,7,10,12] but only over
the region where agreement is reasonable, viz., £{{{(M=Ar)=
1.8 X 10" exp(-17 500/T) cm® mol™" s™', temperature range
800-1300 K, with error limits of a factor of 3. Extrapolated
to 500 K, this expression agrees well with the results of
Koblitz and Schumacher for M= Ar.

1st Order Rate Constant /i7"

Evidence regarding the high-pressure first-order region of
k, is conflicting. Troe et al. and Blauer and Solomon both
found no evidence of first order kinetics in shock tubes in
the region 10-30 atm, although some preliminary work of
the latter is presented as such in [12]. However, Solomon et
al. {9] claim that in their static pyrolysis system, fall-off
began at about 0.2 atm, and that at 1 atm the reaction was
almost entirely first order. In fact, their data suggest that the
reaction remains in the fall-off region up to the maximum
pressure considered by them, 745 kPa. On this information,
it is impossible to make any firm decision as to the position
of transition from first to second order kinetics, although the
bulk of the evidence seems to indicate a high pressure
transition.

Relative Efficiencies of Third Bodies

Most work on relative third body efficiencies comes from
Schumacher et al [1,15]. The results are much as expected,
with F,0 itself and SiF, showing an accelerating effect
compared with He and Ar. Solomon et al. [9] have obtained
similar results from their first order decomposition studies.

M=He Ar F,0 N, 0, F, SiF, Kr CF, T/K  Ref.

1 063 147 137 137 137 1.26 523 1]

1 1.54 1.09 2.00 099 1.63 501-583  [15]

-1 1.22 144 133 0.87 0.69 1.22 563 9
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Miscellaneous Reactions Involving F/O Species
A8F 4 O; - FO + O,

The removal of ozone by fluorine atoms has received little
attention.

F+ 0, > F0O + 0, 1)

(AH3,=-112.8 kJ mol™'; -27.0 kcal mol™)

In an early study, Staricco et al. [1] photolysed mixtures of
F,(32.9-134.7 mm Hg; 4.4-18.0 kPa), 0,(1.7-395.4 mm
Hg; 0.2-52.7 kPa), and 04(29.5-156.6 mm Hg; 3.9-20.9
kPa) at 365 nm, over the small temperature range 273-293
K. The authors merely determined the activation energy of
reaction 1 to be 11.72 kJ mol™ (2.8 kcal mol™). The reaction
was followed by monitoring the pressure and the absorbed
light intensity.

On the other hand Wagner et al. [2,3] measured the
activation energy as only 1.88 kJ mol™' (450 cal mol™), over
the range 253-365 K. These authors used a discharge flow
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system, generating I atoms by discharges in F,/He mixtures
at total pressures of 3.5-6.2 mm Hg(467-827 Pa), in
CF,/He mixtures at 3.5 mm Hg(467 Pa), and in N,/He
mixtures, followed by the addition of thermally dissociated
N,F,

N + NF, - N, + 2F

at 2.8 mm Hg(373 Pa). O, was added downstream through a
moveable inlet. Reactant concentration ranges were [F],
1.3X10™" to 7.6 X 107" mol ecm™, and [0,] 1.7X 107" to
3x10" mol cm™. The reaction was followed: by mass
spectrometry, and the expression derived for £, was

k, = L7X10" exp(-227/T) em® mol™ s

We feel that the small temperature range investigated by
Staricco et al. [1] does not lend itself to high accuracy in
determining £, and that without data to confirm the sole
remaining results of Wagner et al. [2,3], we make no recom-
mendation for &,.
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A9F + O, + M > FO, + M

The three-body reaction between fluorine atoms and
molecular oxygen has received little attention, there being
only three absolute determinations of &, (1,3,4).

F+0,+M-—>F0O, + M (1

(AH30=-66.36 kJ mol™; -15.86 kcal mol™)

Producing F atoms by a microwave discharge in a stream
of 0.1% F,/He, Zetsch [1] added O, in excess and followed F
and F, mass spectrometrically. These experiments were
conducted at total concentrations ~4X10" mol cm™ and
over the temperature range 272-362 K. Assuming F atom
removal to be via the sequence

F+ 0, +M—FO, + M 1)

F + FO, - F, + O, (2)

the author used the steady-state approximation for FO,,
giving -d[F}/de =2k [F][O,][M]. At 300 K, £ (M=He) was
given as 1.7X 10" e¢m® mol™ s, and over the temperature
range of this study, the apparent activation energy £, was
-5.43 kJ mol™" (1.3 kcal mol™), corresponding almost to a
T 7 dependence.

Lopez et al. [2] assumed this activation energy to be
approximately zero, in a study of the photochemical
fluorination of CF,0, using a static system.

A discharge flow system was also used by Arutyanov et al.
[3]. The flow of F atoms (generated by passing 5% F,/He
mixtures through a discharge) was mixed with streams of O,
and He (or Ar, or N,) at total pressures of 0.5-5 mm Hg
(66.7-606.5 Pa), and [F] followed by e.s.r. spectrometry. By
determining the variation of In[F] with [M], the authors
obtained %,(M=He)=(2.54+0.7)X 10", EM=Ar=
(2.18+0.7)X 10", £ (M=N,)=(5.08+1.5)x 10", and
E(M=0,)<1.81xX10" cm® mol™® s at (293%2) K. These
values were derived on the assumption (made on the basis of
the work of Zetzsch [1]) that reaction 2 is fast.

The final study was made by Chen et al. [4], flash
photolysing Fy(25-125 mm Hg; 3.3-16.7 kPa)/0,2.5 mm
Hg; 333.3 Pa)/HF(6xX10°-1X 10" mm Hg; 0.8-13.3 Pa)
mixtures between 250-350 nm. [F] was determined by u.v.
absorption, and the reaction followed by the decay of i.r.
chemiluminescence (2.7 wm) from vibrationally excited HF.
The kinetics of HF* formation and removal were described
by the reaction sequence.

F+0,+M—FOr + M 1)

FOf + HF = HF* + FO,
F + 0, + HF — FO, + HF*
FO: + M — FO, + M

HF* + M — HF + M

From this mechanism the authors derived an expression for
the exponential decay constant for the i.r. chemiluminescence
in terms of [F,], [HF], and [O,]. Graphical solution of this
expression, under conditions of fixed [0,] and low [HF] and
[F], gave £,(M=F,)=(1.92240.15)X 10" em® mol™ s, and
£ (M=0,)=(5.80+0.73)X10"" c¢m® mol® s' (208 K).
Under conditions of constant [F,]/[0,] ratio, with constant
[HF] and [F], they obtained k,(M=F,)=(1.81%0.22)Xx 10"
em® mol™” s, and £, (M=0,)=(5.44%1.1)X 10" cm® mol™
s~'. The latter values were presented in their table of results,
together with the values &,(M=HF)=(9.07£1.8)x10",
k(M=Ar)=(3.05+0.33)X 10", and k (M=He)=
(1.96+0.22) X 10" ¢cm® mol™ s, the latter two values being
obtained from further experiments with up to 100 mm
Hg(13.3 kPa) Ar or He.

The reasonable agreement between the room temperature
values of £ (M=He) [1,3,4] over a total pressure range of
0.5-127.5 mm Hg(0.07-17 kPa) indicates that the fall-off
region must be at still higher pressures. If the low activation
energy determined by Zetzsch [1] is correct, then the low
variation with temperature allows an average value of k,(M=
He)=(2.07+0.5)x 10" c¢m® mol? s' to be recommended,
for 291-300 K.
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A0 FO + FO - F + F 4+ O,

The second order kinetics of FO radical removal has been
studied at room temperature only in discharge flow sytems

FO + FO > F + F + 0, (1)
(AH3=-59.75 kJ mol™; -14.28 keal mol™)

Wagner et al. [3,4] used mass spectrometry to follow FO
radicals generated by the reaction.

F + 0, » FO + 0, @)

at pressures 2.8-6.2 mm Hg (374-826 Pa). By comparing ex-
perimental [FO] profiles with those generated by Runge-
Kutta integration of the rate equations from reactions 1 and
2, they obtained, to within a factor of 2, the value k1=1013
cm® mol™ s at 298 K.

A study by Clyne and Watson [2] into the detection of FO
showed the FO decay to be rapid and bimolecular, with an
estimated %, at 298 K lying between 1.2X10" and
1.2 10" em® mol™ s, Further study by these authors [5],
using an F,-discharge flow system and mass spectrometry,
gave a mean value over five runs of £, =(5.12+£1.69) X 10"
em® mol™ s7' (298 K).

The only available high temperature data on reaction 1 are
from the shock tube study of Lin and Bauer [1].
F,0(0.258%, 1.17%, 1.94%, 5.15% and 7.43%)/Ar mixtures
at reflected shock pressures between 1.56 and 2.36 m Hg
(208-314 kPa) were analysed for the yield of O, by mass
spectrometry. Computer analysis of the O, yields, according
to the mechanism

FO + M=F + FO + M 3)

FO + FO - F + F + 0, 1)

showed the O, yield to be less sensitive to &, than to k, over

the temperature interval 1000-1100 K, owing to the
equilibration of reaction 3. Little variation in %, over this
range led these authors to give £,=1.26 X 10'? cm® mol™ 57!,
to within =30% (1000-1100 K), which value Clyne and
Watson [5] considered incompatible with their own and those
of Wagner et al. [3].

We make no recommendation for the value of £,.
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A110 + F, > F 4+ FO

Report

There has been only one group of research workers to
study reaction 1, between oxygen atoms and fluorine, i.e.,

that of Krech et al. [1,2].

J. Phys. Chem. Ref. Data, Vol, 10, Suppl. 1, 1981
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0 + F, > F + FO 1)

AH3s=-61.476 kJ mol™ (-14.69 keal mol™)

This is in contrast to the much-studied reaction 2, which is
important in atmospheric studies.

0+ C, - Cl + Ao 2

O atoms were produced by passing 100% O, (1) or
0,/excess He mixtures [2] through a discharge. A single
experiment using the rapid titration reaction N+ NO [2] gave
a result consistent with those obtained by the latter. Total
pressures were 3.75-5.25 mm Hg (500-700 Pa), and the
pseudo first order decay of O atoms was followed by e.s.r.
spectroscopy. Over the temperature range 461-523 K the
expressions k,=2.5X 10" exp(-5700/T) em® mol™ s7' (1)
and £,=9.77X 10" exp{-(5210£760)/T } cm® mol™ s (2)
were presented.

The abnormally high activation energies of those
expressions were attributed to the low polarisability of the F,
molecule.
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A12OH + F, > HF + F + O

The reaction between fluorine and OH is considered to be
responsible for the high burning velocities in the H,0/F,
flame [1] ~

OH + F, > HF + F + 0O (1)
AH;,=15.820 kJ mol™(3.781 kcal mol™)

Nosova et al. [2] studied the temperature dependence of
the ignition limits of H,0/F, flames. F,(30-50%)/H,0
mixtures were used at 1 atm (101 kPa) pressure over the tem-
perature range 770-830 K. A mechanism for the overall
reactions was assumed, in which reaction 1, as the most
endothermic chain propagation reaction, was taken as being
rate determining, by analogy with reaction 2 in H,/0,
flames.

H+ 0,—>0H + 0 @)

From ignition limit data they obtained k,=7.0X 10" exp-
(-9000/T) em® mol™ s, somewhat lower than the result
obtained from burning velocity measurements, &, =2.0x 10"
exp (~<9000/T) cm® mol™ s™'. The discrepancy is attributed
by the authors to poor reproducibility of the ignition
pressure measurements.
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A3 F + F,0 —» FO + F,

The abstraction of fluorine from fluorine monoxide is an
important step in the chain mechanism for the decomposition
of the latter.

F + F,0 — FO + F, (1)

AH30=5.356 k] mol™ (1.280 kcal mol™)

Warnatz et al. [4] studied the reaction directly in a flow
system at 300 K, producing F atoms by discharge through F,
or by an N+ NF, titration. The reaction was followed mass-
spectrometrically, though no further details are given, except
that no reaction was observed, and the authors set an upper
limit of £,<10° em® mol™ 57\, :

Czarnowski and Schumacher [3,5] studied the decomposi-
tion of Fy0(5.6-100%)/M mixtures, where M=0,, N,, F,,
He or SiF, in a static pyrolysis system at total pressures of
1.33-99.8 kPa. The reaction was followed manometrically.
They obtained the following expression for the rate of F,0

disappearance:
-d[F,0)/dt = k[F,0] + kllxtz,‘/2[1720]3/2/153”2

FFO+ M- F 4+ FO + M (2)
F+F+M—->F, + M (3)

Using their own value for %, and taking &, from [2] they
obtained £, =5.1X10" exp(-3000/T) cm® mol™ s™' over the
temperature range 501-583 K.

Blauer et al. [1] obtained k,=6.3X 10" exp(-16 600/T)
em’® mol™ 5™ from an analog computer simulation of F,0 de-
composition. Although both this expression and that of
Czarnowski and Schumacher fall below the limit of Warnatz
et al. at 300 K there is no agreement between them, and we
make no recommendation for £;.

References

[1] Blauer, J. A., Jaye, F. C, and Rose, S. T., Air Force Rocket Propulsion
Laboratory, Report No. 68-49 (1968).

[2] Lloyd, A. C., Int. J. Chem. Kinet. 3, 39 (1971).

[3] Czarnowski, J., and Schumacher, H.-J., Chem. Phys. Letts. 17, 235
(1972).

1-77

[4] Warnatz, J., Wagner, H. Gg., and Zetzsch, C., Report to the
Fraunhofer Gesellschaft No. T-0240/92410/01017 (1972).

[5] Czarnowski, J., and Schumacher, H.-J., Z. Phys. Chem. NF. 86, 7
(1973).

A14F0, + M—>F + FO, + M

The thermal decomposition of F,0, has been studied by
Schumacher and Frisch [3]. It decomposes quite rapidly at
room temperature, and it was necessary for them to work at
low temperatures (213-248 K) in order to measure the
reaction rate in their static system.

F,0, + M - F + FO, + M; (1)
thermodynamic data unavailable for FO,, F,0,.

They allowed F,0, (0.33-53.3 kPa) to decompose,
following the reaction manometrically, and assuming reaction
1 to be the rate determining step. They found the decomposi-
tion to be homogeneous, and pressure dependent, with a
transition from second to first order kinetics beginning above
about 3 kPa. Thus they extrapolated all their results to
infinite pressure to obtain the first order rate constant k"=
1.2 10" exp(~-8500/T) s™'. Applying an RRK treatment
with £,=72.4 k] mol™ (17.3 kcal mol™) and s=6 gave kI’ =
5.9X 10" exp(-8700/T) s

Subsequently, they studied the effect of added third bodies
[2] at 236 K, using F,0,(2.1-25%)/M mixtures at total
of 4.39-75.4 kPa. The relative efficiencies
obtained were F,0,:0,:F;:N,:CO,:Ar:He=
1:1.2:0.33:0.21:0.45:0.40:0.07.

The mechanism of the F,0, decomposition was explored
later by Lin and Bauer [5] who used the Evans-Polanyi rule
to obtain £,=100%+45 kJ mol™' (24210 kcal mol™). Benson
[4] has considered reaction 2 a possible path, but Lin and
Bauer reject this on energetic grounds, with £, estimated to

be ~290 kJ mol™ (70 kcal mol™).

pressures

F,0, + M — FO + FO + M )
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A15

N,F, + M— NF,+ NF,+ M

BAULCH ET AL.

THERMODYNAMIC DATA

(o]

T AH® AS log K, log K_
(X) (kJ mo1™1) @ k1 mor™hy (K, in atm) (K, in mol cm”?)
298 92.885 198.61 -5.899 -10.288
300 92.893 198.62 -5.798 -10.189
500 92.237 197.17 0.663 - 3.950

1000 86.341 189.25 5.376 0.462
1500 78.889 183.22 6.823 1.732
2000 71.010 178.69 7.479 2.264
2500 62.957 175.10 7.831 2.519
3000 54.815 172.13 8.036 2.646
3500 46.635 169.61 8.164 2.706
4000 38.405 167.41 8.243 2.727
4500 30.171 165.47 8.293 2.725
5000 21.912 163.73 8.323 2.710
SI Units: log(Kp/Pa) = log(Kp/atm) + 5.006

©

k =1.39 x 10

log(K_./mol m”

RECOMMENDED RATE CONSTANT

3

log(K_/mol cm™3) + 6.000

15

exp(-9990/T) st

Temperature Range:

Suggested Error Limits for Calculated

of 2 over this range.

Rate Parameters:

E

1(:»g(A/s_l

)

E/J mol™1

/cal mol~
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1

300-500 K.

15.143 +
83 060 *

1+

19 850 =

Rate Constant:

0.28
8030
1920

less than a factor
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N,Fy+ M= NF, + NF, + M
FIRST ORDER PLOT

T/K
400

EXPERIMENTAL DATA

M=Ar ® Brown and Darwent 1965 (1).
A Tschuikow-Roux et al. 1973 (7).
—— . A
M=N, O Brown and Darwent 1965 (1).
AN Tschuikow-Roux et al. 1973 (7).
—— This evaluation
|
.0 2.5 3.0
103771k
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N,F, + M~ NF, + NF, + M

EXPERIMENTAL DATA

Rate Constant k Temperature Method and Reference Comments
(C x)
1st ORDER RATE CONSTANT k7 .
5.1x10§ ) 344 Shock tube study. N2F4 (1%) Below 175 kPa, reaction was in
g'g;ig ggé /Ar or N, mixtures at total second-order region with both
1.5x103 362 pressures 0.6-6.0 atm. (60.8 third bodies. Above this pres-
1:?;%83 ;?g -608 kPa). Incident shocks. sure a gradual transition to
9.0x10§ pM=N, 382 [NF,] monitored by u.v. first order kinetics was obser-
g'giig4 ggg absorption spectroscopy at ved, although no limiting value
2.0x10% 395 260 nn. was obtained for k. This was
2.3x10 400 ded d by extrapolati th
3.1x105 407 BROWN and DARWENT 1965 (1) sduced by polating the
1.3x103 : 362 results to infinite pressure.
2.0x10 369
2.5x103 377 NpFy + M > NF, + NFy + M 1
5.9x103 M=Ar 383 From these results, authors
6.3x10 388 i i
4 obtained the following express-
l.OxlO4 395 14
1.2x10 402 ions:- °1°(M=N2)=9.6x10
exp(~9800/T) s~1 and k§(M=Ar)=
3.0x10 3exp (-8600/T) s7L.
Quoted by (3, 6).
3.4x1013exp(-9000/T) All. Theoretical study, based on Authors note agreement with
M=N2 statistical reaction rate expression of (1) at 380 K.
theory. Order of reaction with respect
KECK and KALELKAR 1968 (3) t° N given as 0.7.
1.0x103 351 Shock tube study. N2F4(0.1— Results of M=Ar taken only
é'giig ggﬁ 1%)/Ar or N, mixtures at above 2 atm pressure, where the
7.0x10§ 390 total pressures of 0.69- transition to first-order
8. 3x10% 08 12.0 atm, (69.9-1216 kPa). kinetics begins. Values of k;
2.4x10, f M=Ar 412 Incident shocks. [NF,] obtained extrapolated to
%g;i‘g 2%2 monitored by u.v. absorpt- infinite pressure to obtain
3.4x103 431 ion spectroscopy at 260 nm. limiting first-order rate
4.5x10 438 L3 :
8.1x10% 453 TSCHUIKOW-ROUX, MacFADDEN,  CoBstant kj. Authors derive
g.giigs g;é JUNG and ARMSTRONG 1973 (7) tze following eﬁgress1ons:-

) 3 k; (M=Ar)=2.3x10""exp{-10 000/T)
6.1x103 MeN 388 1; 1s
7.1x10 2 393 s and k‘i(M=N )=1.2x10
8.6x10 396 2 -1
1.1x10% 203 exp(-10 000/T) s *, although

J. Phys. Chem. Ref. Data, Vol. 10, Suppl. 1, 1981

they admit to a lot of scatter
in the N, data.

Also quoted is the expression
k?fM=N2)=2.0x1015exp(-10 000/T)
s, derived from data in (1).
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N,F,+ M- NF,+ NF,+ M

EXPERIMENTAL DATA - CONTINUED

Rate Constant k Temperature Method and Reference Comments
(cm® mo171 s~h (X)
2nd ORDER RATE CONSTANT K
1.8x10; ) 357 Shock tube study. No Some of BROWN's Ph.D. work
5'21%87 ggé details available. published in (1), but no
. 7 i d-ord
3.8x107 > MeA 3;8 BROWN 1967 (2) details of the second-order
5.9x10, =Ar 3 reaction given there. These
9.6x107 386 i
9.8x10 389 results taken from graph in (7).
1.7x108 397
1.8x10 403
8.2x10§ ) 350 Shock tube study. N2F4 Reaction found to be completely
%'§§i87 ggg (O.S—ZO%)/Ar(He,SFé) second order over the pressure
3.1x10§ 373 mixtures at total pressures vrange studied. No evidence of
4.0x10 & M=Ar 378 . . . . .
1.7x10% 102 of 0.58-2.7 atm (58.8-274 complicating side reactions.
Z.ZXIOS 410 kPa). Incident shocks. Value of kl for M=He, SF6 and
1.3x10 450 .
1.ax10° 456 [NF,] monitored by u.v. N,F, were also calculated, the
absorption at 260 nm. latter from rich N2F4/Ar mix-
MODICA and HORNIG 1968 (4) tures, but no details of indivi-
dual rate constants given.
NZF4 + M > NF2 + NF2 + M 1
Two expressions derived, one
from experimental data using
simple collision theory, kl(M=
Ar)= 1.5x101°19 Sexp(-7700/T)
em® mo171 s_l, and other from
classical collision theory,
taking N2F4 dissociation energy
as 77.0 kJ mo1™! (18.4 kcal
mo171), k; (M=Ar)= 3.0x10%110"5
(9300/T) *exp (-9300/T) cm® mo1~!
s7L. Simpler expression quoted
by (1,6,7). Relative third
body efficiences given as Ar:
He:SFG:NZF4 = 1:1.2:1.7:1.8.
Quoted by (6). Used by (5).
I.gxigg 233 Shock tube study. NZF4 Characteristic unimolecular
« OX
1.5x10 M=Ar 41? (0.1-1%)/Ar(N,) mixtures behaviour shown in Ar, with
2.9x108 424 at total pressures of first-order kinetics prevailing
3.9x10 428

J. Phys. Chem. Ref. Data, Vol. 10, Suppl. 1, 1981

0.69~12.0 atm(69.9-1216
kPa). Incident shocks.
[NF,] monitored by u.v.
absorption at 260 nm.

TSCHUIKOW-ROUX, MacFADDEN,
JUNG and ARMSTRONG 1973
(7)

above 4 atm (see above), and a

limiting second-order rate

With N,

as third body, only first order

obtained below 2 atm.
kinetics shown. Data combined
with those of (Z and 4) to give
k,=3.6x10%%exp (-7700/T) cn’
mol™ L s~ (M=Ar) over the temp-
erature range 330-480 K.
the data from (7) alone we
obtain k,=1.7x10'® exp(-7600/T)
em® mo17t 571, although plot
could show slight curvature

Using
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N,F, + M— NF, + NF,+ M

EXPERIMENTAL DATA - CONTINUED

Rat§ Constant k Temperature Method and Reference Comments
(em® mo17! 71y (X)
TSCHUIKOW~ROUX, MacFADDEN, due to deviations from second
JUNG and ARMSTRONG - order kinetics.
continued
Diseussion 1st Order Rate Constant ]flw

Tetrafluorohydrazine exists as a stable compound only at
temperatures below 300 K. Above this temperature decompo-
sition occurs at a measurable rate to give the difluoramino
radical NF,.

N,F, + M — NF, + NF, + M (1)

The rate of decomposition increases steadily with tempera-
ture, until above 500 K dissociation is extremely rapid. Thus
the reaction can only be studied within a narrow temperature
range. There have however, been a number of studies, all in
shock tubes, over a sufficiently wide pressure range to
examine both the first and second order decompositions.

2nd Order Rate Constant f;

The pressure range for the transition from second to first
order kinetics has not been clarified by the three studies
reporting second order kinetics [2,4,7]. Below 2 atm, the
reaction seems to be definitely in its second order region, but
Tschuikow-Roux et al. [7] report a fall-off above this
pressure, whereas Modica and Hornig [4] maintain second
order kinetics persist up to 2.7 atm with a variety of third
bodies. Few details are available of Brown’s work [2].

The agreement between the three determinations is
generally good, although the data of Tschuikow-Roux et al.
are slightly lower than the rest and show a small amount of
curvature, possibly indicating a pressure effect. All of the ex-
perimental values of %] lie well below the values from the
RRKM calculation made by Tschuikow-Roux et al., the
difference being attributed to inadequate knowledge of the
transition state complex. The data can be fitted by the
Arrhenius expression k; (M=Ar)=6.3X 10" exp(~-7100/T)
em® mol™ s over the temperature range 300-500 K. The
derived activation energy, 59.03 kJ mol™, is therefore well
below the endothermicity of the reaction and suggests that
the dissociation would require the participation of
approximately ten vibrational modes. This contrasts with a
calculated value of approximately three modes, obtained from
the internal energy of vibration [8]. We suspect that this
large discrepancy can be attributed to an incomplete
understanding of the chemistry of the system, and we
therefore do not make any recommendation for 7 at present.

The two studies of the first order kinetics of reaction 1
[1,7] indicate that the transition to first order kinetics occurs
at approximately 2 atm although neither author finds a
limiting rate constant up to 12 atm for M= Ar or N,.

The agreement for M=N, is reasonable, to within a factor
of 2. The results for M=Ar are less concordant: to within a
factor of 4. Although the overall scatter for k7 is large, we

nevertheless recommend 47 =1.39 10" exp(-9990/T) s~
over the temperature range 300-500 K, within uncertainty
limits of less than a factor of 2.

Using RRKM theory, Tsang [6] attempted to calculate kr
from the data of [1] and [4]. In spite of trying four different
models for the transition state, he could only obtain a
reasonable fit to the data by assuming a value significantly
lower than that currently accepted (JANAF) for the N-N
bond dissociation energy.

Relative Efficiencies of Third Bodies

There is little information available on third body
efficiencies. All studies of the second order rate constant
used Ar as third body, although Modica and Hornig [4]
report the ratio Ar:He:SF:N,F,=1:1.2:1.7:1.8. Tsang [6]
calculated the ratios in the first-order and transition regions
to be Ar:He:SFg:N,F,:=1:1:1.6:3.5. The experimental data
on the first order region give N, and Ar as being
approximately equally efficient, although Tsang gives the
ratio N,:Ar=1.54:1 from his calculations.

Rate of the Reverse Reaction

There exists just one determination of the reverse rate
constant £_), by Clyne and Connor [5].

NF, + NF, + M — N,F, + M (-1)

They used a flow system, producing NF, radicals by thermal
dissociation of N,F, at 473 K (3-17% in Ar, He, SF, and
0,). Total pressures ranged from 113-526 Pa. [NF,] was
followed by u.v. absorption spectrometry at 260 nm. In this
pressure range the reaction was found to be entirely third
order when [NF,]<[M]/10. Above this value, a complex
order in M was observed, and such results were discarded.
At 293 K, a value of k_(M=Ar)=4.7 X 10" cm® mol? s

J. Phys. Chem. Ref. Data, Vol. 10, Suppl. 1, 1981
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was obtained and the following ratio of third body
efficiencies:— Ar:He:02:SFs=1:0.6:0.8:2.2, and NO was esti-
mated to have a relative efficiency of ~0.5. Using our own
value of k&1{M=Ar)=2.8X10°% cm® mol™* s ! at 298 K, and
.the equilibrium constant, we obtain k-1=5.5X10% cm®
mol™2 s~ ! at 298 K, in good agreement with Clyne’s value at
293 K which we recommend with error limits of +50%.

Tsang [6] calculated values of %, over the temperature
range 200-1800 K and pressure range 1.33 Pa-13.3 MPs,
but found difficulty in reconciling the kinetics data with a
calculation based on the thermodynamic data for the
reaction.

J. Phys. Chem. Ref. Data, Vol. 10, Suppl. 1, 1981
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NF; + M— NF, + F+ M

A16
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THERMODYNAMIC DATA

o}

T AH AS log KP log KC
(X) (kJ mo1™hy k1 mo1™h (K, in atm) (X, in mol cn”%)
298 252,671 147.833 -36.545 -40.933
300 252.693 147.896 -36.271 -40.662
500 253.935 151.231 -18.629 -23.242

1000 253.877 151.339 - 5.355 -10.269
1500 252.546 150.277 - 0.944 - 6.034
2000 250.856 149.306 1.248 - 3.967
2500 249.015 148.490 2.554 - 2.758
3000 247.090 147.791 3.422 - 1.969
3500 245.132 147.185 4.030 - 1.428
4000 243.136 146.653 4.486 - 1.030
4500 241.128 146.176 4.837 - 0.730
5000 239.107 145.750 5.116 - 0.497
SI Units: log(Kp/Pa) = log(Kp/atm) + 5.006
log{K_ /mol m-s) = log(K./mol cm‘s) + 6.000
RECOMMENDED RATE CONSTANT
K° = 4.1 x 1010 exp(-24 160/T) cm® mo1~1 s71 (M=Ar)
= 6.8 x 1078 exp(-24 160/T) cm® molecule s™*  (M=Ar)

Temperature Range: 1100-1800 K

Suggested Error Limits for Calculated Rate Constant:

Note: This expression is that of Evans and

log(A/cm3 mol~} s-l)
-1
)

1

Rate Parameters:
log(A/cm3 molecule ™t s
E/J mol”

E/cal mol™L

a factor of two.
Tschuikow-Roux (8, 9).

= 16.61 &+ 0.30
= -7.17 + 0.30
= 200 830 + 36 000

= 48 000 + 8 000

1. Phys. Chem. Ref. Data, Vol. 10, Suppl. 1, 1981
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12.

11.

10.

8.

7.

BAULCH ET AL.

NF;+ M= NF,+ F+ M

T/K
5000 2000

1000

I 1

EXPERIMENTAL DATA

(M=Ar) ° MacFadden and Tschuikow-Roux 1973 (3).
x Schott et al. 1973 (4).

Dorko et al. 1975 (6).
@] Evans and Tschuikow-Roux 1976 (8,9).
[o} Dorko et al. 1977 (10}.

—~—~— Breshears and Bird 1978 (11).

o This evaluation.

l 1 | § | | J

0 2.0 4.0 6.0

14t 1T
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EVALUATED KINETIC DATA FOR HIGH TEMPERATURE REACTIONS 1-87

NF, + M~ NF,+ F+ M

EXPERIMENTAL DATA

Rate Constant k Temperature Method and Reference
[cm3 mo1~1 s—l) (X)

Comments

1500-1800 Shock tube study. N2F4
(0.25-2%) /Ne mixtures at
total pressures of 0.34-
0.44 atm (34.4-44.6 kPa).
Reflected shocks. Reaction
followed by t.o.f. mass

spectrometry.

DIESEN 1966 (1)

5.1x10? 1050 Shock tube study. NFq

1.1x10 10 X

2_4§10; 1128 (1-2%) /Ar mixtures at

4.4x107 1170 total pressures of 274-606

5-4x10, 1180 ~kPa. Incident shocks.

5.8x10, L o 1230

6.5x10, 1240 [NF,] monitored by u.v.

2:82}8; i%gg absorption spectroscopy at

l.lxlO8 1320 260 nm.

2.Ox108 1340

2.1x10 1390 MACFADDEN and TSCHUIKOW-
ROUX 1973 (3)

4.8x108 M=Ar 1400 Shock tube study. NF(+53)
/Ar mixtures at 4.0 kPa
pressure. Incident shocks.
[NF,] monitored by u.v.
absorption spectroscopy at
260 nm.
SCHOTT, BLAIR and MORGAN
1973 (4)

6.9x10 %exp (-19 420/T) 1500-2400  Shock tube study. NEg(0.25
=Ar -1%)/Ar mixtures at 0.8-60

atm. (81-6078 kPa) pressure.

Reflected shocks. [NF,]
followed by i.r. emission
spectroscopy at 5.18 um.

DORKO, GRIMM, SCHELLER and
MUELLER 1975 (6)

System designed to study NF2
decomposition. Significant
amounts of NF3 produced,
reaching a maximum after 250 us,
then dying away. Author claimed
reaction 1 was reaction removing
NFZ’ and on the basis of his
reaction scheme found kl/kzms,
but made no absolute determina-

tion of kl.
NF2+M + NF + F + M 2
NFZ + NF -» NZP + F2
NF2 + NZF > NF3 + N2
NF2 + F2 > NF3 + F
NF3 + M > NF2 + F+M 1

Reaction found to be second

order over the entire pressure
range. Authors found k1=1.3x
1083exp(-15 300/T) cm® 1

s'l. All secondary reactions

mol”

were assumed to be negligible
over the temperafure-time region
used, an assumption confirmed

by theoretical calculations.
Quoted by (4, 6).

Reaction studied over the
temperature range 1100-1500 K,
but only the result at 1400 K
given. Authors attribute lower
value of k1 in (3) to possible
first-order contribution at the
higher pressures used there.

Details of over 100 individual
experiments given only graphic-
ally. From these, apparent
second order rate constants
were derived giving an express-
ion k;=5.0x10 exp(-28 500/T)

en? mo1~1 s7L.

However, since
the authors observed the transi-
tion to first order kinetics
beginning above 10 atm, separate
expressions were determined by
extrapolating to zero and
infinite pressure. The second

order expression is the one

J. Phys. Chem. Ref. Data, Vol. 10, Suppl. 1, 1981



BAULCH ET AL.

1-88
NF,+ M— NF,+ F+ M
EXPERIMENTAL DATA - CONTINUED
Rate Constant k Temperature Method and Reference Comments
(cm3 mo1~d s_l) (X)
DORKO, GRIMM, SCHELLER and given in the first column, the
MUELLER continued limiting first order expression
was k7=2.0x101lexp(-28 430/T)
~1
s .
3.11x10; 1144 Shock tube study. NF3(1%) Rate constants obtained are
§‘§§;187 %}g% /Ar mixtures at total limiting low-pressure values.
3.78x107 1184 pressures of 0.80-1.81 atm No details of derivation given
7.45x10 1196 R . :
9.28x107 1209 (81.0-183.4 kPa). Incident in (8), but in (9) authors
1.08x10 1226 shocks. [NF,] monitored by describe method, including
1.05x10% 1230 2 )
1.83x108 1242 u.v. absorption spectroscopy corrections for k_1
1.64x10 1246 at 260 nm, and i.r. emiss- NF, + F + M > NF, + M -1
1.87x108 1259 2 s
2:01x108 1260 ion spectroscopy at 5.17 and for variation in temperature
2.03x10 _ 1265 um. and density during course of
2.04x10¢ ¢ MeAT 1269 reaction. Authors fit express-
3.21x10 1289 EVANS and TSCHUIKOW-ROUX ; : 16 P
R 2 976 0 ana 9 fon Ky (4r)=4. 07200 g -
5.17x10§ 1332 24 160+400)/T) cm” mo s to
5.38x10g 1338 these data. Observed activation
1.33x10 1402 : .
1.74x103 1418. energy in good agreemet with
1.83x109 1423 theoretical value at low-press-
1.89x10 1440 .
2.72x109 1456 ure limit.
3.85x109 1495
4,15x10 1505
S.90x108 2029 Shock tube study. NF Experiments performed to check
6.85x10% 2029 B 3 ’

) (0.5%)/Ar mixture at 7.05 reliability of i.r. emission
atm (714.2 kPa) behind technique. First order rate
reflected shock. Reaction constant of 2.5x104 s_1 obtained
followed by monitoring i.r. from which we have derived upper
emission by NF3 at 5.18 yu, value of k1 presented here.
and u.v. emission at 270 NF3 + M- NF2 + F+M 1
nm. From u.v. emission, value
' . 4 -1 -
DORKO, GRIMM and MUELLER obtained as 2.9x10" s *, giving
1977 (10) lower value of kl' Disagreement

between these data and those of
(9) discussed, being attributed
to failure to allow for u.v.
emission in latter's u.v.
absorption technique.
2.31x1015 exp(-20 500/T) M=Ar 1330-2000 Shock tube study. NFS(S% Second order kinetics assumed.

and 10%) /Ar mixtures behind No systematic difference noted

incident shocks, 0.1-0.5 between values of k; from either

atm (10.1-50.7 kPa). mixtures. Pre-publication

Density gradient followed reference reported by (6).

by laser schlieren

technique.

BRESHEARS and BIRD 1978

(113

Discussion NF; + M > NF, + F + M (1)

Like ammonia, nitrogen trifluoride is stable over a wide
temperature range, its decomposition only becoming
important above 1000 K.

A preliminary estimate of the rate of the reaction was made
by Diesen [1], while studying the decomposition of NF,
radicals in Ne. From mass spectrometric evidence he

J. Phys. Chem. Ref. Data, Vol. 10, Suppl. 1, 1981



EVALUATED KINETIC DATA FOR HIGH TEMPERATURE REACTIONS

estimated %, ~5k,, which, using his value for k, gave k=
1.1X10" em® mol™ s at 1500 K.

NF, + M > NF + F + M @)

Subsequent studies have all used shock tubes,
[3,4,6,8,9,10,11] shock-heating NF,/Ar mixtures over a wide
pressure range, and using both incident and reflected shocks.
Even at the highest pressures used (60 atm), no evidence was
found that a limiting first order rate had been reached, and
only Dorko et al. [6] went to pressures high enough to

observe a fall-off in the second order rate constant. Their’

second order rate constant, obtained by extrapolation to zero
pressure, lies approximately two orders of magnitude below
the other values, which are in good agreement over a wide
temperature range. Simple Lindemann theory was used to
obtain the rate constants, and the authors themselves admit
that the 4 factors for both high and low pressure expressions
are considerably too low, although the activation energy
agrees well with the results of others. Despite their
subsequent work [10], in which they attributed the difference
between their work [6,10] and that of [9] to failures in
spectrometric techniques, the general agrement between the
data of Breshears and Bird [11], obtained independently of
spectroscopic considerations, with those of [4,8 and 9], lead
us to disregard Dorko’s work [6,10]. The low activation
energies shown by this and other decompositions of species
of the type N.F are similar to those seen in decompositions
of N,H,, (e.g., Vol. 2, pp. 461, 497). This phenomenon has
not yet received an entirely satisfactory explanation. One of
the most recent studies, that of Evans and Tschuikow-Roux
[8,9] gives a higher activation energy than earlier work, and
is also in better agreement with theory. This is probably
associated with the fact that their NF; concentrations were
lower than those used by Breshears and Bird [11]. For this
reason we recommend the expression of [8 and 9].

E = 4.1X10" exp(-24 160/T) cm® mol™ s (M=Ar)

over the temperature range 1100-1800 K, with error limits
of a factor of two.

Rate of the Reverse Reaction
There have been two determinations of the rate of the
reverse reaction -1 [2,5].

NF, + F + M —> NF, + M (1)

1-89

The work of Warnatz et al. [2] is reported by [7]. They
obtained 4 ,(M=He)=5X10" cm® mol® s' at 300 K,
following the reaction mass spectrometrically at a total
pressure of 466 Pa, but no further details are available.
Clyne and Watson [5] also used mass spectrometric detection,
coupled to a flow system, in which N atoms were generated
by a discharge through 100% N, at about 120 Pa pressure.
NF,, formed by the thermal decomposition of N,F,, was
added in excess downstream, initially to form F atoms by the
rapid reaction 3.

N + NF, —» N, + 2F 3)

After >10 ms, NF,; was detectable. The subsequent
reaction 4 is unimportant as the bond energy NF,-F is
greater than that of F-F.

NF, + F — NF, + F, @)

They obtain & (M=N,)=3.2X10"7 cm® mol? s at
298 K. Schott et al. [4] calculate £_,(M=Ar)=1.4X 10" cm®
mol? s7' at 1400 K from %, and the equilibrium constant. In
view of the lack of agreement we make no recommendation
at 300 K, but recommend the expression £_;=1.9X 10*
exp(4500/7) cm® mol® s over the temperature range
1000-2000 K, with error limits of a factor of two, derived
from k, and the equilibrium constant.
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1-90 BAULCH ET AL

A17 NF,+M—NF+F+M

THERMODYNAMIC DATA

T AH® As° log K, log K,
(X) (kJ mo1™1y k! mo1™h (K, in atm) (K, in mol cm™)
298 285.60 123.97 -43.559 -47.947
300 285.62 124.05 -43.250 -47.641
500 287,42 128.77 -23.300 -27.913

1000 289.38 131.64 - 8.239 -13.153
1500 290.34 132.43 - 3.193 - 8.263
2000 291.07 132.86 - 0.662 - 5.877
2500 291.78 133.17 0.860 - 4.452
3000 292.53 133.44 1.877 - 3.514
3500 293.34 133.70 2.605 - 2.853
4000 294.25 133.93 3.154 - 2.362
4500 295.24 134.17 3.581 - 1.986
5000 296.33 134.40 3.925 - 1.688
SI Units: log(Kp/Pa) = log(Kp/atm) + 5.006
3

log(K_/mol m )

RECOMMENDED RATE CONSTANT

K° = 7.6 x 101 exp(-25 700/T) cm® mo17! s

log(K_/mol cm_s) + 6.000

-1 (M=Ar)

1 .-1

“=1.3 x 1079 exp(-25 700/T) en® molecule™? s (M=AT)

Temperature Range: 1500-2500 K

Suggested Error Limits for Calculated Rate Constant:

the entire temperature range.
log(A/cm3 mol™! s—l)
1 S_l)

Rate Parameters:
log(A/cm3 molecule”

E/J mol—1

E/cal moi™t

J. Phys. Chem. Ref. Data, Vol. 10, Suppl. 1, 1981

14.88
-8.89
213 70
51 00

A factor of three over

+0.50
+0.50
0 +21 000
0 +5000



1-91

EVALUATED KINETIC DATA FOR HIGH TEMPERATURE REACTIONS
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BAULCH ET AL.

NF,+ M- NF+F+M

EXPERIMENTAL DATA

Rate Constant k Temperature Method and Reference Comments
(cm3 mo1”1 sh (X)
2nd ORDER RATE CONSTANT kg
2200-3000 Shock tube study. N2F4 NZF4 dissociates very rapidly to
(0.25-1%) /Ar mixtures at NFZ' No evidence found for NF4
A15.0 kPa pressure. formation, so author presumed
Reflected shocks. Reac- decomposition takes precedence
tion followed by t.o.f. over disproportionation.
mass spectrometry. NF2 +M->NF +F +M 1
DIESEN 1964 (1) NE, + NF, > NEg + NF 2
Value of k1 determined, but not
quoted, just used to determine k3.
NF + NF + N, + 2F 3
2 10 3
k1 calculated as 2.0x10 cm
mol™ ! s71 at 2550 K in (2) from
these data.
3.3x10; W 1440 Shock tube study. N2F4 Reaction fqund to be proceeding
2.21%87 iggg (0.5-1%) /Ar mixtures at under second order conditions.
4.3x107 1490 total pressures of 150- Expression for k, given as 1.6x101
8.2x10/ 1500 ] 123 1.4
6.7x107 1520 221 kPa. Incident T2exp(-24 100/T) cm” mol s
9.8x108 1540 shocks. [NFZ] monitored Quoted by (5). Used by (4). Data
%';:%88 %ggg by u.v. absorption spec- recalculated in (3) to give k1 =
1.7x108 1605 troscopy at 260 nm. 6.0x10'% exp(-26 200/T) cm® mo1~1
1'6X102 1630 s”! on the grounds that below
2.2x108 1650 MODICA and HORNIG 1965 £
5.0x108 1670 (2) 2000 K, reaction 2 becomes more
2:2?%83 ¢ M=Ar %?58 important, and a chain involving
5.4x108 1725 NF; and NF radicals is set up.
5.lx109 1740
1.4x108 1770
4.7x10 1775
5.1x109 1790
1.2x109 1800
1.8x109 1815
l.3x10g 1840
2.1x109 1850
l.5x109 1875
2.9x109 1950
4.7x10 1975
2.2x1015exp(—28 700/T) 1500-1800 Shock tube study. N,F Results evaluated on the basis of

M=Ne

J. Phys. Chem. Ref. Data, Vol. 10, Suppl. 1, 1981

274
(0.25-2%) /Ne mixtures at

pressures of ~35.0 kPa.
Reflected shocks.
Reaction followed by

t.o.f. mass spectrometry.

DIESEN 1966 (3)

a chain mechanism involving both
NF and N,F radicals. Estimations
of k4, kf and k6 were made 'u1012

emd mo171 s71

enabling the expres-

sion for k1 (M=Ne) to be calcula-
ted.

NF + NF2 - NZF + F2

N2F + NF2 - NF3 + N2

F, + NF2 + NF3 + F

+M>NF +F +M

2
NF

= O

2
Used by (4).

3



EVALUATED KINETIC DATA FOR HIGH TEMPERATURE REACTIONS 1-93

NF,+ M- NF+F+ M

EXPERIMENTAL DATA - CONTINUED

Rate Constant k Temperature Method and Reference Comments
(c:m3 mo1”1 s'l) (K) ‘
lst ORDER RATE CONSTANT k7
4.Sx1010exp (-29 000/T) s71 All Theoretical study, from Value reported as being within

unimolecular reaction
rate theory.

25% of ki at 1700 K, presumably
that determined by (2 and 3).

KECK and KALELKAR 1968

(%)

REVIEW ARTICLE

Review of shock tube
literature.

Quotes (2) and mentions work from
(3) although no value of kl'

STREHLOW 1969 (5)

Discussion

Above 500 K, tetrafluorohydrazine decomposes very
rapidly to give difluoramino radicals, NF,. These react
further, either by disproportionation (Section A20) or by
reactions with other radicals produced following decomposi-
tion. The decomposition reactions predominate at higher tem-
peratures.

NF, + M > NF + F + M )
NF, + NF, - NF, + NF @)

The three experimental studies of NF, decomposition have
all utilised shock tubes, Diesen [1,3] coupling his to a t.o.f.
mass spectrometer, Modica and Hornig [2] following NF,
‘decay spectroscopically. All experiments were at fairly low
pressures (<2 atm) and no evidence of any first order
contribution to the decomposition was observed. Modica and

Hornig were unable to consider secondary reactions in their
system, but Diesen noticed NF, formed as an intermediate
below 2000 K, and concluded that at lower temperatures a
chain mechanism involving NF;, NF and N,F must operate.
On this basis, he recalculated the results of Modica and
Hornig (2], bringing them more into line with his own.

Although the reaction mechanism needs clarifying, we
recommend as an interim value k{(M=Ar)=7.6Xx10"
exp(=25 700/T) cm® mol™ s over the temperature range
1500-2500 K, with error limits of a factor of three. Within
these limits, £;(M=Ar)=#k;(M=Ne).

References
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[3] Diesen, R. W., J. Chem. Phys. 45, 759 (1966).

{4] Keck, J., and Kalelkar, A., J. Chem. Phys. 49, 3211 (1968).
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A18

BAULCH ET AL.

NF,+F,—> NF, +F

THERMODYNAMIC DATA

T AHC as® log K
() (kJ mo1™1) ( X! mo1
298 -94.851 -33.246 14.881
300 -94.847 -33.217 14,785
500 -93.713 -30.393 8.203
1000 -90.098 -25.397 3.379
1500 -86.517 -22.489 1.838
2000 -83.128 -20.535 1.098
2500 ~79.956 -19.117 0.672
3000 -76.994 -18.037 0.399
3500 -74.249 -17.192 0.210
4000 -71.718 -16.514 0.074
4500 -69.417 ~-15.966 -0,029
5000 -67.321 ~-15.527 -0.108
RECOMMENDED RATE CONSTANT
No recommendation, see Discussion.
EXPERIMENTAL DATA
Rate Constant k Temperature Method and Reference Comments
(cm3 mol™1 s-l) (x)
8.4x10§ 325 Static system. N2F4(6.67 Under the conditions of the experi-
1.3x10 33 :
: 2.2§10§ 318 -66.7 kPa)/F,(6.67-26.7 ment, N,F, is not completely
359 kPa)/N2(0-88.0 kPa) mix- dissociated to NF:. The authors

3.4x10

J. Phys. Chem. Ref. Data, Vol. 10, Suppl. 1, 1981

tures. [F,] followed by
u.v. absorption spectro-
scopy at 284.9 nm.

LEVY and COPELAND 13965
(1)

were in fact measuring the reaction
of an N2F4/NF2 mixture, and obtained
the rate COnStant,kover 11=1.6x1014
exp(~10 000)/T)cm? mol-% s~ *, The
N,F, dissociation was corrected
using JANAF data to obtain the
values of k1 shown.

NF2 + FZ > NF3 + F 1
Authors used these to obtain the
expression k =1.4x1011exp(-4650/T)

em® mo1-1 -1, Quoted by (4, 6).
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NF,+ F, > NF;+ F

T/K
2000 1000 500 300 250
12.0 a3
| l I l
=
a
a
10.0 |— . |
[
N
w 8.0 — _
T
s
=]
[42]
E
(54
~
V4
(=2}
2 6.0 _
O
®
O
EXPERIMENTAL DATA
O Levy and Copeland 1965 (1).
4.0 — —
X Diesen 1966 (2).
L Cherednikov and Ilin 1968 (3). ®
®
| Diesen 1968 (4). ® o
[ ]
2.0 | | |
0 1.0 2.0 3.0 4.0
103717171
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BAULCH ET AL.

NF,+F,— NF, +F

EXPERIMENTAL DATA - CONTINUED

Rate Constant k Temperature Method and Reference Comments
(cm3 mo1™! s'l)
~n1x1012 1800 Shock tube study. N2F4' During a study of NF2 dissociation,

(0.25-2%)/Ne mixtures at
total pressures of 34.4-

author noticed NF3 formation,
attributed by him to the following

44.5 kPa. Reflected reaction sequence:
shocks. Reaction followed NF2 +M~>NF +F +M
mass spectrometrically. NF, + NF - N,F + F,
DIESEN 1966 (2) NF, + NpF =+ NFg + N,
NF2+F2+NF3+F 1
On the basis of this scheme, author
estimated k1 as shown. Quoted by
(6).
3.8x10§ 294 Static system. N,F, Again, results expressed in terms of
5o 393 (6.34-40.8 kPa)/F,(12.9- the reaction of an NFy/NF, mixture,
1.3xlO§ 322 50.6 kPa) mixtures, total giving koverall=l.2x10 exp (-9000/T)
2.0x10 333 pressure 50.0-56.9 kPa. eml*® moi-0.5 s~ No attempt is
Reaétion followed by gas made to convert these results to
chromatography. allow for the N2F4/NF2 equilibrium.
CHEREDNIKOV and ILIN 1968 The values of kl given are calculated
(3) from the authors' koverall and values
of the equilibrium constant K, in the
JANAF tables. From the authors' data
we derive k;=5.5x10%xp (~4200/T) cn®
mo1”1 571,

N2F4 + M+ NFz + NF2 + M 2
7.9x10?0 1100 Shock tube study. N2F4 At these temperatures, conversion of
;'gi}g}g iggg (<1%)/F2(<1%)/Ne mixtures N2F4 to NFZ is practically instanta-
4.9x107 1600 at 51.7-74.1 kPa total neous, and no secondary calculations
9.0x10 1800 pressure. Reflected were required to produce a rate

shocks. Reaction followed constant. Quoted by (6). Used by
mass spectrometrically. (7).

DIESEN 1968 (4)

Discussion

Unlike other reactions of the type NX,+ X, where X is H,
O,ClL, Br or I, reaction 1 is exothermic and energetically

favoured over its reverse, due to the strength of the N-F
bond.

NF, + F, - NF, + F )

Its rate has been studied at both high and low tempera-
tures, in shock tubes in the former case, in static systems in
the latter, with a variety of methods used for following the
reaction. The two low temperature studies suffer from the
effect of the N,F,/NF, equilibrium. The actual measured rate
constant is for the reaction of F, with a mixture of NF, and
N,F,, and the reaction order is apparently 3/2. Levy and
Copeland [1] corrected for the N,F,/NF, equilibrium, and we
have made a similar correction to the data of Cherednikov

4. Phys. Chem. Ref. Data, Vol. 10, Suppi. 1, 1981

Expression k,=4.8x10 %exp(-7300/T)
P 1

cm3 mol-'1 s™1 derived by (5).
and Ilin [3]. The agreement is not good, the difference being
at least two orders of magnitude.

Neither expression extrapolates well to the shock tube
work of Diesen [4], whose activation energy lies midway
between the other two. In these circumstances, we can make
no recommendation for £,. ’

Rate of the Reverse Reaction

There have been no experimental determinations of the
rate of reaction -1

NF, + F — NF, + F, (-1)

MacFadden and Tschuikow-Roux [7] give a value k=
8.8X10" exp(-18 000/7) cm® mol™ s calculated from
Diesen’s expression for £, [4] and the equilibrium constant,
but we make no recommendation.
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Miscellaneous Reactions Invelving F/N
Species

A19 NF + NF — N, 4 2F

The disproportionation of NF radicals was proposed by

Diesen [1] as the second stage in the decomposition of NF,
radicals.

NF, + M —> NF + F + M (2)

NF + NF — N, + 2F; 1)

AH.=-340.08 kJ mol™ (-81.280 kcal mol™)

The decomposition was followed in a shock tube coupled to a
mass spectrometer. N,F,(0.25-1%)/Ar mixtures at 15.2 kPa
pressure were shock-heated, and sampling for the mass
spectrometer was made from behind the reflected shocks.
Over the temperature range studied, 2200-3000 K, no
evidence was found for further complicating reactions leading
to NF;. He found %, to be independent of temperature over
the temperature range, £, =2.5X10" cm® mol™ s, with
error limits of a factor of 2.

Reference

[1] Diesen, R. W., J. Chem. Phys. 41, 3256 (1964).

A20 NF, + NF, — NF, + NF

The disproportionation of difluoramino radicals is the rate
determining step in their decomposition at temperatures
below 1000 K [1,3].

NF, + NF, — NF, + NF; )

AH,;=32.928 kJ mol™ (7.870 kcal mol™)

Modica and Hornig [1] ruled out any contribution from
reaction 1 in their study of NF, dissociation above 1400 K,
finding the reaction first order in NF,. Over the temperature
range 623-753 K, Cherednikov et al. [2] found the overall

stoichiometry to be
6NF, — 4NF; + N,

As they were unable to analyse for NF in the reaction

1-97

mixture, they concluded from thermodynamic considerations
that the initiation reaction was

NF, + NF, — N, + 2F,. @)

They used a static system, allowing N,F, at 20.0-160 kPa
pressure to decompose, and periodically analysing the
mixture gas chromatographically. (Conversion of N,F, to NF,
was found to be 100% at the temperatures used.) The quoted
rate constant is divided by 3 to take account of the stoichiom-
etry, and again by 2 to comply with our definition
-d[NF,]/dt=2k [NF,F. This gives k,=1.7X10
exp(-11 800/T) cm® mol™ s™ over the quoted temperature
range.

Corbin and Levy [3] comment on the low 4 factor obtained
here. They used a similar static system, with the pressure of

'N,F, ranging from 4.0-93.3 kPa and a temperature range of

578-791 K. The reaction mixture was sampled periodically
by gas chromatography. Reaction 1 was considered the most
likely initiation reaction, but the authors were unable to
decide which of two subsequent paths prevailed, and chose
an average stoichiometry of 2.25 with which to correct the
overall £. Dividing this value of &, by 2 to comply with our
definition gives k,=5.0X10"" exp(-18 600/T) ecm® mol™ s\
The agreement with Cherednikov et al. is reasonable around
650-750 K, but owing to the considerable discrepancy
outside this temperature range, and lack of information on
the reaction mechanism, no recommendation is made.
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A21 H + NF; — NF, 4+ HF

Abstraction of fluorine atoms from NF; by hydrogen
atoms has been studied in any detail only by Rabideau [2].

H + NF, - NF, + HF; (1)

AH30=-316.77 k] mol™ (-75.710 kcal mol™')

He used a flow system, following the reaction by e.s.r.
spectroscopy. H atoms were produced by a discharge through
H, (1-3%)/He mixtures at total pressures of 304-350 Pa.
NF; was added downstream at 37.8-65.3 Pa pressure. Below
473 K, it was not possible to detect any reaction, giving an
upper limit of £, <2.6X10* em® mol™ s™" at 473 K. Over the
temperature range 476-599 K the expression k,=6.0X 10"
exp(-6700/T) em® mol™ s™! was obtained.

Reaction 1 is also believed to be important in HF
chemical laser systems, producing HF in a vibrationally
excited state [1].
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A22 NO+F+ M- NOF+ M

THERMODYNAMIC DATA

T AH® AS log K, log K_
(K) (kJ mo1™1y @ kL mo17h (k, in atn™l) (K. in cn® mol™h)
298 ~234.89 -121.30 34.816 39.205
300 -234.91 -121.37 34.561 38.952
500 -236.51 -125.57 18.149 22.762

1000 -238.07 -127.89 5.756 10.670
1500 -238.72 -128.42 1.605 6.696
2000 -239.16 -128.68 -0.474 4.741
2500 -239.53 -128.85 -1.724 : 3.588
3000 -239.90 -128.99 -2.559 2.832
3500 -240.30 -129.11 -3.157 2.301
4000 -240.70 -129.23 -3.606 1.910
4500 -241.14 -129.34 -3.954 1.614
5000 -241.62 -129.45 -4.234 1.379
SI Units: 1og(Kp/Pa‘1) = log(Kp/atm-l) - 5.006

1

log(KC/m3 mol ") = log(KC/cm3 mol'l) - 6.000

RECOMMENDED RATE CONSTANT

kK = 3.0 x 1010 cn® mo17% 57! (M=He)

32 2 -1

8.4 x10732 cn® molecule™? s (M=He)

Temperature Range: 250-300 K

Suggested Error Limits for Calculated Rate Constant: +60%

J. Phys. Chem. Ref. Data, Vol. 10, Suppl. 1, 1981
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1-99
NO+ F+ M—= NOF+ M
T/K
500 300 250 200
[ l I
O
(]
a
A
. t—a .
EXPERIMENTAL DATA
M=He ] Kim et al. 1972 (2).
— Zetzsch 1973 (4).
A Skolnik et al. 1975 (6).
M=NO O Kim _t.__l_ 1972 (2).
A Skolnik et al. 1975 (6).
| - l
0 3.0 4.0 5.0 6.0
103171 ¢!
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NO+F+ M- NOF+ M

EXPERIMENTAL DATA

Rate Constant k Temperature Method and Reference Comments
(em® mo172 571 (K)
2.8x10ig 195 Discharge flow system. F2 To eliminate effects of F and F2
%:g§1816 M=He %gg (<0.03%) /He mixtures at as third bodies, [F,] kept low
g'giigig ggg total pressures of 95.1- in the discharge. A high total
8.3xloig } M=NO 273 755 Pa. NO added downstream press?re vas used to avoid any
5.5x10 288 at 4.61-43.6 Pa pressure. contribution from the second
[F] and [NO] monitored by order reaction 2.
€.5.T. spectroscopy. NO + F2 + NOF + F 2
KIM, MACLEAN and VALANCE NO + F + M~ NOF + M L
1972 (2) The following rate constant
expressions were obtained:-
X, (M-He) = 3.0x100exp (-11/T) and
k (M=NO) = 4.5x10%0exp(+110/T)
cm6 mol™2 s'l.kl(M=He) used by
(3) at 298 K as M=Ar. Quoted by
(6, 8).
298 Flow system. P2(<O.5%)/ F atoms generated by reaction 2.
Ar mixtures at a total No attempt made to determine k1
pressure of 493 Pa. NO directly, only as ratio kl/ks'
added downstream in RH + F -+ HF + R 3
excess. In some experi- k /k = 5. 3x10° (M CH F), 2. Ox103
ments RX added further (CH FZ), 1. 5x10 (M CHF ), 2. 0x10
downstream, where RX = (M~CHC1P2), 3. 9x10 (M HCl), 7.0x
CH4, CHBF CHZFZ’ CHF3, lO (M‘gBrFé), 5. ixlO (M=NH ),
CHCle, HC1, CBrF3, NH3 2.1x10 cm mol (M PH3), k /k
or PH,. Reaction follo- < 4.5x10% cm® mol™"(M=CH,).
wed by monitoring NOF Using our values for k (RH =HC1
emission. and CH4, this Vol. sections E2
POLLOCK and JONES 1973 (3) °2nd AG) we obtain k; (M=HCL)=
2. 73x10 and k (M—CH4)<1 8x10
em® mo17% 571, Quoted by (8).
3.0x1016 M=He 300 Discharge flow system. F Some experiments performed at
(0.1%) /Ar mixtures ‘at total 1.67 kPa over the temperature
pressures of 0.21-3.47 kPa. range 244-375 K, giving E1=O.85
NO added downstream so that kJ mo1”1 (0.2 kcal mol_l). No
[NO]: [F]~10. Reaction value for A; is quoted but we
followed mass spectrometri- obtain an expre551on k =4.2x10%0
cally. exp(-100/T) cm® mo172 =1 o
ZETZSCH 1973 (4) F2 was observed and thus any
recombination of F atoms was
ruled out. Quoted by (7).
4.8x10%0 M=NO 300 Discharge flow system. CF [CF,] kept low in discharge so
3.2-4.2x1010  M-He 300 : 60" thar ite off third bod
2 5_3'2x10i2 M=Ar 300 /He or Ar mixtures at ~60 that its ? ect as a ir ody
g:éi}glé ﬁ:g; ggg Pa pTessure. NO(5.66-100%) coulé be ignored. He used és
1'3X10i; M=C0 300 /M mixtures added down- carrier gas-for.CF4 except in
1.211817 3:g§4 288 stream at 36.7-540 Pa some determ?natloné of leM—Ar),
1:1x1017 M=C286 300 pressure. [NOFJ monitored the lower figure given being for

J. Phys. Chem. Ref. Data, Vol. 10, Suppl. 1, 1981

by emission spectroscopy
at 615-625 nm.

He carrier.
NO + F+ M-+ NOF + M 1
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NO+F+ M- NOF+ M

EXPERIMENTAL DATA - coNTINUED

Ratg Constant k Temperature Method and Reference Comments
(cm mol”? s_l) (X)
SKOLNIK, VEYSEY, AHMED and kl(M=He) determined (a) by
JONE3 1975 (6) varying [He] with [NO] fixed
(upper value) and (b) by varying
[NO] with [He] fixed (lower
value). Quoted by (B8).
REVIEW ARTICLE
Review of F atom Quotes (2, 3, 6). Also refers
reactions. to work on hot 18F atom
JONES and SKOLNIK 1976 (8) reactions (5) in which it was
shown that reaction occurs only
in the absence of third bodies.
No + 18F o Nol8F 1
Discussion between the two values is only 50%. The temperature

The reaction between nitric oxide and fluorine atoms
occurs in NO/F, flames as a means of removal of F atoms.

NO+F+M-—>NOF + M (1)

This mechanism in NO/F, flames was first suggested by
Rapp and Johnston [1], who estimated k ~2.10" cm® mol™®
s at flame temperatures, but were unable to make a more
accurate assessment. The reaction has been studied recently
in discharge flow systems [2,4,6], where by removing the
discharge, reaction 2 may be studied under the same

conditions [2,4].

NO + F, — NOF + F @)

All three studies have used helium as third body. The

agreement is reasonable, especially if only the lower value of '

Skolnik et al. is considered [6]. However, the error involved

dependent studies [2,4] show only a small activation energy,
negligible over the narrow temperature range in which the
reaction has been studied. We therefore recommend a value
of k(M=He)=3.0X 10" cm® mol™® s™! over the temperature
range 250-300 K with error limits of =60%.

The data for M=NO [2,6] show much greater scatter, and
we make no recommendation for k,(M=NO). The data for
other third bodies are given in the table [6].
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BAULCH ET AL.

NO+F,—> NOF+F

THERMODYNAMIC DATA

T AH® as® log K
(K) (kJ mo1”1) @ k! mo17ly

298 -77.069 -6.711 13.152
300 -77.065 -6.690 13.069
500 -76.287 -4.736 7.723
1000 -74.295 -1.954 3.780
1500 -72.689 -0.636 2.499
2000 -71.429 0.092 1.872
2500 -70.475 0.523 1.502
3000 -69.806 0.766 1.257
3500 -69.413 0.879 1.083
4000 -69.283 0.912 0.954
4500 -69.429 0.875 0.854
5000 -69.831 0.778 0.774

RECOMMENDED RATE CONSTANT
k = 4.2 x 10*! exp(-1150/T) cm® mo17! s71
= 7.0 x 10713 exp(-1150/T) cm® molecule™! 571

Temperature Range: 250-375 K

Suggested Error Limits for Calculated Rate Constant:

Note: This expression is that of KOLB (11).
Rate Parameters: log(A/cm3 mo1~1 5‘1) - 1
log(A/cm® molecule™! s71) = 23
E/J mol™! =
E/cal mol™l =

J. Phys. Chem. Ref. Data, Vol. 10, Suppl. 1, 1981

1.62 20.50
2.16 +0.50
9600 +2500
2300 + 600

A factor of 3.
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NO + F,— NOF + F

EXPERIMENTAL DATA

Rate Constant k Temperature Method and Reference Comments
(cm® mo1”! s71y (K)
1.5x101?0 195 Flame study. Fz(O.lt)/NZ Reaction 1 was assumed to be the
5.37x10 300 (387-667 Pa)/NO (15.7%)/NZ initiation reaction, followed by
(17.8-57.4 Pa) diffusion the fast reaction 2.
flames. Reaction followed NO + F, + NOF + F 1
by time exposure photography. NO + F (+M) + NOF (+M) 2
RAPP and JOHNSTON 1960 (3) By compfringlthe A factor of 6x1011
cm” mol s with calculated
value of A1 (2, 3), authors
assumed rate constant measured was
kl' Th§{ obtained the §xprefiio?l
k1=6x10 exp(-750/T) cm” mol s
over the given temperature range.
Quoted by (4, 5, 7, 8, 11). Used
by (9).

(4.7510.7)x109 325 Flame study. F2(<1%)/N0 By measuring just the initial rate
(<2%) /He mixtures at total of reaction 1, authors were able
pressures of 0.35-2.49 kPa. to ignore reaction 2, although the
(F] monitored by e.s.r. value of k; obtained was checked by
spectroscopy. inserting their own values of k2
KIM, MACLEAN and VALANCE (7) into data obtained at a later
1972 (7) stage of the reaction. Quoted by

(11).
300 Flow system. NO added to Authors compared variation of [F,]
F,/N, stream E{FZJ:[NZ] with [NO], giving change in [F,]
ratios 1.3x10 7) such that due to reaction sequence 1 and 2.
0<[NO]: [F,]¢2.0. Total NO + F, -~ NOF + F 1
pressure 40 mm Hg(5.3 kPa). NO + F (¥M} + NOF (+M) 2
Laser Raman scattering used Theoretical modelling gave kz/k1<
to determine [Fz] at 510.2 5, and probably ~l. As we have no
nm, and [NOF] at 537.1 nnm. recommendation for k,(M=N,) (this
HOELL, ALLARIO, JARRETT Volume, section A22), we do not
and SEALS 1973 (9) derive any definite value for ky
from this result.
1.1x10%%exp (-1500/T) 244-375 Flow system. F,(<0.1%)/He Reaction 1 followed immediately by

J. Phys. Chem. Ref. Data, Vol. 10, Suppl. 1, 1981

mixtures at total pressures
of 0.21-3.47 kPa. NO added
downstream so that [NO]=10
[F,]. [F] and [F,] followed
by mass spectrometry.

ZETZSCH 1973 (10)

reaction 2. k2 determined in same
study and used to determine k1 from
measurements of competitive rates
of reactions 1 and 2 above for NO.

Used by (12).
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NO+F,—> NOF+ F

EXPERIMENTAL DATA - CONTINUED

Rate Constant k Temperature Method and Reference Comments
(en® mo11 571y (x)
4.7xlog 169 Flow system. FZ(3.7%)/N2 In this temperature range, and
g'gxi?)Q %% mixtures at total pressures under the experimental conditions
1:1;:10ig 300 of 133-533 Pa. NO added chosen, author believed that
1.8x10 359 downstream so that [F,]>» reaction 2 had no effect on [NO]
[No]. [NO] followed by decay. From these data, he
resonance fluorescence at obtained the expression k}=4.2x
226 mm. 10t lexp (-1150/T) em’ mo11 s71,
KOLB 1976 (11)
Discussion system. His activation energy £,=9.6 kJ mol” (2.3 kcal

Reaction 1 is the principal initiation reaction in NO/F,
flames and is also a convenient source of F atoms to initiate
the H,/F, reaction in the HF chemical laser [6].

NO + F, » NOF + F 1)

Of the five studies of reaction 1, two have been flame
studies. Rapp and Johnston [3] used the diffusion flame
method of Polanyi [1], with F, as the fuel in an NO
atmosphere, following the reaction by time exposure
photography. This method assumes transport by flow is small
compared to that by diffusion and produces results around an
order of magnitude higher than the other three studies.

More recently, Kim et al. [7] used a more orthodox flame
study to obtain k,/k,, and a discharge flow study of the
subsequent reaction 2, from which a value of %, was obtained
and used in calculating #,.

NO + F+M—NOF + M @)

There is a difference of a factor of two between this study
and that of Zetzsch [10}, using a flow system, and also
requiring the rate of reaction 2 to obtain £,. His expression
for £, is in reasonable agreement with that of Kolb [11]
around room temperature. Kolb eliminated the effect of
reaction 2 by making [F,]> >[NO), in contrast to Zetzsch’s

mol™), falls midway between that of Rapp and Johnston [3],
and Zetzsch [10]. We also feel that this direct determination
is likely to be more accurate than in the other studies in
which reaction 2 is involved. Thus we recommend the
expression of Kolb [11],

k, = 4.2X10" exp(~1150/T) em® mol™ s

over the temperature range 250-375 K, with error limits of
a factor of 3.
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A24  NO;F+M-— NO,+F+M

THERMODYNAMIC DATA

T AH® as® log K log K,
(X) (kJ mo1”1y @ lmorly (K, in atm) (K, in mol cm™>)
298 139.578 118.328 -18.273 -22.662
300 139.587 118.357 -18.121 -22.512
500 140.248 120.085 - 8.378 -12.991

1000 140.444 120.499 - 1.041 - 5.955
1500 139.465 119725 1.398 - 3.693
2000 138.001 118.884 2.606 - 2.609
2500 136.302 118.131 3.323 - 1.989
3000 134.486 117.470 3.794 - 1.596
3500 132.599 116.884 4.126 - 1.332
4000 130. 662 116.370 4.373 - 1.143
4500 128.696 115.905 4.560 - 1.008
5000 126.708 115.487 4.709 - 0.904
SI Units: log(Kp/Pa) =‘1og(Kp/atm) + 5.006
log (K_/mol m™>)= log(K_/mol cm™®) + 6.000

RECOMMENDED RATE CONSTANT

oo

K = 1.6 x 101

exp(-16 000/T) st
Temperature Range: 350-390 K.

Suggested Error Limits for Calculated Rate Constant: #30%.

Rate Parameters: log(A/s 1) 15.20  +0.20

E/J mol~!

133 000 20 000
E/cal mol™! = 32 000 +5000
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NO,F+ M— NO,+F+M

EXPERIMENTAL DATA

Rate Constant k

™hH

Temperature

(x)

Method and Reference

Comments

1st ORDER RATE CONSTANT k;

2.5x10°3

-5
8.4x10 -
2.2x10"4 M=NO,F

_ 3
4.9x10

353
364
373
380

363
373
383

J. Phys. Chem. Ref. Data, Vol. 10, Suppl. 1, 1981

Static system. NOSF at

0.25-31.9 kPa pressure. In
some experiments 02,Ar,N02
or F2 added.
followed manometrically.

Reaction

SKIENS and CADY 1958 (1)

Static system. NOSF at
0.08-53.3 kPa pressure. In
some experiments NZ,OZ,Ar,
COZ’ NOZF or FZ added.
Reaction followed manomet-
rically.

SICRE and SCHUMACHER 1962
(2)

VISCIDO, SICRE and
SCHUMACHER 1962 (4)
VISCIDO, SICRE and
SCHUMACHER 1963 (5)

Products found to be 02 and

NOZF.

following mechanism, with

Authors proposed the

reaction 1 the rate determining
step:-

N03F + M~ NO3 +F+M 1
+ NO; » NO, + NO, + 0, 2
NO, + F + M~ NOZF 3
Pressure dependence of rate

NO3

constants extrapolated to
infinite pressure. Reaction was
found to be entirely homogeneous
and first order over pressure
range studied.

0f the added gases, NO2 and F2
accelerated the reaction rate,
NO2 by up to a factor of 50,
while O2 and Ar both reduced it
by half. No further attempt was
made to determine rate constants
An overall expression k; = 5.8x
1013exp (-14 900/T) 571
determined for M=NO<F.

was

Results generally in agreement
with those of (1). An overall
expression k§=2.5x1015exp

(-16 200/T) s~! was derived.
From the experiments with added
inert gases, the following
relative third body efficiencies
were obtained: NOSF:NZ:OZ:Ar:
COZ:NOZF = 1:0.14:0.15:0.15:
0.25:0.90.
to the results of (1).

by (6).

This is in contrast
Quoted
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NO,F+ M~ NO,+ F+ M

EXPERIMENTAL DATA - CONTINUED

Rate Constant k

s t Temperature Method and Reference Comments
(cm® mol” s-l) i (K)
2nd ORDER RATE CONSTANT k§
3 ;
%giigs } MaNO. 28; Static system. N03F at Reaction followed at low
1.9x10% 3 413 61.3-2660 Pa pressure. pressures to obtain second order

Reaction followed
manometrically.

BRUNA and SICRE 1971 (6)

Discussion

Nitroxy fluoride (fluorine nitrate) decomposes readily at
temperatures not much above ambient. Its pyrolysis is thus
easily studied, the products being nitry] fluoride and oxygen,
if the reaction is allowed to proceed slowly, or nitrosyl
fluoride and oxygen under conditions of spark ignition 1}

The slow reaction is conveniently studied around 350-400
K. Skiens and Cady [1] used an aluminium reaction vessel,
identifying products from their melting and boiling points,
and hence ascertaining the overall stoichiometry. In some
experiments the reactor was packed with aluminium
turnings, but no change in overall rate was noted, and the
reaction was concluded to be a homogeneous, first order
reaction. They postulated the following reaction mechanism:

NO,F + M — NO, + F + M Q)
2NO, — 2NO, + O, @)
NO, + F + M — NO,F + M 3)

and claimed they had measured %), the first step being rate
determining.

kl, otherwise system as used
previously (4).

N03F + M~ NO3 + F +M 1
Some experiments carried out at
383 K, but rate too small to be
measurable. From the results
given, authers derived the
expression kg=8.7x1020exp
(-15 800/T) emd mo1”! 571 over
the temperature range studied.
The results were compared with
theoretical calculations by both
Lindemann-Hinshelwood and RRKM
theories, giving the following
expressions for kl’ of which
the latter is only in error by
a factor of two at 400 K:-
kl(Lindemann—Hinshelwood) =2.55
x1017exp(-13 870/T) em® mo1™1
s"l; k; (RRKM all vibrational)=
1.01x10%%exp(-15 250/T) cm®
-1 5'1; k, (RRKM vibration/
rotation) = 1.63x10 Oexp(—ls 450
/T) en® mo1”1 7L,

mol

Their results were confirmed by Viscido et al. [4] using
similar techniques. Later, Bruna and Sicre [6] extended the
measurements to much lower pressures to obtain the second
order rate constant.

We recommend a value of k°=1.6X10" exp(-16 000/T)
s”! for the limiting first order rate constant, M=NO,F, over
the temperature range 350-390 K, with error limits of
+30%. No value is recommended for the second order rate
constant &j.

Relative Third Body Efficiencies
Both Skiens and Cady {1] and Schumacher et al. [2,3,4]

have considered the effect of additions of “inert” substances
to the pyrolysis vessel. The former authors added Ar, O,, F,,
H, and NO,. Ar and O, retarded the reaction rate by about
50%, F, increased it by about a factor of 3, and NO, by a
factor of 10-50. This, they concluded, must be due to the
occurrence of reaction 4 (this Vol., section A29).

NO,F + NO, — NO,F + NO, @

It was impossible to study the effect of H,, as HF was
formed, which attacked the glass: of the ir. cell used to
analyse the products.

J. Phys. Chem. Ref. Data, Vol. 10, Suppl. 1, 1981
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The effects of the inert third bodies added by Viscido et

al. [4] are given in the table. Sicre and Schumacher [2]
studied the effects of addition of fluorine over a wide
pressure range. At high pressures they postulated a reaction
between NO,F and F, (section A30), but at low F, pressures
(<1.33 kPa), an apparent doubling of the first order rate
was noticed. This they attributed to a change in the reaction
mechanism, leading to a stoichiometry. of 2 for NO,F
disappearance: ‘

NOF + M > NO, + F + M (1)
NO, + F, — NO,F + FO )
NO,F + FO — NO,F + O, + F (6)

with F atoms removed by recombination.

Addition of NO, confirmed the findings of Skiens and
Cady [1}], that a separate bimolecular reaction 4 was
occurring [3] (see section A29).

References

[1] Skiens, W. E., and Cady, G. H., J. Amer. Chem. Soc. 80, 5640 (1958).

[2] Sicre, J. E., and Schumacher, H. J., Z. Phys. Chem. NF 32, 355
(1962).

[3] Viscido, L., Sicre, J. E., and Schumacher, H. J., Z. Phys. Chem. NF
32, 182 (1962).

{4] Viscido, L., Sicre, J. E., and Schumacher, H. J., Z. Phys. Chem. NF
33, 206 (1962).

[5] Viscido, L., Sicre, J. E., and Schumacher, H. J., Ann. Asoc. Quim.
Argentina 51, 82 (1963).

[6] Bruna, P. J., and Sicre, J. E., Ann. Asoc. Quim. Argentina 59, 205
(1971).

Miscellaneous Reactions Involving F/N/O
Species

The formation of nitryl fluoride was studied by Zetzsch [1]
in a discharge flow system, following a similar study on the

NO/F reaction.
NO, + F + M — NO,F + M; 1)

AH,=-220.79 kJ mol™'(-52.77 kcal mol™)

F atoms were produced from a discharge through
F(0.1%)/Ar mixtures at total pressures of 0.21-3.47 kPa.
NO, was added downstream so that [NO,}/[F}=10. [F] was
monitored by mass spectrometry, giving k,=2.3X 10" cm®
“mol™® s at 300 K, as expected, faster than the NO,/I or
NO,/Cl reactions. The reaction was also studied over the tem-
perature range 248-368 K to obtain an activation energy
E,=850£1250 J mol™ (200300 cal mol™).

Reference
[1] Zetzsch, C., Proc. 1st European Combustion Symp. 35 (1973).

A26 NO, + F, — NOF + F

The reaction between nitrogen dioxide and fluorine was
originally used for the preparation of nitryl fluoride [1].

J. Phys. Chem. Ref. Data, Vol. 10, Suppl. 1, 1981
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NO, + F, — NO,F + F; 1)

AHZ,,=-62.969 k] mol™(-15.050 kcal mol™)

The only study of the rate of reaction 1 has been by
Perrine and Johnston [2]. They mixed nitrogen dioxide and
fluorine (no details of ‘pressure given) in both glass and steel
vessels. In the latter, there was clearly a heterogeneous
component to the reaction, so all rate constant measurements
were made in glass vessels by following [NO,] by absorption
of light at 436 nm. Fluorine atoms produced had to be
removed either by reaction 2 or 3, both very much faster
than reaction 1.

NO, + F + M - NOF + M 2
F+F+M->F +M 3)

Taking this into account, the rate constant for reaction 1 was
found to be k,=1.59X10" exp(-5300/T) c¢m® mol™ st
over the temperature range 300-343 K.

References

[1] Ruff, O., Menzel, W., and Neumann, W., Z. Anorg. Chem. 208, 293
(1932).
[2] Perrine, R. L., and Johnston, H. S., J. Chem. Phys. 21, 2202 (1953).

A27 NO, + F,0 — NOF + FO

The reaction between nitrogen dioxide and F,0 proceeds
in a manner analogous to that between NO, and Cl,0 (section
B53), with an additional route leading to O, production [1].

NO, + F,0 — NO,F + FO; 1)
AHj,=-57.614 kJ mol(-13.770 kcal mol™)
Reaction 1 was assumed to be the rate determining

initiation reaction. De Staricco et al. [1] studied the reaction
over the temperature range 333-353 K. An excess of

- F,0(8.0-46.7 kPa) was used in a static system with

NO,(1.33-5.33 kPa), and the reaction followed

manometrically. The following reaction scheme was
suggested.
NO, + F,0 — NO,F + FO 1)
M

NO, + FO — NO,..FO - NO, F (2a)
— NO, + F (2b)
-2NO, — 2NO, + O, 3)
NO, + F+ M - NOF + M 4)

By freezing down the products rapidly at 195 K, the
intermediate species NO,..FO was isolated and its
subsequent decay through paths 2a and 2b followed. A rate
constant k,=1.28X10"" exp(-7800/T) cm® mol™ s was
determined.
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Reference

[1] de Staricco, E. R., Sicre, J. E., and Schumacher, H. J., Z. Phys. Chem.
NF 39, 337 (1963).

A28 NF, + F,0 — NF, + FO

This reaction was studied by Rubinstein et al. [1] over the
temperature range 393-463 K, using thermal decomposition
of N,F, to produce the NF, radicals in N,F, (2.10-4.73
kPa)/F,0(5.43-13.2 kPa) mixtures.

NF, + F,0 — NF, + FO; 1)

AH3,=-89.496 k] mol™ (-21.390 kcal mol™)

The reaction was followed manometrically. Final products
were determined as NF, and NOF in a 3:1 ratio. No
subsequent reaction was seen between NOF and F,0, and
the authors concluded reaction 1 to be rate-determining, with
k,=3.0X10"7"° exp(-11 100/T) cm® mol™ s7".

Reference
{1] Rubinstein, M., Sicre, J. E., and Schumacher, H.-J., Z. Phys. Chem.
NF 43, 51 (1964).

A29 NOF + NO, - NOF + NO,

Reaction 1 was first put forward to account for the
extremely high efficiency of NO, as a third body in the de-
composition of nitroxy fluoride (1)

NO.F 4+ NO, — NO,F + NOg 1)

AHSe=-81.211 kJ mol™(-19.410 keal mol™)

Skiens and Cady [1] found the rate of the decomposition
increased by from 10 to 50 times on the addition of NO,, but
made no attempt to measure a second order rate constant.
Viscido et al. [2] followed the reaction over the temperature

range 353-383 K. They mixed NO, (1.33-5.35 kPa) and

NO,F(6.35-13.9 kPa) over this temperature range following
the pressure changes, and analysing the products (NO,F, 0,)
by ir. spectroscopy. They found &,=1.9x10"
exp(~14 300/7) em® mol™ s~ over that temperature range.

References

[1] Skiens, W. E., and Cady, G. H., J. Amer. Chem. Soc. 80, 5640 (1958).
[2} Viscido, L., Sicre, J. E., and Schumacher, H. J., Z. Phys. Chem. NF
32, 182 (1962).

A30 NOF + F, - NOF + F + FO

When fluorine was added to nitroxy fluoride in studies of
the decomposition of the latter [1,2] Skiens and Cady [1]
noted an increase in the apparent rate of decomposition by a
factor of 3-3.5.

NO,F + F, » NO,F + F + FO; 1)

AH30,=68.450 kJ mol(16.36 kcal mol™)

They noted that if the fluorine were to attack the NO,
formed during the decomposition, the reaction chain would
be broken, and thus fluorine would act as an inhibitor, not
an accelerator of the decomposition. They therefore
postulated a direct attack by F, on NO,F, but gave no
details.

Sicre and Schumacher [2] found that low pressures of F,
added to NO,F apparently doubled the decomposition rate by
changing the decomposition mechanism (section A24). When
pressures of 9.36-49.6 kPa F, were added to about 4.7 kPa
NO,F, a direct bimolecular reaction occurred between them,
and reaction 1 was assumed to be the initial, rate
determining step. Over the temperature range 363-383 K,
they obtained k£, =6.7X 10" exp(-11 400/T) cm® mol™ s7".

References

[1] Skiens, W. E., and Cady, G. H., J. Amer. Chem. Soc. 80, 5640 (1958).
[2] Sicre, J. E., and Schumacher, H. J., Z. Phys. Chem. NF 32, 355
(1962).
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A31

COF, + M~ F+ COF+ M

BAULCH ET AL.

THERMODYNAMIC DATA

T AH® As° log X, log K_
(K) (kJ mo1™1) J k! mo1 (K, in atm) (K. in mol cn™?)
298 546.26 148.24 -87.512 -91.900
300 546.29 148.32 -87.371 -91.762
500 548.31 153.67 -49.256 -53.869

1000 549.46 155.52 -20.578 -25.492
1500 548.68 154.92 -11.014 -16.104
2000 547.30 154.13 - 6.243 -11.458
2500 545.65 153.40 - 3.388 - 8.700
3000 543.86 152.75 - 1.491 - 6.882
3500 541.99 152.17 - 0.141 - 5.599
4000 540.08 151.66 0.869 - 4.647
4500 538.12 151.20 1.651 - 3.916
5000 536.14 150.78 2.275 - 3.338
SI Units:

No recommen

J. Phys. Chem. Ref. Data, Vol. 10, Suppl. 1, 1981

log(Kp/Pa) = log(Kp/atm) + 5.006

log(K_/mol m-3)= log(KC/mol cm—s) + 6.000

RECOMMENDED RATE CONSTANT

dation, see Discussion.
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SECOND ORDER PLOT
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BAULCH ET AL.

COF,+ M~ F+ COF+ M

EXPERIMENTAL DATA

Method and Reference

Comments

Rate Constant k Temperature
(em3 mol 1 s l) (x)
2nd ORDER RATE_CONSTANT k7
9.6x10] ) 2650
1.3x10, 2710
1.3x10y 2760
1.4x104 2840
2.2x10g 2825
3.2x10 2965
2.3x10§ P M=Ar 3020
3.9x10¢ 3130
4.8x10g 3215
5.0x10¢ 3265
7.4x10g 3445
1.3x10°  J 3590
9.1xlo; ) 2625
7.5x107 2681
*8.9x10] 2706
1.1x10g 2710
*1.5x10, 2725
1.5x10g 2770
*1.1x104 2774
1.6x10g 2786
1.3x104 2825
2.6x10g 2841
*2.1x104 2849
1.9x104 2874
3.7x10¢ 2915
2.5x104 r M=Ar 2924
3.2x104 2933
2.9x10¢ 2941
4.2x10¢ 2985
*3.2x104 2985
4.2x10¢ 3003
6.2x10, 3012
4.2x104 3021
*4.1x10g 3030
5.7x10g 3040
7.1x10g 3106
8.6x10, 3185
1.3x10g 3279
1.5x10° ) 3333

*1% CO added

17

3.3x10" "exp(-30 700/T)

M=Ar

J. Phys. Chem. Ref. Data, Vol. 10, Suppl. 1, 1981

2200-3600

Shock tube study. COF2
(0.5-1.0%)/Ar mixtures at
total pressures of 0.5-12
atm (50.6-1210 kPa).
Incident and reflected
[cOF,] monitored
by i.r. emission spectro-

shocks.

scopy at 5.15 um.
WESTON and MATULA 1971 (4)

‘Shock tube study. COF,
(0.5-1.0%)/Ar mixtures at
total pressures of 2.5-
9.0 atm (253-909 kPa).
Reflected shocks.
experiments 1% CO added.
[COF,] monitored by i.r.
emission spectroscopy at
5.15 um.

In some

GANGLOFF, MILKS, MALONEY,
ADAMS and MATULA 1975 (7)

REVIEW ARTICLE

Review of reaction in
shock tubes.

WAGNER 1971 (3)

Observed rate constant plotted
against pressure, and both k?
and kT obtained from Lindemann
theory. A least squares fit to
the data gives k§=1.2x1012exp
(-25 000/T) cm® mo1”1 571,
Authors found reaction in the
fall off region between first
and second order kinetics over
the entire pressure range
studied.

COF, + M+ F + COF + M 1
Quoted by (6, 7).

Second order kinetics found to
fit observed rate constant over
entire pressure range. Rate
constants derived from initial
reaction rate. Ignoring the
results from runs with added
CO, authors obtain kg-1.7x1014
_exp(-38 900/T) cm® mol™1 71,
The addition of 1% CO had little
effect on the apparent rate
constant, reducing it just
slighglg, and a value of §2<6.7
x10°T" " “exp(-11 600/T) cm
mol ! s7! was assumed.

COF2 + CO = 2COF 2
Quoted by (5).

Data of (1) at ~2 atm (203
kPa) recalculated to yield
second order rate constant.
First order constant also
Not plotted on
Arrhenius diagram.

quoted.



Tog(k/s™ 1)

EVALUATED KINETIC DATA FOR HIGH TEMPERATURE REACTIONS 1-115

COF,+ M~ COF+ F+ M
FIRST ORDER PLOT

T/K
4000 3000 2500
7.0
l |
EXPERIMENTAL DATA
M=Ar, N2 O Modica 1970 (1).
M=Ar ) Weston and Matula 1971 (4).
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g COF,+M— F+ COF+M

EXPERIMENTAL DATA - CONTINUED

Rate Constant k _ Temperature Method and Reference Comments
s™H x
1st ORDER RATE CONSTANT k7
g.éiigg %g?g Shock tube study. COF, Reaction found to be in transi-
' 4 . (0.25-2%)/Ar and COF,(2%)/ tion region between first and
i:giigg HAT N gggg N, mixtures at totalz second order kinetics over
4.0x10 3195 pressures of 0.35-28.0 atm  entire pressure range. First
(35.4-2830 kPa). Incident order rate constants determined
and reflected shocks. from Lindemann theory, no
[COF,] monitored by i.r. attempt made to determine 1
emission at 5.25 um. second order constants. Ar and
MODICA 1970 (1) N2 equally effective aswthird
bodies. Author gives ky=6.1x
10 exp(-46 300/T) s~! from
data obtained.
COF2 + M-+ F + COF + M 1
Data re-analysed in (3) to give
second order rate constant kg=
3.3x10 exp (-30 700/T) cm’ L
mol ! s71. quoted by (3,4,7).
2.6x10§ 3 2650 Shock tube study. COF, kg and k: derived from same
g:éiigB %;ég (0.5~1.0%)/Ar mixtures at experimental data by Lindemann
1.0x102 2840 total pressures of 0.5- theory. A least squares fit to
9.0x10 2895 . © 11
9.5x103 2965 12 atm (50.6-1210 kPa). the data gives k1=1.3x10 exp
4.9x103 ¢ MeAr 3020 Incident and reflected (-46 900/T) s 1.” A series of
2:};%85 g;ig shocks. [COFZ] monitored calculations were made testing
1.6x10§ 3265 By i.r. emission spectro- the ability of RRK theory to
5.9x10 3445 . .
6.4x10% J 3500 scopy at 5.15 um. describe the system at various
WESTON and MATULA 1971 (4) Pressures. In all cases,
choosing E;=Dygp_p produced an
activation energy far too high
to fit the experimental data.
Quoted by (6, 7).
Discussion similar, Gangloff et al. {7] found second order kinetics

Carbonyl fluoride is a product in many fluorocarbon
combustion systems, and its decomposition kinetics are thus
of importance in the understanding of these systems. All the
experimental investigations to date have been carried out in
shock tubes over the temperature range 2500-3500 K.
Agreement on pressure dependence and activation energy is
not particularly good. All studies have followed COF, decom-
position, there being no direct evidence on the nature of the
products or details of the reaction mechanism.

COF, + M —~ COF + F + M (1)

2nd Order Rate Constant k|

The two studies of Matula et al. [4,7] show good
agreement up to 3000 K, but increasing divergence above
that temperature. Although the pressure ranges covered are

J. Phys. Chem. Ref. Data, Vol. 10, Suppl. 1, 1981

operating, while Weston and Matula [4] found the reaction to
be in the transition region between first and second order
kinetics. We suspect that below 10 atm the kinetics
approximate more to second than first order, but that the
first order contribution cannot be ignored.

The energy of activation is so much lower than the
reaction endothermicity, more so than expected for a
molecule of this complexity, that we make no recommenda-
tion for k7. It seems likely that the decomposition mechanism
may be more complex than assumed. We have ignored
completely the expression of Wagner [3] derived from data of
Modica [1} at ~2 atm. This gives values of &] four orders of
magnitude higher than the other two studies, and it is hard
to see a reason for such a large discrepancy.

1st Order Rate Constant iy

Both determinations of &7 [1,4] are derived from a
Lindemann treatment of data obtained over a wide pressure
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range (0.3-30 atm). As might be expected, the agreement in
activation energies is good, although the results of Weston

and Matula for £}° [4] are consistently about a factor of three

lower than those of Modica [1]. In both cases, RRK theory
was also applied to the results. Modica obtained a good fit
with s=7 but claimed that any value of s>>5 would enable a
reasonable fit to be obtained. Weston and Matula used s=6
but at all pressures the apparent activation energy obtained
was higher than that observed. In recent studies using RRK
theory, s is determined by the statistical method of Benson et
al. {2].

As under second order conditions, the activation energy
seems too low, and until the mechanism of the reaction is
confirmed we suggest that the kinetic data be used only to
characterise the COF, disappearance.

References

{11 Modica, A. P., J. Phys. Chem. 74, 1194 (1970).

[2] Golden, D. M., Solly, R. F., and Benson, S. W., J. Phys. Chem. 75,
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[4] Weston, D. M., and Matula, R. A., Combustion Sci. Tech. 4, 37
(1971).

[5] Keating, E. L., and Matula, R. A., Eastern States Section Combustion
Inst. Fall Meeting (1973).

[6] Biordi, J. C., Lazzara, C. P., and Papp, ., U.S. Bureau of Mines
Report No. RI8029 (1975).

[7] Gangloff, H. J., Milks, D., Maloney, K. L., Adams, T. N., and Matula,
R. A., J. Chem. Phys. 63, 4915 (1975).

Miscellaneous Reactions Involving F/C
Species

A32CO + F 4+ M —> COF + M

Fluorine atoms react slowly with carbon monoxide to give
as final products COF, and CO,. Appelman and Clyne [1]
observed the reaction to be a slow third order process and
assumed reaction 1 to be the rate determining stage.

CO + F + M — COF + M; Q)

AH3e=-139.93 kJ mol™ (-33.443 kcal mol™)
9

F atoms were produced by a discharge through
Fy(<5%)/Ar or He mixtures at ~130 Pa pressure. CO was
added downstream in the flow system so that [CO]>[F], and
the reaction was followed mass spectrometrically, Only COF,
and CO, were observed in the mass spectrometer, so [F] was
determined by titration with Cl,, observing the CIF yield. It
was not possible to vary the total pressure sufficiently to
demonstrate conclusively the existence of a third order
reaction, but the results seemed generally consistent with
that theory with k(M=He)=1.2X10" cm® mol? s and
ky(M=Ar)=2.1X10" cm® mol® s at 296 K.

Arutyunov et al. [2] followed F atoms by es.r.
spectroscopy in a flow system. F atoms were produced in an
F,(5%)/He or N, discharge at total pressures of 66.7-400
Pa, with CO added downstream at 26.7-40 Pa pressure. O,
was also added at ~3 Pa to remove COF radicals which the
authors suspected might otherwise generate more F atoms
through reaction 2.

1-117
COF + F, — COF, + F @)
COF + 0, — COFO, 3)

They obtained &, (M=He)=2.3X10" c¢m® mol? s and
k,(M=N,=2.5%10" cm® mol” s at 293 K. The value of
k,(M=He) is higher than Clyne’s, where regeneration of F
atoms was not considered. However, in the absence of
further evidence as to the relative importance of reaction 2,
we recommend the value & (M=He)=2X10" ¢cm® mol™ s
at 295 K, with error limits of a factor of two.

References

[1] Appelman, E. H., and Clyne, M. A. A., JCS Faraday I 71, 2072
(1975).

[2] Arutyunov, V. S., Buben, S. N., and Chaikin, A. M., Reaction Kinet.
Cat. Letts. 3, 205 (1975).

A33 CO + F, — COF + F

The reaction between carbon monoxide and fluorine was
considered by Heras et al. [1,2] to be the rate determining
step in the formation of the peroxide (COF),0,.

CO + F, — COF + F; (1)

AHZ,=17.895 k] mol(4:277 keal mol™)

CO and F, react at a measurable rate at room temperature.
Heras et al. studied this reaction in the presence of O,
leading to the formation of monofluorocarbonyl peroxide, a
reaction which is explosive above 323 K. They used a static
system, with
CO(1.60-27.2 kPa)/F,(1.31-21.0 kPa)/04(3.35-71.4 kPa)
mixtures, O, always in excess, at total pressures of
8.00-98.2 kPa, over the temperature range 288-318 K. In
some experiments N, or CO, at 53.3 kPa or (COF),0, at
6.67-13.3 kPa were added to look for any third body effect.
The reaction was followed manometrically and the authors
concluded that reaction 1 was rate determining, with no third
body effects. They gave k,=4.7X10" exp(-3000/T) cm’®
mol™ 57\

The reaction has been investigated more recently by
Kaprilova et al. [3], looking for the effect of excited COF and
COF, in any subsequent chain reaction. A static system was
again used, with F, (0.13-2.67 kPa)/C0O(0.13-6.67 kPa)
mixtures over the temperature range 273-350 K. The
reaction was followed manometrically. In some cases O, was
added, and the authors showed that this retarded the initial
reaction rate, reaching a limiting value where [0,]=0.1[F,].
Working under these conditions, and allowing for O, removal
by reaction 2, the authors obtained k1=1.9)<102 em® mol™
s at 294 K.

COF + 0, — COFO, @

An overall activation energy of 62.3 kJ mol™ (14.9 kcal
mol™") was obtained, but no attempt was made to determine
E,.

In view of the enormous discrepancy in the results, no rec-
ommendation is made for £;.

J. Phys, Chem. Ref. Data, Vol. 10, Suppl. 1, 1981
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A34 CO + FO —» CO, + F

There has been only one direct determination of the rate
constant &, for the reaction of CO and FO, by Henrici et al.

[2].

CO + FO — CO, + F; 1

AH3,=-312.87 kJ mol '(-74.777 kcal mol™)

They followed the reaction in a shock tube, producing FO
radicals by shocking F,0(0.51-3.19%)/CO(0.76-2.85%)/Ar
mixtures at total pressures of 2.43-27.6 kPa, over the tem-
perature range 800-1400 K. Under these conditions CO was
assumed not to dissociate. Two separate experiments were
undertaken. In one, the reaction behind a single-pulse shock
was followed mass-spectrometrically, while in the other F,0
decay and CO, production were followed behind incident
shocks, the former by u.v. absorption at 220 nm, and the
latter by i.r. emission at 4.3 pm. Combining the results from
the two sets of experiments, and using their own value for
reaction 2, determined in the same study, they gave k=
7.5X10" cm® mol' s over the temperature range
900-1400 K, with an error of a factor of 2.

FO+ M—>F + FO + M @)

A slight positive temperature dependence was observed in
the experimental data, but the authors set £,=0 since
Dy > >Dgp and reaction 3, has only a small activation
energy.

CO + OH — CO, + H 3)

Arvia et al. [1] investigated the CO/F,0 system in quartz
and glass vessels, but due to complicated wall reactions were
unable to isolate the effects of reaction 1, producing an
expression k= (k.k,ks/ko)"*=1.5X 10"
exp(-12 800/7) cm’ mol™ s over the temperature range

overall

423-473 K, based on a reaction mechanism of reactions 1,

4, 5, 6.

COF + F,0 — COF, + FO )

€O + F,0 — COF + FO 5)

COF + FO — COF, + O 6)
References
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[2] Henrici, H., Lin, M. C., and Bauer, S. H., J. Chem. Phys. 52, 5834
(1970).

Carbon tetrafluoride shows negligible decomposition at
temperatures up to about 1500 K. Kochubei and Moin [2]
found that in the presence of H,, no reaction occurred to
compete with reaction 2 in a flow system where the reaction
time was 5 seconds.

CF, + M > CF, + F + M; 1)

AH3,=541.82 kJ mol™(129.50 kcal mol™)
H + CF, — CF, + HF @

Modica and Sillers [1] studied the decomposition in a
shock tube between 2200-3000 K, and were able to observe
both CF; and CF, radicals, indicating a chain reaction
occurring at these temperatures. They shocked
CF,(0.5-1%)/Ar mixtures and also pure CF, at pressures of
91.8-365 kPa. [CF,] was monitored behind incident shocks
by u.v. absorption at 266 nm. They found that the CF; disso-
ciation rate, determined earlier in the same study, was three
times as fast as the rate of formation of CF,, and concluded
that reaction 1 was rate determining. The reaction was
second order over the entire pressure range studied. A least
squares fit to the data for M=Ar gave k] =6.2X10%T %
exp(-61 610/T) cm® mol™ s™*, with the collision efficiencies
for Ar and CF, reported to be roughly equal. This expression
can be stated in Arrhenius form as k;=1.2X10"
exp(-51 000/T) cm® mol™ s7".

References

[1] Modica, A. P., and Sillers, S. J., J. Chem. Phys. 48, 3283 (1968).
[2] Kochubei, V. F., and Moin, F. B., Kin. i. Kat. 10, 492 (1969). English
translation p. 405.

Miscellaneous Reactions Involving F/S
Species

Sulphur hexafluoride, stable and inert at room tempera-
ture, decomposes under shock tube conditions according to
reaction 1.

SF, + M — SF, + F + M; 1)
thermodynamic data unavailable for SF;.

This dissociation was first studied by Bott and Jacobs [2].
They shocked SF(<0.1%)/Ar mixtures at total pressures of
0.13-4.50 atm (13.3-455 kPa). [SF,] decay was monitored
by i.r. emission spectroscopy behind incident shocks at 10.6
pm. Some runs were made at pressures up to 30 atm (3.03
MPa) by monitoring the u.v. absorption spectrum of SF,
behind reflected shocks at 235 nm, as background radiation
obscured the ir. measurements. SF, is produced by the
instantaneous decay of SF; in reaction 2.
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SF, + M > SF, + F + M @)

RRK theory was applied to the first order rate constants
obtained to give k7 =8.9X 10"? exp(-38 600/T) s~ at infinite
pressure over the temperature range 1650-2050 K. The rate
constants obtained were in fact in the fall-off region between
first and second order. The value of E| obtained is in good
agreement with the SF-F dissociation energy [1].

In a similar investigation, Modica [3] shocked SF(1%)/Ar
mixtures over the pressure range 1-3 atm (101-303 kPa),
following  the mass-spectrometrically  behind
reflected shocks, and also monitoring [SF,] by u.v.
absorption spectroscopy at 266 nm. He obtained a value for
the SF,-F bond dissociation energy of 273 kJ mol™(65.2 kcal
mol™). Although this is somewhat lower than that obtained
by Bott and Jacobs, he found it possible to fit their data with
an RRK calculation to give k7 =5.0X 10" exp(-32 800/T)

-1

reaction

s
In view of the lack of confirmatory data, no recommenda-
tion is made for £,.
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A37 SF, + M — SF; + F + M

Sulphur tetrafluoride is the chief product of SF, dissocia-
tion. When shock heated itself, it decomposes further
according to reaction 1.

SF, + M - SF, + F + M; (1)
thermodynamic data unavailable for SF,.

Bott [2] shocked SF,(<0.1%)/Ar mixtures at total pressures
of 0.55-3.48 atm (55.5-351 kPa). [SF,] decay was
monitored behind the incident shocks by ir. emission
spectroscopy at 11.45 pm. The results were treated as in the
earlier SF, study [1], and RRK theory applied to give k* =
4.3X 10" exp(-40 000/T) s over the temperature range
1650-1950 K. The pre-exponential factor obtained is less
than the 10" predicted by transition state theory, which
leads to a larger pressure dependence than shown by the ex-
perimental data, all of which were measured in the fall-off
region between first and second order.
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{1] Bott, J. F., and Jacobs, T. A., J. Chem. Phys. 50, 3850 (1969).
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A38 SF, + M — SF, + F + M

In his study of SF, dissociation, Bott [1] made a number
of runs at 2050 K, and noticed that i.r. emission at 12.6 pm,
attributed to SF;, was beginning to decrease with tempera-
ture increase so that the SF; production no longer balanced
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the decomposition of the SF,. He proposed that SF; itself
was dissociating according to reaction 1.

SF, + M > SF, + F + M (1)

To study this decomposition he shocked
SF,(0.1-0.3%)/Ar mixtures at 0.8-2.7 atm (30.3-277 kPa)
pressure, following the SF, decay as before by i.r. emission
spectroscopy at 12.6 pm. The reaction was found to be
occurring entirely in its second order region, there was no
pressure dependence, and ‘over the temperature range
2050-2840 K he obtained k;=4.3X10" exp(-36 200/T)

3 a1
em’ mol™ s
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A39 SF; + SF, — SF, + SF,

The disproportionation of SF; radicals is believed to be

the rate controlling step in the pyrolysis of disulphur
decafluoride [3].

SF, + SF, — SF, + SF, Q)

The pyrolysis of S,F,, was first investigated by Trost and
McIntosh [1]. They used a static system with S,F,, at
3.67-52.7 kPa pressure, and studied the pyrolysis over the
temperature range 434-455 K, following the reaction
manometrically. The reaction rate was found to depend both
on pressure and the surface-to-volume ratio of the vessel.
Above about 30 kPa, first order conditions prevailed, and
extrapolating these results to a surface-to-volume ratio of O
they obtained k., =3.0X10* exp(-24 800/7T) min™’,
assuming instantaneous decomposition of S,F,; to SF;

overall

radicals. This expression is incompatible with their data, and
was re-expressed by Benson and Bott [3] as %
3.0 X 10 exp(-24 800/T) s

These data have been reinterpreted by Benson and Bott
[3] using thermodynamic data for the S,F,/SF; equilibrium
provided by Wilkins [2]. This gives an overall rate k

overall —

overall —

5.6X 10" exp(-23 000/T) s’ and hence %, (from
Epyeran/ K3)=6.8 X 10" exp(-9400/T) cm® mol™ 57", '
S,F,, = SF; + SF; )

Benson and Bott consider this 4 factor to be too high for
this type of reaction. As a large error was possible in the
original entry E,, ., due to the small temperature range
considered, they recalculated the data again on the basis of
A4,=3x10" cem® mol? s to give £,=3.0x10"
exp(-8000/T) cm® mol™ 57,

In view of the uncertainties, no recommendation is made

for k,.
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At room temperature, fluorosulphuryl peroxide

- decomposes slowly to give the FSO, radical. Schumacher et
al. [1,2] have studied the decomposition in the presence of
N,F, and NO, over the temperature range 258-288 K, and
found in both cases that reaction 1 was rate determining.

F,S,0 + M — FSO, + FSO, + M (1)

In the first study [1] F,S,04(1.33-8.00 kPa) was mixed with
N,F, (2.67-53.3 kPa) in a static system. In some
experiments N,(66.7 kPa) or 0,(40.0 kPa) were added. The
reaction was followed manometrically. It was found that the
overall rate was independent of [N,F,], and first order with
respect to [F,S,0,]. No evidence was found of any second
order contribution at this pressure. The authors give the
expression k;=4.0X10" exp(-12 100/T) s™' over the tem-
perature range 258-288 K, which gives £, <, in this range,
in agreement with the experimental results.

N,F, + M — NF, + NF, + M )

Similar results were obtained for mixtures of
F,5,04(0.8-5%)/N0,(1.7-30%)/N, or O, at pressures of 80
kPa [2]. This time they obtained &,=3.0X10"
exp(-12 000/T) s over the temperature range 263-288 K.
We recommend the expression #£,=3.5X10"
exp(-12 000/7T) s over the temperature range 260-290 K,
with error limits of £50%.

References

[1] von Ellenreider, G., Castellano, E., and Schumacher, H. J., Z. Phys.
Chem. NF 57, 19 (1968).

[2] von Ellenrieder, G., and Schumacher, H. J., Z. Phys. Chem. NF 59,
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A41 F,SO, + M —> F + FSO, + M

Fluorine fluorosulphate is stable at room temperature, but
its decomposition can be studied at 373 K under normal
static system conditions. Schumacher et al. have studied the
decomposition both in the presence of SO; [1] and Cl, [2]
and in both cases found reaction 1 to be rate-determining.

F,S0, + M - FSO, + F + M; 1)
thermodynamic data unavailable for F,SO,, FSO,.

In the first case, mixtures of F,50,(0.93-80.0 kPa) and
50,(0.53-9.33 kPa) were heated in a static system to
364-394 K with added F,S,04(0.07-10.6 kPa) or inert gases
(13.3-66.7 kPa). The reaction was followed manometrically.
The authors found that [SO,] had no influence on the
reaction rate, which was first order in F,50,. No second
order contribution was observed, and the authors obtained
k,=1.4X10" exp(~16 600/T) s, for M=F,S0,. Of the
added gases, F,S,0 (the main product) exerted a catalytic
effect, but the others considerably retarded the rate, viz.,
F,S504:F,8,04:50,:0,:N,:Ar:He =
1:2.2:0.7:0.63:0.25:0.12:0.06.
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A similar situation occurred in the presence of Cl,. F,SO;
(1-100%)/Cl,(1-80%) mixtures were used, with CO, added
in some cases to a total pressure of 66.7 kPa. Reaction 1 was
again rate determining and in its first order region, with £, =
6.5x 10" exp(-16 400/T) s over the temperature range
363-383 K. This gives a difference of 20-25% between the
two expressions. We recommend the expression k=
1.0 10" exp(-16 500/T) s' over the temperature range
360-390 K, with error limits of =50%.
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Ad2 F,SO, + M — SOF + F + M

Sulphuryl difluoride is the chief product in the oxidation
of SF,. Its own pyrolysis has been studied in a shock tube by
Wray et al. [1].

F,S0, + M - S0, F + F + M; (1)
thermodynamic data unavailable for SO,F.

They shocked SO,F,(0.1%)/Ar mixtures at total pressures
of 4.00-80.0 kPa and studied the reaction behind incident
shocks over the temperature range 1900-2300 K. [SO,F,]
decay was monitored by i.r. emission spectroscopy at 11.7
pm. The reaction was found to be pressure dependent over
the entire pressure range, and an attempt was made to fit an
RRK expression to the data. The best fit was obtained with
the expression &, =1X 10" exp(-41 000/7) s
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Fluorosulphuryl peroxide reacts with nitric oxide at a
measurable rate at room temperature. Using a static system,
von Ellenreider and Schumacher chose to study the reaction
over the temperature range 238-258 K [1].

F,5,0, + NO — FSO, + FSO,NO; (1)

thermodynamic data unavailable for F,S,0,.

F,S,04(3.85-67.2%)/NO mixtures were used at 0.27-2.00
kPa pressure. The reaction was followed manometrically. A
white solid was formed, which the authors concluded was
FSO,NO. It was the only product, the FSO, radical
recombining to give F,S,0,. From these results, the authors
concluded that reaction 1 was the rate-determining step, with
£, =2.8X10" exp(-2600/T) em® mol™ s™".
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AddS + F, — SF + F

Clyne and Townsend have studied the reactions of sulphur
atoms with halogen molecules [2] in a flow system. The
reaction with fluorine is slow compared to that of other
halogens although not as slow as the corresponding reaction
of O atoms [1].

S+ F, —SF + F (1)

thermodynamic data unavailable for SF.

Clyne and Townsend produced S atoms by a discharge

through SO,(~0.1%)/Ar mixtures, F,(5%)/He

adding
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mixtures downstream so that [F,]~1000[S], total pressure
<530 Pa. [S] monitored by resonance fluorescence at 180
nm, or by titration with O,, [0] being followed at 130 nm.

S+ 0,—-S0 + 0

The other products of the SO, discharge, SO and O atoms,
were kept at low concentrations by using [SO,]»20 mPa. At
298 K they obtained &,=(1.820.5)X 10" ¢m® mol™ s7'.
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B1

BAULCH ET AL.

CL+M~—CI+Cl+ M

THERMODYNAMIC DATA

T AH® As° log X, log K_
(X) (kJ mo1™1) 7 k1 mo1™h (K, in atm) (K. in mol cn™®)
298 242.580 107.190 -36.900 -41.288
300 242.597 107.257 -36.638 -41.029
500 244.521 112.165 -19.686 -24.299

1000 248.622 117.960 - 6.826 -11.740
1500 251.676 120.449 - 2.472 - 7.562
2000 254.094 121.851 - 0.272 - 5.487
2500 256,103 122.750 1.060 - 4.252
3000 257.751 123.353 1.956 - 3.435
3500 259.006 123.746 2.598 - 2.860
4000 259.935 123.989 3.082 - 2.434
4500 260.588 124.144 3.460 - 2.107
5000 261.082 124.252 3.762 - 1.851
SI Units: log(Kp/Pa) = log(Kp/atm) + 5.0056
log(KC/molm_S) = log(K_/mol cm_s) + 6.000

Suggested Error Limits for Calculated Rate Constant:

k = 2.32 x 10%
= 3.85 x 10

RECOMMENDED RATE CONSTANT

3
11

exp (-23 630/T) cm

3

mol”1 71

1 -1

exp (-23 630/T) cm3 molecule™ ! s

(k is defined by -d[C1,]/dt = k[C1,] [M])

Temperature Range: 1550-2800 K.

temperature range.

Rate Parameters:

log(A/cm3 mol™l g1

1 .-1

1og(A/cm3 molecule * s
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E/J mol~

E/cal mol~

)

)
1

1

=

"

13.366 20.18
-10.414 20.18
196 470 23 930

46 960 + 5 720

(M=Ar)
(M=Ar)

+50% over quoted
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ChL+ M= Cl+ Cl+ M

T/%
2000 1500

oo

EXPERIMENTAL DATA

M=Ar fo) Hiraoka and Hardwick 1962 (1).
(] Diesen and Felmlee 1963 (3).
A Jacobs and Giedt 1963 (4).

—— Borisov et al. 1965 (5).
—— Van Thiel et al. 1965 (7).
< Carabetta and Palmer 1967 (8).
+ Blauer et al. 1971 (19).

Santoro et al. 1977 (26).

Lloyd 1971 (20).
Kondratiev 1972 (23).

This evaluation.
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Cl,+M—Cl+ Cl+M
EXPERIMENTAL DATA
Rate Constant k Temperature Method and Reference Comments
(cm® mo171 s71y (K}
(a) i.giigg 3 ig;g Shock tube study. C12(4% Initial gradient of C12 dissocia-
8.4xlog 1960 (a), 20% (b), and 25%.(c)) tion profile used to obtain k1
4.0x109 1970 /Ar, and 25% Clz/He mix- Cl2 + M>Cl +C1l +M 1
g:g§i89 2838 tures. Incident shock with correction made for enthalpy
g'giiglo %iég conditions. [Clz] moni- effect. Vibrational relaxation
) 4:2X108 1600 tored by absorption ~340- assumed sufficiently fast to be
;.;iigg F MeAr };gg 420 nm. ignored. Authors fit results to
2:7x103 1900 HIRAOKA and HARDWICK 1962 form sugges"e‘; by °°1%iSi°n
gzgiig }358 ) th;ory:_¥1=éT (D/RT)“ exp(-D/RT)
1.97(1010 2180 cm” mol s ~, where D is dissoc-
(c) 2.1x108 1550 iation energy of Cl2 at 0 K(238.7
3:0x10g 1640 kJ mol™}; 57.06 kcal mol™l). A
5.9x103 1720 given as 1.3x1012 cn® mo171 571
i:;iigll ) %ggg 7% for mixtures (a), and 1.1x
1012 for mixtures (b) and (c).
TROE and WAGNER (11) report these
data according to expression
k; (M=Ar)=1.7x101% exp(-25 160/T)
em® mo17! 571 (1600-2600 X).
g’%iigg AR };ég Shock tube ?tudy. CIZ/Kr k, determined from initial slope
g leog 1805 (0.5%) /Ar mixtures behind of Clz decay. Boundary layer
i ;;}89 igig reflected shocks. Total effects considered to give
2. 8x10° 1980 pressures 82-388 mm Hg possible systematic error of a
i ;iigg gggg (10.9-51.7 kPa). Dissocia- factor 2. Authors give apparent
4.1x10° (z pts.) 2110 tion followed by t.o.f. activation energy of least-
; 8§i8 %égg mass spectrometry. squares fit to their data as
§-0x10 10 M=Ar 2295 171.5 kJ mol™t. (41 kcal mo1™1),
2 111818 2360 DIESEN a?d FELMLEE 1963 TROE and WAGNER (11) fit expres-
2 leoig 2550 (3) sion k; (M=Ar) = 8.7x10%3 exp {-
2.7x1010 2575 (20 630£1010)/T} cm® mol™1 s71
3.9x1070 2640 (1700-2300 K) to these data.
£ ool 22
shigo )%
x
(a) ;:;giigg A };gg Shock tube study. €1, (2% Temperature assigned by authors
1.92x10 1860 (a) and 4% (b))/Ar mixtures to mixtures (a) given as (3T2 0"
g:ggiig igéi behind incident shocks. TZ,eq)/a’ and  to mixtures (b),
3'81XI08 1989 Cl, absorption followed at (7T2’O-T2’eq)/8, where TZ,O and
g:ggiigs %82? 364 nm. T2,eq are the initial and equil-
6.93x108 2061 JACOBS and GIEDT 1963 (4) ibrium post-shock temperatures,
}:ggiig rM=Ar ;%%; respectively, and differ by #100
1.80x109 2241 K. Values of k;
L o i PRI,
4.47x107 2469 obtained from slope of absorption
2:221189 %Z;g profiles. Authors fit least-
6.45x103 2513 squares expressions k; (M=Ar) =
) 7-82x10g 1765 8.9x1013exp(-24 310/T) cm3 mo1~!
. J s7! and 8.5x1013exp(-24 510/T)
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CL+M—Cl+CI+M

EXPERIMENTAL DATA - CONTINUED

1-125

Rate Constant k Temperature Method and Reference Comments
(cm3 mol™t 5-1) (x)
2.74x108 1936 JACOBS and GIEDT 1963 (4)  cm® mol ! s} to mixtures (a) and
é:ggi}gg %ggg continued. (b). Statistical err?r quot?d '
9.40x109 2107 as +6%. Authors ascribe variation
}:221%89 F M=AT g%gi between two sets of data to
1.94x10 2330 errors in temperature assignment.
%:;giigg %igg If act%vaFion energy set a? bond
4.12x10 2467 dissociation energy, classical
form of kl(M=Ar) given (for
mixtures (a)) as 3.13x10%%(28 720
/1% 087 xp(-28 720/T) cm® mo1~!
s™L. Used by (10,13,15,16 and
18). kl(M=C1)=k1(M=C12)=k1(M=Ar)
estimated by JACOBS, COHEN and
GIEDT (10), but in later study
(13) they found k, (M=C1)=10k; (M=
Ar), for 3500-5200 K. Used by
(15 and 16). Simple Arrhenius
expression for mixtures (a) used
by (14 and 22).
600-1500 Shock tube study. ClZ/CH4 From variation of ignition delays
/Ar mixtures, with CH4/C12 with temperature, k1
ratios 1 and 3.6. Reflec- Cl2 +M~>ClL +Cl +M 1
ted shock region, pressures obtained, using k2 and k3 from
1-3 atm (101.3-304 kPa). (2)
Experiments also performed Cl + CHy ~ CH; + HC1 2
by expanding CH4/C12 €1, + CHS + CHzC1 + C1 3
mixtures into evacuated Least squares fit to data given
vessel. Ignition delay as kl(M=CH4+C12)=1.1Ox1014exp(—
times determined from 23 650/T) emS mo1”t 71,
pressure measurements and
emission from reaction.
BORISOV, KOGARKO and
SKACHKOV 1965 (5)
4.57x10 %exp(-22 870/T) 1600-2600  Shock tube study. Cl,(5%  Vibrational relaxation of Cl,

M=Ar

and 10%) /Ar and Clz(S%)/CO2
(1%)/Ar mixtures.
shocks. C1z absorption

followed at 365 and 385 nm,
and two-body recombination

Incident

emission followed at 385,
410, 460 and 510 nm.

VAN, THIEL, SEERY and
BRITTON 1965 (7)

assumed complete. Corrections

made for emission. Expression
given here is for S%Cl2 mixtures,
believed by authors to be best for
kl(M=Ar).
mixtures given as 7.94x101
(-17 990/T) cm® mol™l 71,

Although C12 shown qualitatively

Expression for 10%C12

2exp

to be more efficient than Ar as
third body, large uncertainties
in data did not allow authors to
separate kl(M=Ar) from kl(M=C12).
LLOYD (20) presents individual
data points after enlarging the
authors' original graph.

. Phys. Chem. Ref. Data, Vol. 10, Suppl. 1, 1981
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Cl,+ M- Cl+Cl+M
EXPERIMENTAL DATA - CONTINUED
Rate Constant k Témperature Method and Reference Comments
(em® mo171 571y (K)

(a) 8.13x10; 3 1738 Shock tube study. (a) Cl2 Values of k1 obtained from time
i‘ggiig %g%g /Ar mixtures, in ratios 1:2 taken for emission to reach } of
2.19x108 1866 and 1:5, and (b) Clz/Ar/O2 its equilibrium value. Beyond
2.34x10 1892 . . : e e .
4.27x10§ 1974 mixture in ratios 30:6:1. this time, corrections for
3.02x10 1982 Emission at 500 nm used to reverse reaction -1
3.63x10 1989 : s -
8.51x108 2012 monitor reaction. Cl + C1L + M »‘Cl2 + M 1
3:2%1188 %812 CARABETTA and PALMER 1967 neces?ary. Effective temperature
6.61x105 2032 (8) T defined by LSTZ,O—TZ’eq)/4 (see
8.32x10 2095 4). Corrections for effects of
1.0 x107 2144 ) e
1.15x103 > M=Ar 2162 changing density with time also
1.05x109 2170 made. Addition of oxygen (mix-
1.86x10 2207
1.32x103 2212 tures (b) found to have no
2.24x109 2256 effect. Authors gave expression
S'SQXIOQ 2440 to fit these data as k, (M=Ar)=
4.68x10¢ 2473 13 R
S.lelOg 2488 8.71x10"“exp(-24 310/T) cm” mol
7.24x10 2547 -1
l.lelOlO 2582 . s ~. Used by (17). WAGNER (21)

(b) g.;gx%gs ;fé; gives empir%;al gxgression kl(M=

, . 92x _ -2. _ :
2.75x108 2350 Ar%—1.7§§19 T ' exp(-28 680/T)
7.76x10” J 2566 cm” mol s © as fit to these

data.
6.5xlO? A 1559 Shock tube study. Z%Clz/ k; determined from initial slopes
é:giig; iggé Ar mixturef8 [Clz] 339x10_7 of emission profiles,
3.2x107 1759 to 2.88x10 mol cm and Cl2 +M~>Cl +Cl +M 1
Z:é§i87 %;92 [Ar] 3.9x107% to 1.41x107%  the intensity being « [Cl]z.
6.3x10; 1834 mol cm_3, and Z%ClZ/Z%HF/ Corrections made for density
5:21188 igig Ar mixtures. Incident changes during reaction. Authors
9.lx10; 1921 shock conditions. Two- give expression kl(M=Ar)=2.0x1013
?:giigB r M=Ar iggé body emission followed at exp{-(23 380+760)/T} cm3 mol_l
2.8x10§ 2145 500 nm. s ! as fit to these data.
3.8x10 2176
S-ZXIOS 7196 BLAUER, SOLOMON and
5.1x108 2236 ENGLEMAN 1971 (19)
7.2x108 2248
6.2x10 2274
2.45x10 J 2540

(2.6610.26)x1013exp{-(23 850 1700-2800 Shock tube study. C12(5- Dissociation rate constants

1 14 £250)/T} M=Ar 20%)/Ar and C12(20%)/He derived from initial density

1 +0. - - . . . . . -

(1.8320.2)x10 eigé0§§%}8;8C1 1700-2800 mixtures behind incident gradients behind shock front.

(3.96+i'i)x10136xp{—(24 460 z 1700-2800 shocks. Reaction followed  Computer fitting of data from

-1. £1010)/T} M=He by laser schlieren densi- various ClZ/Ar mixtures showed
tometry. single activation energy E, valid

d. Phys. Chem. Ref. Data, Vol. 10, Suppl. 1, 1981

SANTORO, DIEBOLD and
GOLDSMITH 1977 (26)

1
for both kl(M=Ar) and kl(M=C12).

Using this expression for kl(M=
Clz), data from Clz/He mixtures
gave kl(M=He).
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CL+M—-Cl+Cl+ M

REVIEW ARTICLES

Rate Constant k Temperature Method and Reference Comments
(c:m:,> mo1! s (K) ,
1 .
8.71x10 3exp{-(24 400:1000)/T} 1500-3000 Evaluation. Least-squares Expression essentially as for

M=Ar

fits made for all current
data (1,3,4,7,8).

LLOYD 1971 (20) 2.

4.-3

7.24x10%4173 Sexp (-28 680/T) 195-500

Review. Data of CARABETTA

JACOBS and GIEDT (4), with "more
realistic" error limits of factor
Used by (25).

Expression not plotted.

and PALMER (8) given as
representative, and data
for k_1 of CLYNE and
STEDMAN (12) converted to
give this expression.

WAGNER 1971 (21) and TROE
and WAGNER 1973 (24)

2.14x10%0 (1-exp (-814/1) )17 3/2

exp(-28 710/T) M=Ar

1600-2650

KONDRATIEV 1972 (23)

Discussion

All of the data for the rate of dissociation of molecular
chlorine

C, + M > C + C + M 1)

have been obtained in shock tube systems, mostly using Ar
as diluent. Various methods were used to follow the reaction:
absorption spectrometry [1,4,7], t.o.f. mass spectrometry [31,
two-body Cl recombination emission [5,8,19], and laser
Schlieren densitometry [26].

The data of both Hiraoka and Hardwick [1] and Diesen
and Felmlee [3] are an order of magnitude higher than the
bulk of the data [4,7, and 8]. The error in the data of [1]
probably arises from their allow for Cl
recombination emissions in the wavelength region of their
Cl, absorption measurements: Van Thiel et al. [7] monitored
Cl, absorption in the same region and made corrections for
such emissions. The reflected shock techniques of Diesen
and Felmlee [3], giving rise to boundary layer effects and
subsequent contamination of their gas samples, are probably
the cause of the high values obtained in this work. We have
not given any weight to the data of [1 or 3].

failure to

The data of Borisov et al. [5], when extrapolated to
~3000 K, are also higher than those of [4,7 and 8], though
only by ~80%. Nevertheless, as their results are the only ex-
perimental data below 1500 K, and as they were dependent
upon k, and 4,

Evaluation.
fit to data of (4,9 and 8).

Least-squares Author notes that extrapolation

to 298 K and conversion to k—l
Cl+Cl+M~+>Cl, +M -1

gives k_1=1016 en® mo172 s_l,

which compares well with measured

values (6,9) of 4.27x101% cm®
mo1”% s71.
Cl + CH, — CH, + HCl @)
Cl, + CH, — CH,Cl + C 3)

for which we have no data above 1000 K, we have not used
them in this evaluation.

The data of Jacobs and Giedt {4], Van Thiel et al. [7], and
Carabetta and Palmer [8] are in good agreement, and there is
no systematic variation between the data of [8], in which no
indication of their Cl, purity was given, and of [4 and 7], in
which purified Cl, was used. Neither does there appear any
large difference due to effects of the reverse reaction, despite
[4 and 8] having kept low the degree of dissociation to
reduce such effects, whereas [7] makes no specific mention
of any similar precautions.

However, none of these authors have separated the effects
of Cl, and Ar as collision partners. Jacobs et al. [10]
estimated £ (M= Ar)=£4,(M=Cl,) for the data of [4], whereas
Van Thiel et al. [7] found Cl, qualitatively more efficient a
third body than Ar. The recent work of Santoro et al. [26]
gave £, (M=Cl)=6.9 k(M=Ar), which is in line with the
relative third body efficiencies of the other halogen
molecules F, and Br, in their respective dissociations (see
sections Al and Cl). Santoro et al. [26] showed their results
from 20% Cl,/Ar mixtures to be in good agreement with the
data of [4,7 and 8]. With the Cl,/Ar effectiveness ratio as
high as 6.9, this means that Cl, must be diluted to ~2% in
Ar before £, (M=Ar) approaches 90% of the overall dissocia-
tion rate constant, and the study by Blauer et al. [19] was
indeed carried out with 2% Cl,/Ar mixtures giving data in
excellent agreement with [26].

J. Phys. Chem. Ref. Data, Vol. 10, Suppl. 1, 1981
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We have therefore based our recommendation on the data
of [19 and 26]. Lloyd [20] based his recommendation on the
earlier work [4,7,8], using a least-squares fit, but his
tabulation of the data of [8] appears to be incorrect: his
values of log &, are all too high by 0.09, and this will have
slightly affected the Arrhenius parameters he has obtained.
Our recommended expression is

EM=Ar) = 2.32X10" exp(-23 630/T) cm® mol™ s

over the temperature range 1550-2800 K. Error limits of
+50% over this range must be taken into account. As
Santoro et al. [26] have made the only separation between
the effects of Cl,, Ar and He, we make no recommendation
for k£,(M=Cl,) or k,(M=He), but note that their value of 6.9
for k,(M=CL)/k,(M=Ar) gives good results for mixtures
with high (~20%) Cl, concentrations in Ar, when compared
with the data of [4,7 and 8].

The activation energy of this expression is notably lower
than AH®. This may be an artefact arising from the fitting of
a simple Arrhenins expression to the data. The pre-exponen-
tial term may be strongly temperature dependent, although
this is not obvious from the available data. There is no
evidence to suggest that, alternatively, the reaction
mechanism is more complex than assumed.
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B2 CI+Cl+M—CL+M

THERMODYNAMIC DATA

T AH® A8° log KD log Kc
(K) (kJ mo1™1) k1 mo1 ™l (K, in atn™ 1) (X, in cn® mo171)
298 -242.580 -107.190 36.900 41.288
300 -242.597 -107.257 36.638 41.029
500 -244.521 -112.165 19.686 24.299

1000  -248.622 -117.960 6.826 11.740
1500 -251.676 -120.449 2.472 7.562
2000 -254.094 -121.851 0.272 5.487
2500 -256.103 -122.750 - 1.060 4.252
3000 -257.751 -123.353 - 1.956 3.435
3500 -259.006 -123.746 - 2.598 2.860
4000 -259.935 -123.989 - 3.082 2.434
4500 -260.588 -124.144 - 3.460 2.107
5000 -261.082 -124.252 - 3.762 1.851

SI Units: log(Kp/Pa—l) = log(Kp/atm_l) - 5.0056

log (K /m> mo1™!) = log(K_/cm® mo1™!) - 6.000
RECOMMENDED RATE CONSTANT
k = 2.23 x 1014 exp(906/T) cm® mo17% s71 (M=Ar)
= 6.15 x 10 %exp(906/T) cm® molecule™ s™1  (M=Ar)

(k is defined by -d[C1]/dt = 2k[c1]%[M])

Temperature Range: 195-520 K
Suggested Error Limits for Calculated Rate Constant: #40% over quoted
temperature range.

Note; a recommendation for k(M=C12) is given in the Discussion.

Rate Parameters: 1og(A/cm6 mol™2 s_l) = 14.35 20.15

log(A/cm6 molecule 2 s-l) = -33.2 20.15

E/J mol™l = -7530 +1840

E/cal mol™l = -1800 =+ 440

J. Phys. Chem. Ref. Data, Vol. 10, Suppl. 1, 1981
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Cl+ Cl+ M= Cl,+ M
T/K
2000 1000 500 400 300 200
16.5
| | | j
REVIEW ARTICLES
_—— Lloyd 1971 (27).
-_— Wagner 1971 (29).
—t— Snider and Leaist 1977 (44).
— This evaluation.
16.0 —
—~ 15,5
N
"
N
f
‘s
E
w
E
(&S]
2
[=2]
(=]
= 15,0 r——
EXPERIMENTAL DATA
M=Ar Hiraoka and Hardwick 1962 (8).
o} Bader and Ogryzlo 1964 (13).
a Hutton and Wright 1965 (16).
145 - L ——-A--- Clyne and Stedman 1967 (20).
A Clyne and Stedman 1968 (23).
0 Hippler and Troe 1973 (34).
v Widman and De Graff 1973 (36).
/ ! Hippler and Troe 1975 (42).
/ < Nordine and Rosner 1976 (43).
14.0 i ] 1 | l |
0 1.0 2.0 3.0 4.0 5.0
103171 ,¢71
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Cl+Cl+ M~ CL+ M

EXPERIMENTAL DATA

Rate Constant k Temperature Method and Reference Comments
(en® mo17% 571 (X)
14 _ - s .
~3x10 M=Cl, 298 Flash photolysis study, Author estimates original decomp-
Cl2 at 10 mm Hg (1.3 kPa). osition of Cl, at 50%, and visual
Analysis by spectro- analysis of spectra gave half-life
graphic means. of Cl atoms as 3x10-25. Using the
PORTER 1950 (2) quoted [Clz] pressure we have
converted this to give kl‘ Used
by (5).
Ct +ClL + M~ Cl2 + M 1
293 Flash photolysis study. Corrections made for interference

€1,(5 and 10 mm Hg; 0.65 of C1, in absorption by C10.
and 1.3 kPa)/02(10—600 Temperature rise during reaction

mm Hg; 1.3-80 kPa)/N2 negligibly small under authors'
(0-600 mm Hg; 80 kPa) conditions. Mechanism of C10
mixtures at total formation believed to be

pressures 55-610 mm Hg Cl + C1 + 02 + 2C10 2
(7.3-81.3 kPa). Cl10 C1+Cl+M~>Cl, +M 1

followed by analysis of Rates of removal of Cl atoms by O2
spectra in region 280 nm. and by N, found to be in ratio 46:1,

PORTER and WRIGHT 1953  1-e- (ky(M=05)+k;)/ky (M=N,)=d6.

@) Authors included possibility that
reaction 2 proceeded via
€1 + 0, » C100 3
C100 + C1 » 2Cl10 4

CLYNE and COXON (22) expressed this
ratio as K3k5/k1(M=N2) = 46
€1 +0, + M= (C100 + M 3,-3
€100 + C1 ~ C1, + 0, 5

and used kl(M=N2)'\:5x1015 em® mo172

s™1 at 300 K, without quoting
source. JOHNSTON et al. (24)
allowed for both reactions 4 and 5

and quoted K3(k4+k5)=46 kl(M=N2).

(6.50:0.4)x10

312.5 Static system. C12(4OO Wall termination by reaction w
(7.18+0.4)x10

335.1 mn Hg; 53.3 kPa)/cis- €1 + wall + 3C1, w
(CHCl)Z(Z.O mm Hg; 267 reduced by high pressure of C1,
Pa) photolysed with and and adjustments to light beam
without rotating sector intensity. Values dependent upon

17
17 } M=C1,

(on/off ratio 1:4). estimates for reaction volume, and
Reaction monitored by authors consider uncertainties in
pressure changes. ky to be underestimated.

AYSCOUGH, COCKER,
DAINTON and HIRST 1962

(6)
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Cl+ Cl+M—ClL+ M

T/K
2000 1000 500 400 300 200
19 | T | l l l
EXPERIMENTAL DATA X X
M=C1, < Porter 1950 (2).
X Ayscough et al. 1962 (6).
®  Chiltz et al. 1962 (7). and
[« ] as recalculated by Lloyd 1971 (27).
[ Martens 1962 (9).
17.0 [ 4] tinnett and Booth 1963 (12).
) O  Bader and Ogryzlo 1964 (13).
[ ] Hutton 1964 (14).
~ ~ofA~=~ Clyne and Stedman 1967 (20).
A Clyne and Stedman 1968 (23).
' /6
w D §
T J /
¥
E ‘ /
£ ]6.0 - -
\o /?/
£ 2
3]
~
ve
o
o
o Q
]5.0 — o
REVIEW ARTICLES
—— —— Lloyd 1971 (27).
——-—— Kondratiev 1972 (32}.
—— This evaluation.
14.0 I I |
0 1.0 -2.0 3.0 5.
103771 k7!

J. Phys. Chem. Ref. Dala, Vol. 10, Suppl. 1, 198)




EVALUATED KINETIC DATA FOR HIGH TEMPERATURE REACTIONS

c

+Cl+ M~ CL+M

EXPERIMENTAL DATA - CONTINUED

1-133

Temperature

Rate Constant k Method and Reference Comments
(cm® mo17% 571y (X)
500-600 Static system. CO(17.9- From initial slope of pressure
299.8 mm Hg; 2.39-40 kPa)/ variation authors obtained ratios
C12(188.3-503.4 mm Hg; 25.1 k7(k6/k_6k8)i and klk_6/k6k8
-67.1 kPa) mixtures, [C1,]/ Cl + CO = CoC1 6,-6
[cQ] ratios 0,96<~19,72, Cl, # COC1 » COCl, +Cl 7
irradiated. Several experi- Cl +Cl +M~» Cl2 + M 1
ments performed with Ar Cl + coC1L » C1, + CO 8
([ar]/[c1,]=1), SF¢ ([SFs] Values of k,(K¢/kg)}} found within
[€1,]=1), anad cc14([cc14]j 50% of those of (1) but almost an
[C1,]= 0.22,0.5). Incident order of magnitude below those of
light intensity and (3). Authors averaged values of
pressure monitored, and k8/K6 of both (1 and 3), giving
[C1,] measured by absorp~  kj (4=Cly) = 7.94x10'% (502.4 Ky,
tion at 366 nm. 7.08x10%°(552.3 K), and 5.01x10%°
CHILTZ, ECKLING, GOLDFINGER, en® mo17% 571 (598.9 K1), a1
HUYBRECHTS, MARTENS and within error limits of a factor
SIMOENS 1962 (7) 3.2 in each direction. Mixtures
with Ar and SF, showed k, (M=Ar,
SF6)<O.Z kl(M=C12), and with CC14
that kg (M=CC1,)~v6.5 kg (M=Cl,).
LLOYD (27) used k8/K6 from (17)
to give kj(M=Cl,)=1.5x10"%, 1.35x
1015 and 8.91x10%% cm® mo17% 571
at 502.4, 552.3 and 598.9 K,
respectively.

Shock tube study. C12(4%, Using dissociation data (see this

20% and 25%)/Ar mixtures Volume, section Bl) from 4%C12/Ar

behind incident shocks. mixture; authors obtain expression

Absorption of Cl, 420-340 k1(M=Ar)=3.6x1012(D/RT)2(1-exp(

nm used to follow reaction. —813/T))'1 en® mo172 s'l, over

HIRAOKA and HARDNICK 1962 the range 1870-2160 K, where D is

tB) C1, dissociation energy f; 0 K.
Taking D as 238.7 kJ mol ~(57.06
kcal mol™l) authors give k; (M=Ar)
=2.5x10%% cm® mo172 571 at 1600 k.

~2x10t6 M=C1, ~500 No details given. Measure-

ment made in photochlori-

nation of CO.

MARTENS 1962 (9)

2550 Shock tube study. l%Clz/Ar By comparing experimental data

mixtures dissociated behind
reflected shocks, then
subjected to rapid expansion.
Cl2 absorption monitored.

JACOBS, HARTUNIAN, GIEDT
and WILKINS 1963 (11)

with theoretically computed
profiles, using temperature
dependence for k1

Cl +CL + M~ Cl2 + M 1
of (8), k;(M=Ar) found to be <10%*
en® mo17% s™!.  Authors considered
experiments only preliminary and
gave no quantitative data.
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BAULCH ET AL.

Cl+Cl+M—-Cl,+ M

EXPERIMENTAL DATA - cONTINUED

Rate Constant k Temperature Method and Reference Comments
(em® mo172 571 (K)
(1.5—6)x1014 M=Cl, 298 Discharge flow system. 1, Authors assumed values for
/Ar mixtures at total degree of (1, dissociation in
pressures 0,24-3 mm Hg(32- discharge, believed to be
400 Pa). Cl atom decay correct within a factor 2.
followed by thermocouple BADER and OGRYZLO (13) consider
probe. Reaction tube these values incorrect by an
H3B03 coated. order of magnitude. LLOYD (27)
LINNETT and BOOTH 1963 (12) disregards this result.
4.0x10}§ M=Ar 313 Flow system. No details Surface recombination eliminated
g:?i}gl6 M=He g}; given. [C12] monitored by by extrapolation to zero pressure
2.88x1016’ } M=C12 313 isothermal Ni wire calori- Second of two values for kl(M=
meter. Flow cell coated Clz) is from later series of
with H3P04. experiments than other three
BADER and OGRYZLO 1964 (13) measurements, and is average of
10 determinations. Although
authors' definition of k1
specifically agrees with ours
(see Discussion), values halved
by (14 and 16) for comparison
with their own data, and LLOYD
(27) quotes a private communi-
cation of 1970 with OGRYZLO that
these values should be half
) those quoted. k; (M=C0,)=10%% cm®
mol 2 s7! attributed to this
work by (28 and 41). Value of
10'% cn® mo172 571 used by (30)
for undefined M.
2.04x1016 M=C12 298 Discharge flow system. Cl2 Low pressure experiments enabled
dissociated by microwave kw to be determined
discharge. Total pressures Cl + wall ~» %Cl2 w
0.33-2.03 mm Hg (44-270.6 in order to allow for this
Pa). [C1] determined by effect. Used by (33).
titration with NOCl, and
relative concentrations by
monitoring intensity of red
glow. HZSO4 coated vessel.
HUTTON 1964 (14)
(4.25i0.8)x1015 M=Ar 293 Discharge flow system. Cl2 Authors analysed recombination
/Ar mixtures passed through rates according to mechanism
microwave discharge. [Cl]< Cl + M &CIM 9,-9
1.2x1078 mo1l em3. " Total CL+CIM=>Cl, +M 10
pressures 0.33-2.03 mm Hg Cl + wall » %Cl2 w
(44-270.6 Pa). Intensity Subse-
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'

of red recombination
emission monitored, and
[C1] calibrated by titra-

tion with NOCl. Reaction

where M is Ar or Clz.
quently variation of k; with [C1]
obtained. Wall recombination

allowed for by determining k, in

low pressure experiments. Used
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Cl+Cl+ M~ CL+ M

EXPERIMENTAL DATA - coNTINUED

1-135

Rate Constant k Temperature Method and Reference Comments
(cm® mo17% 571y (K)
cell walls coated with by (24) assuming k,; (M=N3)=k,
HZSO4 (M=Ar), and by (33) assuming kl
HUTTON and WRIGHT 1965 (161 (MHe)=kj(M=Ar). (33) also
attributes kl(M=02)=Z.05x10
em® mo17% s to this work.
(4‘4i0'6)X10i2 M=Ar 298 Discharge flow system. Few Intensity I of recombination
.00, = . . : s
(%40 0.3)x10 M C12 298 details given. Recombin- emission found as c:[Cl]n, where
2.0 XlolsexP{(906i352)/T} MfAr 195-500 ation emission used to 2.0>n>1.0. Authors also express
1.26x10" "exp{ (805+302)/T} M—Cl2 195-500 *
monitor [C1]. temperature dependence of k;
' _ -(3.0:0.5)
CLYNE and STEDMAN 1967 (20) (M-AT) as AT » and of
k; (M=C1,) as BT~ (2:7%0-5),
CREITZ (25) quotes kl(M=C12)
from this work as 9.72x1022772-7
em® mo172 571,
(2.2 fO.6)x10%g 195 Discharge flow system. Cl, Recombination at wall found
Ei'g ig'g%iigls M=Ar g;g and C12/Ar mixtures passed negligible. Authors give as
(1.25i0.3)x10i2 514 through discharge at total fits to these data kl(M=Ar)=2.0
(8.0 %£2.0)x10 195 £ ~l H 1014 {(906£352) /T} 4 1015
(2.0 0.2)x10%8 298 pressures of vl mm Hg x exg(§ 962 5)) I3, or 4x10
(1.15&0.15)x19é6 M=C1, 361 (133.3 Pa). [C1] followed (T/300) TR em” mol Y sTH
Eg'g fi’ggi}gls Z;g by monitoring recombination and kl(M=C12)=1.Z6x1015exp{(805:
intensity, calibrated by 302)/T}, or 2x1016(T/300)'(Z'7t
titration with Nocl. Flow ©°%) cm® mo172 s71. used by
tube coated with H3P04. (37). kl(M=Ar) given as 4x1015
=3 6 -2 -1
CLYNE and STEDMAN 1068 (23) (T/298) ° cm” mol % s = by
WAGNER (29 and 35). Used by
(31).
(7.511.5)x101§ M=Ar 298 Flash photolysis study. At inert gas pressures below
(1'410'2)XI015 M=He 298 C1,(3-10 mm Hg; 400-1333 those given here, authors report
(1.740.2)x10 M=Ne 298 2 g g , P
(1.510.4)x10i2 M=Njp 298 Pa)/Ar, He, Ne or N2 (1-4 perturbations of measurements,
Eg'%f?'g%i%gl6 x:gg ggg atm; 101.3-405.2 kPa) and due partly to thermal effects.
(5.510.5)x10}g M=CF44 298 C1,(3-10 mm Hg; 400-1333 Contribution of k; (M=Cl,) small
%;'2f8'2%§1816 %ZEO% %gg Pa)/SFé, SiF4, CF4,CO2 or enough to be ignored.
276 C,Fs (0-5-3 atm; 50.7-304 CL+CL+«M>Cl, +¥ 1
kPa) mixtures. [C1,]
measured by absorption at
313 nm.
HIPPLER and TROE 1973 (34)
(2.5310.25)x101§ 195 Flash photolysis study. Thermal effects minimised by
%Z'égfg';g%iigls M=Ar ggg C1,(v1 mm Hg; 133.3 Pa)/Ar, using only initial variation of
(2.79%0.18)x10 373 He, Ne, N,, SF., CF, or CO, Cl with time. 'Variation of
2.770.26)x1012 205 DRI 2 ;
E2:28;0:13%§1015 M=He 593 mixtures, with [C1,]/[M] [c1,]/[M] over five-fold range
(2.090.15)x1073 373 ratio 2x107° to 10~ showed contribution of k; (M=Cl,)
%g'ggfg'gggiigls %33 Absorption of Cl, monitored to be negligible for these
(3.45:0.15)x10}3 [M=Ne 327 at 365 nm. experiments. Authors give
3.06+0.30)x10 373 i -
€8.08t0.813x101§ 563 WIDMAN and DE GRAFE 1973 efpre551ons as least-squares
(6.09t0.29)x1015 M=N, 323 (36) fits to Zhese data : k;(M=Ar)=
(4.6020.46)x10 373 2.50x10 %exp (910£25/T) or 4.17x

J. Phys. Chem. Ref. Data, Vol. 10, Suppl. 1, 1981
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Cl+Cl+M—-=CL+ M

EXPERIMENTAL DATA - cONTINUED

Rate Constant k Temperature Method and Reference Comments
(cm6 mol™2 5-1) (x)
(i.%Otg.ég)xloig 293 WIDMAN and DE GRAFF 1975 1024y~ (5.59%0.05) cm mo1~2 s71;
(8:4°fO:BO)X1°15}'M‘SF6 323 (36) continued. k, (M=He) = 1.47x10'%exp(130:5/T)
(8.48£0.80)x10 ¢ 373 ! 16.-(0.48+0.01) _ 6
(é.fgzg.ig)xlOls 293 or 3.55x10°°T" (
.1910. 0 = - -
E7-93;0-69%§1015 M=CF, 323 mo172 s71; k; (M=Ne) = 1.26x10'°
E}.gStg.ég%XIO}g 293 exp(330+10/T) or 5.50x101877(1-27
. 57+0. x10 - 323 +0.02) -2 -1,
(1.27:0.09)x1018 FM=C0; 343 i? mol % s 75 ki (M=Np) =
(1.12£0.09)x10 373 5.80x10 exp(810+70/T) or 4.07x
1OZlT-(Z 32:0.02) cm mol -2 s_l;
k (M-SF ) = 2. a0x10% exp(490+50/
T) or 5. 25x1019 -(1.47£0.02) cn®
mo1™2 s71; k; (M=CE,) = 1.62x10'°
exp(600+100/T) or 2 69x1020
7 (1.77£0.04) 6 | 1-2 -1,
k) (M=C0,) = 1. 56x1015exp(760+100/
T) or 5.62x102177(2.22¢0.02)
mo1"% s71. Kk, (M=N,) used by (39)
(1.7fg.%§xlgi§ M=He 298 Flash photolysis study. Growth of [Clz] after flash
+2)x1 M=N 298
(7-413)x10i2 M=A% 208 012(3-10 mm Hgs 0.4-1.3 analysed according to d[ClZ]/dt
1(§f0'4)X1015 M=CO, 298 kPa) /He or N,(1-100 atm; = 4k, [M]{[c1,] -[c12]} , where
El:sgg:g%:ig 6 M;giF %gg 0.1-10.1 MPa)}, or Ar(0.5- [C12]°° is final value (also pre-
(1-210-3)x10%2 =CF44 298 24 atm; 0.05-2.43 MPa), or flash value) of [C1,]. k;(M=N,)
{1.320.3)x10 M=SFg 298 N ) _ -
(1.3:0.3)x1016 M=C2F6 298 €0,(0.5-60 atm; 0.05-6.08 and kl(M Co0,) both passed through
MPa), or Ne, SiF4, CF4, maxima with increasing pressure:
SFg or C2F6 (0.5-2 atm; values of these rate constants
50.7-202.6 kPa) mixtures. given for 1-2 atm (101.3-202.6
[C1,] monitored by absorp- kPa) and 0.5-1 atm (50.7-101.3
tion at 313 nm. kPa) respectively.
HIPPLER and TROE 1976 (42)
(4.68:0.5)x1015 M=Ar 300 Fz-discharge flow system. Cl atoms produced by rapid

J. Phys, Chem. Ref. Data, Vol. 10, Suppl. 1, 1981

FZ(O.S-lo%)/Ar mixtures
passed through discharge,
Cl,(~19 Pa) added, giving
total pressures ~143 Pa.
Two-body Cl recombination
afterglow followed at
(630+5) nm.

NORDINE and ROSNER 1976
(43)

reaction
F + Cl, » CIF + C1
Second order plot of Cl decay

Authors
expressed rate constant as Z2k,-

used to determine kl.

the value presented here is half
their value.
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Cl+Cl+ M- CL+M

REVIEW ARTICLES

1-137

Rate Constant k Temperature Method and Reference Comments
(cm6 mol™ 2 s™h (K)
1.1:(1019T_1 1000-3500 Calculated on basis of data Authors base their preference for
M=typical rocket of HIRAOKA and HARDWICK (8), data of (8) over those of (10} on
exhaust products rather than those of JACOBS recommendation of FRISTROM and
and GIEDT (10), who found WESTENBERG (15). Authors assumed
772 dependence using their Cl, to be 3 times as efficient
k_, data. as Ar. Error factor given as 10.
JENSEN and KURZIUS 1967 (21) EXpression reproduced by (19),
and retained in later review by
JENSEN and JONES (26), but with
increased lower uUncertainty
factor of 0.03.
2,19x10%exp {(900£250) /T} 200-500 Evaluation. Based on least- Alternative form of treatment
M=Ar squares treatment of data gives kb(M=Ar) = 6.31x1022
1.26x10 %exp{ (810£200) /T} 200-500 of CLYNE and STEDMAN (23). T (2-9%0-5) anq x (m=c1,) = 7.94
_ 22.-(2.7£0.5) 6 -2 -1
M—Cl2 LLOYD 1971 (27) x10°°T cm- mol s .
Error factors are ~1.5 over the
temperature range quoted, but
large errors possible at very
much higher temperatures.
Arrhenius expressions recommend-
ed by (38 and 40).
Cl +CL +M~>Cl, +M 1
1.Ox1022T-2'4 M=Ar 1700-2600 Review. Based on Cl2 Author presents expression in
dissociation data of empirical form k1=A(T/T)n, where
CARABETTA and PALMER (18). T is mean temperature (2000 K)
WAGNER 1971 (29) for which experimental data
available. Expression misquoted
in (35).
7.94x1021T"(2'2210'24) M=C12 300-600 Evaluation. Least-squares
analysis of data of (7,13
and 14).
KONDRATIEV 1972 (32)
(a) 9.0x10§gexg(6210/T) 195-2582 Expressions fitted to data Expression (c) found to provide
(b) 4.8x107,T ¢ M=Ar 195-2582 .
(c) 3.0x10"*sinh(1070/T) 195-2582 of (18 and 36). best fit to athorst se%e?ted.
SNIDER and LEAIST 1977 (44) data. Theoretical justification
provided by authors.
2.29x1014exp{(903¢55)/T} M=Ar 195-514 Review. Expression derived Expression not shown on

from least squares treatment
of data of (23 and 36).

WATSON 1977 (45)

Arrhenius plot as is almost
identical to our recommendation.

J. Phys. Chem. Ref. Data, Vol. 10, Suppl. 1, 1981
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BAULCH ET AL.

Cl+Cl+ M~ ClL,+ M

THIRD BODY COLLISION EFFICIENCIES

M=Ar He €1, SFg CCl, Ne NZ CF, CO2 SiF, C,F, Temperature Reference
€9)]
EXPERIMENTAL DATA
1 25 1 332.5 552.3 Chiltz et al. 1962 (7).
1 0.75 ~7.0 313 Bader and Ogryzlo 1964 (13).
1 4.6 298 Clyne and Stedman 1967 (20)
and 1968 (23).
1 0.19 2.8 0.23 2.0 7.3 7.5 7.6 2.8 298 Hippler and Troe 1973 (34).
1 0.43 3.8 2.26 ©0.71 1.52 2.31 3.53 293 Widman and De Graff 1973
(36).
REVIEW ARTICLES
1 3 1000-3500 Jensen and Kurzius 1967 (21).
Discussion lower than those of Hutton [14], and Clyne and Stedman

The rate of recombination of chlorine atoms has been
studied principally by flash photolysis [2,4,34,36,42] and
discharge flow [12,14,16,20,23,43] methods.

Cl+C+M->C, +M )

Static systems [6,7] and shock tubes [8,11] have also been
used, but the results of these studies are so widely different
from the rest that we do not consider them further in this
evaluation.

Of the flash photolysis studies using simple Cl,/diluent
mixtures [34,36,42], all used very low [CL,]/[M] ratios to
avoid the problems posed by the “thermal effect,” due to
heat released by the exothermic recombination reaction (see
the discussion on iodine atom recombination, section D2).

Good agreement for %, values is obtained in the discharge
flow systems between those studies in which the reaction was
followed by isothermal calorimetry [13] and by the intensity
of the two-bady recombination emission [14,16,23].

For k(M=Ar) the only data that disagree substantially
with the remainder are those of Hippler and Troe [34,42],
whose total pressures were considerably greater than those of
[16,23,36 and 43]. Until the effects of pressure upon %, are
better understood we base our recommendation upon the
data of [13,16,20,23,36 and 43], giving the expression

kE(M=Ar) = 2.23X10" exp(906/T) ¢cm® mol™? s

with error limits of 340%, over the temperature range
195-520 K.
There are considerably fewer results for %, (M=Cl,) upon

which to base our evaluation. The discharge flow results of
Linnett and Booth [12] are nearly two orders of magnitude

J. Phys. Chem, Ref. Data, Vol. 10, Suppl. 1, 1981

{20,23], and have not been used for this evaluation. Neither
have we attached great weight to the results (by an undefined
method) of Martens [9], or of Chiltz et al. [7] because of the
uncertainty over their true values. As originally expressed
they are in good agreement with [14 and 23], but Lloyd’s
interpretation [27] puts them almost an order of magnitude
lower, and we cannot consider them as reliable. The correct
interpretation of the results of Bader and Ogryzlo [13] is also
uncertain—if these values do in fact represent 2k, then the
corrected values also agree well with those of [14,20 and 23].
But this then destroys the agreement for £ (M=Ar).
Therefore we recommend that uncertainty limits of =70%,
larger than for £,(M=Ar), be used, to include the data of
[13], with our recommended expression

k(M=Cl) = 1.25X10" exp(820/7T) cm® mol™ s

based on the results of [14,20 and 23], for temperatures
195-500 K. This expression, and that for k(M=Ar), are
similar to those of Lloyd [27].
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B3 HCI+ M—H+CI+ M

THERMODYNAMIC DATA

T aH® As® log X, log K_
X) (kJ mo1™1) @ k! mo1™hy (K, in atm) (K, in mol cn™)
298 431.601 92.885 -70.762 -75.150
300 431.626 92.973 -70.296 -74.687
500 434.429 100.107 -40.155 -44.768

1000 440.956 109.278 -17.325 -22.239
1500 445.847 113.282 - 9.608 -14.698
2000 449.528 115.416 - 5.712 -10.927
2500 452.487 116.738 - 3.357 - 8.669
3000 454.973 117.646 - 1.776 - 7.167
3500 457.123 118.315 - 0.642 - 6.100
4000 459.030 118.822 0.214 - 5.304
4500 460.733 119.223 0.881 - 4.688
5000 462.265 119.550 1.415 - 4.198
SI Units: 1og(Kp/Pa) = log(Kp/atm) + 5.0056

log(K /mol m™®)= log(K /mol em™>) + 6.000

RECOMMENDED RATE CONSTANT

3 1 -1

mol " s (M=Ar)

exp(-41 140/T) cm> molecule ! s™1  (M=Ar)

13

e
]

4.4 x 10 exp(-41 140/T) cm

7.3 x 10711

Temperature Range: 2900-7000 K
Suggested Error Limits for Calculated Rate Constant: +50% over given
temperature range.

Rate Parameters: log(A/cm3 mol” ! s-l) = 13.64 0.2

1 S-l)

#

log(A/cm3 molecule” -10.14 0.2
E/J mol™! = 342 060 37 920

E/cal mol™l = 81 755 +.9 060

J. Phys. Chem. Ref. Data, Vol. 10, Suppl. 1, 1981
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HCl+ M= H+ Cl+ M

T/K
10 000 5000 4000 3000 2000
[ I !
EXPERIMENTAL DATA
M=Ar ————— Fishburne 1966 (3).
Jacobs et al. (4).
11.0 etal
Seery and Bowman 1968 (7).
Breshears and Bird 1972 (15}).
This evaluation.
Giedt and Jacobs 1971 (11).
Breshears and Bird 1972 (15).
10.0 —
N
w
i
s
1=
o™
E
=
~
4
=3
(=]
9.0
8.0 I
\
\
7.0 l L ]
1.0 2.0 3.0 4.0 5.0

]04 T—'le-'I
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HCI+ M—>H+CI+ M

EXPERIMENTAL DATA

Rate Constant k Temperature Method and Reference Comments
(cm3 mo1~ 1 s h x)
1.92x1011Tiexp(—35 080/T) 3300-5400 Shock tube study. HC1(1% HC1 dissociation mechanism taken
M=Ar and 2$)/Ar and HC1(23)/H,  as "
(1%)/Ar mixtures behind HCl1 + M+ H + Cl + M 1
incident shocks. Total H + HCL » H, + Cl1 2
gas concentrations 2.1x Cl + HC1 + H =+ Cl2 3
1076-8.4x1076 mo1 cm”3. Hy +M>H +H+M 4
Dissociation followed by Effects of reactions 3 and 4
monitoring HCl ir emission minimised by using only first
at 3.46 yu. 10% of HC1 decay. Effective
FISHBURNE 1966 (3) rate constant keff for HC1l dis-
sociation given by ke i
([H]/[M]), with k ff-s 85x10 17
exp(-35 080/T) cm® mo1™? s71.
Author took best value of k1 as
given by k1=keff/2’ in order for
k,/k; to agree with extrapolated
data of STEINER and RIDEAL (1).
No noticeable variation in keff
between HF/Ar and HF/Hy /Ar
mixtures.
6.61x101 2exp (-35 230/T) 2800-4600  Shock tube study. HC1(1%  Rates of decomposition of HCl at
M=Ar and 2%)/Ar mixtures. constant density obtained at 20%
Incident shocks. Total and 40% reaction. Least-squares
pressures 0.7-2.4 atm (71- Arrhenius plots compared with
243 -kPa). Ir emission plots computed according to
from HCl followed at 4.2 p. mechanism
JACOBS, COHEN and GIEDT HCL + M~ H +Cl +M 1
1967 (4) H + HC1 - H2 + Cl1 2
Cl + HC1 »H + C12 3
H2 +M-+H+H+M 4
C12~+ M=+ Cl +Cl +M 5
Preliminary fit to within factor
of 2 given by k =6. 76x1021T_2exp
(-51 410/T) cm® mol 1l pue
further analysis showed that
better fit to apparent activation
energies at both 20% and 40%
reaction given by expression
presented here. Used by (6 and
17). COHEN et al. (8, 9) quote
further study that suggests
kl(M=HC1)=k1(M=Ar).
4.2x1013exp(-40 760/T) 2900+4000 Shock tube study. HC1(1% Initial slope of absorption

M=Ar

J. Phys. Chem. Ref. Data, Vel. 10, Suppl. 1, 1981

and 2%)/Ar mixtures in
incident shock region.
Pressure range 1-2 atm
(101-203 kPa). Vacuum uv
absorption by HCl monitored

profiles, up to 30% dissociation,
Profiles
computed using reactions 1 to S
insensitive to fivefold altera-
tions in k2 to ks, but highly

used to determine kl'
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HCI+ M= H+CI+M

EXPERIMENTAL DATA - CONTINUED

1-143

Method and Reference

Comments

Rate Constant k Temperature
(em® mo171 571y (x)
6.61x1012exp(~35 230/T) 1600-4600

M=HC1

. 4.78x10 3exp (41 600/T)
M=Ar

1.76x101%exp(-29 400/T)
exp(-3.72x107 /T?) M=HC1

(a)3500-7000

3000-7000

(b)3000-4000

at 160.8 nm.
SEERY and BOWMAN 1968 (7)

Shock tube study. 100%

HC1 behind incident shocks.
Pressure range 2.3-15.5 atm
(233-1570 kPa).
recombination emission from
Cl followed at 400 and 466

nm.

Two-body

GIEDT and JACOBS 1971 (11)

Shock tube study. (a) HC1
(5%,10% and 20%)/Ar mixtures
and (b) 100% HC1l under
incident shock conditions.
Pressures in region 1 atm
(101 kPa).
technique used to monitor

Laser-schlieren

density gradient during

reaction.

BRESHEARS and BIRD 1972 (15)

ISOTOPIC REACTION DCl + M -~ D + C1 + M

6.61x10 Zexp (-35 230/T) 2800-4600

M=Ar

Shock tube study. DC1(1%
and 2%)Ar mixtures in
incident shock region.
Total pressures 0.7-2.4 atm
(71-243 kPa}.
from DC1 monitored at 5.2 u.

It emission

JACOBS, COHEN and GIEDT
1967 (4)

sensitive to twofold change in
kl. Vibrational relaxation of
HC1 sufficiently rapid to be
ignored. Best fit using
expression derived from collision
theory given by k, (M=Ar)=3.5x
18,21 ! 3 -
10°°T “exp(-51 410/T) cm” mol
s‘l, but this not as good as

1

simple Arrhenius expression
given here.

Cl emission calibrated by equili-
brium [Cl] levels and several
shock-heated Cl,/Ar mixtures.
Good match between computed and
experimental [C1] profiles
obtained using expression of
JACOBS et al. (4).

Non-zero minimum in schlieren
deflection identified with state
of vibrational equilibrium prior
to HC1 dissociation. Expressions
to fit data chosen empirically,
by least squares method.
Extrapolation of kl(M=HC1)
derived from mixtures (b).
Authors considered their data
for kl(M=HC1) possibly represent
k; (M=HC1) + k¢

HC1 + HC1 = H, + 2C1 6

Analysis as for reaction 1. To
within an error factor of 2, fit
to experimental data given by
k19=7.94x1021T_2exp(—51 930/T)
cm

1 _1, but again better
fit given by expression with

mol " s
lower activation energy, as for
HC1.

DCl1 + M> D + Cl + M 1D
Subsequent study by GIEDT and
JACOBS (11), with temperatures
down to 1600 K, showed this
expression gave good fit to [C1]
profiles from 100% DCl mixtures.
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Discussion

Determinations of the rate of HCl dissociation have been
made only in shock tube systems

HOl +M—-H+dd+ M 0

In the earliest study, Fishburne [3] tried to minimise the
effects of subsequent reactions

Cl + HC — H + Cl, 3)
H,+Mo>H+H+M )

by considering only the first 10% of the dissociation.
Because the results for k,(M=Ar) of this study are rather
higher than the rest [4,7,15] it appears that this technique
was not entirely successful, i.e., that the resulting expression
for k,(M=Ar) includes the effects of £; and £,.

Of the remaining studies the results for £ (M=Ar) of
Jacobs et al. [4] fall below those of Seery and Bowman [7]
and Breshears and Bird [15], which may be a result of their
-analysis at 20% and 40% dissociation, rather than during the
initial stages. The elegant laser-schlieren technique of
Breshears and Bird [15] gave a very high time resolution of
the dissociation, which removed the necessity for extrapola-
tion back to zero time, as in the vacuum u.v. absorption
study of Seery and Bowman [7]. Nevertheless, the latter
investigation gave an expression for £ (M=Ar) in good
agreement with that of [15], and consequently we recommend
the expression

EM=Ar) = 4.4X10" exp(-41 140/T) cm® mol™ s

for the temperature range 2900-7000 K. Error limits of
+50% should be recognised.

Although we feel that the determination by Breshears and
Bird [15] of £,(M=HCI) is as precise as that for k£, (M=Ar),
the large discrepancy between their values and those of Giedt
and Jacobs [11] has not been explained, and so we make no
recommendation for £,(M=HCI).

The apparent discrepancy between the activation energy £
of our recommended expression, and the enthalpy AH® may
arise from the fitting of a simple Arrhenius expression to the
data. The temperature range studied may be too small to
show a strong temperature dependence of the pre-exponential
factor. Alternatively the reaction mechanism may be more
complex than assumed, although there is no evidence for
this.

Rate of the Reverse Reaction

There have been no absolute determinations of the rate of
the three-body reaction between hydrogen atoms and
chlorine atoms

H+C 4+ M-—HC + M (-1)

J. Phys. Chem. Ref. Data, Voi. 10, Suppl. 1, 1981
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Boyd et al. [16] were able to put an upper limit of &_, (M=
H,0)=3x10" cm® mol™ s™ at 433 K, by comparing the ex-
perimental H, yield from Febetron radiolysis of 6%
HCl/H,0 mixtures with the yield computed using an
extensive reaction mechanism. The actual value used in this
study was 10" em® mol™® 57/, as suggested by Willis et al.
[10], by analogy with related reactions discussed by Porter
[2].

Jensen and Kurzius [5] also used a comparison of reaction
-1 with reactions such as

H+F4+M-—->HF 4+ M

to estimate k_1=1.1><1019T 1 em® mol™ s (1000-3500 K),
for use in problems of rocket exhaust modelling. This
expression was used by Jensen and Pergament [13]. A later
estimation by Jensen and Jones [12] gave k_,=1.4X 10%T
em® mol® s (1000-3500 K), an interim value, bearing in
mind the agreement between the data for 41 of Jacobs et al.
[4] and of Seery and Bowman [7] at 3500 K. Wagner [14]
used the data of [4] to give k_,(M=Ar)=3.3X10"'T ? cm®
mol™” 57",

Using our expression for £,(M = Ar) together with the equi-
librium constant, we obtain the expression

E M=Ar) = 2.6X10" exp(9940/T) cm® mol® s
The error limits are =50%, as for £,.
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EVALUATED KINETIC DATA FOR HIGH TEMPERATURE REACTIONS

B4 Cl+H,~> H+HCI

THERMODYNAMIC DATA

1-145

T AH® As° log X
(K) (kJ mo1™ly @ k! mor™h
298 4.38 5.75 -0.47
300 4.38 5.74 -0.46
500 4.07 4.97 -0.16
1000 3.52 4.13 0.03
1500 3.84 4.38 0.10
2000 4.28 4.63 0.13
2500 4.54 4.75 0.15
3000 4.59 4.77 0.17
3500 4.43 4.72 0.18
4000 4.00 4.61 0.19
4500 3.31 4.45 0.19
5000 2.38 4,25 0.20
RECOMMENDED RATE CONSTANT
k = 1.45 x 10%% exp(-2200/T) en® mo17l s7%
= 2.40 x 10“11exp(-2200/T) cm® molecule™t st
Temperature Range: 200-650 K.
Suggested Error Limits for Calculated Rate Constant: $50%
Note: Recommended expressions is that derived by LEE, MICHAEL,
PAYNE, STIEF and WHYTOCK (86) extended to 650 K.
Rate Parameters: 1og(A/cm3 mo1”! s_l) = 13,16 * 0.2
log(A/cm3 molecule_l s_l)'= -10.62 + 0.2
E/J mol™l = 18 290 * 2220
E/cal mol™l = 4 370 + 530
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Cl+H,—~> HCI+H

T/K
500 400 300 200
12.0 ﬁ
— n |
EXPERIMENTAL DATA
0o A Rodebush and Klingelhoefer 1933 (8}.
o " ] Ashmore and Chanmugam 1953 (17).
] O Westenberg and de Haas 1968 (45).
-5 = a Benson et al. 1969 (46).
(<) Davis et al. 1970 (49).
® Lee et al. 1977 (86).
gb@ —_—— Hatson et al. 1978 (88).
— This evaluation.
1.0 —
— 10.5 |- O
1 O
T
s
15
™
E
o
L
~
&
(=]
10.0 |—
9.5 —
9.0
8.5 I—
®
2.0 3.0 4.0 5.0

103171kt

J. Phys. Chem. Ref. Data, Vol. 10, Suppl. 1, 1981



EVALUATED KINETIC DATA FOR HIGH TEMPERATURE REACTIONS

Cl+H, > H+ HCl

EXPERIMENTAL DATA

1-147

Rate Constant k
-1

(cm3 mo171

S

)

Temperature

¢9]

Method and Reference

Comments

3.3x10
8.2x10

9
9

273
298

293-488

Discharge flow system.
Pure C1, at 40:5 Pa. [C1]
monitored with a Wrede-
Harteck diffusion gauge.
[HC1] determined titrimet-
rically.

RODEBUSH and KLINGELHOEFER
1933 (8)

Static pyrolysis study. 1:1
mixtures of HZ and Cl2 at
13.3 and 18.7 kPa plus 0.8
kPa NOC1.
and products monitored
manometrically.

ASHMORE and CHANMUGAM 1953
a7

Static photolysis system.
HZ/CH4/C12 mixtures.
Residual H, and CH4 separ-
ated from products by dis-
tillation and adsorbed on
silica gel for measure-
ment.

Reaction progress

Complicating effects of surface
recombination of atoms noted.
Rate constants k1 calculated

Cl + HZ + H + HC1 1

H + Cl2 + Cl + HC1 2
assuming all H atoms rapidly
scavenged by Cl, as in reaction 2.
Authors compute E;=25.5%4.2 kJ
mo1~! (6.1£1,0 kcal mol-l).
Quoted by (10,12,13,33 and 59).
Used by (34 and 46). Listed by
(58 and 69).

[C1] essentially controlled by
HCl yield
Cl + NOC1

reactions 3 and 4.

NO + CL, » 3

Cl + NOC1 » NO + €1, 4

Cl2 + Cl +# C1 5

NOC1 ~ C1 + NO 6

H + NOC1l » NO + HCl1 7

calculated from overall pressure

change and pressure of those

residual gases condensable at

77 K.

expression simplified by elimin-

k1 obtained using rate

ating reactions 5 and 6 and
assuming

{k2k4[C12] +k4[Noc1]] e

kK TH,T 7k ] 1o
Using k3=1.13x}04 5?3 mgl s1
(18) and k,=4.1x10"" cm
s"l, extrapolated from the data
of (16), authors compute k1=(4.8
+0.4)x10! and E=
23.0£0.8 kJ mol "~ (5.5#0.2 kcal
mol_l) by combining their data
H + HC1 »~ C1 + H2

with that of (8) and those
derived from measurements of kg
(13). Quoted by (20,22,25,27,33,
41,45,56,59,68,77 and 87).
Misquoted by (32). Used by (19,
24,34,36,39,46 and 84). Listed
by (58 and 69).

mol~

emd mo17! 71
1

Relative rates of reactions 1
and 9 measured. Authors assumed
Cl + HZ + H + HC1 1
ClL + CH4 > CH3 + HC1 9
that H and CH; were entirely
scavenged by Clz. kg/k1 values

only presented graphically in

J. Phys. Chem. Ref. Data, Vol. 10, Suppl. 1, 1981
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Cl+H,—= HCI+ H

T/K
500 400 300 200

13.0
T

12.0 |—

11.0 p—

log(k/cm3-mo1'] s-])

10.0 —

REVIEW ARTICLES

Fettis and Knox 1964 (28}).
Benson et al. 1969 (46).
Clyne 1973 (62).

Clyne and Walker (a) 1973 (63).
Clyne and Walker (b) 1973 (63).
Watson (a) 1977 (87).

Watson (b) 1977 (87).

This evaluation.

| [ _ l

2.0 3.0 4.0 5.0

103771 /¢!
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EVALUATED KINETIC DATA FOR HIGH TEMPERATURE REACTIONS

Cl+ H,~ H+ HCI

EXPERIMENTAL DATA - CONTINUED

1-149

Rate Constant k Temperature Method and Reference Comments
(cm3 mo1”! s_l) (K)
PRITCHARD, PYKE and Arrhenius form except for that at
TROTMAN-DICKENSON 1954 (19) 373 K.
and 1955 (21) T/K kg/k1
293 5.98
333 3.79
373 2.80#0.23 (Average of 6
428 2.26 determinations).
484 1.75
Concluded k9/k1=0.26 exp (855/T)
in (19); this expression modified
to kg/k;=0.32 exp {(830£75)/T} in
(21} 3 used to determine expres-
sion for kg by kl substitution
from (17). Quoted by (49,68 and
82).
196-599 Static photolysis system. Relative rates of reactions 1 and
HZ/CH4/C12 mixtures press- 9 measured. H and CH3 assumed to
urised to ca. 70 kPa with be scavenged by Clz. Data given
N2. Product HC1 converted in graphical form only.
to benzene with diphenyl T/K kg/k1
mercury. CH3C1 and C6H6 196 20.3
analysed b l.c 206 17.5
Y Y g.l-C- 241 8.93
295 5.93
KNOX and NELSON 1959 (24) 334 3. 83
374 2.82
404 2.38
464 1.62
599 1.13
Authors calculated kg/kl=0.30 exp
(830+30/T); used to determine
Arrhenius expression for k9 by
substituting that given by (17)
for kl' Quoted by (49,68 and 82).
(2.1710.09)x103 251 Discharge flow system. Pseudo-first order conditions.
(4.4 20.4 )XIOQ 273 0.5% Cl1, in He or Ar plus Chlorine isotope effect assumed
(8.1 0.4 )xlO10 297 2 35 2
(1.57£0.04)x107 332 excess Hy. [7°C1( PS/Z)] to be negligible. Large [H,]/[C1]
Eg:g4i8:?1§§igig ggg and [H] measured by e.s.r. ratios chosen to eliminate compl-
(1.07+0.07)x10 456 spectrostopy. ications from reactions 2 and 8.
WESTENBERG and DE HAAS Auf?ors calculate k1=(1.2ig.3)x_1
1968 (45) 10 exp{-(2165+100) /T} cm” mol
s7L, Misquoted by (65,66). Used
by (46,52,55,61,62,70). Listed
by (69,87). Quoted by (48,49,53,
57,59,60,76,77,81 and 86).
476-610 Static pyrolysis study. IC1l formed quan'titatively before

HZ/IZ/ClZ mixtures at
various total pressures in
range 3.06-72.11 kPa.
and overall optical density
monitored spectrophotomet-
rically at 415 and 260 nm
respectively.

[1c1]

H2 admitted to reaction vessel.

[C1] controlled by reactions 10

and 11 maintained in equilibrium
heterogeneously.

I2 21 +1 10

ICl=1+(Cl 11

Cl + HZ + H + HC1 1

J. Phys. Chem. Ref. Data, Vol. 10, Suppl. 1, 1981



1-150 BAULCH ET AL.

Cl+ HD—= H+ DCl/ D+ HCI

T/K
400 300 250
-0.35 I I
EXPERIMENTAL DATA
AN Farkas and Farkas 1934 (9).
@) Bigeleisen et al. 1959 (23).
0.4 0 Persky and Klein 1966 (37). |
This evaluation.
' -0.45} —
>
"o
xf—
Y
<r
-xf_‘
> -0.5 —
Q
-0.55}— —
JAN
o6 | |
2.5 3.0 3.5 4.0 4
103171 71
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EVALUATED KINETIC DATA FOR HIGH TEMPERATURE REACTIONS

Cl+H,~ H+ HCI

EXPERIMENTAL DATA - CONTINUED

1-151

Rate Constant k
(cm3 mo1™1 s71

Temperature Method and Reference

) (K}

Comments

BENSON, CRUICKSHANK and
SHAW 1969 (46)

8,43x10° 298

technique.
Pa CC14,
670 Pa.
resonance fluorescence
spectroscopy.

DAVIS, BRAUN and BASS 1970

(49}

Unspecified Unknown.

ROZLOVSKII, MAL'TSEVA and

FROLOV 1973 (65)

Repetitive flash photolysis
Mixtures of 8.5
2000 Pa He, plus
H, at pressure in range 66-
[C1] measured by

H + 12 + I + HI 12

ClL + HI - I + HC1 13
Authors assume H atoms produced
in reaction 1 are scavenged
entirely by I2 to form HI, which
is subsequently converted by
reaction 13 to HCL. kl calculated
incorporating corrections for
depletion of [H,], increase in
(1,] and finite [HI] during
reaction, and using,l(10 and K11
values of unspecified origin.

kl/cm:”mol'ls.1 T/K

11
1.862x1077 476

1.629x1011 479
1.780x1011 479
l.980x1011 479
3.649x1011 545
4.238x1077 545
5.200x10 1 (3 points) 593.8
5.490x10 593.8
5.520x1011 (2 points) 593.8
5.560x1011 593.8
5.,600x10 593.8
5.851x1011 (2 points) 593.8
5.410x1011 610.3
5.460x10 610.3

Packed vessel runs at 545 K
omitted by authors in calculating
log(k,/em® mo1™l s71y=13.67:0.15
-(1155245) /T. Quoted by (47,50,
59,69,77,80,81,86 and 87). Used
by (74).

Data for each run accumulated
over 20-30 flashes. <1% CCl4
decomposed per flash, producing
[c1]=1.7x10713 Authors
assumed CCl4 deactivated all
CI(ZP,) to ground state C1(2P
beforé reaction.

mol cm™3

3/2)
k; independent

of He pressure in range 0.93-13.0
kPa. WATSON (87) modifies k1 to
(7.53£0.6)x10° cm® mo171 s~
Authors report k =7.95x1013 exp (-
3430/T) cm3 mol'i s7! as calcula-
ted by ROZLOVSKII (30) from the
data of MARKEVICH (14) on the
slow reaction of H, and Clz.

This expression is in poor agree-
ment with all other data and is
not plotted.

J. Phys. Chem. Ref. Data, Vol. 10, Suppl. 1, 1981
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EVALUATED KINETIC DATA FOR HIGH TEMPERATURE REACTIONS

Cl+ H,~ H+ HCI

EXPERIMENTAL DATA - CONTINUED

1-153

Rate Constant k Temperature Method and Reference ' Comments

(cm:,> mo1~1 s_l) (x)

(2.29i0.26)x10§ 200 Flash photolysis study. He substituted for Ar at 227 K.
(8.37+0.66)x10 227

(3.06+0 18)x109 260 Phosgene (10.7-53.3 Pa)/H2 Results corrected for Cl atom
(1.07t0.08)x10i8 302 (0.02-5.33 kPa) /Ar mixtures diffusion. Pseudo-first order
%é‘ggfg'gég;iglo iég at total pressures of 2.7- conditions giving k1 values inde-
(l.81i0.14)x1011 500 27 kPa photolysed at A>143 pendent of H, pressure, total

3

(3.3:0.3)x10%° exp(-(2375£100) /T)

See comments

3

(8.3£0.6)x1013 exp {-(2760+70) /T}

1.0x10* exp-(2820/T)

213-350

Low temper-
ature (un-
specified)

273-1071

Unspecified

nm with flash energies 9-
182 J. [Cl{,
1:7-8.3x10713
monitored By resonance

typically

mol cm_s,

fluorescence.

LEE, MICHAEL, PAYNE, STIEF
and WHYTOCK 1977 (86)

Flash photolysis study.
Experimental details una-
vailable. [Cl] monitored
by resonance fluorescence.

WATSON, DAVIS, MACHADO,
CONAWAY and OH 1978 (88)
reported by WATSON (87)
and LEE, MICHAEL, PAYNE,
STIEF and WHYTOCK (86)

REVIEW ARTICLES

Estimated value

BODENSTEIN 1931 (6)

Suggested expression.

FETTIS and KNOX 1964 (28)

Suggested expression.

FRISTROM and WESTENBERG
1965 (31)

pressure and flash energy. Secon-
dary reactions of Cl therefore
considered negligible. Authors
derive k;=(1.600.25)x10%% exp(-(
2230£60) /T) cm®
their own data, and recommend k1=
(1.45+0.19)x10%3 exp (- (2200£40) /T
3 mo1™! sl for 200-500 K by

combining their data and those of
(45,49 and 88).

nol™l 571 £rom

) cm

As yet unpublished study.
Arrhenius expression listed is
that derived by authors from rate
constants obtained at six temper-
atures. Individual rate
constants depicted graphically in

(86). Quoted by (72,82 and 83).

Estimates collision efficiency of
1074
ature by combining data of (1,2,
4,5 and 7).
for its publication date.

, presumably at room temper-

Remarkably accurate

Based on (8,17) and the data of
(13) for the reverse reaction
combined with the thermodynamic
equilibrium constant. Quoted by
(33,34,35,38,42,49,82,86,87).
Used by (39,44,47,55 and 63).
Listed by (58,69 and 79).

Based on (8,17) and the data of
(13} for k8 combined with the

H + HC1 » C1 + H,
thermodynamic equilibrium
constant. Not plotted. Gives
similar kl values to expression
of FETTIS and KNOX (28). Used

by (40).

J. Phys. Chem. Ref. Data, Vol. 10, Suppl. 1, 1981
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Cl+H,— H+ HCI

REVIEW ARTICLES - cONTINUED

Rate Constant k Temperature
(en3 mo171 571y (K)

Method and Reference

Comments

9.0x10%3 exp-(2820/T) 1000+3500

4.8x101% exp(-2650/T) 559-1003

3.7x10Y3 exp(-2400/T) 250-610

(a) (3.40£0,9)x10 3exp(-(2257269) /T} 195-496
(b) (2.2320.4)x10"3exp {-(2146+51) /T} 195-610

(@) (3-420.9)x10 3exp (- (225469) /T) 195-496
(b) (2.2:0.4)x10%3exp (- (2146:51)/T) 195-610

(a) 2.8x10%3 exp(-(2340£30)/T)

() 2.1x10%3 exp(-2290/T)

213-1071
200-300

J. Phys. Chem. Ref. Data, Vol. 10, Suppl. 1, 1981

Recommended expression.

JENSEN and KURZIUS 1967
(40)

Suggested expression.

BENSON, CRUICKSHANK
and SHAW 1969 (46)

Recommended expression.

CLYNE 1973 (62)

Suggested expressions.

CLYNE and WALKER 1973 (63)

Suggested expressions.

WATSON 1974 (69)

Preferred expressions.

WATSON 1977 (87)

Based on (28) and (31). Authors
considered expression valid at
high temperatures despite the
lack of data available for kl and
k8 above 523 K and 1071 K respec-
Not plotted.
gives similar values to that of
FETTIS and KNOX (28). Quoted by
(54).

tively. Expression

Authors combine their own data
(see (46) in main table above)
with that of (8,17 and 45),
together with that of (13) after
recalculation, and (34) for the
reverse reaction, using the known
thermodynamic equilibrium
constant. Quoted by (49,78,82).
Listed by (69).

Apparently based on (8,17,45,46
and 49).
in E1 beinglgiven incorres{ly as
2400 J mol (575 cal mol 7).

Printers error results

Expression (a), based on (45,49)
and reverse reaction data (34),
preferred by authors to expres-
sion (b), which is based on same
data, plus that of (46). These
evaluations also suggested by
WATSON (69). Used by (75).
Quoted by (82,86 and 87).

Author suggests the use of either
of these expressions, which are
those derived by CLYNE and

WALKER (63).
error for E, in expression (a)).

(Minor misquetation

Expression (a) obtained by combi-
ning data from (46,88), and k8
values from (13) (as modified by
(46)) plus thermodynamic data.
Expression (b) evaluated by
including kl determinations from
(86). Expression (b) also
preferred by HUDSON (85).
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Cl+ H,~ H+ HCI

1-155

ISOTOPIC REACTIONS CL + HD ~ D + HCL AND CL + HD -~ H + DCL

Rate Constant k Temperature Method and Reference Comments
(cm3 mol™1 s_l) (K)

303 Static photolysis study. Amcunt of D, contamination in
HZ/HD/Cl2 mixtures (ratio HD unknown. Estimates of
1:1.38:1.25) at 3.87 kPa. Cl +H, ~H +HC 1
Hydrogen separated and D- Cl + HD - H + DC1 14
content assessed from Cl +HD - D + HC1 15
thermal conductivity (kl4+k15)/kl appeared to decrease
measurements. with increasing extents of
FARKAS and FARKAS 1934 (9) reaction. Extrapolating to 0%

conversion gives (k14+k15)/k1=
0.26+0.03. AQuoted by (15).

243-351 Static photolysis system. Authors assume no HD or H2
HZ/HD/Cl2 mixtures at A>390 formation by reverse of reactions
nm. Amount of residual H + HCl + CI + H, 8
hydrogen estimated by 14 and 15, or by either reaction
volume and its D-content 8 or termolecular H and D atom
measured mass spectrometri- recombination. Rate of reactions
cally. 14 plus 15 measured relative to
BIGELEISEN, KLEIN, WESTON  that of reaction 1.
and WOLESBERG 1959 (23) T/K (kya*kyg) /Ry Average of:

243.2 0.293%0.003 4 points
273.2 0.324:0.005 6 points
298.2 0.349x0.007 5 points
323.2 0.377+0.005 5 points
348.2 0.394+0.006 5 points
350.7 0.39820.008 3 points
Concluded (k14+k15)/kl=(0.8110.02
) exp{-(247+3)/T}. Quoted by
. (37 and 59).

236-323 Static photolysis system. All hydrogen atoms assumed to be
HZ/HT/Cl2 plus HD (21%) scavenged by Clz. (kl4+k15)/k1
mixtures irradiated with calculated.
visible light from low T/K (kl4+k15)/k1
pressure Hg arc. Analysis 236.7 0.283£0.001
s in 022, SEER S R
PERSKY and KFEIN 1966 (37) Authors calculated (k14+k15)/k1=

(0.81:0.02) expi{-(24723)/T},
identical to that given in
previous entry (23). Listed by
(79).

510 Flash initiated chemical Population inversion in vibra-

laser. HZ/HD/Cl2 mixture
in ratio 3:25:8 at 4.8 kPa
and HZ/DZ/Clz mixture,
ratio 5:24:8 at 4.9 kPa.
2000 J flash. Stimulated
emission monitored of P2(6)
and PZ(S) bands of HC1l and
DC1 respectively.

CORNEIL and PIMENTEL 1968
(43)

tionally excited HC1 and DC1

Cl + HZ - H + HOCl 1
H + Cl, ~ Cl + HC1 2
Cl + HD -~ H + DC1 14
Cl + HD » D + HC1 15
Cl + D2 - D + DC1 16
D+ Cl2 + Cl + DC1 17

produced by reactions 2 and 17
following reactions 1 and 14,

and 15 resnectively. Comparing

J. Phys. Chem. Ref. Data, Vol. 10, Suppl. 1, 1981



1-156

BAULCH ET AL.

Cl+ H, = H+ HCI

ISOTOPIC REACTIONS - cCONTINUED

Method and Reference

Comments

Rate Constant k Temperature
(em® mo17! s71y (K)
297-443

CORNEIL and PIMENTEL 1968
(43) continued.

Discharge flow system. 0.4%
Cl, in He plus HD and NO

2 27 2
at ca. 40 Pa. [H”'C1] and
[D37Cl] monitored mass
spectrometrically.

BAR YAAKOV, PERSKY and
KLEIN 1973 (60)

ISOTOPIC REACTION CL + Dy ~ D + DCL

273 and 305

303-451

J. Phys. Chem. Ref. Data, Vol. 10, Suppl. 1, 1981

Static photolysis system.
ClZ/HZ/CO and Clz/DZ/CO

mixtures. Reaction mixture
monitored manometrically at

273 K and 90 K.
ROLLEFSON 1934 (11)

Static photolysis system.
H,/D,/Ci, mixtures at 16,3
A 2 35
kPa-26.4 kPa. [H°°C1] and
[D35C1] monitored continu-
ously by mass spectrometry.

CHILTZ, ECKLING, GOLDFINGER,
HUYBRECHTS, JOHNSTON,

MEYERS and VERBEKE 1963

(26)

band intensities from both exper-
Iments and using k16/k1=0.23 and
(k14+k15)/k1=0.495, calculated
for 510 K from (37), authors
estimate kls/k14=1.9i0.4. Quoted
by (59 and 60).

Data corrected for small contri-
bution to HC1l and DC1 products
from H, and D, impurities. [DC1]/
[HC1] measured as a function of
[no,].

ClL + HD - H + DC1

Cl + HD » D + HC1
At high [NOZJ, [pc1]/ [HC1]
approaches limiting minimum

14
15

value due to complete scavenging
of H and D by NO, rather than by
Cl,. Then [DC1]/[HC1]=k,¢/k;,-

T/K le/k14 Average of:
297 1.75£0.08 3 points
343 1.62+0.09 5 points
393 1.44:0.08 4 points
398 1.4820.04 2 points
443 1,36x0.05 2 points

Calculated kls/kl4=(0.8110.04)
exp {(231£25)/T}. Quoted by (73).

Relative rates of reaction of Cl
with H2 vs. CO and D, vs CO
compared. Complex mechanism not
completely understood by author.

Cl + H, ~ H + HCl 1

€l +D, » D+ DC1 16
Deduced kl6/kl=0.0746 and 0.103
at 273 K and 305 K respectively
and derived k16/k1=1.5 exp(-820/
T). Quoted by (59).

Assumed that H and D scavenged
entirely by Clz. Corrections due
to memory effect towards HCL and
DC1 in mass spectrometer found
necessary. Authors calculate
and report with reservation,
le/kl=O.112, 0.147 and 0.214 at
303.3 K, 361.2 K and 451,1 X

respectively. Quoted by (59).
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Cl+ H, > H+ HCI

ISOTOPIC REACTIONS - CONTINUED

1-157

Rate Constant k Temperature Method and Reference Comments
(cm3 mo1”} s-l) (X)
313-423 Static photolysis systen. Wall catalysed chlorine exchange

244-342

DZ/HCI and DZ/DCI mixtures
plus radioactive C1,-36 at
total pressure 6.0<10.7
kPa. Initial concentration
ratios [C1,]/[D,]=4-5, both
[DCl]/[DZJ and [HCl]/[DZ] =
4-6. Residual D, measured

manometrically. Activity
of product HCl and DCI1
determined.

KLEIN, PERSKY and WESTON
1964 (29)

Static photolysis system.
DZ/HD (18%) mixtures plus
Cl,. Experimental proce-
dure as in (37) above.

PERSKY and KLEIN 1966 (37)

negligible due to reaction vessel
ageing. Rate constant ratios
derived assuming all relevant
chlorine isotope effects to be
unimportant. Authors considered
reactions 16~26 inc. and 2, and
Cl + D2 +~ D + DC1 16
Cl + D2 -+ D+ D"C1 17
Cl + HCl1 & C1 + H™'C1 18
€1 +Ddclect + D%t 19
-

D+ Cl2 Cl + DC1 20

36
36
36

p+ 3%, »c s 0¥ 2
36..% 36
p+ %c1, » 31+ de1 22
D + HCL + C1 + HD 23
D + HCl » H + DC1 24
p + p°%c1 » 3c1 + p, 25
D + DCL » ClL + D, 26
H+ Cl, » CL + HCl 2

calculated the following k16/k18
and k16/k19 ratios

/K kye/kyg  kyg/kgg
312.5 1.59£0.10 13.7 £1.0
368.2 1.8120.12  9.0940.7
423.2 1.67£0.07  6.85£0.4

from which (El6-E18)=0.46i1.1 kJ
-1 -1

mol (0.1120.27 kcal mol ) was

derived.

Comments as above (37). Computed

k16/(k14+k15). Authors used
T/K ki g/ (k14+ky )
244.4 0.233+0.001
273.2 0.267+0.002
303.1 0.299+0.002
323.2 0.318+0,002
342.0 0.3400.002

(ky4*k; 5) /k=0.81£0.02 exp{-(247¢
3)/T} (37) to derive k16/k1=(0.69
+0.03) exp{-(568+9)/T}.

ISOTOPIC REACTIONS CL + HT > H + TCL AND CL + HT » T + HCL

234-307

273-344

(a) Static photolysis
system. HZ/HT mixtures plus
excess Cl2 at 3.0~5.4 kPa.
Hydrogen measured by
volume and tritium content
using a proportional flow
counter.

(b) Self-radiolysis of HZ/
HT/Cl2 mixtures at 4.3-5.2

kPa. Procedure and analysis

as in (a).

High percentage reaction conver-
sion, 56-94%. All H and T atoms
assumed to be scavenged by C1,.
Low tritium content (ca. 1-2%)
ensured that in equilibrated
tritiated hydrogen, [TZJ was
sufficiently low to contribute
Small
correction due to presence of T2

negligibly to reaction.

applied to counting data however.
Results from methods (a) and (b)

J. Phys. Chem. Ref. Data, Vol. 10, Suppl. 1, 1981
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Cl+ H,—~ H+ HCI

ISOTOPIC REACTIONS - coNTINUED

Rate Constant k Temperature Method and Reference Comments
(cm3 mo1”1 5_1) (X)
JONES 1951 (15) indistinguishable and therefore
Cl + HT + H + TC1 27
Cl + HT - T + HC1 28

combined by author.
T/K (k27+k28)/k1 Average of:

234,68 0.226+0.001 3 points
273.16 0.26910.002 5 points
306.41 0.300:0.001 6 points
343.91 0.329+0.001 2 points

Calculated (k27+k28) /k1= (0.74+
0.02) exp{-(278+4)/T}. Quoted by

(23 and 59).

243-323 Same experiments as those Comments as above (37). Deduced
described in (37) under (k18+k19)/k1 and calculated
studies of reactions 14 and T/K (k27+k28)/k1
15. Tritium content of 243.2 0.153+0.002
samples assessed with an é;g'g 8'é§gi8'882
i 1 i . .
internal Geiger counter (k27+k28)/k1=(0.79i0.02) expi-(

PERSKY and KLEIN 1966 (37) 401%7)/T}.

ISOTOPIC REACTIONS CL + DT »~ D + TCL AND CL # DT - T + DCL

273,2 and Method as in (37) above. Comments as above (37). Authors
323.2 DZ/DT/Cl2 mixtures. measured (k29+k30)/k16 as

PERSKY and KLEIN 1966 (37) €1 + DT > D+ TCl 29

. Cl + DT - T + DC1 30

0,.549+0.008 and 0.59720.005 at
273.2 K and 323.2 K respectively
and used k16/k1=(0.6910.03) exp {-
(568+8)/T} (37) to derive (kygt
kso)/k1=0.65 ‘exp(-716/T). Listed

by (79).
[SOTOPIC REACTION CL + TZ +T+TCL
273.2 and Method as in (37) above. Comments as above (37). Authors
323.2 DZ/TZ/Clz mixtures. obtained k31/k16=0.332t0.005 and
PERSKY and KLEIN 1966 (37) Cl + D, ~D + DCI 16
Cl + T2 + T + TC1 31

Discussion

Studies of the reaction of molecular hydrogen and chlorine
to form HCI both in explosions and flames, and under the
influence of irradiation by visible and ultraviolet light, have
‘been carried out since the latter part of the last century.
Early workers established the radical nature of the reaction
and the importance of the now well established Nernst chain
mechanism, of which the reaction

J. Phys. Chem. Ref. Data, Vol. 10, Suppl. 1, 1981

0.389+0.002 at 273.2 K and 323.2
K respectively and used k16/k1=
(0.69£0.03) exp {-(568%9)/T} (37)
to calculate k31/k1=0.65 exp(-852
/T). Listed by (79).

cl + H, > H + HCQ (1)

is the slower of the two propagating steps. A summary of the
results obtained in this pioneering era is given by Marshall
[3] and Bodenstein [6]. The similarity of the bond dissocia-
tion energies of H, and HCl is reflected in the approximate
thermoneutrality of reaction 1 (AH°=4.4 kJ mol™ at 208
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K), and results in the rate of the reverse reaction, 8, being
comparable at the same temperature.

H + HCl — Cl -+ H, 8)

Despite the importance of a knowledge of £, few direct de-
terminations of the rate constant have been carried out.
Moreover, only four relative rate studies have been made.
Those of Pritchard, Pyke and Trotman-Dickenson [19,21]
and of Knox and Nelson [24] were carried out to determine
Arrhenius expressions for the reaction of Cl atoms and CH,
and therefore provide no information on the magnitude of %,.
These relative rate studies are discussed elsewhere, in section
B7. Both Ashmore and Chanmugam’s study [17], and that of
Benson, Cruickshank and Shaw [46], suffer from similar
drawbacks, in that the reaction systems are sufficiently
complex as to require either simplifying assumptions, or the
inclusion of correction terms to enable the experimental data
to be analysed. Furthermore values of other relevant rate or
equilibrium constants must be assumed in deriving %,. While
more recent data provide no reason to question seriously the
methods of data analysis employed, we prefer to regard the
derived £, values with a degree of caution, and use them as
an influential guide only.

In addition to the early work of Rodebush and
Klingethoefer [8], whose remarkably precise measurements
of k£, using a prototype discharge flow system are interesting
if not reliable, there are four investigations of the absolute
magnitude of %, to be considered [45,49,86,88]. Of these,
that of Westenberg and de Haas [45] utilised e.s.r. to
monitor the concentration of reacting CI(’P,,,) atoms in the
presence of an excess of molecular H,, whereas each of the
other three studies measured Cl atom concentration by
resonance fluorescence, a technique now well established as
being particularly reliable, due to its applicability to reacting
systems operating under pseudo-first order conditions as a
result of low concentrations of the labile reactants. The
results of these four studies are in excellent agreement and
they therefore form the basis of our recommended expression
for k,.

Earlier reviews by Clyne and Walker {63], and Watson
[69], questioned the accuracy of the rate constant values
derived by Westenberg and de Haas [45], suggesting that
they were in error by a factor of two. This postulate was put
forward to explain the discrepancy noted by these latter
workers between the expression for k,/kg, as calculated from
their data [45], and that for the equilibrium constant,
computed from the accepted thermodynamic data. Several
explanations have been advanced to rationalise this
difficulty, both supporting and criticising the existing data
for both £, and %, They are outlined in the discussion of
reaction 8 (section B5) together with our own appraisal of the
current situation. We now follow Lee and co-workers [86] in
recommending the expression

k, = 1.45X10" exp(-2200/T) ¢cm® mol™ s

based primarily on the data from [45,49,86,88], over the tem-
perature range 200-650 K, with error limits for calculated
rate constants of +50%.

1-159

Isotopic Reactions

Studies have been made of the reactions of Cl atoms with
all six of the isotopic forms of molecular hydrogen. No direct
rate constant values have been obtained however, the
majority of investigations being relative rate measurements
using reaction 1 as the primary standard. Several of the
isotope effects have been the subject of theoretical
calculations [23,37], but their detailed consideration is
beyond the scope of this evaluation.

Two reactions, 14 and 15, are possible for HD. Klein and

Cl + HD — H + Da (14)
Cl + HD — D + HQl (15)

co-workers have carried out two independent studies of the
variation of (k,,+ % 5)/k, with temperature [23,37]. They are
in good agreement and can be adequately described in the
range 235-360 K by the expression shown drawn through
the data points in the figure.

(ke + k)/k, = 0.81 exp(-248/T)

We consider the measurement of (,,+%,;)/k, by Farkas and
Farkas [9] to be unreliable. Only one investigation of the
variation of k,5/k,, with temperature has been made [60]. An
earlier estimate [43] of k,5/k,, at 510 K is at odds with these
later results. ]

Of the three studies of k,,/k, [11,26,37] we give that of

cl + D, > D + Dal (16)

Rollefson [11] a low weighting. The other results are in good
agreement and the combined data can be described by

ky/k, = 0.81 exp(-611/T)

in the temperature range 240-455 K. :
HT, like HD, can react with Cl atoms by two routes. The

Cl + HT — H + Tal 27)
cl + HT — T + Ha 28)

dependence of (ky,+ky,g)/k, on temperature has been
investigated in two studies, [15 and 37], giving somewhat
different conclusions. Persky and Klein [37] have criticised
the results of Jones [15] on the grounds that the high specific
activity of the HT used in the experiments may have led to
radiation induced isotope exchange between HT and HCL. In
view of the agreement between the concomitantly measured
isotope effect for Cl plus HD with those of an independent
study, we prefer the later data [37] but make no recommenda-
tion.

The reactions of Cl with DT and T, have each received
only a single investigation [37]. As such we are unable to
comment on

cl + DT — D + TCl 29)
a + DT — T + DQl (30)
a+T,>T+ Ta (31)

the accuracy of the data other than noting that they appear to
follow the general isotope effect trends observed in the Cl
atom/hydrogen system.

J. Phys. Chem. Ref. Data, Vol. 10, Suppl. 1, 1981
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At the present time we consider that there are insufficient
data to warrant our making a recommendation for any of the
rate constants %, to k,, and k,; to kg, although the
expressions for (k,,+k;5)/k; and kis/k, could be used with
care on an interim basis.
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EVALUATED KINETIC DATA FOR HIGH TEMPERATURE REACTIONS

H+ HCI— Cl+H,

B5

THERMODYNAMIC DATA

1-161

T AH As° log K

X) (kJ mo171) @ k! mo17h
298 -4.38 -5.75 0.47
300 -4.38 -5.74 0.46
500 -4.07 -4.97 0.16
1000 -3.52 -4.13 -0.03
1500 -3.84 -4.38 -0.10
2000 -4.28 -4.63 -0.13
2500 ~4.54 -4.75 -0.15
3000 -4.59 -4.77 -0.17
3500 -4.43 -4.72 -0.18
4000 -4.00 -4.61 -0.19
4500 -3.31 -4.45 -0.19
5000 -2.38 -4.25 -0.20

RECOMMENDED RATE CONSTANT
k = 7.97 x 101% exp(-1710/T) cm® mol™! s71
= 1.32 x 1071 exp(-1710/T) cn® molecule™! s7!

Temperature Range:

200-650 K

Suggested Error Limits for Calculated Rate Constant: #50% over

quoted temperature range.

Rate Parameters:

1 -1

log(A/em® mo17t s7h)

1 -1

1og(A/cm3 molecule =~ s )

E/J mol™}

E/cal mo1”t

12.90

+

0.2
-10.88 + 0.2
14 220 = 2220
3 400

I+

530
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H+ HCl= Cl+ H,

T/K
1000 500 400

200

_

=

o
I

EXPERIMENTAL DATA

Tog(k/em® mo1™1 71

_

°
o
I

v Ritchie and Norrish 1933 (9).
b7 Potts and Rollefson 1935 (13}).

by Benson et al. (39).
Bigeleisen et al. 1959 (20).
Ktein and Wolfsberg 1961 (21).
Clyne and Stedman 1966 (29).
Davidow et al. 1966 (30).
Westenberg and de Haas 1968 (38).
Willis et al. 1969 (40).

Jardine et al. 1973 (58).
Spencer and Glass 1975 (66].
Ambidge et al. 1976 (68).

Heidner and Bott 1976 (72).

RO O SO>I ® O e 8 «

Ballash et al. 1977 (75).

— This evaluation.

7.0 1 | 1

(¢ ] Steiner and Rideal 1939 (14), as re-analysed

D e

0 1.0 2.0 3.0

d. Phys. Chem. Ref. Data, Vol. 10, Suppl. 1, 1981
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EVALUATED KINETIC DATA FOR HIGH TEMPERATURE REACTIONS

H+ HCI— Cl+ H,

EXPERIMENTAL DATA

1-163

Rate Constant k Temperature Method and Reference Comments
(cm3 mol”! s—l) (K)
298 Static photolysis system. Study of HC1l photosynthesis. HCl
Hz/Clz/HCI mixtures at A= quantum yields proportional to
406 nm, isolated by filter 1/1263. Data fitted to empirical
solutions. Unreacted [Cl,] expression which was then com-
measured by absorption pared to theoretical equation
spectrophotometry at 365 derived from postulated
nm using thermopile mechanism
detector. H + HCl » C1 +H, 1
RITCHIE and NORRISH 1933 Cly »hv~>Cl sl 2
(9) Cl + HZ + H + HC1 3
H + Cl2 + Cl + HC1 4
Cl + Cl1 ~ C12 5
to obtain kl/k4=1.7. Authors
assume collision efficiencies of
reactions 1 and 4 approximately
equal and quote value of 0.01
(7). Using our value, k4=1.19x
1013 cmd mo17l 571 (this Volume,
section B6) we calculate k,=2.0
13 3 -1 _-1 L
x10 cm” mol s ~. Quoted by
(12 and 13).

200-300 Static photolysis system. HC1 inhibited HCl1 photosynthesis
HZ/Clz/HCI mixtures at study. Authors deduce HC1
unspecified wavelength. quantum yield independent of
[HZ] monitored manometri- absorbed light intensity and
cally after immersing obtain kl/k4 <0.1 at unspecified
reaction vessel in liquid temperature, but infer its
air. acceptability at 298 K. Using
POTTS and ROLLEFSON 1935 our value ky=1.19x10"° en® mo1™!
(13) s (this Volume, secti01112B6)3

we calculate k1 £1.19x10 cm
mo1™} s71 at 208 K. Quoted by
(12).

901-1071 (a) Static pyrolysis study. (a) Comparison of the rates of
Para-enriched HZ/HCI mix- reaction 1 and the H atom
tures. Para-[H2] deter- catalysed para-ortho hydrogen
mined by thermal conduct- conversion. Authors corrected
ivity measurements at data for minor participation by
liquid air temperature. postulated bimolecular conver-

900 (b) Static pyrolysis study. sion reaction 6, and its reverse

DZ/HC1 mixtures. [HD]
estimated from thermal
conductivity measurements
at liquid air temperature.

STEINER and RIDEAL 1939
18

para-H, + HC1 ~» ortho—H2 + HCL 6
HZ & 2H 7

Authors obtain values for

k,K;°7 at 901,960,1013 and 1071

K of 1.61,12,0,55.3 and 288

eml*® mo170-5 71 respectively,
use K, values derived from the
data of (6) and (11) to calcu-

late k; values of 3.15x10'%,

J. Phys. Chem. Ref. Data, Vol. 10, Suppl. 1, 1981
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1000

BAULCH ET AL.

H+ HCl— Cl+ H,

T/K

300 200

500 400

13.0

12.0

_'|S
-
[=)

1og(k/cm3 mol

10.0

REVIEW ARTICLES

9.0 —

Fristrom and Westenberg 1965 (26).

. Cherry et

- I

1. 1967 (33).

Wilson and Armstrong 1970 (42).
Kondratiev 1972 (48).
Clyne 1973 (54).

This evaluation.

| il |

J. Phys. Chem. Ref. Data, Vol. 10, Suppl. 1, 1981
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EVALUATED KINETIC DATA FOR HIGH TEMPERATURE REACTIONS

H+ HCI—= Cl+H,

EXPERTMENTAL DATA - cONTINUED

1-165

Rate Constant k

(cm3 mol™! s_l)

(x}

Temperature

Method and Reference

Comments

273-336

STEINER and RIDEAL 1939
(14) continued.

Static photolysis system.
HZ/DZ/CI2 mixture at A>3§0
nm. HZ/HD/D2 ratios
measured by mass spectro-
metry.

BIGELEISEN, KLEIN, WESTON
and WOLFSBERG 1959 (20)

Static photolysis system.
HZ/CIZ/TCl/H01 mixtures at
A>390 nm.
vity of product HT and
that derived from TC1l/HC1
mixtures by reaction with

Specific acti-

IZn amalgam measured with
Geiger gas counter.
KLEIN and WOLFSBERG 1961
(21)

, 4.4x1012 and s5.7x101%

_1, and thereby
compute log (Al/cm3 mol™l s
13.75 and E;=21.8 kJ mol™} (5.2
kcal mol-l). Recalculated by
BENSON and co-workers (39) giving
k, as 1.91x10'%, 2.30x10'2, 2.51
x101% and 3.05x10%% cn® mo17! 71
at these temperatures.

3.93x1012
cm3 mol-1 s

_1)=

(b) Exchange reactions of D2 and
HC1 studied.
postulated bimolecular reaction

Data corrected for

8, allowing a value for k1 of

D, + HC1 -~ HD + DC1 8
5.2x1082 "1 to be
calculated indirectly. Quoted
by (28,29,38). Modified
expression used by (25,31,59).
Used by (25,42).

em3 mo1™? s

Photosynthesis of HCl1 and DC1.

Authors estimated upper limit for
[HD]/[H,] as 2x107*
corrected for isotopic scrambling

from data

in mass spectrometer source and
deduced kl/k4 £0.05 by making
both steady state and unspecified
isotope effect assumptions, and
neglecting termolecular combina-
tion reactions involving H, D

and Cl.

13

Using our value k,=1.19
3 -1 -1 4
x10 cm” mol s’

(this Volume,

section B6) we calculate k,<6.0x
113 el !

10 cm” mol Quo ted by

(21).

-1
s .

Authors used k3/(k9+k10)=1.35
exp(278/T) (17) and theoretically
computed kl/k11 ratio in

H + HC1L »~ C1 + H2 1
Cc1 + HZ + H + HC1 3
H + Cl2 > Cl + HC1 4
Cl + HT > H + TCl 9
Cl # HT » T + HCl1 10
H + TCI » C1 + HT 11

numerical integration of rate
expression to calculate values
for ky/k, of (8.42:0.7)x107°,

(1.08%0.2)x10™% and (1.42:0.05)
x107% at 273.5, 298.5 and 335.5
K respectively leading to k,/k,
=(O.143i0.033) exp{-(775+65) /T}.

J. Phys. Chem. Ref. Data, Vol. 10, Suppl. 1, 1981
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H+ HClI/ H+ Cl,

T/K
300 250 200
! I ExpERIMENTAL DATA ]
1.0 p— I
e Potts and Rollefson 1935 (13).
¥ Bigeleisen et al. 1959 (20).
O Klein and Wolfsburg 1961 (21).
¥ ™ Davidow et al. 1966 (30).
[} Davidow and Armstrong 1968 (36).
.5 = Willis et al. 1969 (40). -
JAN Jardine et al. 1973 (58).
—_— Least squares fit.
O e This evaluation.
~
™~
-2.0 |- \&\ ]
[ ~._0
— [ 2
1 ~
< ~
~ ~
~ ~
b4 ~

1037177 ¢
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EVALUATED KINETIC DATA FOR HIGH TEMPERATURE REACTIONS

H+ HCl— Cl+ H,

EXPERIMENTAL DATA - coNTINUED

1-167

Rate Constant k Temperature Method and Reference Comments
(cm3 mol”1 s-l) (X)
KLEIN and WOLFSBERG 1961 Using our expression ky=3. 6x10%3
(12) continued. exp (~590/T) em® mo17! 5_1 we
calculate ky values of 8. 37x101o
1.30x101! and 2.10x10%! en® mo1”
s”! at these temperatures.
Quoted by (23,27,30,31,58 and
59).
295 and 425 Static photolysis system. Results claimed to be pressure
DZ/HCI mixtures at ca. 3.3 independent between 2.26 and 3.33
kPa photolysed with low kPa. Contribution to products
pressure Hg lamp. (Effec- from translationally excited H
tive A=185 nm). [H,], [HD] atoms apparently overlooked.
and [DZ] analysed by mass Application of steady-state
spectrometry. analysis of multi-step mechanism
DE VRIES and KLEIN 1964 H + HCL ~Cl +H) 1
(24) H + D2 + D + HD 12
to data yielded values for klz/kl
of 144 and 140 at 295 and 425
K respectlvely. Using log(ky,/
em® mo1™! s71y=13.51-(1870/T)
(34) we calculate k —(1 1+0.4)x
10% cn® mo171 571 and <9.2x10°
em® mo1™l s71 at these tempera-
tures. Misquoted by (59). Not
plotted.
Eg g:g g%iiglo ;32 Discharge flow system. HCl  Authors argue that low [H,] and
(3.8t0.4)xloi? 204 (typically 1.33 Pa) added small percentage conversion of
(1.8+0.3)x10 373 to H atoms (typically 0.013 H rendered reaction 3 unimport-
Pa) produced by discharging Cl + H, » H + HC 3
0.02% HZ’ in Ar at 133 Pa ant. Pseudo-first order
total pressure. [H] measured conditions. Data combined with
by adding NO and monitoring that from (14) to give curved
HNO chemiluminescence. Arrhenius plot described by k1
CLYNE and STEDMAN 1966 (29) (8-2%3-5)x10 1Tols exp {~(1560+
200)/T} cm™ mol s ~. Quoted
by (28,38,59). Used by (42).
196-296 Results independent of radiolysis

Radiolysis of HCl/CI%/SF6
0Co
(H,]

presumably measured mano-

mixtures using both
and X-ray sources.

metrically as in (22).

DAVIDOW, LEE and ARMSTRONG
1966 (30)

source. Decreasing H2 yield with
H + HC1I ~ C1 + H2 1
H + Clz + Cl + HC1 4
increasing [C1,]/[HC1] attribu-
ted to competition of reactions
1 and 4 leading to k1/k4 values
of (1.6:0.5)x1073, (7.5£0.5)x
1073 and (8.75:0.45)x107% at
196.2, 274.2 and 296.2 X
respectively. Using our value,
k,=8.6x10"% exp(-590/T) cn®

mol™! s™1 (this Volume, section

J. Phys. Chem. Ref. Data, Vol. 10, Suppl. 1, 1981
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BAULCH ET AL.

H+ HCI— Cl+ H,

EXPERIMENTAL DATA - CONTINUED

Rate Constant k Temperature Method and Reference Comments
(cm3 mo1”1 s-l) (K}
DAVIDOW, LEE and ARMSTRONG B6) valid for temperatures
1966 (30) continued. between 250 and 730 K, we
calculate k1=7.5x1010 and 1.0x
101! em® mo17! s at the two
higher temperatures.
196 Radiolysis system. Method Comments for (30) apply.
given in (30}. C12/HC1 Participation by H2 forming
mixtures in various ratios reactions of hot H atoms and
from 0.017 to 0.1. HCl HC1™ allowed for by authors in
pressure 73-85 kPa. calculating kl/k4=(2.6i0.7)x10—3
DAVIDOW and ARMSTRONG 1968 2t 19622 K. No value for k,
(36) available at this temperature.
Quoted by (42).
(2.64:0.04)x103 195 Discharge flow system. HCl Pseudo first-order conditions.
Eg:gli8:86%§igig %gg (3:§1x10 10_4.6x107% mo1 Low [H] used to eliminate parti-
(3.8 0.1 ]xlolo 273 cm ) added to H atom flow cipation of reactions 3 and 4.
(6.7 0.4 )XIolo 297 from discharged H, (<0.1%) Data at 413 and 497 K corrected
(8.3 0.7 )xloll 314 : 2 . . ; )
(1.0920.14)x1011 333 in He or Ar at total for H atom longitudinal diffusion
E§:§4i8:§63§§811 iég pressure 80-210 Pa. [H] Aufgors calculated k1=(2.3§0.7)x1
monitored by e.s.r., spec~ 1077 exp{-(1760£100) /T} cm~ mol~
trometry. s71, Quoted by (44,49,51,56,59,
WESTENBERG and DE HAAS 61,62,63,64,73 and 76).
1968 (38] Misquoted by (45,67). Used by
(42,50,53,58,65 and 74).
300 Radiolysis system. Febet- As in (30) and (36) authors
ron 705 pulsed electron proposed that decreasing H2
radiolysis of Cl,/HC1 yield with increasing [CIZJ/[HCIJ
mixtures, ratio 4.6x10_3— ratio was due to competition for
7.6x10_2, at 93 and 160 H between reactions 1 and 4.
kPa total pressure. Derived kl/k4=0'0110 and 0.0103
Analysis of [H2] as in (30) from data obtained at 93 and 160
and by mass spectrometry. kPa respectively resulting in a
WILLIS, BOYD and ARMSTRONG quoted average value of 0.?;07.3
1969 (40) Usi?% og{ value k4=1.20x10 cm
mol ~ s (this Volume, section
B6) we calculate k1=1.29x1011
em® mo17l 571, Quoted by (42).
300 Static photolysis study. Thermalised H atom reactions

J. Phys. Chem. Ref. Data, Vol. 10, Suppl. 1, 1981

COZ/HCl mixtures in (5.00
+0.05):1 ratio plus Cl2 at
1=184.9 nm. [HZJ measured
manometrically as in (22).

JARDINE, BALLASH and
ARMSTRONG 1973 (58)

studied after hot H moderation
by Co,.
fraction of hot H reacting with
HCl is independent of [C1,], to
give kl/k4=0.01t0.001.

our value, k4=1.20x1013 cm3

-1

Data evaluated assuming

Using
mol™l s71 (this Volume, section
B6), we calculate k =1.20x10%!
emd mo17l 571,



EVALUATED KINETIC DATA FOR HIGH TEMPERATURE REACTIONS 1-169

H+ HCI— Cl+ H,

EXPERIMENTAL DATA - CONTINUED

Rate Constant k Temperature Method and Reference Comments
(em® mo17! 571y (X}
2.6x10lO 298 Discharge flow system. HCl Pseudo first order conditions.
(1.07—2.86):10_9 mol cm-s) Preliminary experiments
added to H atoms (1.69- established that wall combination
.'56.0x10"11 mol cm—s) in Ar of H with Cl atoms was unimport-
at total pressure of 67- ant. Effect of various wall
200 Pa. [H] and [C1] coatings on reaction rate
monitored by e.s.r. spectr- investigated. Stoichiometry,
oscopy. defined as [C1] produced /[H]
SPENCER and GLASS 1975 (66) consumed, found to be dependent
on H atom consumption rate. k1
estimated by extrapolation to
stoichiometry of unity. WATSON
(77) suggests a more accurate
extrapolatioh gives 3.1x1010 cms
mol ! s71, used by (71).
% géiigig %gg Dischargilflow sysfig. HC1 Preliminary experiments in
1'7OX10%8 208 (2:§x10 -9.01x10 _gmol absence of SF, showed increase in
2.95x107 5 298 cm ) and SF6(5.Ox10 - ky at low [HC1]/[H] ratio (<25).
$-23x1010 aoe 6.06x10"% mol cn™®) added  Addition of excess SF, resulted
2 28x10}8 298 to H atoms in Ar. Initial in constant k1 under all experi-
g.é%iiglo ggg [AC1]/[H] ratio in range mental conditions. Negligible
2.32x1079 208 0.53-33.5. [H] and [HC1]  depletion of [HC1] except in
f.ggiigig %gg monitored by e.s.r. and absence of SF¢ at low [HC1]/[H]
2.gg§1810 ggg mass spectrometry respec- ratios. k; found to be indepen-
4‘QZX1018 360 tively. dent of added 32. Authors
g.igiiglo igg AMBIDGE, BRADLEY and analy?ed data*1n terms of '
8 30x10%8 405 WHYTOCK 1976 (68) reactions 1,1*,4,13 and 14. This
poris i SRR
1.77x1011 464 i+ €l ~Cl+HOY 4
e it Gl o
1 90xloﬁ 464 H +*HC1 > Cl +H, 1
2. 3ox1011 $21 et oy M e e
mechanism implies a stoichiometry
of 2 when [SF.]>>[H], and
experimental rate constants were
therefore halved, giving those
listed. Value at 298 K has been
averaged to (2.32:0.67)x1010 cm3
mo1™! s71 for plotting. Authors
calculated 1og(_k1/cm3 mo1”t s h
=(12.67:0.10) - (695%37)/T.
Used by (70).
(9:4)x1010 295 Discharge flow system. Peripheral results from study of

Experimental details given
by BOTT and HEIDNER (69).
HC1(ca. 5x10711 po1 cm-s)
added to H atoms {ca. 5.4
x10" ! mo1 ) produced
by discharging H2(13-160
Pa) in He at total

H atom removal of HCl (v=1).
Authors argue that high [HZ]/
[HC1] ratio (100-2500) precludes
complications from product Cl
atoms. Fixed observation time
method of kinetic analysis used
to derive kl.

J. Phys. Chem. Ref. Data, Vol. 10, Supp!. 1, 1981
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H+ HCI—= Ci+H,

EXPERIMENTAL DATA - CONTINUED

Rate Constant k Temperature Method and Reference Comments
(em® mo17t s7h ()
pressure of 213-333 Pa.
[HC1] measured by laser
induced 1+0 fluorescence
and [H] monitored by iso-
thermal calorimetry.
HEIDNER and BOTT 19876
(72)
298 Radiolysis study. 6000 Added NO competes via reaction
irradiated HC1 (1.6-6.5x 15 with reaction 1 for thermal
107> mol cm™3) /NO(0-8.4x H +NO +M > HNO + M (M=HC1) 15
10~ } mixtures containing H atoms. Authors obtain kl/k15
either none-or 1.0-1.25 =(2.8«_»0.3)x10-6 mol em™3 from
mol % SF,. [H,] yield experiments in which SF, was
measured manometrically as present as an electron scavenger.
in (22). Analysis of data obtained in
BALLASH, NAGRA and absence of SFq gave k/k;g=(2.64
ARMSTRONG 1977 (75) 0.3}x10 mol cm ~. This
expression used to calculate klf
value by substituting k;=6.6x10 0
em® mol”l s” (38). Using our
value for k15=1.5x1016 cm3 mol_1
s"l {(Volume 2, p.389%) gives ky=
(3.942.0)x10%9 cm3 mo1~1 s71.
REYIEW ARTICLES
See Comments Low Estimated value. Estimates collision efficiency
temperature -4
(unspecified) BODENSTEIN 1931 (7) of 10 7, presumably at room
temperature, by combining data
of (1,2,4,5 and 8). Remarkably
accurate for its publication
date. Quoted by (9).
5.8x1013 exp{(-2265/T) Unspecified Suggested expression. Expression derived by considering
FRISTROM and WESTENBERG data from (14) with that obtained
1965 (26) by combining experimental rate
constants, kS’ for reverse
reaction, (10,18), with known
thermodynamic equilibrium
constant. Quoted by (37).
6.2x102110-5 exp(-1560/T) Unspecified Selected expression. Expression selected is that

J. Phys. Chem. Ref. Data, Vol. 10, Suppl. 1, 1981

CHERRY, GOLD and VAN NICE
1967 (33)

derived by (29). Listings of
(25,28 and 31) considered.
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H+ HCl- Cl+ H,

REVIEW ARTICLES - conTINUED

1-171

Rate Constant k
_1)

(cm3 mol™l ¢

Temperature

(x)

Method and Reference

Comments

(2.3t0.7)x1013exp{-(17601100)/T} Unspecified

(2.95¢1.2)x10 exp (- (1860£115) /T} 195-1070

6.2x10%3

€ (7:3)x10%

exp (-2050/T)

0

250-610

Suggested expression.

WILSON and ARMSTRONG
1970 (42)

Suggested expression.

KONDRATIEV 1972 (48)

Recommended expression.

CLYNE 1973 (54)

ISOTOPIC REACTION D + HCL - CL + HD

900

295 and 425

Static pyrolysis study.
DZ/HCl mixtures. [HD]
estimated from thermal
conductivity measurements
at liquid air temperature.

STEINER and RIDEAL 1939
14

Static photolysis system.
D2/HC1 mixtures at ca. 3.3
kPa photolysed with low
pressure Hg lamp. [sz,
[HD] and [D,] analysed
mass spectrometrically.

DE VRIES and KLEIN 1964
(24

Discharge flow system.
Method identical to that
described above (72). H
atoms and H, replaced by
D atoms and D,.

HEIDNER and BOTT 1976 (72)

ISOTOPIC REACTION H + DCL ~ CL + HD

500

Static pyrolysis study. H,
/DCl mixtures. [HD] measur-

ed as in (14) above.

STEINER and RIDEAL 1939
(14)

Based on (14,29 and 38).

Based on (29) and the data of
(14) as recalculated by (31).

Apparently based on (14,29 and
38).
E1 being given incorrectly as
2050 J mol™l (490 cal mo171y.

Printers error results in

Data corrected for postulated
bimolecular reaction 8, allowing

a value for k16 of 1.0x1012 cm3
D2 + HC1 - HD + DC1 8
D + HC1 - C1 + HD 16
mol™! 571 to be calculated

indirectly.
Used by (47).

Quoted by (24).

Comments in main table above for
(24) apply. Authors deduced
k16/k17 to be zero, but with an

D + HCl1 - H + DC1 17
upper limit of 0.9, and <10 at
295 and 425 K respectively.
Quoted by (50).

Comments given above (72) apply.
Authors derived (k16+k17) which
D + HC1 - Cl + HD 16
D + HC1 - H + DC1 17
is therefore listed as maximum
k16 value.

Data treated as noted above (14)

giving k18=l.3x1012 cm?

mo1l™ L s
H + DC1 - C1 + HD 18

J. Phys. Chem. Ref. Data, Vol. 10, Suppl. 1, 1981
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BAULCH ET AL.

H+ HCl— Cli+H,

[SOTOPIC REACTION H + DCL + CL + HD ~ coNTINUED

Rate Constant k Temperature Method and Reference Comments
(em® mo171 571 x)
300-498 Static photolysis study. Measurements confined to extents

< (7:4)x1010

2.67 kPa each of H, and
DCl at A=184.9 nm. [HD]
and [D,] monitored by
mass spectrometry.

WOOD 1972 (50)

Discharge flow system.
Experimental details
identical to those given
in main table (72). HC1
replaced by DCL.

HEIDNER and BOTT 1976 (72)

ISOTOPIC REACTION D + BCL » CL + Dy

J. Phys. Chem. Ref. Data, Vol. 10, Suppl. 1, 1981

295

Static photolysis system.

HZ/DCI mixtures photolysed
with low pressure Hg lamp.
[HZ], [HD] and [D2] analy-

sed mass spectrometrically.

DE VRIES and KLEIN 1964
(24)

of reaction <0.6% DCl decomposi-
tion. Contribution to product
yields from 'hot' D atoms noted.

Values of k18/k19’ given below,

H + DC1 - D + HC1 19
D + DC1 » C1 + DZ 20
D + HZ - H + HD 2%2
determined using (i) k20=6.4x10
exp(-1915/T) en® mo17! s_l,
itself calculated using transi-
tion state theory from the
expression for kl given by (38);
and (ii) k2}=4.4x1013 exp(-3830/

(35).
Limits given

T) emd mo1 1 7
k18/k19 values.
encompass individual values.

Number of determinations other
than one given in parenthesis.

T/K k15/%5g

300 18.2

301 19.55:0.85 (2)

302 20.35:0.15 (2)

303 18.6

348 38.8 6.6 (3)

394 56.5

398 55.6:14.8 (12)
443 56.05+5.55 (2)

498 70.1

Authors calculated kls/klg=(8501
200) exp{-(1120£90)/T} from these
data. Quoted by (60). Used by
(47).

Comments given above (72) apply.
Authors derived (k18+k19) which
H + DCl -~ C1 + HD 18
H + DC1 » D + HC1 19
is therefore listed as maximum
k18 value.

Application of steady state
analysis of multi-step mechanism
D + DC1 -~ Cl + D2 20
D+HD+ D+ H2 22
to data yielded kzo/k22=0.015,
and k,o/k,;=(6.3£2.5)x10"3 by
assuming klﬁ/k17=k18/k19. See
comments above on this paper.
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H+ HCI— Cl+H,

1SOTOPIC REACTION D+ DCL ~ CL + Dy - cONTINUED

Rate Constant k Temperature Method and Reference Comments
(cm3 mol™1 s-l) (X}
288 Radiolysis system. Febet-  Authors assumed that decrease in
ron 705 (dose rate 0.5-1.0 D2 yield with increasing [Clz]/
x10%7 ev g™ 571y irradia- D + DCL » Cl + D, 20
tion of ClZ/DCI mixtures D+ Cl2 + Cl + DC1 23
at 160 kPa total pressure. [DCl] ratio was due to competi-
Total dose 1.6 Mrad. [Dz] tion between reactions 20 and 23.
monitored mass spectromet- Derived kzo/k23=2.90x10'3 at
rically. 288 K.
JARDINE, ARMSTRONG, BOYD
and WILLIS 1971 (43)
(Zil)xlolo 295 Discharge flow system. Comments above (72) apply.
Method identical to that
described in main table
(72), but with H, H2 and
HC1l replaced by D, D2 and
DC1.
HEIDNER and BOTT 1976 (72)
ISOTOPIC REACTION D + HCL - H + DCL
295 and 425 Static photolysis system. Comments noted above (24).
Details given above (24). Authors obtained klﬁ/k17 as zero,
DE VRIES and KLEIN 1964 D+ HCL ~ C1 + HD 16
(24) D+ HCL -+ H + DC1 17
but with an upper limit of 0.9,
at 295 X, and <10 at 425 K.
<3.6x108 295 Discharge flow system. Halocarbon coated flow tube. Data

1000 Excess HCl (ca. 2.6-11.1

x10719 mo1 cm's) added to
D atoms (ca. 2.8-20x10"11
mol cm™3) plus impurity

H atoms (ca. 0.22-13.6x
10-12
total pressures ca. 280
Pa. [H], [D] and [C1]
monitored by e.p.r.

mol cm-s) in Ar at

spectrometry.

ENDO and GLASS 1976 (71)

analysed in terms of redctions

D + HC1 - H + DC1 17
D + HCI 2 Cl + HD 16,-16
H + HC1 - C1 + HZ 1

1,16 and 17, using kl/(k16+k17)=
0.67+0.04, estimated from
thermodynamic data and reverse
rate constant measurements of
PERSKY and co-workers (32,52),
and k1=2.6x1010 emd mo1”t s
(66) at 295 K. Data at 1000 K
computer simulated using
mechanism comprising reactions
Cl + Hz + H + HC1 3
H + DC1 & C1 + HD 18,-18
D+ DCl &C1 + D2 20,=20
1,3,16,-16,18,-18,20 and -20
with k;¢=1.5x10'% en® mo1™! s
(38) and kinetic isotope effects
(32,52) extrapolated to this

temperature. Atom decay between

-1

furnace and spectrometer cavity

J. Phys. Chem. Ref. Data, Vol. 10, Suppl. 1, 1981
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H+HCI— Cl+H,

[SOTOPIC REACTION D + HCL ~ H + DCL - cONTINUED

Rate Constant k Temperature Method and Reference Comments
(end mo17! 571 (K)
ENDO and GLASS 1976 (71) ignored. Derived 0.025 k16<k17<
continued. 0.1 k16 giving k17=(9.6i5.4)x1010
em3 mo1™! s™1 and hence E,>16.7
kJ mol” %,
10 s s
<(7£3)x10 295 Discharge flow system. Comments given above (72).

Method identical to that
described above using
reactants D, D2 and HCl

(72).

Authors derived (k16+k17), which
is "therefore listed as maximum
k17 value.

HEIDNER and BOTT 1976

(72)

[SOTOPIC REACTION H + DCL ~ D + HCL

Static photolysis study.

300-498 Comments noted above (50).
1:1 mixture of H, and DC1, Author derived the following k19/
total pressure 5.33 kPa, le values and calculated k19/k18
photolysed at x=184.9 nm. H + DC1 + C1 + HD 18
[HD] and [D,] monitored H + DC1 +~ D + HC1 19
mass spectrometrically. =(1.2:0.3)x10™3 exp {(1120£90) /T}
3 - -

WOOD 1972 (50) em” mol © s =

T/K kyg/kyg

300 0.0549

301 0.0512+0.0022

302 0.0491+0.0004

303 0.0538

348 0.0258+0.005

394 0.0177

398 0.0180+0.005

448 0.0178+0.002

498 0.01413

Quoted by (60). Used by (47).
<(7t4)x1010 295 Discharge flow .system. Comments given above (72).

Details as above (72).

HEIDNER and BOTT 1976 (72)

The reaction between hydrogen atoms and hydrogen
chloride is the reverse of the slower of the two chain
propagating reactions

H+ HO —>C + H, Q)

active in the well-known Nernst mechanism for the
conversion of molecular hydrogen and chlorine to hydrogen
chloride. As reaction 1 is very nearly thermoneutral it was
quickly realised that its rate would most likely be similar to
that of reaction 3, and that it could therefore act as an
inhibiting step in the H,/Cl, reaction,

d + H, - H + HA 3)
especially at large extents of conversion where product HCl

J. Phys. Chem. Ref. Data, Vol. 10, Suppl. 1, 1981

Authors derived (k18+k19) which
is therefore listed as maximum
k19 value.

could divert H atoms that would otherwise propagate the
reaction chain by reaction 4.

H + C, - C + HA 7 4)

The early studies of Ritchie and Norrish [9] and Potts and
Rollefson {13] attempted to investigate the extent of this
inhibiting action by matching experimental observations to
rate laws derived to describe the overall reaction. In this aim
these studies met with only limited success; in particular, the
assumptions used by Ritchie and Norrish [9], together with
their data, have been justly criticised [12,13].

Steiner and Rideal’s investigation [14] of the H atom
catalysed ortho-para-hydrogen conversion in the presence of
HCl gave the first useful quantitative data from which k,
could be derived. Benson, Cruickshank and Shaw [39] have
peinted out however that the data were evaluated using X,
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values, since revised, pertaining to “normal” H, containing
equilibrium proportions of the

H, = 2H @

ortho and para forms, whereas values of K, commensurate
with a nonequilibrium, constantly changing ortho-para
mixture should have been used. They therefore recalculated
the k£, values from the data and, in addition, reduced them
by a factor of two, on the basis of a report [19] that the
presence of small adventitious amounts of O, reduces the
rate of hydrogen exchange. The resulting £, values are in fair
agreement with those extrapolated from more recent work at
lower temperatures. They must be viewed with caution
however in the light of the uncertainty regarding the effect of
0,.

Few direct measurements of k£, have been made, and all
have been performed using the discharge flow method. The
two earliest studies, by Clyne and Stedman [29] and by
Westenberg and de Haas [38] are in quite good agreement,
despite an apparent curvature in the Arrhenius plot of the
data from [29]. Difficulties arise however when the simple
Arrhenius expression that best fits these data sets is
combined with the recommended expression for %; (section
B4) to obtain an expression for the apparent equilibrium
constant K'=k,/k,. The values of K’ thus calculated are a
factor of approximately two to three smaller than those
derived from the currently accepted thermodynamic data [46]
given by

K = 1.82 exp(-491/T)

in the same temperature range as that of the rate data.
Westenberg and de Haas [38] first pointed out this
discrepancy and speculated that its origin lay in the greater
probability of obtaining rotationally excited HCl in reaction
3, than of obtaining excited H, in reaction 1. Snider,
however, proposed [41] an alternative explanation, based on
the postulated preferential formation of CI(P,,,) in reaction
1. Galante and Gislason [57] rejected this proposal, arguing
instead that in the experiments in question, the two spin-
orbit states of chlorine were in equilibrium. In addition they
discussed the hypothesis given in [38], citing the lack of
rotational excitation in HF formed in the analogous reaction
of F with H,, and the results of classical trajectory studies
that indicated the ineffectiveness of rotational excitation in
promoting reaction. They proposed in turn that the experi-
mental measurements of k£, were too high by a factor of two
as a result of Cl atom scavenging of an additional H atom at
the wall.

Although initially [54] favouring Snider’s hypothesis,
Clyne and Walker subsequently questioned not only Galante
and Gislason’s reasoning, but argued that the measurements
of k, were at fault rather than those of %, [55]. Their
proposal resurrected a potential complication in some
investigations of reaction 3, previously rejected by
Westenberg and de Haas, in which Cl atoms could be
regenerated by the fast reaction of product H atoms with
molecular chlorine present in the system

CQ + H, — H + HC 3)

H + C, — Cl + HC ()
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Some studies of reaction 3 have been carried out in Cl,-free
systems however (see section B4), so this explanation would
be inapplicable in those cases.

More recently Spencer and Glass re-investigated reaction 1
in flow tubes treated with various wall coatings [66]. They
showed that the removal rate of H atoms and the reaction
stoichiometry ([Cl] formed / [H] removed) was dependent on
the nature of the reactor surface. Their results demonstrated
that the detailed mechanism proposed by Galante and
Gislason could not be operative in their system, but that Cl
atoms, produced in reaction 1, can react with HCI, largely at
the wall, to give a produce, thought to be HCl,, that reacts
further to consume a second H atom. It was therefore
concluded that the earlier £, values of Westenberg and de
Haas [38] and Clyne and Stedman [29] were too high.

Even more recently Ambidge and co-workers [68] studied
reaction 1 in an HF-wall treated flow system, where Cl atoms
are thought to decay primarily to Cl,. The authors therefore
analysed their results in terms of a mechanism incorporating
not only reaction 4, but the reaction of vibrationally excited
HCl, formed by reaction 4, with H atoms, and its
deactivation by a bath gas or at the wall. This mechanism
leads to a stoichiometry in excess of unity and leads to k,
values in good agreement with those calculated via the ther-
modynamic data from the recommended expression for ks,
and the measurement of Spencer and Glass at 298 K. The
apparent discrepancy between the equilibrium constant K
and the ratio k,/k; therefore appears to have been resolved
for the present. We consider that at the present time the
quality and extent of the experimental data for k, is superior
to that for k, and therefore prefer to make a recommendation
for k, based on that for k; and the accepted thermodynamic
data. The expression is

k, = 7.97X10% exp(-1710/T) cm® mol™ s

for use in the temperature range 200-650 K with error
limits of £50%.

Not yet discussed are the relative rate
measurements for k,. These fall into two groups. The sole
member of the first of these is a study by de Vries and Klein
of the rate of reaction 1 relative to that of 12 [24]. Using the
expression for £,, recommended

several

H+ D,—>D + HD (12)

by Schofield {34] leads to computed £, values several orders
of magnitude lower than those directly measured. It seems
doubtful that the expression for k), could be in error to such
a large degree, notwithstanding reported curvature in the
Arrhenius plot due to tunnelling at temperatures below 450
K [35], and we therefore reject these data. The most
probable cause of error is the neglect of the effects of
reactions of translationally excited hydrogen atoms.

The second group of measurements comprises those of
k,/k, using both photolytic [20,21,58] and radiolytic
[30,36,40] methods. The self-consistency of the data is quite
good, particularly at 298 K. A least squares fit to the data
gives

log(k,/k,) = -0.66-398/T

J. Phys. Chem. Ref. Data, Vol. 10, Suppl. 1, 1981
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When we combine the recommended expressions for £, and
k, (section B6) however we obtain

log(k,/k;) = -1.03-486/T

which gives calculated k,/k, values some five to six times
lower than those found experimentally at the same tempera-
tures. The reason for this discrepancy is not clear. We
believe however that the more recent direct measurements of
k,, k; and k, are not grossly in error and therefore prefer our
calculated expression for £,/k,. Experimentally this ratio was
obtained by essentially two groups of workers only. The
radiolysis method employed by one of these is inherently less
reliable than many other techniques, due to the considerable
complexity of the reaction systems. It is probably fortuitous
that the photolysis data is in such good agreement. The most
recent relative rate measurements from the radiolysis studies

[75],
H+ NO+ M —>HNO + M (15)

ky/ks, gives, in contrast, a value for %, in fair agreement
with that calculated from the recommended %, expression,
when our value (Volume 2, p. 389) for k5 is substituted.

Isotopic Reactions

The information available on the isotopic variations of
reaction 1 is sparse. We can reject outright that of de Vries
and Klein [24] on the grounds that they have omitted to
consider the influence of reactions of “hot” H and D atoms,
and that their method of data analysis has been shown to
lead to'wildly inaccurate values for £,. Similar doubts, but of
a lesser magnitude, have been raised [71] about Wood’s data
[50]. In view of the limited number of relative and absolute
rate constant measurements, we are unable to make any rec-
ommendations for any of these reactions.
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B6

BAULCH ET AL.

H+ Cl, > Cl+ HCI

THERMODYNAMIC DATA

T aH° AS log K
(X) (kJ mol™1) @ k! mo1 ™l

208 -189.01 14.30 33.86
300 -189.02 14.28 33.65
500 -189.90 12.05 20.16
1000 -192.32 8.68 10.50
1500 -194.16 7.16 7.11
2000 -195.43 6.43 5.44
2500 -196.37 6.00 4.42
3000 -197.21 5.70 3.73
3500 -198.11 5.43 3.24
4000 -199.09 5.16 2.87
4500 -200.14 4.92 2.58
5000 -201.18 4.70 2.35

RECOMMENDED RATE CONSTANT

13 1 -1

k = 8.6 x 1013 exp(~590/T) cm® mol™! s

= 1.4 x 10-1Oexp(—590/'1‘) em® molecutle™! 71

Temperature Range: 250-730 K

Suggested Error Limits for Calculated Rate Constant: #50%
Rate Parameters: 1og(A/cm3 mo1”! s—l) = 13.93 £ 0.36
1og(a/cn> molecule™ s71) = - 9.85 5 0.36

E/J mol™L = 4 905 + 2 555

1

E/cal mol~ 1170 + 610
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H+ Cl,— HCI+ Cl

T/K
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i ] [ [
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54 ®
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D
EXPERIMENTAL DATA
— —— =~ Rosser and Wise 1961 (18).
[ ] Albright et al. 1969 and 1970 (40,45). ® ®
12 ] Stedman, Steffenson and Niki 1970 (47). (<) (52}
5
D Ambidge, Bradley and Whytock 1976 (65). [2:]
O Wagner, Welzbacher and Zellner 1976 (67).
o Bemand and Clyne 1977 (68).
© Michael and Lee 1977 (71).
This evaluation
[ | |
1.0 2.0 3.0 4.0
103177 k-1
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H+ Cl, = Cl+ HCI

EXPERIMENTAL DATA

Method and Reference

Comments

Rate Constant k Temperature
(cm3 mo1”1 s—l) (K)
298
200-300
298

J. Phys. Chem. Ref. Data, Vol. 10, Suppl. 1, 1981

Static photolysis system.
HZ/CIZ/HCI mixtures at A=
406 nm, isolated by filter
solutions. Unreacted [C1,]
measured at 365 nm using
thermopile detector.

RITCHIE and NORRISH 1933
)

Static photolysis system.
H2/C12/HC1 mixtures at
unspecified wavelength.
[HZ] monitored manometri-
cally at liquid air temp-
erature.

POTTS and ROLLEFSON 1935
(10)

Static photolysis system.
HZ/DZ mixture in ratio 15.7
:1, plus Clz, at A>390 nm.
HZ/DZ/HD ratios measured
by mass spectrometry.

BIGELEISEN, KLEIN, WESTON
and WOLFSBERG 1959 (14)

Study of HC1l photosynthesis. HC1
quantum yields proportional to
170-4. Data fitted to empirical
expression which was then
compared to theoretical equation

derived from postulated mechanism

H + Cl2 -~ C1 + HC1 1
Cl2 + hyv - C1 + C1 2
Cl + HZ + H + HC1 3
H + HC1 +~ C1 + Hz 4
Cl + C1 » C12 5

to obtain kI/k4=O.59. This value
used by authors to assign an
approximate value to the
collision efficiency for
reaction 4. Quoted by (9). Not
plotted.

HC1 inhibited HCl photosynthesis
study. HCl quantum yield thought
to be independent of absorbed
light intensity. Authors deduce
kl/k4>10 at unspecified tempera-
ture but infer its validity at
298 K. This ratio used by
authors to derive the collision
efficiency of reaction 4. Not
plotted.

HC1 and DC1l photosynthesis.
Authors estimated upper limit
for [HD]/[HZJ as 2x10”% from
data corrected for isotopic
scrambling in mass spectrometer
source. Deduced kl/k4>20 by
making both steady state and
unspecified isotope effect

‘assumptions, and by neglecting

termolecular combination
reactions involving H, D and C1.
Concluded E <16.74 kJ mol™l (4.0
kcal mol’l) using A;/A,=10 (9)
and E,=18.83 kJ mol™l (4.5 kecal
mol'l), computed from E;=23.0 kJ
mol™} (5.5 keal mol™l) (13) and
thermodynamic data. Listed by
(29].
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H+ Cl,—~ Cl+ HCI

EXPERIMENTAL DATA - CONTINUED

1-181

Rate Constant k Temperature Method and Reference Comments
(cm3 mol™t s-l) (X)
508-548 Static pyrolysis system. Data corrected for observed
Excess H2 plus Cl2 (650 induction period and finite
Pa) and NO2 (v216 Pa) mix- mixing times. Assumed that
tures. [Cl,] and [N02] reaction chain lengths were long
determined from spectro- H+ Cl, » Cl +HCL 1
photometric measurements H + NO2 + NO + OH 6
at 330 nm and 420 nm. and that reaction rate of NO2
ROSSER and WISE 1961 (18) with Cl, was negligible. Amended
Arrhenius expression calculated
by authors given in erratum (19)
as kl/k6=6'25 exp (-1575/T) and
used by them to derive value for
k6‘ Using the most recent
expression for k6 from CLYNE and
MONKHOUSE (69) , k=2.8x10™* exp(
-410/T) cm® mo1™1 st gives k;=
1.75x10%° exp(-1985/T) cm® mol~t
s7L.
273-336 Static photolysis system. Authors used ks/(k7+k8)=l'35 exp (
H2/C12/TC1/HC1 mixtures at 278/T) (12) and theoretically
A>390 nm. Specific activ- Cl +H, » H + HC1 3
ity of product HT and that H + HC1 -~ C1 + H2 4
produced from TCl1/HCl mix- Cl + HT - H + TC1 7
tures by reaction with ZIn Cl + HT » T + HC1 )
amalgam measured with H + TCL » C1 + HT 9
Geiger gas counter. computed k4/k9 ratio in numerical
KLEIN and WOLFSBERG 1961 integration of rate expression,
(7 to calculate values for kl/k4 of
119+10, 93+16 and 70.4:+2.0 at
273.5, 298.5 and 335.5 K respec-
tively; concluded kl/k4=(7.012.0)
exp{(775+65)/T}. Misquoted by
(41). Quoted by (23,26,28,30,31,
37,43,48,49,57,60,67 and 72).
Used by (35,38,39,42,51,53 and
59).
196296 Radiolysis of HCl/ClZ/SF6 Results independent of radiolysis

mixtures using both X-ray

[H,]

presumably measured mano-

and 6000 sources.

metrically as in (20).

DAVIDOW, LEE and ARMSTRONG
1966 (30)

source. Decreasing H2 yield
H+Cl, » Cl +HCL 1
H + HCl » C1 + H
with increasing [Clzj/[HCIJ
attributed to competition of
reactions 1 and 4 leading to
kl/k4 values of 690+220, 1349
and 114:7 at 196.2, 274.2 and
296.2 K respectively. Quoted by
(48 and 53).

J. Phys. Chem. Ref. Data, Vol. 10, Suppl. 1, 1981
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H+ Cl,— Cl+ HCI

EXPERIMENTAL DATA - CONTINUED

Rate Constant k Temperature Method and Reference Comments
(en® mo17! 5-1) (X)
196 Radiolysis system. Method Comments given for (30) above
as in (30). Mixtures of apply. Authors corrected data
C12/HC1 in ratios between for Hz formation by reaction of
0.1 and 0.017. HCl both HC1™ and hot H atoms with
pressure in range 73-85 HCl, in calculating kl/k4=385 at
kPa. 196+2 K. Quoted by (48).
DAVIDOW and ARMSTRONG 1968
37)
300 Radiolysis system. Authors proposed that decrease in
Febetron 705 pulsed elec- H, yields with increasing [Clzl/
tron radiolysis of ClZ/HC1 DHCl] ratio was due to competi-
mixtures, ratio 4.6x10-3- tion between reactions 1 and 4.
7.6x107%, at 93 and 160 kPa Derived k,/k,=90.9 and 97.1 from
total pressure. Analysis the experiments at 93 and 160 kPa
of [Hz] as in (30) and by respectively giving an average
mass spectrometry. value of 94. Quoted by (48).
WILLIS, BOYD and ARMSTRONG
1969 (43)
l.63x10%§ 294 Discharge flow system. H, Pseudo-first order conditions;
120x10,3 A (<1%) in He plus He diluted [H] shown to be constant within
g.giiigig igg Cl,; [C12]<O.1[H]; [He] at  10%. Authors iilculated k=
5.51x1013 511 either 0.40 or 0.72 kPa; (3.732£0.35)x10" " exp{-(906+151)/
6.23x10%3 557 [H] between 5x107M ana T} cm® mo1™! 571, Listed by
3.3x10'10 mol cm™>. [H], (44,58). Quoted by (48,53,55,63,
[H,] and [C1,] monitored 64,65,67 and 72). Used by (46,
mass spectrometrically. 56 and 62).
ALBRIGHT, DODONOV,
LAVROVSKAYA, MOROZOV and
TAL'ROSE 1969 (40) and
DODONOV, LAVROVSKAYA,
MOROZOV, ALBRIGHT,
TAL'ROSE and LYUBIMOVA
1970 (45)
(2.1t0.7)x1013 300 Discharge flow system. Cl2 Pseudo-first order conditions;

J. Phys. Chem. Ref. Data, Vol. 10, Suppl. 1, 1981

plus excess H2 (v0.2%) in
He at pressures between
120 and 400 Pa. [C1,]
monitored mass spectro-
metrically.

STEDMAN, STEFFENSON and
NIKI 1970 (47)

assumed [H] constant. k; found
to be independent of pressure
within the range 120 to 400 Pa.
Used by (61). Quoted by (65,67,

72).
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H+ Cl, = Cl+ HCI

EXPERIMENTAL DATA - CONTINUED

Rate Constant k Temperature Method and Reference Comments
(cm3 mo1~1 s'l) (K).
300 Static photolysis system. Study of thermal H atom reactions
C0,/HC1 mixtures in (5.00¢ following CO2 moderation of pho-
0.05):1 ratio plus C1, at tolytically produced hot H atoms.
A=184.9 nm. [HZJ measured Data evaluated assuming fraction
manometrically as in (20). of hot H reacting with HC1 is
JARDINE, BALLASH and independent of [Clz], giving
ARMSTRONG 1973 (57) ky /ky = 100:10.
3.03x1012 292 Discharge flow system. H Effective rate constant for
g:géiig}% %g% atoms (ca. 1071 po1 cm's) H atom removal calculated
4.86x1012 292 in Ar reacted with c1, assuming pseudo-first order
g:ggiiglz ggg (1.07-1.92)(].0'11 mol cm's), conditions. Measurements
3.30x101§ 298 initial [Clz]/[ﬁ] ratio therefore confined to conditions
;:%;iiglz §3§ 0.57-2.91, at total press- with 10% Cl2 consumption.
g.ggxigig gig ure ca. 530 Pa. H atoms Overall stoichiometry shown to
8:Ol§10}§ 380 monitored by esr spectro- depend ‘on [C1,]/[H], but to be
S.llxlO12 381 scopy. [Clz] and product independent of added HCl. C1
;:gg:%glz ggi [HC1] measured mass atoms not detected by esr under
7.9ixi8i§ Zis spectrometrically. run conditions. Authors analysed
gﬁgziloig e AMBIDGE, BRADLEY and data in terms of scheme
g.;g;iglz 22% WHYTOCK 1976 (65) consisting of react%ons.l,lo,ll
9:44x1012 434 and 12, where HCl* is vibration-
ally excited HC1,
H+Cl, »Cl +HC" 1
H + HCl1" + Cl1 + HZ 10
. [0 iC12 (wall) 11
HC1 + Cl2 -+ HC1 + C12 12
deriving klz/klo=1.010.3 and
k1 values listed from computed
stoichiometries. Authors
calculated kl=(4.611.3)x1013 exp
{-(715¢100) /T} cm® mo1”! 571,
Quoted by (67,68,70 and 72).
Used by (66).
g.; x%gig %gg Dischargelflow SYSter C12 Pseudo first order conditions.
(1.1110.61)?10%3 278 (2129x10 -1.66x10 mol H atom fl?ores?ence signal ca%l-
1.00x1013 279 cm °) added to H atoms brated using titration of H with
(1.1210%62§§1813 %gi (5.43x10'13-4.14x10—'12 mol NO, and its linear dependence on
(1.0610.02)x10%g 295 cm_s) in He at total pres- [H] demonstrated. H removal by
E%:%%ig:g;%iigis ggg sures from 245-653 Pa. [H] both wall adsorbed €1,, and
(1.2110.01)x101§ 301 monitored by Lyman-a reso- secondary reactions, shown to be
(1'20i0i%§%§igls ;8; nance fluorescence at negligible, No pressure effect
l.40x10%§ 312 121.57 nm. observed. Listed kl values are
i:ggiigig ggf WAGNER, WELZBACHER and results of single determinations
i.igiigls gg% ZELLNER 1976 (67) at all temperatures except those
(1.60%0.06)x1013 356 at 278, 294,295,296,299,301,302
i'§;§i813 ggi and 256 K which are averag?s of
2:10x10i§ 385 2f2,2,2,2,2,3.and 3 determina-
1.72x1013 389 tions respectively. Authggs .
1:3211813 igz calculate K =(8.7¢1.7)x10"° exp

J. Phys. Chem. Ref. Data, Vol. 10, Suppl. 1, 1981
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H+ Cl, —~ Cl+ HCI

EXPERIMENTAL DATA - CONTINUED

Rate Constant k Temperature Method and Reference Comments
(em® mo171 s71) ()
z.10x1013 418 WAGNER, WELZBACHER and {-(600£70) /T} cm® mo1™! s7L,
2.28x10 438
2.6OX1013 458 ZELLNER 1976 (67) Quoted by (68,70 and 72).
continued.

(1.32t0.19)x101g 300 Discharge flow system. Cl, Pseudo first order conditions.

%i'ggfg'§;%§i813 i3 (4.43-40.0x10"%% mol cm™3)  Fluorescence signal calibrated

(2.76:0.43)x10%§ 523 in Ar added to H atoms (1.5 by generating H from known [NO]

(4.47£1.17)x10 730 -13 -3+ . R s
-14.8x10 mol cm °) in via reaction sequence 13,14 and
Ar., [H] monitored By N + NO » O + N2 13
Lyman~o resonance fluore-~ 0 +Hy, 0 +H 14
scence at 121.6 nm. 0 + OH ~» 0, +H 15
BEMAND and CLYNE 1977 (68) L1°» fast at 780 K. Listed k;

values are the average of 21, 8,
11, 9 and 7 determinations at
300, 346,432,523 and 730 K
respectively. Authors compute
ky=(8.5¢1.4)x10"% exp{-(575265)/
T} cm3 mo1™1 7L, Quoted by
(67,70 and 72)}.

(9.6:0.6)x1012 298 Discharge flow system. Pseudo first order conditions.
Excess €1, (1.56-33.2)(10"12 23 determinations of first order
mol cm's) in He added to H decay constant, corrected for
atoms (ca. 1.7x10"13 mol axial diffusion, carried out and
cm'31 in He at total pres- averaged to give listed value.
sure of 243 Pa. [H] moni-
tored by Lyman~o resonance
fluerescence.

MICHAEL and LEE 1977 (71)
REVIEW ARTICLES
See comments Low temp- Estimated value. Collision efficiency of 10'2,
erature

(unspecified) BODENSTEIN 1931 (5) presumably at room temperature,
estimated by combining data of

(1,2,3,4 and 6). Remarkably

accurate for its publication

date. Quoted by (7 and 8).

8.73x1013 exp(-590/T) 250-750 Recommended value. Recommended value based on (67

J. Phys. Chem. Ref. Data, Vol. 10, Suppl. 1, 1981

WATSON 1977 (72)

and 68). Measurements from (17,
40,47 and 65) also considered.
Not plotted because of its
similarity to our recommendation.
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H+ Cl, = CI+ HCI

ISOTOPIC REACTION D + CLy ~ CL + DCL

Rate Constant k Temperature Method and Reference Comments
(cm3 mol™1 s_l) (X)
12

(7.2+3.0)x10 300 Method and procedure Comments given above, (47) apply.
identical to that in (47)
above.
STEDMAN, STEFFENSON and NIKI
1970 (47)

288 Radiolysis system. Authors assumed that decrease in
Febetron 705 (high dose D, yield with increasing [C1,]/
27 oy -1 -1y ° 2
rate 0.5-1.0x10°" eV g s ) D + Cl2 >~ Cl + DC1 1
irradiation of Clz/DCI mix- D+ DCl ~ Cl + D, 41
tures at 160 kPa total [DC1] ratio resulted from the
pressure. Total dose 1.6 competition between reactions 1°'
Mrad. [D,] monitored mass and 4'. Derived kj/k} =345 at
spectrometrically. 288 K.
JARDINE, ARMSTRONG, BOYD
and WILLIS 1971 (50)
Discussion the temperature range of the relative rate experiments,

The fast reaction of H atoms with Cl, comprises one of the
two propagating steps of the Nernst chain mechanism
responsible

H + Cl, - Cl + HQl Q)

for the photochemical, pyrolytic and combustive
combinations of H, and Cl,. The large exothermicity results
in a nonequilibrium energy distribution for the products. If
the excitation energy is channelled into HCI vibration, then
levels up to v=6 can be populated. Experimentally infra-red
emission has been observed from excited HCI for levels up to
this limit, and population distributions measured
[15,16,21,22,24,32,52]. As a consequence of the population
inversion, under appropriate conditions, this reaction may be
used as the basis of the HCl chemical laser, the first of its
type devised [27,33,34,36,42]. The measured population
distributions enable the fractions of the available energy
entering vibrational, rotational and translational product
modes to be derived. The results show that the absolute
efficiency for conversion of the reaction exoergicity into
vibrational energy is low and it is therefore concluded that
the potential energy surface appropriate to the reaction has a
repulsive nature. Molecular beam studies substantiate this
conclusion [54].

In contrast to the extensive series of experiments designed
to characterise the dynamics of the reaction, there are only a
few determinations of its rate. Indeed reliable rate constant
data have only become available very recently.

Rosser and Wise [18] attempted to measure £, relative to
k. Rate data for reaction 6 over an extended temperature
range

H + NO, — NO + OH (6)

are sparse. Using the latest expression for k¢ applicable to

derived by Clyne and Monkhouse [69], gives

k, = 1.75X 10" exp(-1985/T) cm® mol™ s (A)

over the range 508-548 K. This expression gives rate
constants that are in reasonable agreement with those
subsequently measured, but in view of the complex nature of
the reaction system employed we place a low weighting on
these data in our evaluation of k.

All of the other relative rate measurements of reaction 1
have been carried out versus that of reaction 4. Both
photolytic [7,10,14,17,57] and radiolytic [30,37,43] studies
have been made

H + HCO — C + H, (@)

yielding results that show a high degree of internal self-
consistency, with the exception of the earlier work [7,10].
These’ data, outlined in greater detail in the discussion of
reaction 4 (section BS), are fitted by the least squares
expression

log(k,/k,) = 0.66+398/T (B)

Substitution for k, would therefore allow k£, to be
calculated. The Arrhenius parameters for £, are in dispute
however, and consequently we prefer to use expression B, or
individual £,/k, values, together with our recommended k,
expression, to compute £, values.

The first direct measurement of the absolute value of %,
over the temperature range 294-557 K, was carried out by
Albright and co-workers [40,45] under pseudo-first order
conditions, using a mass spectrometer to monitor the decay
of molecular Cl; in the presence of an excess of H atoms.
Their data are in quite good agreement with those of later

J. Phys. Chem. Ref. Data, Vol. 10, Suppl. 1, 1981
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workers [67,68] at ca. 300 K but at higher temperatures the
discrepancy increases. Their derived activation energy and
A-factor, 7.53 kJ mol™? and (3.73%£0.35)X 10" c¢cm® mol™
s, respectively, are the highest yet proposed for this
reaction.

Stedman, Steffenson and Niki [47] used the same
technique to measure £, at 300 K. Their value is ca. 16%
higher than that calculated using the expression obtained by
Albright et al. [40,45].

Four direct determinations of %, have been made in which
the reaction was followed by monitoring the changing H
atom concentration. In the first of these Ambidge, Bradley
and Whytock used e.s.r. spectrometry as the analytical tool
[65]. Their data show considerable scatter and are in poor
agreement with that of Wagner, Welzbacher and Zellner
{67], Bemand and Clyne [68], and Michael and Lee [71], all
of whom used the resonance fluorescence technique,
producing mutually consistent results. Smaller H atom
concentrations could be used in the latter experiments than
in the former and complications due to the presence of vibra-
tionally excited HCl, formed in reaction 1, were therefore
considered to be negligible. On the other hand Ambidge and
co-workers found it necessary to correct for removal of H by
HCl*, but neglected the effects of both HCI* deactivation,
and other reactions, at the wall. They also used a pseudo-first
order treatment to analyse their data, obtained with the e.s.r.
spectrometer operating at the limits of its sensitivity, despite
having only a slight concentration excess of Cl, over H
atoms. It is noticeable that their hydrogen atom decay plots
do not extrapolate to the initial H atom concentration at the
time zero. While we cannot positively specify the reason why

these results do not agree with those of other studies, we feel
that they are nevertheless less reliable.

The two data sets of Wagner and co-workers [67] and of
Bemand and Clyne [68] give almost identical Arrhenius
expressions for £,. Care was taken in these experiments to
ensure that the fluorescence signal was both correctly
calibrated and linearly dependent upon H atom
concentration. Moreover by using low atom concentrations,
complications resulting from reactions of the products of
reaction 1 and other side reactions are reduced to negligible
levels. The room temperature rate constant value of Michael
and Lee [71] is in reasonable agreement with both of these
studies. We consider that the expression best describing &,
should be based on the results of these three studies and
have therefore derived

k= 8.6x10"% exp(-590/T) ¢m® mol™ s

for use in the temperature range 250-730 K. We
nevertheless recognise the difficulties involved in the
measurement of the rate of such a rapid reaction even with
the relatively sophisticated experimental techniques now
available, and therefore suggest that suitable error limits for
calculated values of k; would be 350%.

D + Cl, > Cl + DCI

Apart from the measurement by Jardine, Armstrong, Boyd
and Willis of £’ relative to k,” at 288 K [50] there is but one
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determination of the value of ky'. In this study Stedman,
Steffenson

D + Cl, — Cl + DCl ')
D + DCl — Cl + D, @)

and Niki monitored the decay of Cl,, in an excess of H atoms
[47), employing a mass spectrometric technique also used by
them to obtain £,. Their value for this latter rate constant is
however some 75% higher than our recommended value,
calculated for the same temperature, 300 K, and we
therefore feel that their k)’ value should be regarded with
caution. It would perhaps be preferable to assume that the
two measurements were subject to similar experimental error
and that k," should best be calculated via the experimental
rate constant ratio £,'/k,, found to be 0.34. Relative rate
measurements yielding values for k,/k, are mutually
consistent,

H + HCl — €l + H, @)

but are not in agreement with those calculated from the rec-
ommended expressions for k, and %, It therefore seems
likely that the experiments of Jardine and co-workers [50],
performed as an extension to their previous studies of k,/k,
[43), give a k'/k, value that is in error. Furthermore
reliable determinations of #,’ are not available. In view of
these difficulties no recommendation can be made for k'

Rate of the Reverse Reaction

There are no experimental determinations of the rate
constant for the reverse reaction between Cl and HCL

Fishburne
Cl + HCG — H + ql (-1)
[31] has estimated the expression

k, = 1.8X10™ exp(-24 660/T) cm® mol™ s
1 p

from the data of Klein and Wolfsberg {17] for £,/k,, the ther-
modynamic equilibrium constant for the reactions 1, -1 and
k, values taken from Steiner and Rideal [11]. Jacobs, Giedt
and Cohen [38] studied the Cl atom induced HCl decomposi-
tion in a shock tube, but measured no k_, values directly,
preferring to match their experimental results with those
computed using %_, values calculated from Klein and
Wolfsberg’s data [17] in a manner analogous to that used by
Fishburne [31]. Combining our recommended Arrhenius
expression for k; with the relevant thermodynamic data leads
us to derive the following recommended expression for k_,
with error limits of +50%, over the temperature range

250-730 K.
k, = 1.0X10" exp(-23 885/T) cm® mol” s

Isotopic Exchange Reactions: *Cl + HCl — Cl +
H*Cl and *CI + DCI — CI + D*cI

Klein, Persky and Weston have investigated chlorine atom

exchange in HCl and DCI by photolysing D,/HCl/*Cl, and
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D,/DC1/**Cl, mixtures in the pressure range 6.0-10.7 Pa
[25]. Further details of the method and data analysis
considerations are given in the notes for the Cl plus D,
reaction (section B4). Measurement of both the D, remaining
at the end of the photolysis and the activity of the product
HCI and DCI enabled the following rate

%Cl + HCl — Cl + H*Cl 16)
*Cl + DCl — Cl 4+ D*ql (17)
Cl + D, > D + Da (3"

constant ratios to be determined, from which the authors
derived a

T/K X X
312.5 0.628+0.035 0.0730.005
368.2 0.551+0.035 0.110+0.008
423.2 0.598+0.025 0.146+0.008

value for the mean activation energy difference (£4~E,') of
-0.46%+1.1 kJ mol' (-0.11£0.27 kcal mol™). Using
(E,/~E,)=4.93%+0.08 k] mol™ (14) and £,=23.01+0.84k]
mol™' (13), they then calculated E,,=27.5+2.1 kJ mol™
{6.57+0.49 kecal mol™).
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B7  Cl+ CH,~ HCI+ CH,

THERMODYNAMIC DATA

T aH° As® log X

(K) (kJ mol™h) X! o1l

298 6.958 29.319 0.329
300 6.979 v 29.690 0.336
500 8.602 33.962 0.875
1000 8.699 34.443 1.345
1500 6.205 32.464 1.479
2000 2.987 30.614 1.521
2500 - 0.431 29.091 1.529
3000 - 3.887 27.832 1.521
3500 - 7.318 26.769 1.507
4000 -10.698 25.870 1.491
4500 -14.008 25.096 1.473
5000 . -17.238 24.409 1.455

RECOMMENDED RATE CONSTANT

1.10 x 10’ 1%

—l7T1.97

97 -1

exp(-750/T) cm> mol™ ! s

=
n

1 -1

= 1.83 x 10 exp(-750/T) em® molecule ™t s

Temperature Range: 200-500 K
Suggested Error Limits for Calculated Rate Constant: +35% in the

temperature range quoted. X

'-1.97 3 1 _-1

Rate Parameters: log(A T /em® mol™ " s77) = 7.041 + 1.97 logT + 0.13
1og(A'T 97 fen® molecule™ s71y = -16.738 + 1.97 logT + 0.13

E'/Imo1™! = 6240 £ 1660

E'/cal mol™* = 1490 + 400
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EVALUATED KINETIC DATA FOR HIGH TEMPERATURE REACTIONS

1000 500 400

Cl+ CH, = HCl+ CH,

T/K
300

1-189

125 |- é%

1.5 p—
o \’

11.0

EXPERIMENTAL DATA

® Pritchard et al. 1954 (3).
10.5 b— [ ] Knox and Nelson 1959 (6).
————— Goldfinger et al. 1961 (8).

A Davis et al. 1970 (17},

(o) Walker 1972 (22).

(%] Clyne and Walker 1973 (24).

v Poulet et al. 1974 (27).
——/—— Davis 1975 (31}.

Leu and De More 1976 (39,40).
| 4 Watson et al. 1976 (42).
A Lee and Rowland 1977 (45).

10.0 |—

~——-—— Lin and De More 1977 (46).
< Manning and Kurylo 1977 (47).
] Michae) and Lee 1977 (48).
¢ Whytock et al. 1977 (50).
1)) Baghal-Vayjooee et al. 1978 (51).
[ Zahniser et al. 1978 (52}.

9.5 l

10g(k/cm3 mol”! s'])
[
® o
/ﬁ
rR g
) Ve

REVIEW ARTICLES

———— Fettis and Knox 1964 (12).
—— Watson 1974 (29).
————  Watson 1977 (49).

e This evaluation.

] |

1.0 2.0

3.0 3.0

103kt

5.
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BAULCH ET AL.

Cl+ CH, ~ HCl + CH,

EXPERIMENTAL DATA

Rate Constant k Temperature Method and Reference Comments
(cm3 mo1~1 s_l) (X)
273-488 Static photolysis system. Ratios of initial and final

CH4/H2/C12 mixtures with concentrations of CH4 and H,

typical initial concentra- gave k/k,

tions (at 373 K) [C1,] = Cl + CH, » HCL + CHq 1

(1.55£0.1)x107° mol em™>, Cl + Hy » HC1 + H 2

2.83x10_6<[H2]<8.13x10_6 Values of kl/kz’ taken from

mol cm™3 and z.80x107 % graph, are 5.98 (293 K), 3.79

[cH,]<5.22x107% mo1 em™3, (333 K), 2.80:0.23 (373 K)

Residual CH4 and HZ (average of 6 determinations),

removed by low temperature 2.26 (428 K), and 1.75 (484 K).

distillation and absorbed Authors give Arrhenius expression

on silica gel for measure- kl/k2 = 0.26 exp(856/T) and use

ment. kz of ASHMORE and CHngUGAM (2)

PRITCHARD, PYKE and to giye ky 7 3.16x1077 exp(-1910/

TROTMAN-DICKENSON 1954 (3) 1) ©m° mol™™ s 7, the pre-
exponential factor being
incorrect. PRITCHARD et al. (5)
modified their original
expression for kl/k2 to 0.32 exp(
830+75/T), and gave k; (correctly)
as 2.6x10'3 exp(-1940/T) cm®
mo1™1 s71. Using our recommend-
ation for k2 (this Volume,
se;gion B4) we derivelgl = 4,76x
10 (293 X), 7.43x10 (333 X),
(1.11:0.1)x1011 (373 k), 1.92x10%!
(428 X), and 2.69x10%1 em® mo17?!
s71 (484 K) for this work.

(a) 298-484 Static photolysis system. Analysis of kinetics of mixtures
(b) 349-563 (a) CH4/CH3C1/C12 and (b) (b) as for CH4/HZ/C12 mixtures in

J. Phys. Chem. Ref. Data, Vol. 10, Suppl. 1, 1981

CH4/C2H6/C12 mixtures.
Initial concentrations (a)
[cHy] 3x107%-9x107%
en”3, [CHyC1] 2.5x1075-7.2
x107% mol cm'3, and (b)
[cH,] 6.5x1075-8.1x1076
mol cm”?, [C,HJ] 1.4x107°
-2.0x107% mol cm3.
Residual CH, and CoHe
separated by distillation,
HC1 removed by KOH, and
CH3C1 separated.

mol

PRITCHARD, PYKE and
TROTMAN-DICKENSON 1955 (5)

(3) but for mixtures (a) two
total
inertness or total reactivity of

limiting cases treated:

CH3C1 produced via
Cl + CH4 + HC1 + CH3 1
CH3 + C12 -+ CHSCl + Q1 3
gave 2 estimates for kl/k4
Cl + CH3C1 + HC1 + CHZCl 4
differing by up to 12%. Average
result used to calculate E,-E,.
Authors quote ratios kl/k4 and
ky /kg
Cl + C2H6 - HC1 + CZHS 5
as 0.45 exp{-(250£75)/T} and 0.21
exp{~(1430+190)/T} respectively.



Tog(ky/ky)
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Cl+ CH, / CI+ H,

T/K
1000 500 400 300 200
I | l / |
4 A _
]
\
O
2 ‘ |
\
0 —
\ O
.8 +—
o 1
\
.6 — —
©
N ]
(m]
0
EXPERIMENTAL DATA
O )
0 0 Pritchard et al. 1954 (3).
2 a Knox and Nelson 1959 (6).
A Davis et al. 1970 (17).*
—/—— Davis 1975 (31).*
a ———  This evaluation.*
| l I : 1
1.0 2.0 3.0 4.0 5.0 6.0

10377 k!

* Ratio obtained from absolute values of both k1 and k2'
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BAULCH ET AL.

Cl+ CH, ~ HCl + CH,

EXPERIMENTAL DATA - CONTINUED

Method and Reference

Comments

Rate Constant k Temperature

(cm3 mo1~1 s'l) x)
193-593
360-475

J. Phys. Chem. Ref. Data, Vol. 10, Suppl. 1, 1981

Static photolysis system.
CH4/H2/C12 and CH4/C2H6/
C12 mixtures. Cl2 press-
ures 0.025-0.25 mm Hg (3.3
-33.3 Pa), (CH4+H2) or
(CH4+CZH6) pressures
mlOpCIZ, and N2 added to
give total pressure A500
mm Hg (66.7 kPa). HC1
product converted to
benzene with diphenyl
mercury, and CH.Cl and
C,H CL determined by gas
cliromatography.

KNOX and NELSON 1959 (6)

Static photolysis system.
CH4/CZC14/C12 mixtures.
Pressures in similar
CZHCIS/C2C14/C12 mixtures
given as PCZHCIS’ 14.4-87
mm Hg (1.92-11.6 kPa),
pCZCl 17.5-88.1 mm Hg
(2.34-11.8 kPa), and ey,

Relative rates of reactions 1
and 2, and 1 and 5, obtained
from consumption of RH (R=H,CH3,
CZHS)
Cl + CH4 + HC1 + CH
Cl +H, »HC1 + H
-Cl + CZH6 + HC1 + CZHS S
Ratlos.kl/k2 and kl/ks taken
from graphs (6 and 4)

3

T/K kq/k, ky /K
196 20.3

206 17.5 -4
232 4.8x10
241 8.93 3
275 1.6x10
295 5.93 -3
303 2.0x10 3
330 3.3x10
334 3.83 3
349 4.1x10
374 2.82

404 2.38 3
420 8.4x10 5
464 1.62 1.1x1077
599 1.13 2.1x1073
629 2.4x10

Authors give least-squares fits
to these data as kl/k2=0.30 exp (
830+30/T) and kl/k5=0.26 exp {-(
1410+£23) /T}. Earlier presentation
of kl/k5 data by KNOX (4) gives
k1/k5=0.27 exp{-(1410+15) /T}.
Using k2 from (2) authors quote
k;=2.4x10 3 exp{-(1940£30) /T}

em3 mor™! s1. This expression
used by KNOX (9) in competitive
chlorination in CH4/CHC13‘and
CHA/CHZCI2 mixtures. Quoted by
(19 and 23). Using our recommen-
dation for k2 (this Volume,
section B4) we derive k1=3.93x
10° (196 X), 5.84x10° (206 K),
1.41x10'0 (241 k), 4.96x101°

(295 K), 7.66x10'0 (334 X), 1.14
<10t (374 k), 1.49x10' (404 K7,
2.05x10'1 (464 K), and 4.16x10'}

em® mo1L 571 (599 K.

From initial rates of C12
consumption and pressure change,

straight line plots obtained of
gradient klk-6/k6k7

Cl + CH, + HCL + CH3 1
Cl + C2C14 2 C2C15 6,-6
Cl2 + C2C15 > CZClG + Cl 7

Using E; of KNOX and NELSON (6)
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BAULCH ET AL

Cl+ CH, — HCl+ CH,

EXPERIMENTAL DATA - CONTINUED

Rate Constant k
(cm3 mol™1 s'l) (K)

Temperature

Method and Reference

Comments

303-~599

(9.03:0.6)x1010 298

. Phys. Chem. Ref. Data, Vol. 10, Suppl. 1, 1981

16.4-232.5 mm Hg (2.18-31
kPa). Incident light
intensity, pressure and
c1, absorption at 366 nm
monitored.

GOLDFINGER, HUYBRECHTS and
MARTENS 1961 (8)

Static photolysis system.
CH4(10.8—17.3 mm Hg; 1.4-
2.3 kPa)]CZFSH (99.6-412.3
mm Hg; 13,3<55.0 kPa)]Cl2
(5.3<10.7 mm Hg; 0.7-1.4
kPa) mixtures. Gas chrom-
atography used to determine
product yields of CHzC1

and C2F5C1.

COOMBER and WHITTLE 1966
(14]

Flash photolysis study.
CCI4 (65 u.Hg; 8.5 Pa)/
CH4(SO—SOO u Hg; 6.6-66
Pa) /He (7-98 mm Hg; 0.93-
13 kPa) mixtures. [C1]
followed by resonance
fluorescence at 133.58 or
137.9 nm.

DAVIS, BRAUN and BASS 1970
(17)

Static photolysis system.
CH4/CZH6/IC1 (v30 mm Hg;

4 kPa) mixtures at total
pressures 60-120 mm Hg (8-
16 kPa). [CH,]/[C,H]
ratio 6.25. Reaction
products analysed by gas
chromatography.

KELLY, YU and WIJNEN 1970
18]

authors derive k1=5.0x1013 exp (

-1940/T) cm® mo1™! s1. ysed by
(13). ECKLING et al. (7) report
results of this work as k1=1.26

x10t4 exp(-1940/T) em® mo1™! 571,

From relative CHSCI and CZFSCI
yields, authors obtained kl/k8
as (12.4z0.7) exp(730%20/T).

Cl + CH4 + HC1 + CHq 1

Cl + C,F.H - HC1 + C,F 8

2°5 2°5

Fluorescence signal « [Cl]o'9 for
range 10*1<[€11<10%% mol em”3.
Pulse counting and repeated
photolysis used to reduce random
errors. Corrections (<15%) made
for Cl1 losses by diffusion. All
measurements made after 25C us

to allow for Cl(ZP%) deactiva-
tion. k2 also determined.

Cl +H, ~HCI +H 2
Expression k =4.8x1013 exp(~1910
/Ty em® mo1™? s71 attributed to
this study by CRUTZEN (26), and
5.3x10%% exp(-1910/T) cm® mo1~1
s71 by (28). WATSON (44)
considers this value to be over-
estimated by ~10%: other studies
found fluorescence signal « [C1],
which would give k;=8.13x10%0

en® mo17t 571,

From ratio.of products CH3C1 and
CZHSCI aut?grs obtained kl/k5=
(8£0.8)x10
Cl + CH4 + HCl + CH3 1
Cl + C2H6 +~ HC1 + CZHS S
Assuming A;/A.=1.0 authors give
El-E§=9.Z kJ mo1™! (2.2 kcal
mol~+).
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Cl+ CH, > HCI+ CH,

EXPERIMENTAL DATA - CONTINUED

Rate Constant k Temperature Method and Reference Comments
(cn> mo171 s-l) (K)

(a) (g.;gf%.g)xigig 298 (a) Clz—discharge flow Author quotes mean room tempera-
E8:17;0:6%§1010 %gg system. C12(0.4-2%)/Ar ture value (over 28 measurements)
(9.1912.1))(1010 299 mixtures in discharge, CH for k, by method (a) as (8.30:1.0
(7.39:0.4)x1010 501 > 4 10 '3 -1 -1 O
(7.7721:3)x101° 302 added downstream. Total )x10 cm” mol s Method (b)
E%.égig.lgxigii 329 pressures 0.57-1.35 mm Hg used to eliminate C1, and reacr

.60£0.5)x 374 . .
(4.08io_2)x10ii 218 (76-180 Pa). [C1] cali- tion 3,
(5.8511.3)x10ll 449 brated by titration with CH3 + Cl2 > CH3C1 + Cl 3
E?:géig:;%;ig%% ggg NOCl, using afterglow at production of Cl being via
(1-55i0.3)x1012 591 520 nm and [NO], as deter- NO + €10, » C10 + NO,
(%232;86§EX10 2gg mined by mass spectrometry, NO + Cl10 -~ C1 + NO2

(b) (9.50i0.15)x10§? 296 and [CH4] monitored by with NO in excess to minimise Cl
(1.90i0.17)x1011 299 t t b} NO 1 vi
(1.66+0.27)x10 301 mass spectrometry. (b) removal via

added to flow of C102, CH4 C1 + C10, » 2C10
added -downstream. Total Mean room temperature value (7
pressures 0.86-1.15 mm Hg measurements) by method (b) given
(115-153 Pa). [C1l] deter- as (1.52i0.4)x1011 emd mo1”1 7L,
mined by NOCl titration, Arrhenius form of these data
[CH4], [ClOZI by mass given as k1=(3.12t0.5)x1013 exp {
spectrometry. -(1800+15) /T} emd mo1™t s (298
-686 K). Data too scattered to
WALKER 1972 (22)
give meaning to alternative fit
k,=2.51x10'9T exp(-1360/T) cm’
mo1~l s71

(a) (7.8910.6)x10i$ 300 (a) Cl,-discharge flow Data slightly different from
E%:igig:i%iigll égi system, and (b) flow those in WALKER's thesis (22).
(5.08:0.9);:10ll 418 system, NO added to Cl0 Measurement of k, at 300 K by
(5.3240.9)x1011 449 z L

b 11 stream. Method and method (b) not considered
(6.63:1.2):(1012 484
(l.l6i0.2)x1012 530 conditions as for (22). accurate: estimate only given.
(1.55+0.2)x10 591 . :
(1.80:0.3)x1073 654 CLYNE and WALKER 1973 (24)  Last mean squares fit given to
(2.9610.5){%0 686 these data as k1=(3.0610.3)x10
(®) ~l.21x10 300 exp {~(1790%40) /T} em3 mo1”1l 71
(300-686 K). Used by (25,30,33,
34 and 35).
g.§§x10}8 295 Clz-discharge flow system. k1 determined using large and
8.Gl§iglo ggg ClZ/Ar mixtures through moderate excesses of Cl atoms,
8.67xloi? 295 discharge, CH4 added down- using pseudo~first order and
%'?éi}gll ggg stream through moveable integrated expressions respect-
2 26x10}} 366 inlet. Total pressures ively. Authors give Arrhenius
320011 3% 0.67-1.2 mm Hg (89-160 Pa). expression as k;=(1.11:0.1)x10%3
3.05x107] 401 [C1] determined by NOC1 exp{-(1410£100) /T} cm® mo1™1 s71.
3.46x107) 401 titration, monitoring Cl (295-490 K).
3.81)(1011 442 2
4.50x10 442 and NC1 mass spectromet~ Ci + CH, » HC1 + CH 1
4.91x10%} 464 [c,] ¢ 3
° 11 rically, and |[CH followed
7.06x10 490 ’ 4

using mass spectrometry.
Flow tube coated with

H3P04.

POULET, LE BRAS and
COMBOURIEU 1974 (27)

d. Phys. Chem. Ref. Data, Vol. 10, Suppl. 1, 1981



1-196 BAULCH ET AL.
Cl+ CH, — HCI + CH;
EXPERIMENTAL DATA - CONTINUED
Rate Constant k Temperature Method and Reference Comments
(cm3 mol”1 s_l) (x)
3.25x1012 exp(-1130/T) 218-350 No details available. Reported as provisional data,
DAVIS 1975 (31) subject to revision, by HAMPSON
and GARVIN (32). Method
probably as for previous study
by DAVIS (17). Used by (36,37,
41 and 43).
(7.23:0.18)x1010 295 Cl2 discharge flow system. Pseudo first order decay of CH,
C12 (1%-5%) /He mixtures gave kl directly.
passed through discharge
and added to CH4 through
moveable inlet. Cl1 (5.7
-10 -9 -3
x10 -1.6x10 mol cm ~)
in excess by >factor 10.
[CH4] decay followed by
mass spectrometry, and
[Cc1] determined by (a)
variation in [C1l,] upon
activation of discharge,
and (b) titration with
NOC1.
LEU and DE MORE 1976 (39
and 40)
(l.80:0.24)x10i8 218 Flash photolysis study. Initial conditions [CH4]>>[Cl]
(1.99%0.20)x10 220 _ . R
(2.3310.18)x10i8 238.5 CCl4 (10-200 p Hg; 1.3- chosen so that pseudo first
(2.2810.05)x1010 239 26.7 Pa)/CH4 (0-300 u Hg; order decay of Cl used to give
+
E%:zg;g:glgiiglo %;g 40 Pa)/He (20-200 mm Hg; kl' Authors express these data
(2.9810.18)x1018 245 2.7-26.7 kPa) or Ar (50 mn by k; = (4.4820.45)x10%% exp (- (
(3.01i0.16)x10lo 245 Hg: 6.7 kP . 1230+50) /T} 3 1-1 -1
(3.62i0.18)x1010 250 g; 6. a) mixtures. 30+£50)/ cm” mo s (218-
Ei.;gto.ls)xlglo 250 [C1] followed by resonance 401 K).
+77£0.59)x1 273 )
(6.8710.12)x10}8 298 fluorescence. Cl + CH4 + HC1l + CH3 1
gg'g;fg'gg%§}g1o 2 WATSON, MACHADO, FISCHER
e 10
(7.17£0.6 )x10 298 and DAVIS 1976 (42)
(7.47¢1.21)x1070 298
(7.28+0.02)x10 299
(1.32¢0.11)x1073 350
(2.13£0.07)x10 401
(2.32+0.02)x10 401
243-361 Static radiolysis study. Reactions of 38Cl atoms

J. Phys. Chem. Ref. Data, Vol. 10, Suppl. 1, 1981

CC1F3/CH4 or CZHG/OZ/C2H3Br
mixtures at total pressures

~5 atm (506.5 kPa). No
individual reactant
pressures given. C2H338C1

yield determined.

LEE and ROWLAND 1977 (45)

following CClF3 radiolysis given

as
5809 4 C HyBr + CHBr %1+ 9
C,H.Br38C1* + C_H.38c1 + Br
233t 25"
CHzBro0CL oM » €, Br8c1an
CH4Br38C1+0, > products
38¢c1 + GH, > HCL + CH, 1
38C1 + CHe » HCL + CH, 5
'Hot' 38Cl atoms thermalised by

excess CClFs. Addition of CH4
or C,Hg reduces C,H,>%C1 yield,

hence ratios kl./Bk9 and kS'/Bk9
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Cl+ CH, —~ HCIl + CH;

EXPERIMENTAL DATA - CONTINUED

Rate Constant k Temperature Method and Reference Comments

(cm3 mo1~1 s_l) (K)
LEE and ROWLAND 1977 (45) obtained, where B is parameter
continued. independent of [CH4] provided

[cH,J<<[CC1;F]. Elimination of
B gave ratios ks,/kl,=(17001300)
at 243 K, (360+40) at 298 K, amnd
(150+£20) at 361 K. Authors used
k5.=(3.31i0.3)x1013 cm3 mo1™t 71
(47) at %33 Ksto df{iv61k1,=(lf93
+0.4)x10 cn” mol s . We
have used WATSON's preferred
value for kS at 298 K (49) to

derive ky,=(9.70%9-3yx1010 ¢p3
1 -1.9

mol L s-I.
(a) (6.3814.82)x1012 . 268-423 (a) Discharge flow system, No details available. Results
exp {-(1415£200) /T} using mass spectrometry, of method (b) given as kS/k1=
(b) 220-296  .nd (b) static photolysis  (4.16£0.35) exp {(1440£20) /T}.
system, using competitive Cl + CH4 + HC1l + CH3 1
chlorination of CH4 and Cl + CZHG +~ HC1 + CZHS 5
C2H6. Authors used k5 of WATSON and
LIN and DEMORE 1977 (46) LE?%S to derive kl=(1.13ig.l)x—l
10 exp{-(1560+40) /T} cm” mol
s-l, and data of systems (a) and
(b) combined to give k1=8.85x1012
exp (£1510/T) em® mo1l 171
WATSON (49) reported ratio
obtained in (b) and derived k1=
1.05x10!3 exp (-1500/T) em® mol”!
s~ (198-296 K) using his
preferred value for ks.
(1.5010.1)x10i8 . 218 Flash photolysis study. Decay of [Cl] found independent
E%:féjg:gg;iglo a CCl, (13 u Hg; 1.73 Pa)/ of initial [C1], indicating lack
E%'?éfg'g%iiglo . ggg CH, mixtures at unspeci- of secondary reactions with Cl
(3:70;0:2)x1018 263 fied total pressures. atoms. Values of k; derived
(g'i;fg'ggiiglo g;; [C1] monitored by reson- from pseudo first order kinetics,
E5:82;0:8)x10}8 * 296 ance fluorescence. and corrected for C2H6 impurities
(g.igfg.ggxiglo é?g MANNING and KURYLO 1977 (34 ppm in most cases, 530 ppm in
El:00;0:03§x1011 322 (47) those cases marked *)}, Correct-
ions made using data for k5
determined in same study.
C1+CH4+HC1+CH3 1
Cl + CZHG + HC1 + CZHS 5

Data marked * not included in
least squares fit giving k1=
(4.78:0.9)x10%% exp {-(1270+50) /T
}oemd mol”l s7E Possibility of
slight curvature of Arrhenius
plot considered by authors.
Value o{ok1 %t 2981K of (6.44+
1.2)x10 cm

from values of this work, of (42

and 52).

mol™t 571 derived

J. Phys. Chem. Ref. Data, Vol. 10, Suppl. 1, 1981



1-198

BAULCH ET AL.

Cl+ CH, — HCI+ CH,

EXPERIMENTAL DATA - cONTINUED

Ratg Cons;antlk Temperature Method and Reference Comments

(cm™ mol s ) (x)

(6.50:0.4)x10%° 208 Cl,-discharge flow system. Pseudo first order decay of [C1]
ClZ/He mixtures passed used to derive kl' Correction
through discharge; excess made for Cl removal by 32 ppm
CH, added downstream CyHe impurity.
through moveable inlet.

Initial [C1]=8.3x1071% mo1
en” 3. Total pressures
1.31 mm Hg (174.6 Pa).
Resonance fluorescence
used to monitor [C1].
MICHAEL and LEE 1977 (48)

(8.79&0.54)X10§0 200 Flash photolysis flow Resonance fluorescence signal

(1-1520.08)x10; 5 210 system. COCl, (25-400 taken to be « [C1]. Pseudo

(1.41:0.11)x107 220 4 2 s _

E;.igig.iggiiglo gzé Hg; 3.33-53.3 Pa)/CH4 (50- first order rate constants for

(3:44i0:27)x10i8 260 1505 p Hg; 6.67-200.6 Pa) Cl decay corrected for diffusion,

(4.5110.36)x1010 276 JAr (15-300 mm Hg; 2-40 determined independently in

%gzgiig:ézgiigi? ;ig kPa) mixtures photolysed COC1,/Ar mixtures. Wide range

(1.23%0.08)x107} 343 >143 nm. [COClZ]:[CH%] of flash intensities, and hence

E;:g;ig:?g%iigll igi ratios varied 6.7x107%- [C1], covered. Correction also

(3.44i0.25)x101i 447 3.0. [Cl] monitored by made to bimolecular rate constant

(5.46:0.44)x10 500 resonance fluorescence. for 32 ppm c2H6 impurity in CH4.
WHYTOCK, LEE, MICHAEL, Curvature of Arrhenius plot
PAYNE and STIEF 1977 (50)° ilzged by oyerall expression k=

.28x10°T exp(-608/T) cm
mol™1 571 (200-500 K), or by two
separate Arrhenius expressions
ky=(3.9220.48)x10' 2 exp(-(1229:
27)/T} emS mol™! sl (200-299 K,
and ky=(1.1120.17)x10"% exp {-(
1545£52) /T} em® mo1™l s71 (299-
500 K). Slightly different
expressions reported by WATSON
(48).

(5.6010.3)x1010 298 Very low pressure pyrolysis Authors assumed reverse reaction

J. Phys. Chem. Ref. Data, Vol. 10, Suppl. 1, 1981

study. C12(<l%)/He mix-
tures passed through dis-
charge and added to CH,
stream, so that [CH,]>>

[c1].

reported.

Total pressures not
Reaction
followed by mass spectrom-
etry.

BAGHAL-VAYJOOEE, COLUSSI
and BENSON 1978 (51)

‘made negligible contribution to
kinetics. No CH3C1 found in

products.
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Cl+ CH, > HCI + CH,

EXPERIMENTAL DATA - CONTINUED

1-199

Rate Constant k Temperature Method and Reference Comments
(cm3 mo171 s_l) (K)
(6.5620.2 )xlosl;0 200 Discharge flow system. C12 Cl fluorescence calibrated by
(1.12i0.04)x1010 215 /He mixt d th h titrati C10 with NO
(1.77:0.02)x1010 235 ixtures passe roug itrating wit . Pseudo
(3.0020.1 )xlO10 259 discharge. CH4 added down- first order decay of [C1] found
(5.63+0.2 )}x10 296 : )
v 10 stream through moveable to be linear for up to factor of
(5.90%0.2 )xlO10 298 15
(g.zgig.l )xlO11 300 inlet, giving 1.7x10 ““¢ ~50. Data of T<300 K expressed
Ezzgs;o:gg%iigii A [c1]<3.3x10;;3 mol cm™3, as ky=(4.94:0.4)x101% exp{- (1320
(5.48+0.2 )x10 504 and 1.3x107 %¢[CH, Tl 7x £20)/T} cm® mol™! 71, Upward
10"8 mol cm_s at total curvature for T»>300 K, found to
pressures 2-4 mm Hg (266.6 be greater than could be
-533.2 Pa). Vacuum uv accounted for by experiemntal
resonance fluorescence at error, led authors to give
134.7 nm used to monitor overall expression k%=5.18x106
[c1] decay. 7211 exp(-795/T) em’ mo17l 571,
ZAHNISER, BERQUIST and Data quoted before publication
KAUEMAN 1978 (52) by (45,47 and 49).
REVIEW ARTICLES
(2.4:0.8))(1013 exp{-(1930+90) /T} 300-600 Review. Expression based Authors use k2=8.2x1013 exp (-
on data of (5 and 6). 2760/T) em® mol™! 571 as standard
FETTIS and KNOX 1964 (12) from which to obtain kl’ using
experimental ratios ky/k,.
Cl + CH4 + HC1 + CH3 1
Cl + H2 + HC1 + H 2
Used by (20) without multipli-
cation by 4 for each H atom.
Reported by (15 and 21).
(3.3710.5))(1013 exp {~(1790+37) /T} 298-686 Evaluation. Expression Data of (3 and 6) not used in

12

4.39x10"“ exp {-(1260+55) /T}

200-299

based on average of values
of k1 at 298 K of (17 and
24), and E; of (24).

WATSON 1974 (29)

Evaluation. Review of
reactions of atmospheric

interest.

WATSON 1977 (49)

this evaluation owing to the
discrepancy between kl/k2 of
these studies and of (17).

Expression retained by (32).

Updating of author's earlier
review (29). Recommended
expression derived from data of
(42,47,50 and 52), using least
squares. Value at 298 K quoted
as (6.7510.7))(1010 en3 mo1”1

s1. Used by HUDSON (44).

J. Phys. Chem. Ref. Data, Vol. 10, Suppl. 1, 1981
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Cl+ CH, —~ HCl+ CH;,

ISOTOPIC REACTION CL + CD, ~ DCL + (Dz

Rate Constant k Temperature Method and Reference Comments
(em® mo17! 571y (X)
300-470 Static photolysis system. Mechanism of competitive
CH4(18.7—38.1 mm Hg; 2.5- reactions taken as
5.1 kPa)]CD4 (72.1-236.3 Cl + CH4 + HCL + CH3 1
mm Hg; 9.6-31.5 kPa.)/Cl2 Cl + CD4 - DC1 + CD3 1D
(1.9-14.3 mm Hg; 0.25-1.9 CH3 + C12 - CH3C1 + Cl 3
kPa) mixtures. Product CD3 + Cly + CD3C1 + C1 3D
analysis by mass spectrom- i.e. assumptions are CH3 and
etry. CD; only react via 3 and 3D
CHILTZ, ECKLING, GOLDFINGER, respectively, and CH;Cl and
HUYBRECHTS, JOHNSTON, MEYERS CD3C1 react no further. From
and VERBEKE 1963 (10) rates of change of CH:Cl and
CD3C1, ratio kllk1D obtained:
T/K log(kl/le)
303.7 1.033+0.026
304.4 1.037+0.032
321.9 0.978+0.04
343.3 0.871+0.025
400.4 0.713+0.033
430.7 0.666+0.035
451.6 0.586+0.053
461.4 0.5610.031
WALKER (22) attributes expression
ky /ki=0.48 exp(960/T) to this
work. :
298-~1018 Clz-discharge flow system. He used as carrier gas to avoid

J. Phys. Chem. Ref. Data, Vol. 10, Suppl. 1, 1981

C12/He mixtures in
discharge, CH4/CD4 mix-
tures added downstreanm.
Total pressures 0.55-1,2
mm Hg (73-160 Pa). [CH4]
and [CD,] monitored by
mass spectrometry.

WALKER 1972 (22)

confusion between m/e=20(Ar++)
and ZO(CDZ). Rate constant
ratio kl/klD found from relative
rates of CH4 and CD4 decay.

T/K

298
299
322
340
366
407
426
460
471
520
549
593
625
642
681
687
731
775
787
816
854
871
891
924
930
973
1000
1018

kl/kln
11.96+0.7
12.59+0.5
12.84+1.1
9.03+0.6
8.64+1.3
5.85+0.7
5.9620.4
5.55+1,1
4.15+1.6
3.50:20.4
3.31+0.5
3.75%1.0
2.54+0.8
2.40+£0.3
3.10£0.2
2.06+0.3
2.22+0.6
2.06+0,5
1.6410.2
2.27+0.7
2.25+0.2
1.95%0.3
1.86+0.2
1.9120.2
2.13+0.3
1.53+0.1
1.96+0.4
1.75+0.0

Arrhenius fits given to these
data as kl/k1D=0.725 exp(880/T)
(298-681 K), and kl/k1D=0‘7l exp
(880/T) (298-1018 K). Using his
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Cl+ CH, ~ HCI+ CH;

ISOTOPIC REACTION CL + CDy > DCL + CDz - CONTINUED

Rate Constant k Temperature
(cm3 mo1”L sy (K)

Method and Reference

Comments

WALKER 1972 (22) continued.

own expression for k1 (see

Comments column for entry under
reaction 1), author gives k1D=
4.3x1013 exp(-2680/T) em3 mol”
st (298-681 K). These data also
reported by CLYNE and WALKER (24)

1

ISOTOPIC REACTIONS CL + CHoDy ~ HCL + CHDy AND CL + CHyDy > DCL + CHoD

250-344

WIBERG and MOTELL 1963 (11)

Discussion

The reaction between chlorine atoms and methane

cl + CH, — HCl + CH, )

is an important process in the behaviour of stratospheric Cl,
because of the high (5X 10521072 mol em™ [33,34])
concentrations of CH,. Reaction 1 provides a temporary sink
for Cl atoms, thereby interrupting the cycle of ozone
removal:

Cl+ 0, >CoO + 0,
Clo + 0 > Cl + 0,

Prior to any absolute measurement of k, there was
excellent agreement over a wide temperature range between

Static photolysis system.
CHZDZ/CI2 mixtures, with
CH,D, in excess ([CH,D,]/
[C12]= 2 to 9). Mass
spectrometry used to
measure [CHD,Cl1] and
[ci,ne1].

Steady state approximation used
for Cl atoms and CHn radicals
(n=1-3) so that mechanism
described solely in terms of
rate constants for reactions
€l + CH, -~ HC1l + CH3 1
Cl + CHzCl » HC1 + CHZCl 4
Cl + CH,C1, + HC1 + CHC1,
C1 + CHCl; » HCI + CCl,
Using values of kl’ k4, etc. as
first approximations to rate
constants for deuterated species,
e.g. k10 and kll’
Cl + CH,D, » HC1 + CHD, 10
-+ DC1 + CHZD 11
comparison made between calcu-
lated and observed [CHDZCIJ/
[cH,DC1] ratios. Best fits to
experimental data obtained for
klo/k11=14.4 (250 K), 12.1 (273
K), 8.2 (325 K), and 7.1 (344 X).
Authors give Arrhenius expression
for klO/kll as 1.09 exp(654/T).
Small amounts of CH;D present in
CH,D, (2.9%0.4%) provided
largest source of error.
Secondary isotope effect assumed
negligible.

the data of Pritchard et al. [3] and Knox and Nelson [6] for
the relative rate &,/%,

Cl + H, —» HCl + H @)

Both sets of results were obtained in static photolysis
systems, by comparing the overall consumption of CH, and
of H,.

However, absolute determinations of &, and £, at 298 K
by Davis et al. [17] gave a ratio &,/k, a factor of 2 higher
than thoese of [3 and 6]. Moreover subsequent measurements
of absolute values of both £, [22,27] and %, [16] agreed with
the values of Davis.

But later work of Davis et al. [31,42] on both £, and k,, in
which lower values of %, and higher values of %, were
reported, resulted in ratios £,/k, in much better agreement

J. Phys. Chem. Ref. Data, Vol. 10, Suppl. 1, 1981
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(at least above 300 K) with the earlier results of Pritchard et
al. [3] and Knox and Nelson [6]. These lower values of £, are
now supported by the most recent studies
[39,40,42,47,48,50,51,52].

These later studies are probably the more accurate, owing
to the lower reactant concentrations detectable with the
resonance fluorescence technique [42,47,48,50,52), thereby
reducing the influence of secondary reactions.

Watson, in his excellent detailed review [49] has pointed
out the strong effects upon . the reaction rate of C,Hg
impurities in CH, samples. Manning and Kurylo [47] and
Whytock et al. [SO] have taken particular care over this
point, and with Zahniser et al. [52] have produced the lowest
recent values of k, (although the latter present no details of
CH, purity levels).

All the recent investigations that have covered a wide tem-
perature range have noticed a curvature in their Arrhenius
plots [47,50,52]. This probably explains discrepancies in the
activation energies measured in previous studies over
different temperature ranges: Clyne and Walker [24]
obtained £, =14.9 kJ mol™ (3.56 kcal mol™) for 300-690 K,
whereas Watson et al. [42] obtained 10.2 kJ mol™ (2.44 kcal
mol™) for 218-400 K. Allowance for the curvature has been
made either by fitting two separate linear expressions to the
data, or by incorporating a large temperature exponent in
the pre-exponential factor: 2.5 by [50], and 2.11 by [52]. We
have found that a somewhat lower temperature dependence
is sufficient to describe the modest curvature of these data:
on the basis of the most recent data of [42,47,48,50,51 and
52] we recommend the expression

k, = 1.10X10'T"”" exp(-750/T) cm® mol™ s

over the temperature range 200-500 K. Uncertainty limits of
+35% should be taken over this range.

¢l + €D, — DCl + CD,

The kinetic isotope effect for the chlorination of a C-H
bond has been studied by Chiltz et al. [10} and Walker [22],
both investigations determining the ratio k,/k), over wide
temperature ranges.

Cl + CD, — DCl + CD, (1D)

The error limits on all of these data are such that there is
general agreement, with those of Chiliz et al. [10] falling
somewhat below, and having a slightly higher activation
energy than, those of Walker [22]. A least-squares analysis
of all the data gives the expression

k\/ky = 0.74 exp(832/T)

for temperatures 300-1020 K, which with our recommended
expression for £, gives

kyp = 1.49X10°'T""" exp(-1580/T) cm® mol™ s

over the temperature range 300-500 K. Uncertainty limits of
+80% are recommended over these temperatures.
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Rate of the Reverse Reaction
The data for the rate constant k_,

CH, + HCl — Cl + CH, 1)

have been summarised and evaluated by Kerr and Parsonage
[38], giving a preferred expression & ;=2.34X 10"
exp(-1160/7) cm® mol™* s~ (300-500 K), with quoted error
limits of £150%. At 298 K, this expression gives £ =
4.77X10° cm® mol™ s, Using the Thermodynamic Data at
the beginning of this section, we derive a value of £_, at 298
K of 3.12X10" cm® mol™ s from our recommended
expression for k,. The difference between these two values of
k_, is greater than can be explained by the uncertainties in £,
or by the slightly lower value of £,

CH, + CH, — GH, (11)

used by Kerr and Parsonage as compared with our recom-
mended value for k,, (to be presented in Volume 5).

We believe that the discrepancy is due to differences in
the thermodynamic data used for CH;. Kerr and Parsonage
[38] quote AH{,44(CH,) as 142.3 k] mol™ (34.0 kcal mol™),
whereas the JANAF Tables give the value 145.7 kJ mol™
(34.82 kcal mol™). If we assume that both our expression for
k), and Kerr and Parsonage’s expression for k_, are correct,
then we derive AH[,(CH,) as 141.0 kJ mol™ (33.70 kecal
mol™'). This value is only 418 J mol™ (100 cal mol™) higher
than the value for AH{,,(CH,) derived from a similar
consideration of the forward and reverse rate constants of the
reaction

H + CH, - CH, + H,
to be published in Volume 5 of this series.
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B8 O+ HCI— Cl+ OH

THERMODYNAMIC DATA

T AH® as® log K
®) - (kJ mo1™1y @ K mor™hy

298 4.12 0.93 -0.68
300 4.12 0.93 -0.67
500 4.40 1.62 -0.38
1000 4.96 2.46 -0.13
1500 4,93 2.43 -0.05
2000 4.72 2.32 0.00
2500 4.52 2.23 0.02
3000 4.34 2.16 0.04
3500 4.13 2.10 0.05
4000 T 3.87 2.03 0.06
4500 3.52 1.94 0.06
5000 3.07 1.85 0.06

RECOMMENDED RATE CONSTAIT

k = 6.87 x 10%% exp(~3370/T) cm® mol

1

-1 S-l

leXP('3370/T) en® molecule™! s71

= 1.14 x 107
Temperature Range: 290-720 K.
Suggested Error Limits for Calculated Rate Constant: Factor of 2 at 290 K
rising to a factor of 4 at 720 K.

Note: this expression is that of WATSON (32).

Rate Parameters: log(A/cm3 mo1™t s'l) = 12.837 £ 1.2
log(A/cm® molecule™ s™1) = -10.943 + 1.2

£/ mol™ = 28 020 * 8360

E/cal mol % = § 700 £ 2000

J. Phys. Chem. Ref. Data, Vol. 10, Suppl. 1, 1981
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EVALUATED KINETIC DATA FOR HIGH TEMPERATURE REACTIONS 1-205
O+ HClI—= Ci+ OH
T/K
2000 1000 600 500 400 300
f [ [ I I
@
® o
@ea i
8 D
w}
—
[m]
v
v o
EXPERIMENTAL DATA
[m] Balakhnin, Egorov and Intezarova 1971 (3).
O Wong and Belles 1971 (4). .\
T Takacs and Glass 1973 (8).
[} Brown and Smith 1975 (15).
v Hack et al. 1977 (29].
%) Park 1977 (30).
A Ravishankara et al. 1977 (31).
REVIEW ARTICLES
—_——— Anderson 1976 (23). \\
Watson 1977 (32).
_—-@—
This evaluation.
| | ] l

2.0

1037 1 k!
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O+ HCI— Cl+ OH

EXPERIMENTAL DATA

Rate Constant k Temperature Method and Reference Comments
(cm3 mol™! s-l) X)
5.4x10§ 295 Discharge flow system. Overall reaction stoichiometry,
2'22189 gég Excess HCL (6.7-13.3 Pa) n, not measured but mechanism
2.3x10° 370 added to O atoms ([0]<0.1 assumed to consist of reactions
[HC1]) in Ar at 267 Pa 1 to 4 inclusive, implying
total pressure. [0] and O + HC1 ~ C1 + OH 1
[C1]. monitored by esr 0 +0H =~ H+ O, 2
spectroscopy. 0od + HCL » C1 + H,0 3
BALAKHNIN, EGOROV and 0 > wall 4
INTEZAROVA 1971 (3) l<ng2. Rate constants presented
in graphical form only. Authors
assume n=(1.5+0.5) and, hence
calculated k;=(1.05+0.35)x10"2
exp(-2265/T) em® mo17t 571,
. Quoted by (4,10,12,13,15,16,17,
18,19,21,23). Listed by (27).
5.81x108 353 Discharge flow system. HCl Stirred flow reactor. Authors
i:ggi%gB ggg added to O atoms (5.68x propose reaction.mechanism
4.23x103 358 10710-.9.21x10" %01 em™3)  comprising reactions 1,2,3,5,6,
2.73x2%9 it in Ar at 107 Pa total 7,8,9,10,11 and 12. Reactions
9
2.68x10 426 pressure. [HC1] similar to 2 and 7
2.82x107 428
2_47xlog 429 [o]. T[o], [HC1], [0,], 0+0+M>0, +M 5
8.02x10 498 [H,] and [H,0] monitored 0+0, + M+0, + M 6
8.82x10 499 2 2 ) 2 3
8:95x103 500 mass spectrometrically. d + HCL » Cl1 + H, 7
7-23xlog 201 WONG and BELLES 1971 (4) 9+ 03 >0, +0, 8
-62x10y >02 0+ Cl, » Cl + ClO 9
4.28x10lO 629 2
4.06x1010 630 Cl'+ C1 + M » C1Z + M 10
3.74x10 631 0+ Cl0 » CL + 02 11
H + C12 + Cl1 + HC1 12
thought to be mainly responsible
for 0, and H, production respec-
tively. Calculated k1=(1.1310.16)
x1013 exp (- (3575£65)/T} en®
mol™l s°1 using values for k. and
k6 as recommended by JOHNSTON
(2) and kg from CLYNE and COXON
(1). Quoted by (12,15,17,19,22,
23,25). Used by (26).
<6x107 298 Unspecified. Probably discharge flow system.
TAKACS and GLASS 1973 (8) Accredited to GLASS, unpublished
results.
(8.0t1.2)x10£ 293 Discharge flow system. O Reaction mechanism assumed to
E%:gig:%giigg gég atoms from titration of N consist of reactions 1,2,3,7,9,
(i.;tO.3)x108 351 atoms with NO mixed with Cl » wall 13
.2x0.3)x10 36 . X
E5-710-4%§103 Sgs excess HCl ([HCI]/[OJ0 in 11 and 13. Reaction 4 shown to
(1.0£0.1)x10 403 range 15-1270) in N, at be unimportant. Obtained k, .=
(1.8:0.1)x10° 429 2 1 13
(1.9;0.05)x109 440 133-333 Pa -total pressure. 4.1 s and using this together

J. Phys. Chem. Ref. Data, Vol. 10, Suppl. 1, 1981

[0] monitored spectro-~
photometrically by O+NO
afterglow.

with k2=2.5x1013 emd mor™t s71

(5), ky=2.5x10"% exp(-530/T) cm
mo1™t 571 (11), k,=6.1x10" exp

3



EVALUATED KINETIC DATA FOR HIGH TEMPERATURE REACTIONS

1-207

O+ DCI—=CI+ 0D

T/K
800 500 400
10.5
[ | I
0
10.0 —
Q;E
0
~ 9.5 &? o) _
o
E
o ¢
(%
~
P
3 o)
— 9.0 |— ng? —

EXPERIMENTAL DATA

Wong and Belles 1971 (4).

@]
® Brown and Smith 1978 (33).
|
.0 2.0 3.0
10371k
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O+ HCI—>

r

BAULCH ET AL.

Cl+ OH

EXPERIMENTAL DATA - cONTINUED

Rate Constant k Temperature Method and Reference Comments
(en® mo1™t 571y (K)
BROWN and SMITH 1975 (-1610/T) emd mo1™! 571
(15) and SMITH 1975 (20) (evaluated by authors), k9=6.1x
1012 exp(-1810/T) cm3 mol-! s~
(7) and k11=3.2x1013 en’ mo1”t
(6), authors calculated corrected
k; values as listed and derived
o +0.7, . 12
=(1.5 0. S)xlO exp{-(2970+150)
/T} em® mol™t s Quoted by
(13,14,17,23,28).
(a) 8.4 xlO7 293 Discharge flow system. O Authors considered O atom removal
(b}  (8.422)x10’ 293 . 2
- dissociated.by 10-30% in to be by sequence
3.7 x108 = 335
8 . microwave discharge. HC1 0 + HC1 - C1 + OH 1
3.9 x10g 335 %9 &
5.5 x10 * 337 (4.53x10 “-1.1x10 mol O+ 0H+H +0 2
6.8 x100 * 337 23 2
8'0 xlos 373 cm ~) added downstream OH + HC1 -~ C1 + HZO 3
8.0 xlog 379 through moveable inlet, and ignoring wall reactions, and
1.99x10 435 - . s R :
2.40§103 435 giving 3.4<[HC1]/[0] <80. assuming [0H] to be quasistation-
5.S6x109 509 Total pressures 1.65-5.63 ary, derived expression for
§.03x1070 200 mm Hg (220.0-750.5 Pa). Est stoichiometry n as (1+k,[0]/(k,
4 42x10%g 718 spectrometry used to follow ;+k [HCl])) Using k,=2. leol
4.55x107, 718 - - 11
5'07X1018 718 fo], [c1] and [0H]. [O] cm mol” o s (5) and k3 4x10
5.21x1010 718 calibrated by titration cm mol s as determined in
5.31x10 718 :

6 10§10%3 718 with NOZ' same work, n found to vary
g.?giiglo ;ig HACK, MEX and WAGNER 1977 between 1 and 2. Hence effective
) (29) rate constant for O atom removal

converted to values of kl
indicated by (a). Values also
derived from Cl atom production
(b). Excellent agreement obtained
between two methods. Values
marked * indicated as being
uncorrected for wall reaction.
Expre551on given as k -(5 2+1)x
ol? exp (- (3230+150)/T} em® mo1™1
s'l. Earlier presentation of
these data (24) referred to by
WATSON (32).
1 lxlqig 962 Shock tube study. Mixtures C10 absorbance measurements
i'giig;o lg?g of 03/Hc1/02 and Ar subjec- converted to absolute concentra-
9 lxlO10 1027 ted to reflected shock tions using previously determined
1.7x1010 1081 s ) . .
1.4x109 1087 giving pressures of 405-810 absorption cross section values
7.7x109 1121 kPa. [C10] monitored spec- (27) (see this Volume, section
8.5x10 1130

J. Phys. Chem. Ref. Data, Vol. 10, Suppl. 1, 1981

troscopically at 253.7 nm.

PARK 1977 (30)

B15). (10 production and removal
interpreted in

0 + HC1 » C1 + OH 1

OH + HCl - C1 + H20 3
O3 +M~>0 + 02 + M -6

0+ Cl10 » C1 + O2 11
Cl + 03 + Cl10 + O2 14

terms of reactions 1,3,-6,11 and
14. Measurements restricted to



EVALUATED KINETIC DATA FOR HIGH TEMPERATURE REACTIONS 1-209

O+ HCl— Cl+ OH

EXPERIMENTAL DATA - CONTINUED

Rate Constant k Temperature Method and Reference Comments
(em® mo1™l 571y (X)
PARK 1977 (30) continued. conditions where (kl4[03]initia1
kM) <1 and Ckpp[05] 505 0541/%;

[HC1])>1. don-stationary state
computer modelling treatment
applied to reaction scheme to
generate k values, which are
only dlsplayed graphically.
Author deduces kl—(l.ZtO.G)xlo

em® mo17! s71 at Te1050:150 k.

10

(5.96:0.5)x108 350 Flash photolysis study. O(lD) formed by photolysis
E§:33j8:§§§i89 o 0, (150 ym Hg; 20 Pa)/HCl  rapidly quenched by Ar diluent.
‘ (0.25-2.0 mm Hg; 33.3- Values of kl determined from
266.6 Pa)/Ar (100 mm Hg; pseudo first order decay of [0].
13.3 kPa) mixtures photo- 0 + HC1 - C1 + OH 1
lysed in vacuum uv, giving These data expressed as k -(3 13+
fuc1] /(o] >10%. [0] moni- 0.5)x10%3 expi- (3780+330)/T} cmd
tored by resonance fluor- mo1™t s7L,
escence.

RAVISHANKARA, SMITH, WATSON
and DAVIS 1977 (31)

REVIEW ARTICLES

12

1.5x10 exp {-(2970£150) /T} 293-440 Preferred value is that of This expression favoured over
(15). those of (3 and 4).
ANDERSON 1976 (23)
12 8.43x10’ 298 Evaluation. Preferred Data of BALAKHNIN et al. (3) not
6.87x10 exp {-(3370£350) /T} 293-718 values based on those of used.
(4,15,29 and 31).
WATSON 1977 (32)
ISOTOPIC REACTION O + DCL - CL + OD
4.56x108 366 Discharge flow system. DCl Stirred flow reactor. Analogous
g'ggi%gB ggg added to O atoms (5.47)(10_10 mechanism to that proposed by
2.75x10§ 371 -1.04x10"11 o1 cm-3) in Ar authors for reaction 1 assumed.
3.57x10 374 '
3.24x10§ 375 at 107 Pa total pressure. kl values calculated by
2.60x104 376 Similar [DC1] and [O]. [O], 0 +DCl -~ Cl +0OD 1!
é'goiiSS 325 [pc1] and [02] monitored gave method as for k; values.
9.4 xlog 436 mass spectrometrically. Derived kl (3. 74+O 60)x1012 exp{
1.21x10 442 -1 _-
9.6 x10 443 WONG and BELLES 1971 (4) -(3420485)/T} cn® mol™" s
9.6 xlO9 445
l.OQxlO9 447
3.31x109 480
2.83x109 483
2.7lxlOg 486
2.82x109 489
2.63x109 491
3.36x10 500

J. Phys. Chem. Ref. Data, Vol. 10, Suppl. 1, 1981
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O+ HCI— Cl+ OH

ISOTOPIC REACTION O + DCL ~ CL + OD - coNTINUED

Rate Constant k Temperature Method and Reference Comments
(cm3 mol“1 s—l) : (x)

3.69x100 501 WONG and BELLES 1971 (4)

2.98x10 203 continued.

3.10x10 504

3.05x10g 506

5.56x10 546

5.93)(109 547

6.06x109 549

4.88x10 554

6.00x109 555

4.78x109 556

5.17x109 560

5.30x109 561

5.32x109 562

5.77x109 565

5.39x109 566

5.67x109 . 567

5.95x109 : 568

6.6_1x109 569

6.46x1010 570

l.7lx1010 631

1.74x1010 632

1 68x1010 633

1.85x1010 634

2.04x10 635
(9.03:1.2)x10£ 340 Discharge flow system. O Variation of NO2 afterglow
(1'14io‘2)XI08 348 atoms produced by titrating intensity with distance down-

(1.0420.9)x10% 359
(9.3321.23x10
(1.5120.2)x10 375
(1.3920.2)x10 378
(2.5920.3)x10y
(2.1120.2)x104 397
(3.6120.3)x10g 413

0o 00 ~1

366 N with NO, and DCl added
downstream in excess (151<
381 [pc1] /[0]<1290). Total pres-
sures probably as in (15).

stream from injection of DCl gave
k; from first order plot.

O + DC1I -~ C1 + OD 1
Stoichiometry calculated as

(6.02t0.6)x109 429 NO2 afterglow monitored. always <1.3. Th?se data fi‘cted12
(1.40:0.1)x10 472 ; » .
(1.81+0.2)x10° 489 BROWN and SMITH 1978 (33) DY expression k;=(2.5320.5)x10”

Measurements of £,, the rate constant for the reaction
between HCI and oxygen atoms are complicated by the rapid
reaction

0 + HCl — Cl + OH 1)

between product OH radicals and O atoms. Qther secondar
p y
processes may also be important, including reactions 3 and

7.

0+ OH— H + 0, @
OH + HCl — Cl + H,0 3)
H + HC — Cl + H, @

Thus if values of £, are to be correctly determined, either the
secondary reactions must be eliminated, e.g., [31), or the
stoichiometry n of the overall reaction must be known. None
of the discharge flow studies of reaction 1 [3,4,15,29] reports
an experimental value for n. All evaded this difficulty by
assuming a reaction mechanism and, except for Balakhnin et
al. [3], substituting literature values for the required rate
constants in the kinetic expressions derived therefrom in
order to calculate £,.

J. Phys. Chem. Ref. Data, Vol. 10, Suppl. 1, 1981

exp {- (3520£250) /T} cm> mol™ 1 s71.

Three other studies [9,14,18] have been carried out in
which the reaction HCl (¢v=1) with O atoms has been
investigated. Rate constants for HCl (v=1) relaxation have
been obtained but their evaluation does not concern us here.

Balakhnin and co-workers [3] postulated a mechanism
comprising reactions 1,2 and 3 plus O atom removal at the
wall (reaction 4). This scheme predicts that n lies between
one and two and they have therefore incorporated this
uncertainty into the quoted error limits for their reported
A-factor. Their £, values were obtained over a smaller temper-
ature range than those of other workers and are larger by a
factor of between 3 and 8. The explanation for this latter
discrepancy is open to speculation. The corrected &, values of
Wong and Belles [4] and of Brown and Smith [15] are in fair
agreement. Both pairs of workers assumed that the secondary
reactions 2,3,7,9 and 11 were important. Wong and Belles
also included reactions 4,5,6,8,10 and 12 in their

0+0+M—->0,+M (5)
0+0,+M—>0,+M (6)
0+ 0, >0, + 0, ®)
0+ C, —>Cl + ClO ©)
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Cl+C+M->0, +M (10)
0 + Cl0O - Cl + 0, 11)
H + Cl, > Cl + HC (12)

Cl — wall (13)

scheme, but not 13, which was considered by Brown and
Smith. These authors felt that had reaction 13 been included
by Wong and Belles then the calculated rate constants would
have been more closely in agreement with their own by
virtue of the consequent larger correction for the effects of
reactions 9 and 11. ‘

The most recent discharge flow results of Hack et al. [29]
are also in agreement with those of [4 and 15], with equal
room temperature values being obtained from both O atom
disappearance and Cl atom production. However the latest
study [31], using the flash photolysis-resonance fluorescence
technique, gave higher values of £;,. The linearity of the
pseudo first order [O] decay plots was such that secondary
reactions could be considered negligible. In contrast, these
authors’ data for reaction 3 (section B9) are in much better
agreement with other determinations of %, e.g., [29], and so
this difference is unlikely to be attributable to inaccuracies
inherent in the technique.

In view of the unknown overall reaction stoichiometry and
the necessity to make corrections, albeit not very large, for
the effects of secondary reactions in the discharge flow
studies, we find it difficult to differentiate, with regard to
reliability, between the experimental studies. The agreement,
especially at lower temperatures, of the results of [4,15 and
29], and the extrapolated data of [31] suggests that these
data are to be preferred. We accordingly accept Watson’s
combination of these results [32], and recommend his
expression for £, (over the temperature range 290-720 K).

k, = 6.87X10" exp(-3370/T) cm® mol™ s

We recommend error limits in &, of a factor of 2 at 290 K
rising to a factor of 4 at 720 K.

Rate of the Reverse Reaction

There are no experimental determinations of the rate
constant £_;.

Cl + OH —- 0 + Hd (-1)

An expression for £_, can however be obtained using the equi-
librium constant K, _, calculated from known thermodynamic

1-211

data, and our recommended expression for k. In this way we
calculate

k., = 5.9X10" exp(-2860/T) cm® mol™ s

over the temperature range 290-720 K. Thus log(4/cm®
mol™” s')=12.77+1.2 and E_,=23 740%8360 ] mol™
(56802000 cal mol™), where the errors are assumed to
arise only from errors in £, and not the equilibrium data.
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BAULCH ET AL.

THERMODYNAMIC DATA

OH + HCI— Cl + H,0

T AH® as°® log K
(X) (kJ mo1™1y @ xmor™h
298 -67.94 -16.59 11.04
300 -67.95 -16.61 10.96
500 ~68.40 -17.79 6.21
1000 -68.13 -17.51 2.64
1500 =67.42 ~16.95 1.46
2000 ~66.45 ~16.40 0.88
2500 <65.27 -15.87 0.54
3000 ~63.95 ~15.38 0.31
3500 ~62.55 ~14.95 0.15
4000 ~61.11 ~14.57 0.04
4500 ~59.81 -14.23 ~0.05
5000 <58.28 -13.97 -0.12
RECOMMENDED RATE CONSTANT
K = 2.25 x 10%% exp(-514/T) cm® mo1~! 571
= 3.74 x 10712 exp (-514/T) em? molecule™! 571
Temperature range: 210+500 K.

Suggested Error Limits for Calculated Rate Constant: +£20% at 298 K

rising to #50% at 210 and 500 K.

Rate Parameters: log(A/cm3 mo1l™L s_l) = 12.352 ¢ 0.5

log(A/cm:'> molecule T s_l) = -11.427 %= 0.5
E/I mo1™l = 4270 + 2 760
E/cal mol™l = 1020 + 660

J. Phys. Chem. Ref. Data, Vol. 10, Suppl. 1, 1981
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2000

1000

OH

500

+ HCI= Cl+ H,0

T/K
400 300 200
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| I l

EXPERIMENTAL DATA

REVIEW

Wilson, 0'Donovan and Fristrom 1969 (4).
Takacs and Glass 1973 (8).
Smith and Zellner 1974 (11).

Zahniser, Kaufman and Anderson 1974 (12).

Hack et al. 1977 (34).

4 D>DO®OC e @

Ravishankara et al. 1977 (38).

ARTICLES

Watson 1974 (15).

—————— Hampson and Garvin 1975 (22).
Anderson 1976 (26).
Watson 1977 (39).

—— This evaluation

Davis 1974 (reported by Hampson and Garvin 1975 (22)).

TO3T_]/K_]

J. Phys. Chem. Ref. Data, Vol. 10, Suppl

. 1, 1981
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OH + HCI— Ci+ H,0

EXPERIMENTAL DATA

Rate Constant k Temperature Method and Reference Comments
(cm3 mo1l~1 5_1) (X)
1920-1940 Flame study. HCl inhibited Authors computed OH concentration
CH4/O2 mixtures at 0.05 atm profiles using k2=4.52x1011 cm3
(5.07 kPa) total pressure. 04 + HC1 ~» HZO + Cl 1
Concentration profiles of 0d + CO » CO, +H 2
HC1, €O, €O, and other mo1”t 571 (2), and hence derived
species determined by mass k1=7.7x1012 cm® mol'1 s_l. Using
spectrometric probe. our value, k2=3.89x1011 cm3 mol—l
WILSON, 0'DONOVAN and ™' (Volume 111, p.293), we
FRISTROM 1969 (4) c?iculate kl=6.6x10 cm” mol
s ~. This is probably a lower
limit value due to HCl formation
in flame. Reported by (6) with
log kl error limits of #0.7.
Quoted by (8,10,11,12) Listed by
(15,39) Used by (8,9,29).
356-628 Discharge stirred-flow Investigation primarily aimed at
system. 1.83% O, in Ar at -measuring k(O+HCl). Estimated
\ 0.8 mm Hg (105 Pa). OH from E;=21 kJ mol™! (§ kcal mo1™h)
0+HC1. [0], [OZ], [Hz], by unspecified method from H,0
ricl] and [HZOJ measured yield. Quoted by (10,39).
by mass spectrometry.
WONG and BELLES 1971 (5)
[3.910.9)x1011 295 Discharge flow system. HC1 Kinetic measurements made in
(ca. 7—15x10_10 mol cm's) slight H atom excess., Minor
added to OH (ca. 1.5-5.7x effects of reactions 3,4 and 5
lO"ll mol cm_3) from H+NOZ, allowed for in k1 calculation by
in Ar (3.60-4.15x10"% mol OH + OH » H,0 + 0 3
cm_s). Total pressure 67- OH + 0 +H +0, 4
200 Pa. [oH] and [C1] 0d » wall 5
monitored by esr spectrom- computer fit of experimental
etry. data using k3=9.64x1011 cm3 mol-1
TAKACS and GLASS 1973 (g)  © & and K (50 s b Derived
kl=Ei3x}? exp(-1045/T) cm
mol s using kl from (4).
This expression used by (9,13) to
calculate k1=l.2x1012 en® mo17?!
s7! at 433 K, and misquoted by
(14). AQuoted by (11,12).
Listed by (15,22,23,26,39).
Z.SXIOi} 212 Flash photolysis study. HZO k1 values derived from [HC1] and
g:éiig%i g%g (13.3-66.7 Pa)/HC1l and N,0  observed exponential [OH] decay.
2.3x10ll * 235 (1.3 kPa)/H2 (1.3 kPa) /HC1 OH side reactions considered
g:fi}gi% * gg; mixtures at 1.3-2.7 kPa unimportant. k; independent of
;.giigll . %gg total pressure photolysed OH source. Value marked *
S'QXIOii 298 ?t A>165 nm. [OH] mo?ltored indicate N,0+H, as OH source.
2:??%811 . ggg by resonance absorption. Data only shown graphically.
5.1x1071 323 SMITH and ZELLNER 1974 (11) Aufhors calculate k) =(2.5:0.12)x
S.6x1011 345 107" exp{-(530£25)/T} cm” mol
5.5x10 * 354
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OH+ HCI—> Cl+ H,0

EXPERIMENTAL DATA - CONTINUED

Rate Constant k Temperature Method and Reference Comments

(cm3 mol™! s_l) x)
2.g§i8}} igg SMITH and ZELLNER 1974 (11) s Y. Quoted by (12,17,19,25).
7'7XIOi% 436 continued. Listed by (15,22,26,39).
7.2x1011 450
8.2x10 480
3.llx1011 224 Discharge flow system. HCl Values of k, shown to be inde-
3.07x10%% 234 -11_, . -10 -3 !
3'52X1Oii 251 (8x10 =7x10 Tgi cm ) pendent of total pressure,

(4.04t0.24)x1011 297 added to OH (2x10 ~"-2x particular wall coating and
i:?iiigll ggf 10-12 mol cm_s), from presence of either excess NO2 or
5.51x1051 394 H#NO,, in He(1x1077-3x1077 excess H. Pseudo-first order
6.21x10 460 mol cm's), total pressure conditions. Rate constants only

270-800 Pa. [OH] monitored presented graphically except for

by resonance fluorescence. that at 297 K. Authors derive

LAHNISER, KAUFMAN and k1=(1.§¢o.63f10f2 exp {- (310£10)

ANDERSON 1974 (12) /T} cm” mol s ~. This expres-
sion used by (17,18,20,27,28,30,
31,33,36,37) and a slightly
modified pre-publication expres-
sion by (16). ‘Listed by (15,22,
26,39). Quoted by (19 and 32).

(3.910.2)x1011 300 No details given. Probably flash photolysis - reso-

DAVIS 1974, reported by nance fluorescence technique.

HAMPSON and GARVIN (22),

and DAVIS, SCHIFF and

FISCHER 1975, reported

by WATSON (39)

(4.0:1.0)x1011 293 Discharge flow system. H Effective rate constant for OH
4.9x10%i 435 atoms produced in discharge removal obtained. Correction
7.5x10 567 and NO, added downstream, for reaction 4 considered <10%

to give 5x10™-2¢[OH] <2x OH + 0+ H + 0, 4
1071 mol ecm 3. HCL added  Absence of further secondary
through moveable inlet such reactions enabled k1 to be

that 3.0¢[Hc1]/[oH]<21.0 obtained without corrections for
at total pressures 1.7-3.8 stoichiometry (c.f. reaction 6,
mm Hg (226.6-506.7 Pa). Cl  section B8).

and OH monitored by esr 0 + HC1 » C1 + OH 6
spectrometry. Small temperature dependence
HACK, MEX and WAGNER 1977 duoted as Bj=2.6 kJ mol™".

(34)

Eé.ggfg.igiigii * %;g Flash photolysis study. 05 In 03/H2 mixtures, OH produced

(4.04i0:2)x10%i 298 (SO‘um Hg; 6.7 Pa)/Hz(IOO by sequence L

Eg.ggfg.jgiigll * §§§ um Hg; 13.3 Pa)/He(40 mm 1O3 + hv » 0("D) + O2

(5.96+0.6)x10M1 102 Hg; 5.3 kPa), or H,0(150 um O("D) + H, » OH + H

Hg; 20 Pa)/He(20 and 50 mm
Hg; 2.7 and 6.7 kPa) mix-
tures, with added HC1 (2.5
-20 um Hg; 0.3-2.7 Pa),
giving [HC1] /[OH]>600.
Resonance fluoresence used

H + 03 + OH + O2
Values of k1 determined from
pseudo first order decay of
[oH], found to be linear over
>2 mean life times., Insignifi-
cant variation between values

J. Phys. Chem. Ref. Data, Vol. 10, Suppl. 1, 1981
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OH+ HCl— Cl+ H,0

EXPERIMENTAL DATA - CONTINUED

Rate Constant k Temperature
(cm3 mo1”! s-l) K)

Method and Reference

Comments

to follow [CH].

RAVISHANKARA, SMITH,
WATSON and DAVIS 1977 (38)

obtained using HZO or 03/H2 mix-
tures (latter indicated by *).
These data expressed as k;=(1.99+

0.2)x10%%  exp{-(470:40) /T} cm®
mol™l s~
OH + HCL » C1 + H,0 1

2

REVIEW ARTICLES

HAMPSON and GARVIN 1975

ANDERSON 1976 (26)

1.7x10%% exp {- (400+100) /T} 220-300
1.7x101% exp{-(400£100) /T} 220-300
(22)
1.7x10%2 exp{-(400£100) /T} 220-300
1.78x10*% exp {-(425:50) /T} 220-300
(4.0:0.4)x10"! 298 value.

WATSON 1977 (39)

Recommended expression.

WATSON 1974 (15)

Preferred expression.

Preferred expression.

Based on (11) and (12). Listed
by (22,26). Used by (21).
Quoted by (24).

Endorses WATSON's expression (15)
after consideration of (8,11 and
12).

Favours evaluation of WATSON (15)
after consideration of (8,11,12
and 15).

Recommended expression and k; at 298 K is an average of

values from (8,11,12,38). Expre-
ssion based on data of (11,12,38).
Data of (4,5,8) rejected. Expres-
sion continued to be recommended
by HUDSON (35), although it is
incompatible with recommended
room temperature value.

ISOTOPIC REACTION OH + DCL ~ HDD + CL

2.2x1011 294 Flash photolysis study. Data analysed as for study of
RIS 23 DC1/H,0(13.3-66.7 Pa) mix- reaction 1 noted above (11)
2.1x1011 298 tures, total pressure 1.3- OH + DCL » Cl + HDO 1
;:;iigll ggg 2.7 kPa, photolysed at OH side reactions considered
3.1x10}i 351 A>165 nm. [OH] monitored . unimportant. Rate constants
i'iiigil iig by resonance absorptiomn. only displayed graphicai'lly.3
j'jiigli e SMITH and ZELLNER 1974 Authors calculate log(ky/cm

5. 4x101% 463 1) mol ~ s “)=(12.5+0.2)-(340+16)/T.

Discussion

Chlorine compounds are known to act as flame inhibitors,
presumably by reducing the concentrations of reactive
intermediates such as H, and to a lesser extent OH. It is
probable that HCl plays a major role in these reaction
sequences. HCl also acts as a reservoir for chlorine in the
stratosphere, it being formed largely by H abstraction from
methane by Cl atoms. Regeneration of Cl occurs mainly by

reaction 1, and calculations show that for
OH + HCl —- C + H,0 (1)

J. Phys. Chem. Ref. Data, Vol. 10, Suppl. 1, 1981

Listed by (22).

typical conditions at these altitudes, the HCl concentration is
several orders of magnitude greater than that of Cl [24]. HCl
therefore acts as an important moderator of the chemistry of
the Cl/ClO/0, system [17], and the knowledge of a precise
value for k, is of paramount importance in defining the
extent of stratospheric ozone depletion.

The first attempted measurement of £, was carried out by
Wilson, O’Donovan and Fristrom [4]. They studied the
structure of CH,/0, flames inhibited by HCl at 1920-1940
K, and derived a value for %, by monitoring the
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concentration profiles of various species including HCl, CO
and CO,, using mass spectrometry. They acknowledged that
their value could be too low as a result of HCl being formed
by Cl atom attack on CH,. Their value is however higher
than those calculated from extrapolations of lower tempera-
ture data [11,12], indicating the possible participation of an
HCI consuming reaction (or reactions) not accounted for. In
view of this disagreement, and the complex nature of the
flame system and the difficulties of its interpretation, we
place little reliance on this &, value. :
Subsequently, three discharge flow system investigations
of reaction 1 have been carried out [8,12,34]. All are in
excellent agreement at room temperature, and furthermore,
are consistent with that measured by Smith and Zellner [11]
and Ravishankara et al. [38] using flash photolysis. In these
studies the photolyses of both water vapour and N,0/H, [11]
and O,/H, [38] mixtures were separately used to provide OH
radicals. The same £, value, within experimental error, was
obtained from both procedures. Experiments have also been
carried out over the temperature range 212-567 K
[11,12,34,38]. There is some uncertainty as to the exact
value of the lower limit of the temperature range covered in
[11] however, as table 2 of this paper quotes a value of 220
K, which is incompatible with the position of the lowest tem-
perature point shown plotted in their Arrhenius diagram
(figure 2) at ca. 212 K. The values determined for the tem-
perature dependence at present appear to depend upon the
technique used. The flash photolysis studies of Smith and
Zellner [11] and Ravishankara et al. [38] have provided
activation energies of 4.4 and 3.9 kJ mol™ respectively, up to
70% higher than the value 2.6 kJ mol™ obtained by both
Zahniser et al. [12] and Hack et al. [34] using discharge flow
systems. In view of the possibility of interference of
secondary reactions in the latter, and the demonstrated
independence of the flash photolysis results {11,38] 'upon
OH radical generation methods, we prefer to base our recom-
mended activation energy on these results. With a room tem-
perature value derived from [8,11,12,34 and 38] we

recommend the expression

k, = 2.25X10" exp(-514/T) c¢cm® mol™ s~
1 p

for use over the temperature range 210-500 K, with
suggested error limits for £, of =220% at 298 K, rising to
+50% at 210 and 500 K. Previous reviewers have followed
Watson [15] in recommending an expression with the slightly
lower value for £,/R of 400 K [22,26]. Clearly Wong and
Belles’ rough estimate of 2520 K for E,/R [5] cannot be

correct.

OH + DCI — Cl + HDO

Only Smith and Zellner [11] have performed experiments
to measure rate constants for the isotopic reaction 1'.

OH + DCl — Cl + HDO (1)

Employing an identical flash photolysis technique to that
used to study reaction 1, they obtained k,'=

(2.8+1.4)x 10" exp{-(780+35)/T} cm® mol™ s over the
temperature range 298-470 K. Presumably similar causes of

1-217

error were involved in both series of experiments, and it is
probable that the optimum values for %," in this temperature
range are best calculated using their derived equation for
k\'/k, together with our recommended expression for £,
giving

k' = 2.58X10" exp(-767/T) cm® mol™ s

Rate of the Reverse Reaction

There are no experimental determinations of the rate
constant for reaction -1.

Cl + H,0 —» OH + HCl 1)

=377
kJ mol™ (9.0 kcal mol™), using the BEBO method [1], and
Jensen and Kurzius suggested 4, =3x10" exp(-9560/T)
cm® mol™ s™! by modifying the Arrhenius expression derived
by them for kg to allow for the differences in reaction endo-
If we combine our

Johnston and Parr estimated an activation energy, £

thermicity and steric factors [3).
expression for k£, with the known thermodynamic

Cl + HCl — H + ¢, ©6)

data for the reactants and products, then we compute the
following recommended expression for k_, over the tempera-
ture range 210-500 K.

k, = 1.68X10" exp(-8670/T) cm® mol™ s

Appropriate error limits are the same as those prescribed for
k.
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B10 Cl+0;—> CIO+ 0O,

THERMODYNAMIC DATA

1-219

T AH® as® log K
(X) (kJ mo1™1) (7 K mo1™hy
298 -162.75 27.68 29.958
300 ~-162.75 27.67 28.781
500 -163.28 26.40 18.436
1000 -166.01 22.65 9.855
1500 -168.56 20.57 6.943
2000 -170.67 19.35 5.468
2500 ~172,28 18.62 4,572
3000 ~173.40 18.22 3.970
3500 ~174.06 18.00 3.539
4000 -174.35 17.93 3,214
4500 ~174.34 17.93 2.961
5000 -174,12 17.97 2.758
RECOMMENDED RATE CONSTANT
k, = 1.48 x 10" exp(-210/T) cm® mo1™! 571
= 2.45 x 10-1lexp(-210/T) cnd molecute™l 71
Temperature Range: 200-400 K.
Suggested Error Limits for Calculated Rate Constant: +40% over the
quoted temperature range.
Rate Parameters: log(A/cm3 mol™} s-l) = 13.169 + 0.15
log(A/cm® molecule T s7™1) = =10.611 + 0.15
E/0 mo1™l = 1750 & 2300
E/cal mol™t = 420 s 550
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Cl+0,~ ClO+ 0,

EXPERIMENTAL DATA

Rate Constant k Temperature Method and Reference Comments
(em’ mo1™! s7hy (X)
>4x10ll 294 Discharge flow system. Clz/ Lower limit to k1 obtained from

Ar mixtures passed through estimated half reaction times at
discharge. Excess O; added low [03].
downs tream through moveable Cl + O3 + Cl0 + O2 1
inlet. Total pressures Used by (12).
1.36 mm Hg (181.3 Pa), [C1]
=6.1x1071° no1 cn™? and sx
10"]'0<[03:[<2.5)(10"9 mol
em™3, [C1] measured by uv
absorption at 250 nm, and
chemiluminescence monitored.
CLYNE and COXON 1968 (3)

(1.11i0.2)x1013 298 Discharge flow system. O3 Pséudo—first order decay of O3
(5.7)(10$13 to 2.1x10-'12 mol gave kl' Authors suggest
cm's) added downstream to possible large random errors due
Cl stream (5.3x10-12<[C1]s to indirect measurement of [0.].
2.3x1071 po1 cm-3) at This result is that of WATSON
total pressures 120 Pa. (7). Reported by CLYNE (6).
Relative [03] measured by Used by (15,18,22,24,25 and 26)
mass spectrometry, cali- and preferred by WATSON (16).
brated by NO titration, and
fc1] measured by O, consum-
ption in excess of 03.
CLYNE and WATSON 1974 (11)

305 Static photolysis study. Accepting the mechanism of

C12 (0.51-5.13 mm Hg; 68~
684 Pa)/O3 (1.9-27.0 mm Hg;
0.25-3.6 kPa)/0, (1.0-97
mm Hg; 0.13<12.9 kPa)/C,Cl,
(1.0-10.0 mm Hg; 0.13-1.3
kPa) mixtures. Initial
[05]/[0,] ratios 2.2x107°-
27 and average [C2C14]/[03]
ratios 0.03-2.64. Reaction
followed by ir absorption
of C,Cl, (10.9 u), 0:(9.5
ul, CC13C0.C1 (5.53 u),
CClZO (5.46 and 5.53 yu),
and CClZCCIZO (7.5 u).

MATHIAS, SANHUEZA,
HISATSUNE and -HEICKLEN
1974 (13)

HUYBRECHTS et al. (2) for the Cl
initiated oxidation of C2C14,
authors found that in presence of
03, variation of quantum yield
ratio {¢(CC13CO.C1) + §¢(CC1,0)}
/#(CC1,CCL,0) with [C2C14]/[03]
gave ratio k2k3/k1k33 =6.7
Cl + 0; + Cl10 + 0, 1
CL + CyC1, » C,yClg 2
Cl10 + C,C1, - CC1,CC1,0 + C1 3a
+ CC15C0.C1 + C1 3b

- CC120 + CCl3 3c
Cl10 + O3 + Cl + 202 4a
- ClO2 + O2 4b

and (kg +kgp)/ky, + Kk, /kikg, =
0. Authors thus derive kg/kl=

6.7, using k,=1.3x10"% cm> mo1”

s71 (4) to give k;=1.9x10'% cm®
mol-1 S-1 at 305 K.

1
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Cl+0,— ClO+ 0,

EXPERIMENTAL DATA - CONTINUED

Rate Constant k Temperature Method and Reference Comments

(em> mo1™1 571y (x)

6.63x10i§ 200 Cl2 discharge flow system. Abstract only. Few details. kl
;.ggiiglz ggg Typical pressures 2-8 mm Hg determined from pseudo-first

(0.27-1.07 kPa), and total order decay of Cl. Expression

concentrations 1.7x10_12— k1=1.42x1013 exp(-170/T) cm®

1.7x10719 mo1 en™3. [c1] mo1™t s™1 (200-360 K) attributed
measured by vacuum uv to these authors by (20), and
resonance fluorescence at used by (33). Average of these

134.7 nm. data and those of DAVIS used by

ANDERSON, KAUFMAN and (36).

ZAHNISER 1975 (19)

(8.01t1.6)x1012 298 Discharge flow system. H and O impurities generated in
Excess 03 (8.3}(10-13 to discharge removed by reaction
5x10711 po1 cm_s) added to  with undissociated Cl,. Small
Cl stream. Total concent- corrections for ozone consumption
rations 2.8)(10-8 to 9.6x made to values of k; from pseudo
1078 mo1 cm”3. (C1] deter- first order decay of Cl.
mined by vacuum uv reso- Cl + O3 + Cl10 + O2 1
nance absorption at 134.7 Value quoted is that from studies
and 133.6 nm, and [03] by using 134.7 nm wavelength,
uv absorption at 253.7 nm. Results of 133.6 nm studies,

NIP and CLYNE 1975 (23) giving §}=(7'53t0'2)XI012 en’
mol = s™+, showed greater scatter
due to small photon count
signals. Authors favoured mean
of this result and of CLYNE and
WATSON (11), k;=(9.58£0.2)x10"?
em® mo1™! 57! as reliable value.
Reported by (20).

4.60x10L2 221 Clz—discharge flow system. Values of k1 obtained from pseudo
Cg.giigTégilo %gg Clz(m7%)/Ar mixtures passed first order Cl decay. Small

l.ZOXIOig 452 through_g;schargii and 04 correcti?ns (<6%) made for 04

1.69x10 629 (8.3x10 -5x10 mol consumption. As for (23),

J. Phys. Chem. Ref. Data, Vol. 10, Suppl. 1, 1981

cm_z) added downstreanm,
giving total concentrations
2.8x1078-9.6x1078 3,
[C1] monitored by vacuum

mol cm”

uv absorption at 134.7 and
133.6 nm, and [03] by uv
absorption at 253.7 nm.

CLYNE and NIP 1976 (27)

greater scatter noted in data
obtained by measuring [Cl] at
133.6 nm.
squares fit to these data as
k,=(3.1220.3)x1013 expi-(420£30)
JT} em® mo1™!t s71.  Authors
reigmmegd mea? value, k;=7.83x
at 298 K, of

1082 cp3 mo1t 57t
data of (11,27,28,32 and 34).

Authors gave least
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Cl+ 0,~ ClO+ O,

EXPERIMENTAL DATA - CONTINUED
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Rate Constant k Temperature Method and Reference Comments

(cm3 mol™! s'l) (K)

(2.g?f8.?é)xigig ;%g Flash photolysis study. From integrated pseudo first

E4:89;0:ll§§10%% 251 CCl4 (10-20 u Hg; 1.3-2.7“2 order decay of Cl, net Cl removal

Eg.gffg.%ggiiglz %;; Pa)/0§£0.3-5.8 u Hg; 4x10 rate constant (allowing for

(6:4120:22)x1012 298 -8x10"" Pa)/Ar (10 and 20 presence of impurities) given by
mm Hg; 1.3 and 2.7 kPa) reciprocal 1/e time. kl given by
mixtures. Initial [C1] slope of first order rate
range 1.7x107 14 1. 7x10713 constant vs. [03]. Values
mol cm™>. [0;] measured " presented here have been reduced
by absorption at 253.7 nm, by 7.5% to allow for error in
Cl decay monitored by D33]’ as reported by authors in
resonance fluorescence. erratum. Their revised Arrhenius
KURYLO and BRAUN 1976 (28) CSXPression is k1=(1364101%7)§%013

exp {-(298£39) /T} cm” mol s
(213-298 X).

(7.83i0.18)X1012 295 Clz-discharge flow system. Pseudo first order decay of 04
Clz(l%-s%)/He mixtures gave kl, after correction (20%-
passed through discharge 70%) for axial and radial
and added through moveable diffusion.

’ inlet to 03, with C1 (2x
10710 4. 2x10719 mo1 cm3)
in excess by factor >10.
[0;] decay followed by mass
spectrometry, and [Cl1]
determined by (a) variation
in [C1,] with activation
of discharge, and (b} tit-
ration with NOCL.
LEU and DE MORE 1976 (29
and 30)

%g.égig.;{%xigig %gg Flash photolysis study. Initial conditions chosen so

[6:0550:3 )iloig 250 CCl,(20-130 u Hg; 2.7-17.3 tﬁat [03]>[C1], enabling pseudo

%?.f%f%.ig%iiglz %gg Pa)/03(0-7.65 u Hg; 1.0 Pa) first order decay of Cl atoms to

(7:8420:6 )xlOlZ 350 /He (5 mm Hg; 667 Pa) or be used in analysis. From these
Ar (40 mm Hg; 5.3 kPa) results, authors quote k1=(1.86t
mixtures. Cl atoms O.2)x1013 exp {-(290230) /T} cm3
followed by resonance mol™l s7! for the range 218-350
fluorescence. K. Data at 298 K for kl from
WATSON, MACHADO, FISCHER this work and from (11,27,28 and
and DAVIS 1976 (32) 34) used to obtai?zmeag Valgi

k£;(7.9511.87)x10 cm” mol
s
Cl + 0; »~ C10 + 0, 1
5.43x1012 204 Clz—discharge flow system. Pseudo first order decay of Cl
g:ggiiglz %ig ClZ(NO.OOI%)/He mixtures atoms gave k;. Linear plots over
(7.24i0.7)x1012 296 passed through discharge 1.5 orders of magnitude in .[C1]
8.36x1012 363 and added through moveable showed absence of side reactions.
inlet to O3 at total pres- Values presented here taken from

sures 2-5 mm Hg (267-666.5
Pa), such that 3.3x1071°

graph and reduced by 7.5%

following discovery of error in

J. Phys. Chem. Ref. Data, Vol. 10, Suppl. 1, 1981
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Cl+ 0, ClO+ 0,

EXPERIMENTAL DATA - CONTINUED

Rate Constant k Temperature Method and Reference Comments
(em® mo171 s-l) (X)
<[C1]<3.3x10'13 mol cm™>, [0;] calibration, as reported by
1.3x10_11<[031<6.6x10_11 authors in note. Corrected
mol cm™>. [03] measured by Arrhenius expression given by
absorption at 253.7 nm, authors as (1.3110.3)x1013 exp{-
and [Cl] decay followed by  (171:30)/T} em3 mo1”! 571, used
resonance fluorescence at by (31).
134.72 nm.
ZAHNISER, KAUFMAN and
ANDERSON 1976 (34)
7.58xloi§ 923 Shock tube study. HC1(10%) Computer modelling of results,
g:féi}gig 4 /0,(19.5%) /0, (0.019%) /AT according to mechanism
g.ggiiglz i?ig mixtures behind reflected Oy +M >0+ 0, + M 5
8:89xloi§ 1159 shocks. Total pressures HClL + 0 - OH + C1
7.52x10 1317 A9 atm (911.7 kPa). HC1 + OH ~+ HZO + Cl
Reaction followed by Cl + 05 » C10 + 0, 1
absorption of C10 at Cl0 + 0 ~ C1 + 0,

(1.280.07)x10%3 exp{-(157£12)/T} 230-298

J. Phys. Chem. Ref. Data, Vol. 10, Suppl. 1, 198)

253.7 nm.
PARK 1977 (37)

Clz—discharge flow study.
Clz(m0.0I%)jHe mixtures
passed through discharge
and added through moveable
inlet to 0. Method as

for (28).

ZAHNISER and KAUFMAN 1977
(39)

gave results in terms of ratio
k, [05] /kg [M]. Approximate value
for this ratio quoted as 0.2.
Using ks(M=Ar) determined in
previous experiments described
in this study, author quotes k;=
(8.13:2.4)x10%2 cm -1
over whole temperature range.
Values presented here taken from

mol™} s

author's Arrhenius plot.

Experiments performed as check
on temperature dependence of k,
as determined previously (34).
Authors found small contribution
to Cl loss from walls, and gave
expression presented here as fit
to values of k1 at 230, 260 and
298 K, as derived from pseudo
first order Cl1 atom decay.
Authors considered earlier values
preferable as were based on
larger set of data.
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Cl+0,—~> ClO+ O,

REVIEW ARTICLES

Rate Constant k Temperature Method and Reference Comments
(cm3 mol™L s_l) (K)
(1.11:0.2)x10%? i i '
.1120,2)x 300 Review of reactions of Author's own value preferred.

atmosphere importance.

Listed by (20). Used by (21).

Value is that of CLYNE
and WATSON (11).

WATSON 1974 (16)

(1.63£0.7)x1013 exp{-(257£110)/T} 205-298

of atmospheric importance.

WATSON 1977 (38)

Discussion

It has only recently been recognised that the release of
man-made chlorofluoromethanes CFCl; (used as an aerosol
propellant) and CF,Cl, (aerosol propellant and refrigerant)
into the atmosphere poses a possible risk of seriously
reducing the earth’s protective ozone layer [9,10,14,24].

The important mechanism is the chlorine atom catalysed
removal of ozone:

Cl0 + 0 > Cl + O,

following the photolysis of chlorofluoromethanes (“freons”)
in the stratosphere. (O atoms are present in the stratosphere
to the extent of 1077-10"* mol ecm™ [15,18,24] due to the
photolysis of oxygen and ozone.) It would appear that there
are no natural sinks for these “freons”—the CFCl,
concentrations measured at stratospheric levels [8,17,24] are
equivalent to the total world “freon” production up to 1974
[24]—and therefore the ozone-removing capabilities of these
substances are very great.

Until the importance of the above reaction sequence was
recognised, little experimental work had been made upon
reaction 1. Since 1974 nine studies have produced room tem-
perature values in the region (8+0.9)X 10" em® mol™ s
[11,19,23,27,28,30,32,34,39]. Mathias et al. [13] measured
the ratio ,/k, at 305 K and used k,=1.3%10" cm® mol™
g7 [4], giving k, over a

a + GCl, — Gl @)

factor of 4 below these other data. And even this value of &,

Evaluation of reactions

Updating of author's previous
review (16). Mean room tempera-
ture (300 K) value of k1=(7.351
0.7)x1012 em® mo1™! s™1 obtained
from (27,28,29,32 and 34).
Recommended Arrhenius expression
derived from (27,28,32 and 34).
Inclusion of data at higher
temperatures (27,34) yielded
expression k1=(2.01t0.6)x1013
exp{-(310£80) /T} cm> mo1 1 s7!
(205-466 K). Used by (35).

would appear to be high, as there is general agreement on a
lower value for k,, e.g., 2.5X 10 ¢cm® mol™ s at 400 K [1]
and (3.19%+0.3)X 10" ¢m® mol™ s at 298 K [5], giving
even lower values of k,. Consequently we make no use of
these results [13] in arriving at our recommended value for
k.

Of the very recent data, good agreement has been reached
at room temperature between discharge flow investigations
[11,19,23,27,30,34,39] and flash photolysis studies [28,32].
It is interesting to observe that the discharge flow values for
k, have been consistently falling, while those of the flash
photolysis studies have been rising with successive determina-
tions. At room temperature we recommended the value k=
7.27X 10" cm® mol ™ 7.

The temperature dependence of £, is low, and values of
the activation energy £, have been measured from 1305 ]
mol™ (312 cal mol™) [39] to 3470 J mol™ (830 cal mol™)
[27]. There is no obvious justification for preferring any one
measured value of E, over another, so we have taken a value
of 1750 J mol™ (420 cal mol™), lying between the most
recent data of [32] (flash photolysis) and [34] (discharge

flow). Our recommended expression is therefore

-1

k, = 1.48X10" exp(-210/T) cm® mol™ s

over the temperature interval 200-400 K, with suggested
error limits of +40%.

The shock tube data of Park [37] at 920-1320 K are
considerably lower than is given by extrapolating the above
expression, and Park suggests this may be due to the
reaction reaching a collision limit above ~ 500 K. We have
found that his data have been somewhat incorrectly analysed,
but this has only resulted in an error of ~4% in the author’s
temperatures and pressures.

J. Phys. Chem. Ref. Data, Vol. 10, Suppl. 1, 1981
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Cl+ ClO, - CIO+ CIO

THERMODYNAMIC DATA

T AH® as® log K
) (kJ mo1™hy ! mo1™hy
298 -23.45 30.89 5.72
300 -23.45 30.89 5.70
500 -23.86 29.90 4.06
1000 -25.83 29.21 2.77
1500 -27.95 25.48 2.30
2000 -29.99 24,30 2.05
2500 -31.78 23.42 1.89
3000 -33.88 22.73 1.78
3500 -35.82 22.16 1.69
4000 -37.79 21.69 1.62
4500 -39.73 21.30 1.57
5000 -41.62 20.95 1.52
RECOMMENDED RATE CONSTANT
k = 3.6 x 103 cm mo17! 71
= 5.9 x 101 cn® molecure™ st
Temperature: 298 K.
Suggested Error Limits: £50%
Note: Recommended expression is that
preferred by WATSON (14).
EXPERIMENTAL DATA
Rate Constant k Temperature Method and Reference Comments
(cm3 mo171 s_l) (K)
>5x1011 298 Stoichiometry ratio of reaction

Discharge flow study.'Clo2
added to flow of Cl(ca.
107°
total pressures between 137
and 307 Pa. [C10] and
[C10,] monitored by absorp-
tion spectroscopy at 277.2

mol cm_3) in Ar at

and 351.5 nm respectively.

CLYNE and COXON 1968 (2)

1 ([c10] formed/[C10,] removed)
calculated as 1.9x0.1 from
Cl + CLO, » Cl0 + C10 1
C1lO + C10 » products
observed [Cl0], corrected for
that decaying via reaction 2,
Esti-

mate of kl evaluated from experi-

N

using k, from this study.

ments where initial [C1] and
[c10,] were similar. Quoted by

(4,5,6,7,14,25).

J. Phys. Chem. Ref. Data, Vol. 10, Suppl. §, 1981
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Cl+ CIO,~ CIO+ CIO

T/K
600 500 400. 300
14.0
I [ I l
_———_—_— — — — — — — — - — —
O
13.0 —
0O
N
0
N
5
E 12.0
(2]
1=
o
> 2
o
o
11.0 |—
EXPERIMENTAL DATA
1 Clyne and Coxon 1968 (2). O
a Basco and Dogra 1971 (6). (] =
o] Walker 1972 (8).
_:_ _ | Bemand, Clyne and Watson 1973 (9). %
o Gritsan et al. 1975 (16).
10.0 1 il |
1.5 2.0 2.5 3.0
103771 /71
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Ci+ ClO, —~ CIO+ CIO

EXPERIMENTAL DATA - CONTINUED
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Rate Constant k

(cm3 mo1™1 s71

)

Tempera

€9]

ture Method and Reference

Comments

(5.1£0.74)x10

(1.5£0.2)x10%3

12

298

300

Flash photolysis study.
Mixtures of 012(0.10-0.34
kpa), C102(O.07-0.1 kPa)
and Ar(26.7 kPa) photolysed
at A>310 nm with 160 or

260 J. [c10] and [Cl0,]
monitored by absorption
spectroscopy at 277.2 and
351.5 nm respectively.

BASCO and DOGRA 1971 (6)

Discharge flow system. ClO
added to excess Cl (leo_li
-1x10719 mo1 en”3) in Ar at
72 Pa total pressure.

[C10,] monitored mass spec-
trometrically. [Cl] meas-
ured by titration with NOC1
and monitoring Cl2 after-
glow emission at 520 nm.

WALKER 1972 (8)

Problem of overlapping ClZ and
C102 absorption spectra countered
by measuring [C10,] decomposed
and [C10] produced in both
presence and absence of Clz.
Initial [Cl0] obtained by extrap-
olation of decay plots to zero
Initial [Cl] measured
using ClZ/NOCI/Ar mixtures and
monitoring [NOC1] reduction. K,
calculated assuming reactions 1,

time.

1',3,4 and 5 to pe important.
Data
C10Z + hv > 0 + C10
Cl2 +hv - Cl + C1
€1 + clo, »~ Ci0 + C10
€1 + C10, + C1, + 0,
0 + ClO2 + Cl0 + O2
0 + Cl10 ~ C1 + 02
0+ Cl, ~Cl +Cl0 7

corrected for minor participation
3

[~ T N

of reaction 7 using k7=4x1010 cm
mo1™l s7! from NIKI and WEINSTOCK
(1). Reaction 6 considered
negligible under these conditions.
This postulate subsequently
questioned by BEMAND, CLYNE and
WATSON (9).
difference in €10, decomposition

Authors also assume

rate in presence and absence of
Cl2 due solely to reaction 1.
[c1] calculated from assumed
stoichiometry. kl quoted is
average of 47 determinations.

Quoted by (5,11,14,25).

Pseudo~first order conditions.
(C10,] monitored using m/e=67
peak, Data correction needed for
appreciable background signal.

k1 value obtained is mean of

eleven determinations.

J. Phys. Chem. Ref. Data, Vol. 10, Suppl. 1, 1981
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Cl+ CIiO, ~> ClO+ CIO

EXPERIMENTAL DATA - CONTINUED

Rate Constant k Temperature Method and Reference Comments

(em® mo17t 571 (x)

(3.610.4))(1013 298-588 Discharge flow systems. (a) (a) Pseudo-first order conditions.
Cl Atoms (typically gx10713 16,8 and 8 experiments carried
mol cm—s) added to excess out at 300, 431 and 588 K respec-
c10,(1.7x107 %1, 2x10711 tively giving temperature inde-
mol cm_s) in He or Ar. pendent k1 values. (b) Calibra-
[C1] monitored by atomic tion of Cl0, mass spectral sensi-
resonance fluorescence at tivity performed by 100% conver-
138 nm. _(b) C10,(1.2x107'% sion to NO, with excess NO.
-7.0)(10"13 mol cm-s) added Pseudo-first order conditions, 24
to excess (Cl (1.8x10_12—8.3 determinations carried out at 298
x1071% mol cm-z) in He or K. Data from (a) and (b) combined
Ar at 100 Pa total pressfire. to give average kl value listed.
[Clozj monitored mass spec- (c) NO and ClO2 react autocataly-
tometrically. (c) c10, tically be reactions 8,9 and 1
(typically 3.4x1071% mol NO + €10, » C10 + NO, 8
cn™3) added to excess NO NO + C10 » C1 + NO, 9
(typically 8.1x10711 mol €l + Clo, > C10 + CLO 1
em™3y. (C10,] monitored by because k;>kg>>kg. Authors
mass spectrometry. assumed that after 90% C10,
BEMAND, CLYNE and WATSON removal, [Cl] was approximately
1973 (9) constant and equal to initial

[C102], and that pseudo-first
order ClO2 removal occurred by
reaction 1. Value of kl thus
obtained is an average of 26
determinations. Authors deduce
k= (3.6+1.8)x10"> exp((0£120) /T)
em® mo1™! s71 in the temperature
range 298-588 K. Quoted by (12,
13,14,17,18,19,22,25). Used by
(23).
335-365 Static photolysis sfudy. Photodecomposition induction
€19, (93.3 Pa) photolysed periods measured from rate of 0,
at 365.3 nm. [0,] monitored formation. Results interpreted
by esr spectrometry. in terms of dubious mechanism
GRITSAN and PANFILOV 1975 involving ClZO3 intermediate.
(15) Authors assumed ki and k10
Cl (wall) - iCl, 10
were essentially temperature
independent and thereby derived
E,=42 kJ mol™l (10 keal mol™l).
2.7 xloig 328 Static photolysis study. Photodecomposition induction
i:é?iigig ggé (.1102(5){}()0“9—1.2)(10"8 periods, typically a few minutes,
5,1:x10 365 mol cm™ ), c1, (0 and measured in presence and absence

J. Phys. Chem. Ref. Data, Vol. 10, Suppl. 1, 1981

247 Pa) and Ar(1.33 kPa)
mixtures co-photolysed at
365.3 nm,

of reaction mixture moni-

Optical density

tored photometrically at
this wavelength.

of Clz.
terms of previously proposed

Results analysed in
mechanism (15). k1 values calcu-
lated using computed values for
klO’ wall termination being
assumed to be diffusion control-
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Cl+ ClO,— CIO+ CIO

EXPERIMZATAL DATA - CONTINUED

Rate Constant k Temperature Method and Reference Comments
(en3 mo1”! 571y (X)
GRITSAN, PANFILOV and led. Authors derived k1=(2.2t
SUKHANOV 1975 (16) 0.2)x10'% exp {-(3020£100) /T} cn®
mol ~ s~ Quoted by (25).
REVIEW ARTICLE
(3.6iO.5)x1013 exp{(0+120) /T} 298-588 Preferred expression, Preferred expression is that of

WATSON 1974 (14) and 1977

(22)

Measurements of the rate constant %, of the very fast
reaction between chlorine atoms and chlorine dioxide have
been

Cl + Clo, — €10 + Clo 1)

carried out in discharge flow and both flash and static
photolysis systems. All but one of the low pressure flow
studies have used the technique of mixing the two reactants
directly in an inert gas bath. In the first of these
investigations Clyne and Coxon [2] could only obtain a lower
limiting value of 5% 10" cm® mol™ s™ for &, by analysing
the time dependences of the concentrations of Cl0,, ClO and
the intensity of the chlorine afterglow emission spectrum.
Walker [8] reinvestigated the reaction using a mass
spectrometer to monitor the concentration of Cl0,. The Cl
atom concentration was measured by titration with NOCL
Pseudo-first order conditions were employed with Cl in
excess enabling a value for £, of (1.5240.2)X 10" ¢m® mol™
s to be obtained. This result has not been published in the
open literature. An identical method was used by Bemand,
Clyne, and Watson [9] in one series of experiments, although
the rate constant obtained was more than a factor of two
greater than that found by Walker. They combined their data
with that from a second experimental series in which CIO,
was in excess and the Cl atom concentration was monitored
by resonance fluorescence. The rate constant obtained, &,=:
(3.6+£0.4) X 10" cm® mol™ s™' was invariant with tempera-
ture over the range 298-588 K and was in excellent
agreement with that measured in their third experimental
series, which utilised the reaction between excess NO and
ClO, as the Cl atom source. This latter reaction is initiated
by reaction 8, the

NO + Cl0, — ClO + NO, ®)
NO + ClO — Cl + NO, ©)
cl + Clo, — Cl0 + Clo )

BEMAND, CLYNE and WATSON (9) but
with smaller A-factor error
limits. Quoted by (10,20). Also
recommended by HUDSON (24) and
ANDERSON (21).

oxidation of NO to NO, by ClO,. The ClO formed reacts in
turn with more NO by the faster oxidation 9 giving Cl atoms.
These then react very rapidly with ClO, giving more ClO
which re-fuels reaction 9. The overall reaction thus proceeds
autocatalytically and results in a build up in Cl atom
concentration which reaches a virtually constant level when
most of the ClO, has been consumed, in the absence of any
rapid reactions removing Cl. Thus at a high extent of
conversion of ClO,, e.g., >90%, the reaction becomes
pseudo-first order with Cl in excess.

Basco and Dogra [6] investigated the kinetics of reaction 1
by flash photolysing Cl,/ClO,/Ar mixtures at low energies
with light of wavelength greater than 310 nm to avoid
photolysis of the ClO radical. In analysing the data and
deriving their &, value of (5.1+0.74)X 10" em® mol™ s
they considered that, as the flash energies were low, reaction
5 was of much greater importance than

0 + Clo, —» Clo + Q0 5)

0O+ ClO— C + 0, (6)

reaction 6, and that reaction 1 was negligible when Cl, was
absent. Subsequent redeterminations of the rate constants for
these reactions show these assumptions to be in error and
throw doubt on the reliability of their value for k.

More recently Panfilov and co-workers have published two
reports of studies of the variation of the induction period
with temperature in the photolytically induced decomposition
of ClO,, both in the presence and absence of added Cl,
{15,16]. At temperatures above ca. 333 K and pressures
above ca. 130 Pa the reaction proceeds by a chain
mechanism. The authors analysed their data in terms of a
reaction scheme, originally proposed by McHale and von
Elbe [3], involving the chain branching intermediate Cl,0;.
Chain termination was assumed to be diffusion controlled Cl
atom wall recombination. The values of %k, derived are in
extremely poor agreement with those obtained by other
workers, probably as a result of a breakdown in the

J. Phys. Chem. Ref. Data, Vol. 10, Suppl. 1, 1981
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assumptions used and/or an incomplete understanding of the
reaction mechanism. We do not therefore include them in
our evaluation of %, for which the recommended value at 298
K is that also preferred by Watson [14], viz.

ky = 3.6X10" cm® mol™ s

with an estimated error limit of +50%. This rate constant
appears to be temperature independent over the range
298-588 K and we feel that in view of the fact that it
corresponds to a collision efficiency that is approximately
only an order of magnitude lower than the theoretical
collision rate at room temperature, it could be used with
caution throughout this temperature range.

Rate of the Reverse Reaction

The sole determination of the rate of reaction -1 has been
discussed elsewhere in this Volume (section B15). It gives

Clo0 + Cl0 — C + o, (-1)

k., =6.5X10° cm® mol™ s'. Combining this value with the
recommended k, value results in K;=5.6X10* at 298 K
giving AG;=-27.1 kJ mol? (-6.5 kcal mol™), in good
agreement with AG;=-27.6 k] mol” (6.6 kcal mol™)
calculated from the thermochemical data recommended by
Clyne, McKenney and Watson [17] for the participating
species.

The Reaction CI + CIO, — CI, + O,

There appears to be no positive evidence to support the
occurrence of

cl + Clo, - Cl, + O, )

reaction ¥. Gritsan, Panfilov and Sukhanov [16] claim,
however, to have measured a value for &, of
(9.09+0.24) X 10° cm® mol™ 57, independent of temperature
from 328-365 K, in their study of the photolysis of Cl,/ClO,

mixtures. In view of the extremely poor agreement between
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their values for k,, obtained in the same investigation, and
those of other workers we consider their &, value to be
unreliable. Upper limits for %,'/k, have been obtained by
both Clyne and Coxon [2] and Basco and Dogra [6]. By
measuring reaction stoichiometries they found £,'/k,<0.1
and 0.05, respectively.
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B12 O+Cl,— Cl+CIO

THERMODYNAMIC DATA

T AH® 4s° log K

X) (k3 mo1™1y (3 K1 mo1™hy

298 -26.69 7.71 5.08
300 <26.69 7.69 5.05
500 -26.92 7.04 3.18
1000 -26.65 7.39 1.78
1500 -26.33 7.64 1.29
2000 -26.13 7.77 1.09
2500 -26.05 7.81 0.95
3000 <26.12 7.78 0.86
3500 -26.48 7.67 2.42
4000 -27.10 7.50 2.00
4500 ~27.97 7.30 1.67
5000 -28.98 7.09 1.40

RECOMMENDED RATE CONSTANT

k = 2.51 x 10°% exp(-1368/T) cm> mol™t s71
-12 exp(-1368/T) em® molecule ! s72

4.17 x 10
Temperature Range: 174-602 K.
Suggested Error Limits for Calculated Rate Constant: *50% in the

temperature range quoted.

Rate Parameters: log(A/cm3 mo1™! s-l) = 12.40 % 0.32
log(A/cm3 molecule™! s-l) = -11.38 + 0.32

E/J mol™l = 11 374 + 1650

E/cal mol™l = 2 718 = 400

Note: Recommended expression is that suggested by CLYNE, MONKHOUSE
and TOWNSEND (22).
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O+ Cl,— Cl+ CIO
T/K
500 400 300 250 200
12.0
I 1 I | |
EXPERIMENTAL DATA
® Kaufman 1958 (1,2).
O Clyne and Coxon 1966 (3).
8 Niki and Weinstock 1967 (5).
¢ Bradiey, Whytock and Zaleski 1973 (13).
11.0 0O Clyne, Monkhouse and Townsend 1976 (22)
T
T
s
£
. 10.0 —
g
(8]
\'
x4
~4
(=2)
(o]
O
9.0 .
O
REVIEW ARTICLES
Clyne, Monkhouse and Townsend 1976 (22).
Watson 1977 (26).
This evaluation.
- 1 l l |
2.0 3.0 4. 5.0 6.0
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O+ Cl,—=Cl+CIO

EXPERIMENTAL DATA

Rate Constant k Temperature Method and Reference Comments
(cm® mo171 s“l) (K)
3.0x1010 2896 Discharge flow system. Cl2 Flow tube walls "poisoned' with
added to excess O in 02 at HF. Author reported Ci,
25-215 Pa. [0] monitored catalysed O atom recombination
spectroscopically by titra- with rate constant of 6.Ox1010
tion with NO,. em® mo1™! 57 (2), (preliminarily
KAUFMAN 1958 (1) and (2) reported as ~5,0x1010 em® mo17!
(1)), and proposed the
following scheme despite experi-
mental first order rate depend-
ence on [0] and [c1,].
0+ Cl, »Cl +Clo 1
0+ ClOo » C1l + O2 2
ClL + O2 + M > Cl00 + M 3
0 + C100 » C10 + G, 4
Reactions 3 and 4 subsequently
shown to be inoperative in this
system (5}, €1, being reformed by
fast wall recombination following
rapid Cl0 removal by reaction 2.
Thus k1 is one~half measured C1,
catalysed O atom recombination
rate constant. Quoted by (3, and
5).
(7.4 tl.S)xlO8 174 Discharge flow system. Pseudo-first order conditions.
%i:glfg'égi}glo %gg Excess Clz([C12]>5[O]) Reaction shown to be first order
(2.53:0.4)x1019 292 added to flow of O (0.05-  in [0] and [C1,]. k; independent
Ei:24ié:i%§}gloll ggg 0.1% of total flow at of both pressure, in range 120-
pressures between 120- 270 Pa, and nature of flow-tube
270 Pa) generated by surface, viz. clean vs. H3P04
reaction of N with excess coated. Pyrex. Authors recognised
NO in N,. [0] monitored rate constant derived from [O]
spectroscopically by air- decrease equals Zkl due to contri-
afterglow from reaction bution from reaction 2. Suggested
with NO. data could be fitted by either
CLYNE and COXON 1966 (3) k1=(538i1-fgxl912 exp {- (156050) /
T}lfmo ?ol s or kl=(2.3:037)x
107°T "> exp{-(1460+50) /T} cm
mol™! s, Quoted by (5,8,9,13,
16,21 and 22). Misquoted by (12
and 20). Listed by (11). Used
by (10 and 24).
(4.510.4)x1010 300 Discharge flow system. (a) Pseudo-first order conditions.

O-rich experiments. O(3P)
produced by NO titration of
N atoms in N, diluent. [0]
-10 2 -3

=9.1x10 mol cm 7, N2=
1.38x1077 mol cm™>, initial
[c1,]¢3.5x007H 3
with HF treated flow-tube

and [O]=6.8x10_1o mol cm”

mol cm”

3

>

Experiments carried out with both
(a) [0]>>[C1,] and (b} [0]<<[C1,].
In (a) upward curvature of [C12]
decay plots observed for HF
treated reactor (but not for H3P04
treated reactor), and ascribed to
Cl wall recombination. Initial
slope of plots gave k1=4.9x1010

. Phys. Chem. Ref. Data, Vol. 10, Suppl. 1, 1981
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0+ Cl,—> Cl+ CIO

EXPERIMENTAL DATA - CONTINUED

Rate Constant k Temperature Method and Reference Comments
(cm3 mo1”1 s'l) (X)
N2=1.13x10-7 mol cm-s, em3 mo171 5-1. In H§P04 reactor,
initial [C12]<3.3x10-11 mol k,=4. 3x10%0 cn® mo17! 7.
cn™ with H.PO, treated (b), 2k;=9.0x10%° and 8.4x10%°
flow tube. [C12] monitored cm3 mol 1 s7t with He and 02
mass spectrometrically. (b) diluents respectively. Authors
Cl,-rich experiments. He combine data and suggest k —(4 St
or 02 diluent. HF treated O. 4)xlO O en3 mo171 571 (S)
reactor. 0(3P) from dis- Preliminary report (4) gave k1=
charge in pure 0,. For 5.1x1010 cm® mo171 571, Quoted
[He]= 9.1x1078 mol cm™3, by (9,13,16,21,22). Listed by
[c1,]=4.65x10710 mo1 cn™3, (7 and 11).
and for [0,]= 8.5x107% mol
en™,  [€1,]=6.5x10710 mol
em™3. [0] monitored mass
spectrometrically.
NIKI and WEINSTOCK 1967
(4) and (5).
(1.4810.78):(1010 295 Discharge flow system. O Pseudo-first order conditions
(4.31:0,43)x1019 370 . : U
(1.2940.84)x10 160 atoms produced by NO titra- with [C1,]>[0]. No variation in
tion of N in Ar diluent. ky observed when excess NO added.
Total pressure, 65-320 Pa. C10 not observed. Authors
Reactant concentrations: present no Arrhenius plot or
[c1,]=1.88x1071%-1.61x10™  individual rate constant data but
mol cm's, initial [0]=2.0x give the expression 2k =(1.23¢
1071 .9,3x1071 mo1 em™3.  0.54)x10%3 exp {-(1805:130) /T}
2.0x10710-1,65x107° mo1 em® mo1™l 571 as summarising
em™3 of NO added in some results from >30 experiments.
experiments. [0] and [C1]  CLYNE, MONKHOUSE and TOWNSEND
monitored by esr spectro- (22) report kl values, as listed
SCopy. here, for this study however.
BRADLEY, WHYTOCK and Quoted by (18).
ZALESKT 1973 (13)
Molecular beam study. Preliminary report. Long lived
Details not given. Mass 0Cl, complex postulated. Authors
spectrometric detection. report E1=13 kJ mol-1 (3 kcal
PARRISH and HERSCHBACH mol 7).
1973 (14)
(2.91+0. 32)x1010 299 Discharge flow system. O Pseudo-first order conditions.
(7.77£1. 14))(1011 452 atoms from titration of NO Correction of data for effects
(2.66£0.16)x10 602
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with N or by discharging
slightly impure He, added
to excess C12(0.2-1.65 Pa),
[c1,]/[0] ratio 200-1000,
at total pressure of 170 Pa
(low temperature) and 80 Pa
(higher temperatures) in

N, or He. [0] monitored by

of reaction 2 necessitated the
use of computer modelling of
observed concentration profiles
due to non-achievement of steady
state concentration of ClO.
Authors used k 2=3. 2x1013 cm3
mo1”l s71 (12), assumed tempera-
ture independent to derive k1
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O+ Cl,— Cl+CIO

EXPERIMENTAL DATA - CONTINUED

1-237

Rate Constant k Temperature Method and Reference Comments

(cm® mo171 571 (X)
atomic resonance fluore- values from which Arrhenius
scence at ca. 130.4 nm. expression log(kl/cm3 mo1~! s_l)=
CLYNE, MONKHOUSE and (12.09%0.19)-(490£121) /T was
TOWNSEND 1976 (22) calculated.

306-425 Diffusional cloud flow Relative rate study. Cl2 and
system. O atoms (43)(10_11 Br2 added alternately to O atoms
mol cm's) from discharged and their flow rates adjusted to
0,/Ar mixed with either give equivalent decrease in [0].
C123(1.7x10-9-1.7x10-8 mol 0+ €10 > Cl + 0, 2
cm “) or Brz, concentration 0 + BrO -+ Br + 02 9
approximately equivalent 0 + Br2 + Br + BrO 10
to [0], in Ar. [0] moni- Then as both reactions 2 and 9
tored by esr spectrometry. are fast with k2=k9, authors
MOIN, YURKEVICH and assumed kl/k10 was given by ratio
DROGO' ITSKII 1976 (23) of Bry to Cl, flow rates.

Results independent of an order
of magnitude change in flow rates.
Data only presented graphically
from which we obtain the follow-
ing kl/k10 values:

T/X ky 7k

306 3.71x1073

335 S.OSXlO_S

355 6.15x10 %

373 7.60x10 %

400 9.34x10_

425 1.22x10
Authors derived kl/k10=10_o'600i
0-53 oxp {-(1310£45) /T} and used
incorrectly quoted expression
for k1 from CLYNE and COXON (3)
to derive expression for klO’

950-1500 Shock tube study. Mixtures C10 absorption cross-section at

of 03, C12, 02 and Ar,
typically in ratio 1:5:25:
500, at pressures behind
reflected shock of 355-912
kPa. [C10] monitored spec-
troscopically at 253.7 nm.

PARK 1976 (24)

254 nm measured between 1660 and
2120 K. [C10] decay curves

computer modelled using reaction
mechanism comprising reactions 1,

-1,2,5,6,7 and 8. Values for

0+ Cl, «CL +C10 1,-1

0 + Ci0 >~ C1 + O2 2
C1 + O3 -+ Cl0 + 02 5
03 +M~>0 + O2 + M 6
C10 + C10 » C1 + Cl00 7
Cil0 + Cl10 ~+ C1Z + O2 8

(k2+k8) and the following kl/k2
values, presented in graphical
form only, derived using k6 from

(6).

Author used k1 values

kl/k2 T/K
0.026 950
0.025 976

J. Phys. Chem. Ref. Data, Vol. 10, Suppl. 1, 1981
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0+ Cl,~ Cl+ CIO

EXPERIMENTAL DATA - CONTINUED

Rate Constant k - Temperature Method and Reference Comments
(cm3 mo1™l s-l) (X)
PARK 1976 (24) continued. 0.026 1015
0.030 1036
0.034 1239
0.032 1270
0.036 1281
0.046 1281
0.043 1407
0.040 1417
0.042 1436
0.046 1436
0.042 1500
extrapolated from low temperature
data of (3) to derive k2 values.
REVIEW ARTICLES
3.79x1010 300 Recommended value. Average of k1 values from (3) and

WATSON 1974 (16)

(5.8:1.5)x101% exp{-(1560+50) /T} 174-396

ANDERSON 1976 (21)

+1.38

12
-0.89)%10

(2.51 )x1 exp {-(13682134) /T} 174-602

CLYNE, MONKHOUSE and
TOWNSEND 1976 (22)

(2.50+1.14)x10%% exp{-(1368+134) /T} 174-602

WATSON 1977 (26)

Discussion

The reaction between ground state atomic oxygen and

0 + Cl, — Cl + Clo 1)

molecular chlorine can sometimes occur in both inhibited
combustion systems and polluted atmospheres containing
chlorine compounds. Modelling such systems therefore
requires an accurate assessment of its rate. A preliminary
investigation of the dynamics of the reaction using a
molecular beam technique [14] indicated that the reaction
proceeds via a long lived OCl, complex and has an activation
energy of ca. 13 kJ mol™.

Reaction 1 produces ClO molecules that can subsequently
generate Cl atoms by reacting with oxygen atoms. As

ky> >k, the
0+ C0 -3 + 0, 2)

steady state CIO concentration is low and the effective overall
reaction becomes

20 + Cl, — 2Cl + O, a1

J. Phys. Chem. Ref. Data, Vol. 10, Suppl. 1, 1981

Preferred value.

Evaluation.

Preferred value.

(5). Quoted by (19,21).
(25).

Used by

Data from (3) favoured over that
from (4) and (5), and the
evaluation in (16},

Arrhenius expression is weighted
least mean squares fit to data
from (3,5,13 and 22). Quoted by
(26).

Adopted review expression of (22)
after consideration of data from
(3,5,13,22).

A resulting common feature of studies of reaction 1, in which
the extent of reaction is measured by monitoring the oxygen
atom concentration, is that under conditions where ClO
reaches its steady state concentration the rate constant
obtained for oxygen atom removal is 2%,. In the presence of
NO reaction 12 competes with

ClI0 + NO — Cl + NO, )

0 + NO, — NO + O, (13)

reaction 2 for the consumption of ClO. The product NO, is,
however, rapidly converted back to NO by O atoms, as in
reaction 13, with the result that the overall stoichiometry is
unaffected. Measurements of &, both with and without added
NO confirm this hypothesis [13].

Only Niki and Weinstock [5] have followed the reaction
by monitoring the decrease in both [Cl,] and [O). Their £,
values, obtained at 300 K using both methods, are self-
consistent and in reasonable agreement with those derived by
other workers [1,3,22]. The measured values of , appear to
be wnaffected by the presence of molecular oxygen. This
conclusion was first demonstrated by the agreement of the
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results from Clyne and Coxon’s O,-free experiments [3] with
those of Kaufman [2]. Niki and Weinstock [5] obtained
corroborating evidence in their study, and, in addition
showed that reactor surfaces treated with HF, as in
Kaufman’s were much more efficient at
catalysing Cl atom recombination than those washed with
H,PO,.

The more recent studies of Bradley, Whytock and Zaleski
[13] and Clyne, Monkhouse and Townsend [22] give £,

values that are a factor of up to two lower than those of

experiments,

previous workers at equivalent temperatures. The reason for
this discrepancy, which appears to increase at higher temper-
atures, is not apparent. Unfortunately the high temperature
relative rate data of Park {24] cannot resolve this problem as
there are no determinations of k£, above room temperature.
Similarly the relative rate data of Moin and co-workers [23]
cannot be considered in our evaluation of %, as there are no
rate data for reaction 10 above room temperature

0 + Br, —» Br + BrO (10)

All the measurements of k, have relied on essentially the
same discharge flow method, the only major differences
being the various detection and reaction monitoring systems
employed. An experimental study utilising an entirely
different technique would be particularly appropriate,
especially if rate measurements could be extended to higher
temperatures.

We consider that the best expression currently available
for %, is that derived by Clyne, Monkhouse and Townsend in
their weighted evaluation of the available data [22]. While
they omitted Kaufman’s rate constant [2] its inclusion should
not affect the Arrhenius parameters significantly, and we
therefore recommend

k, = 2.51X10" exp(-1368/T) em® mol™ s
over the temperature range 174-602 K, with error limits of
+50%.
Rate of the Reverse Reaction

There are no experimental data for reaction -1.

Cl + Clo - 0 + Cl (1)

1-239

Using our recommended expression for k, together with the
equilibrium constant derived from the JANAF Tables, we
obtain £_,=1.05X 10" exp(-4590/T) cm® mol™ s™",
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B13 O+ ClO—CI+ 0,

THERMODYNAMIC DATA

T AHC as°® log X
(K) (kJ mo1™1)  x! moa1y

298 -229.12 -17.38 39.23
300 -229.13 -17.40 38.98
500 -229.55 -18.47 23.01
1000 ~230.13 -19.33 11.28
1500 -230.36 -19.53 6.98
2000 -230.39 -19.54 5.00
2500 -230.13 -19.43 3.79
3000 -229.57 -19.23 2.99
3500 -228.76 -18.98 0.80
4000 -227.79 -18.72 0.75
4500 -226.78 -18.48 0.71
5000 © -225.79 -18.28 0.67

RECOMMENDED RATE CONSTANT

5.70 x 10%3 exp(-183/T) em® mo171 571

11

P
]

exp(-183/T) cm® molecule ™t s'l

= 9.47 x 10~
Temperature Range: 200-500 K.
Suggested Error Limits for Calculated Rate Constant: *50% over the
quoted temperature range.

Rate Parameters: log(A/cm3 mo1~1 = 13,756 + 0.18

1

L]

S
log(a/cm® molecule™ s -10.024 + 0.18

+

1
)
-1
)
E/J mol™l = 1520 & 2300
1

i

E/cal mol~ 364

i+

550
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2000

O+ ClO— Cl+ 0,

T/K
1000 500 400

300 200

EXPERIMENTAL DATA

DPOOKL ®Om B

REVIEW ARTICLES

l l l

Clyne and Coxon 1966 (2).

Niki and Weinstock 1967 (4).

Freeman and Phillips 1968 (7).

Basco and Dogra 1§68 (6) and 1971 (10).
Basco and Dogra 1971 (11).

Bradley, Whytock and Zaleski 1973 (15}.
Bemand, Clyne and Watson 1973 (16).
Clyne and Nip 1976 (35).

Zahniser and Kaufman 1977 (45).

Jensen and Jones 1971 (13).
Hudson 1977 (40}.
Watson 1877 (44).
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BAULCH ET AL.

0+ ClO—CI+ 0O,

EXPERIMENTAL DATA
Rate Constant k Temperature Method and Reference Comments
(cm3 mol L s_l) (K)

;6x1012 298 Discharge flow system. O- Overall reaction stoichiometry
atoms (1%) in Nz‘produced of O plus ClO2 measured as 1,98z
by NO titration of N at 0.03. Assumed that only reactions
85-430 Pa total pressure. 1 and 2 were important under
C10, in Ar added. [C10] these conditions. Subsequent
and [C10,] monitored by 0+ ClO ~ C1 + 0, 1
absorption Spectrosc?py at 0 + Cl0o, = C1O + 0, 2z
277.2 and 351.5 nm respec- determinations of the rate of the
tively. ’ reaction of Cl with ClO2 indi-
CLYNE and COXON 1966 (2) cates that neglect of this

reaction may be invalid. Data
fitted to expression derived by
integrating relevant differential
equations applicable to this
mechanism, to give 0.45>k1/k2>
0.15, Minimum [0] decay rate
indicated rate constant of rate
controlling step ;6x1012 cm®
mol™t s71.  Thus k1>6x1012 cm®
mol™l s 1. Data interpretation
extendedbby these authors in
subsequent report (3) suggesting
E,<8.4 kJ mol™ (2.0 keal mo17ly,
Quoted by (4,6,7,10,14,35,44).
34.5x1012 300 Discharge flow system. J Study of kinetics of reaction 3.
atoms from discharge in Lower limit for [Clz]/[Chﬂ
pure OZ added to excess 0 +Cl, ~Cl + C10 3
c1, in gg or OZ._SFor [HZJ determined to be 100. From
=9.1x10 ° mol cm °, [CIZ] steady-state assumption for C10,
=4.65x1071% mo1 en™®, and Kk =k [C1,]/[C10]. Authors give
for [0,1=8.5x1078 mo1 k,36.0x10"% em® mo1™! 571, but
en”3, [C12]=6-5X10—1O mol  substituting their value, kz=4.5
™3, [0], [C€10] and [C12] x1010 ¢cp3 mo171 571 gives k;34.5x
monitored mass spectromet- 102 cm® mo1™! s~ Using our
rically. k3 value (this Volume, section
NIKI and WEINSTOCK 1967 (4) B12) we calculate ky22.6x10'2
cm™ mol s .
»8x1012 296 Discharge flow system. 5 to Study of kinetics of reaction 4.
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10-fold excess of C1,0 in
Ar added to O atoms from
discharged O2 in Ar at ca.
33 Pa total pressure. [O]
measured by NO2 titration;
(¥0,] and [C1,0] monitored
mass spectrometrically.
FREEMAN and PHILLIPS 1968
7}

Overall reaction stoichiometry

0 + C1,0 » 2C10 4
0+ ClO > ClL + 0, 1
€l > §C1,(wall) 5

determined to be 0.8 and constant
for [€1,0]/[0] ratios between 5

and 10.
deduced reactions 1 and 5 were

Authors therefore

significant and computed kleX

12 3 -1
10 cm
steady state approximation for

ClL + CIZO + Cl2 + Cl10 6

-1 ) :
mol s Dy assuming
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0+ ClO— Cl+ O,

EXPERIMEATAL DATA - cONTINUED
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Rate Constant k
1 -1

(cm3 mol & s

)

Temperature

(X)

Method and Reference

Comments

(7.0£0.5)x10t

(7.5+0.8)x10"

2

2

FREEMAN and PHILLIPS 1968

(7) continued.

Flash photolysis system.
(a) Cl()2 (8-33 Pa) plus Ar
(10-26.7 kPa) mixtures at
A>315 nm with 1060 J. [C10]
monitored spectroscopically
at 257.7, 277.2 and 292 nm,
[CIOZ] measured spectro-
scopically at 351.5 nm.

(b) Ar(10-26.7 kPa) with
€10, (6 or 10.9 Pa) plus
€1,0 (1.4,2.7,5.4,8.2 and
10.9 Pa) at A>350 nm with
1060 and 1325 J. {C10]

and [ClOZ] analysis as in
(a).

BASCO and DOGRA 1968 (6)
and 1971 (10)

Flash photolysis system.
ClO2 (67-267 Pa) and Ar

or Nz»(48 kPa) flashed
with 1060 J; second flash
(1330 J) fired after 2x
1974 s delay. [C10] moni-
tored spectroscopically

at 277.2 and 292 nm.

BASCO and DOGRA 1971 (11)

[c1] and that kszk§[01{o], where
kg>4x10't en® mo1™t 571 (1)
Quoted by (8,12,44). Used by
(37). Misquoted by (38).

(a) Essentially complete (>97%)
photolytic decomnosition of Cl0,.
At delay times <250 us, rapid
C10 decay reaction observed to
precede slower second order decay
process.
C13 + C10 » products 7

reactions 1 and 7 to be dominant.

Authors suggested

Calculated kl (average of 5 det-
erminations) by subtracting C10,
estimatsd to be removed by reac-
tion 7, from overall Cl10 loss.
Preliminarily reported as k,=6x
123 1
10 cm (6).
(b) (€10 produced by reaction 4
offsets that lost in reaction 1.
0 + Cl,0 » 2C10 4
Thus when k; [C10]=2k,[C1,0],
decay of ClO becomes strictly

mol™ L s~

second order, giving linear
second order plots even at short
delay times. Reactions of Cl
with Cl10, and C1,0 considered
negligible. After data correc-
tion for incomplete Clo, photo-
lysis (ca. 7% remaining), authors
found these conditions fulfilled
for [C10]/[C1,0]=1.48+0.12

giving kl/k4=l.35i0.12. Used

by authors to derive k4 value.

Quoted by (11,34). Used by (37).

First flash nhotolyses >50% of
C10,,
completely decomposed by

reaction 2 within 2x107% s.

the remainder being

Auxiliary flash partially decom-
posed ClO leading to further
O + ClO2 - Cl0 + OZ
[C10] reduction over subsequent
2x10”
before slow bimolecular decay
by reaction 6 resumed. OE(V514)
observed after ClO photolysis.

2

s due to reaction 1

Authors assumed reactions other
than 1 to be negligibly slow

during 2x10° " s following second

J. Phys. Chem. Ref. Data, Vol. 10, Suppl. 1, 1981
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BAULCH ET AL.

O+ ClO—CI+ 0O,

EXPERIMENTAL DATA - CONTINUED

Rate Constant k Temperature Method and Reference Comments
(cm3 mo1l”! s-l) (K)
BASCO and DOGRA 1971 (11) flash and hence calculated kl'
continued. Quoted by (35,44).
>1x1013 298 Discharge flow system. O  Study under pseudo-first order
atoms from NO titration of «conditions of kinetics of
N in Ar diluent. Total reaction 3. Authors use failure
pressure 65-320 Pa. 0+Cl, ~C +cClo 3
.Reactant concentrations: to detect Cl0 to estimate kl/ksg
[€1,]=1.88x1071%-1.61x10™° 103, and from their value, ky=1.4
mol cm_s, initial [0]=2.0 x1019 cn® mo17lt s—l, derive ki3
x107 g, 3x107 mo1 em™3. 1013 at 298 k.
[0] and [C1] monitored by
esr spectroscopy.
BRADLEY, WHYTOCK and
ZALESKI 1973 (15)
(a) (3.210.5)x10i§ 298 Discharge flow systems. (a) Authors reasoned that as k8
(b)  (3.4:1.4)x10 298 (a) €10, (1.7x10713-3.3x >>k,(16), C10, would be quantit-
10710 o1 cm-s) added to 0 + C10, + Cl0 + 0, 2
Cl atom flow (3.3x10 10 Cl + €10, » 210 8
mol cm_s) in Ar containing atively converted to C10 in <1073
0 atom impurity (l.7x10_13 s.in excess Cl. Subsequent [O]
mol cm—s)., [0] monitored decay due to reaction 1 alone.
by resonance fluorescence Pseudo first order conditions
at 130.6 nm. (b} As in with [C10]/2=initial [Cl0,].
. (a) but with added O atom Data correction incorporating side
flow produced by either reactions 2,7, and 8, shown to be
NO titration of N or unnecessary. i
discharged 0, in He. [C10] (b) Under experimental conditions
monitored mass spectro- reaction 9, used to measure [O],
metrically. [0] measured (in excess) calculated to be >99%
by its diminution of the 0 + NO2 + NO + 0, 9
NOZ ion current in the complete. Precision of study
mass spectrometer, when limited by €10" formation in mass
added to NO2 stream. spectrometer ion source from
BEMAND, CLYNE and WATSON ~ 8bsorbed Cl-containing
1973 (16) compounds. Initial [0]/[cC10]
ratios limited to range 1.5-5.5
in consequence. Quoted k1 value
is average of 15 determinations.
Quoted by (17,19,21,24,25,28,30,
32,33,35,42,44). Used by (20,23,
26,29,36,37). Misquoted by (27).
E§:§§ig:28%§igig %%g Discharge flow system. 04 Pseudo-first order conditions
(3.1410.90)x10i§ 298 added to mixture of €1 and with [C10]>>[0]. C10 produced by
Eg:ggii:gg§§igls 322 0 atoms in Ar at total Cl + 0, » C10 + 0, 12
pressure ca. 120 Pa, For 0 + 03 - 202 14
excess O3 (Wleo_ll mol reaction 12, complete conversion

J. Phys. Chem. Ref. Data, Vol. 10, Suppl. 1, 1981

cn™%) then [c1]=2x10712-
1x1071t o1 ;m_s, and for

of reactant of lower concentration

being assumed. Reactions 10,11
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Rate Constant k
-1

(cm3 mol 1 s

)

Temperature

(X)

Method and Reference

Comments

950-1500

1 mol

excess Cl('V8x10'1

cn”3) then [03]=4x10-12-
2x107t! mol em”3.
[0] typically 5x10 mol
{C10] calculated

from measurement of either

Initial
-13

cm” 7,

[0;] by absorption at
253.7 nm, or [C1] by
absorption at 137.9 nm.
[0] monitored by resonance
fluorescence at 130.2 nm.

CLYNE and NIP 1976 (35).

Shock tube study.
tures of 03, Cc1L
Ar, typically in ratio

Mix~-

20 O2 and

1:5:25:500, at pressures
behind reflected shock of

355-912 kPa. [C10] moni-
tored spectroscopically
at 253.7 nm.

PARK 1976 (37)

and 14 all negligibly slow.
Linear dependence of fluorescence
signal on [J0] verified and first
order dependence of rate on [ClO]
demonstrated. [0.]>>[C1] used

at T»298 K and [C1]>>[03] used at
T<298 K. 4,7,16,5 and 7 k1
determinations performed at 220,
238,298,358 and 426 K respectiv-
ely. Listed rate constant limits
encompass all experimental values.
Authors calculate log(kl/cm3 mol™1
sy =(13.81£0.12)-(97.2+32.8) /T.
Quoted by (44).

Absorption cross section for C10
at 253.7 nm measured between
1660 and 2120 K as e,¢,={1-exp(-
1236/T)}élocvexp(-1236v/T) cm 6
mol ™~ where 0,~(2.62-0.33v)x10

cm? mo17 L, [c10] decay curves
computer modelled using reaction

mechanism comprising reactions

1,3,-3,10,11,12 and 13. Values
Q + Cl0 » C1 + 02 1
0+ Cl, ® Cl + ClO 3,-3
C10 + C10 -~ C1 + Cl00 10
Cl0 + CiO - Cl2 + 02 11
Cl + O:5 + Cl10 + O2 12

O3 +M+0 + 02 +M 13
for (k10+k11) and the following
kl/k3 values derived using k.
Author
then employed k3=5.6x1012 exp (
-1560/T) cm® mo1™! s™! from (3,
measured over temperature range
174-396 K, to calculate kl values,

from which the expression k;=2.1x

expression from (9).

kl/k3 T/K

38.7 950
40,0 976
39.2 1015
33.8 1036
29.3 1239
30.9 1270
27.7 1281
21.7 1281
23.0 1407
25.3 1417
24.0 1436
21.7 1436
23.9 1500

1013(7/300)% 5cn® mo17! 571 was
derived by including data from
(7,10 and 16). Data presented in
graphical form only. Quoted by

J. Phys. Chem. Ref. Data, Vol. 10, Suppl. 1, 1981
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BAULCH ET AL.

0o+ Clo—Cl+ O,

EXPERIMENTAL DATA - CONTINUED

Rate Constant 'k Temperature Method and Reference Comments
(cm3 moi~1 s-l) (X)
PARK 1976 (37) continued. (35,44).
218-295 Discharge flow system. Excess of both O3 and 0 over Cl
‘ C1,(~0.01%) /He mixtures gives pseudo-first order condi-
passed through discharge, tions for reactions 1 and 12.
and added via moveable Cl + 05 » ClO + 0, 12
inlet to Os/He stream. .0 + Cl0o » Cl1 + 0, 1
0 atoms from 02/He Increase of reaction time leads
mixture, passed through to steady state in [Cl] at which
second discharge, added rates of 1 and 12 are equal.
further downstream, Steady state value of [Cl] there-
giving 1.33x10-11<£03]< fore gave ratio ky/k,,. Good
1.33x10 710 o1 cm” ,.,9.96 linearity obtained for variation
)(10_13<|:O]<1.3.’>x10-11 mol  of [0;] by factor of 7, and by
en™, and [C1]¢1.66x1071%  factor of 10 for [0].
mol cm™ >, [C1] monitored T/K klklz—1 kl/cm3mol—ls‘1
by resonance fluorescence 218 4,73:x0.24 (2.6710.1)x10}§
at 134.7 an. 235 3.5430.16 (3.5750.1)x1013
ZAHNISER and KAUFMAN 1977  These data expressed as kl/k12=
(45} (1.55£0.17) exp{(246+30)/T}.
Using their own expression ki,=
1.31x10%° exp(~171/7) cm> mol !
s'l, authors quote k1=Z.83x1013,
2.83x101% and 2.59x10'% cn® mo17!
s7! (218,241 and 295 K), and k=
(2.0420.3)x10'% exp{(75:40) /1)
em® mo1”t 5" Quoted by (35 and
‘ 44) . Values of k1 above derived
using our recommended expression
for k12 (this Volume, section B10).
REVIEW ARTICLES
3.0x1013 exp(-252/T) 1000-3500 Estimated expression. Authors modified the expression
JENSEN and JONES 1971 (13) estimated by JE??EN and KURZIUS
(5), kl;1.§x10 exp(-1510/T)
cm” mol s 7, to accommodate
the k1 values at 298 K from (2)
and (13).
(3.210.5)){1013 298 Selected value. k1 value from (16) selected in
WATSON 1974 (22) preference to those from (2,7 and
10). AQuoted by (31). Used by
(39 and 41).
(3.2t0.5)x1013 298 Preferred value. Value from (16) favoured over

J. Phys. Chem. Ref. Data, Vol. 10, Suppl. 1, 1981

ANDERSON 1976 (34)

that from (10).
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0+ ClO— Cl+ 0,

REVIEW ARTICLES - conTINUED

Rate Constant k Temperature Method and Reference Comments
(cm3 mo1”! 5_1) (X)
4.64x10"> exp (-130/T) 200-300 Preferred expression. Expression based on values k1=
13 13
HUDSON 1977 (40) 2.?55x10'-1 (Eio K) and 3.01x10
cm” mol s (298 K), derived
from data of (16,35 and 45).
Used by (46).
6.44x1013 exp (~224/T) 220-425 Preferred expression and Adopts expression of (37) and
;(3.1310.3)x1013 298 recommended value. recommends k1 value at 298 K,

WATSON 1977 (44)

Discussion

The reaction between oxygen atoms and CIO is fast even
0+ CO —- Cl + 0O, (1)

at room temperature, and as such it invariably plays an
important role in systems where these two reactants are both
present. Thus the ClO-forming reaction of O with Cl; is
followed by reaction 1

0 + C, — Cl + Clo 3)

[3,4,15], as is the initial photodecomposition of ClO, [16].
Reaction 1 may also be important as the Cl atom
regeneration step in the proposed Cl atom catalysed chain de-
composition of O, in the stratosphere [18,20,21,23]. The
ground X’IT state of ClO is split into two sub-states, ’,,,
and ’Il,,,, with a splitting constant of 2829 cm™. This
small sub-state separation leads to the prediction that the
upper sub-state is populated to an appreciable extent, 20% at
298 K, rising to 40% at 1000 K. Rate measurements of ClO
reactions therefore presumably yield data referring to ClO
molecules in a mixture of these two states. AH[(CIO) is
tabulated in the JANAF tables for the *II,,, sub-state alone.
These values should therefore be modified before calculating
thermodynamic data for CIO reactions. At 298 K the
corrected AH;(Cl0) is 0.7 kJ mol™ larger.

All of the attempts to measure k&, except the most recent

have been carried out at 2982 K. Three of the determina-
tions, giving lower limit values for %,, have been deduced

from semi-quantitative observations obtained in studies of
the reactions of O atoms with Cl, [4,15], and with CL,0 |7].
Clyne and Coxon [2] attempted to determine £, by studying
the reaction of O with ClO,. Subsequent work by Bemand,
Clyne and Watson [16] shows however that the assumptions
used in [2] to derive &, viz., that k, >k > >k,

0 + Clo, — Cl0 + 0, 2)

Cl + Clo, — 2CI0 (8)
are incorrect and that the computed %, value is unreliable.
They also reject that obtained by Basco and Dogra [10] from
a study of ClO, flash photolysis on similar grounds, but show

based on (16,37,39), after also
considering data from (2,7,11,

34). Expression 6.62x10%3 exp (-~
220/T) em® mo1™t 57! attributed

to this review by (43).

how both sets of experimental data can be rationalised using
their more recent rate constant values. Bemand and co-
workers” own measurements of £, have been performed using
both resonance fluorescence and mass spectrometry to
monitor oxygen atom concentrations. The two different
methods give results that are in good agreement.

The most recent discharge flow studies of Clyne and Nip
[35] and Zahniser and Kaufman [45] have covered the tem-
perature range 200-500 K. Clyne’s data (derived from
pseudo first order O atom decay) show a more pronounced
temperature effect, with £,=1.9 k] mol™ (445 cal mol™),
but the data of [45] (obtained under pseudo first order Cl
atom removal conditions) are in good agreement with Clyne’s

absolute values.
Park has obtained the only available data concerning

reaction 1 at temperatures greater than ca. 1000 K [37].
Unfortunately his measured %, values are expressed relative
to k; and there are no data available for £; in the appropriate
temperature range. We are therefore unable to use his data
in evaluating £, but note that if the recommended low temper-
ature Arrhenius expression of £; (section B12) is extrapolated
to higher temperatures, then the %, values that can be
calculated are in reasonable accord with those at ca. 298 K.

On the basis of the data of [16,35 and 45] we recommend
for the temperature range 200-500 K the expression

k, = 5.70x10" exp(-183/T) em® mol™ s’

with error limits of +50% over this range. Bearing in mind
that this high value of %, indicates that the -collision
efficiency of reaction 1 is of the order of 0.1 at 298 K
together with the apparent consistency of Park’s relative rate
data at high temperatures, it would seem that the activation
energy, £, cannot be greater than ca. 8 kJ mol ™.

Rate of the Reverse Reaction
There are no data available for the rate of the bimolecular
reaction -1, Cl atoms normally reacting with O, via a
termolecular
al + 0, >0 + ClO -1)
process to yield Cl10O radicals (section B17). Using our rec-

J. Phys. Chem. Ref. Data, Vol. 10, Suppl. 1, 1981
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ommended expression for k£, and the equilibrium constant as
given by the JANAF Tables, we derive k_,=8.76X10"
exp(-27 700/T) cm® mol™ s™, for temperatures 200-500 K.
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EVALUATED KINETIC DATA FOR HIGH TEMPERATURE REACTIONS

0+ Clo,~ CIO + O,

THERMIDYJAMIC DATA.

1-249

T aH® AS log K
(X) (kJ mo1™h) 0 K mol™hy
298 -252.55 13.51 44,98
300 -252.55 13.49 44,68
500 -251.77 11.43 27.07
1000 ~255.94 7.89 13.78
1500 -258.29 5.96 9.31
2000 ~-260.35 4.76 7.05
2500 -262.05 4.00 5.69
3000 -263.42 3.51 4.77
3500 -264.55 3.19 4.11
4000 ~265.55 2.98 3.62
4500 -266.48 2.82 3.23
5000 -267.38 2.68 2.92
RECOMMENDED RATE COASTAHT
k= 3.3 x 100 en® mo171 571
= 5.5 x 10713 cn® molecute™! 71
Temperature: 298 K.
Suggested Error Limits for Rate Constant: 75%.
EXPZRIMEATAL DATA
Rate Constant k Temperature Method and Reference Comments
(cm3 mo1”1 s_l) ()
>2.4x1013 298 Discharge flow system. ClO2 Overall reaction stoichiometry

in Ar added to O atoms(1%)
in N2 produced by titration
of N with NO. Total press-
ure 85-430 Pa. [C19] and
[c10,] monitored by absorp-
tion spectroscopy at 277.2
and 351.5 nm respectively.

CLYNE and COXON 1966 (1)

measured as 1,98%D.03.
J + ClO2 +~ Cl0 + O
0+ CloO~>Cl +0

Cl + C10

2

Assumed

2 1

2 2

+ C10 + C10 3

that only reactions 1 and 2 were

important.

Subsequent determin-

ation of k3 indicate that neglect

of reaction 3 is invalid (7).

Data fitted to expression for
[c1o]/[c102] derived from inte-
grated rate expressions giving

O.45>k2/k1>0.15.

Minimum (0]

decay rate indicated rate

constant for rate controlling

step 36x1012 cm

k2)6x1012 cm

3

3

mo1~ L

S

mol™t s
-1

-l. Thus

and k1 as

J. Phys. Chem. Ref. Data, Vol. 10, Suppl. 1, 1981
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' EXPERIMENTAL DATA j
1 Clyne and Coxon 1966 (1).
0] Basco and Dogra 1971 (4).
3 Clyne and Cruse 1871 (5).
? a Walker 1972 (6).
A Bemand et al. 1973 (7).
- REVIEW ARTICLES
o . Watson 1974 (9) and 1977 (18).
@ Anderson 1976 (14).
Hudson 1977 (17).
® This evaluation.
—
3.0 3.5 4.0 4.
103771 k1

300

BAULCH ET AL.

0+ ClO,—~ CIO+ O,

T/K
250
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EVALUATED KINETIC DATA FOR HIGH TEMPERATURE REACTIONS

0+ Clo,~> ClO+ 0,

EXPERIMENTAL DATA - CONTINUED

1-251

Rate Constant k Tenperature Method and Reference Comments

(cm® mo17t s_l) (K)

CLYNE and COXON 1966 (1) listed. Quoted by (2,3,6,9 and
continued. 18).

298 Flash photolysis study. Difference in C10 yields in
Mixtures of C102(10—12 Pa) presence and absence of C1,0
C1,0(0 or 89-151 Pa) and measured. [C1,0] considered
Ar photolysed with 260 and constant and [ClOZJ approximated
600 J at 2>340 nm. [ClO] to an average value for each run.
monitored by absorption Reaction 2 considered unimpbrtant,
spectroscopy at 292 nm. an assumption subsequently
Excited 0, monitored at rejected by BEMAND, CLYNE and
~310 nm (Schumann-Runge WATSON (7). Derived
(0,12) band). 0 + C1,0 »~ C10 + C10 4
BASCO and DOGRA 1971 (4) k;/k,=5.8:0.1 from [c10] data and

kl/k4=5.810.4 from depletion of
Oz(v” =12) yield, produced in
reaction 1, by added ClZO.
Aughors_iubfiituted k4=5.2x101i3
cm™ mol s giving k1=3.0x10
cemd mo17l ST Quoted by (6,9,
14,18).
>1.2xlO12 298 Discharge flow study. ClO2 Experiment performed to calibrate
in Ar added to excess O Cl atom resonance line absorption
atoms from titration of N Mechanism of CLYNE and COXON (1)
with NO. [0] monitored by  adopted.
O+NO chemiluminescence.
Few details given.
CLYNE and CRUSE 1971 (5)

(S.6il.0)x1012 301 Discharge flow system. ClO2 Pseudo-first order conditions.
(0.007-0.01 Pa) added to NO flow rate carefully controlled
excess O atoms (0.05-0.53 to ensure its complete removal by
Pa) in N,, produced by N, thereby eliminating complica-
titration of N with NO. tions due to reaction of NO with
[Cc10,] monitored mass C10,. k; is an average of 55
spectrometrically.. determinations.

WALKER 1972 (6)

2.83x1011 298 Discharge flow studies. (a) (a) Pseudo-first order conditions.
ClO2 (0.006-0.028 Pa) added Runs in absence of NOCl gave
to excess O atoms (0.20- apparent kl values between 3x1012
0.73 Pa), formed either by and 1.2x1013 en® mo17? 571, woct
titration of N with NO or added as an efficient scavenger
by discharging O2 in He, in of Cl atoms in order to sunpress
the presence of NOCI. [C102] reaction 3. Quoted k; is an
monitored mass spectromet- average of four determinations.
rically.

3.82x10ll 298 (b) O atoms (J.002 and (b} Pseudo-first order condi-

0.003 Pa) produced as in
(a) added to excess C102

tions. Results independent of

presence or absence of NOCl for

J. Phys. Chem. Ref. Data, Vol. 10, Suppl. 1, 1981



1-252 BAULCH ET AL.
0+ Cl0,—~ CIO+ 0O,
EXPERIMENTAL DATA - CONTINUED
Rate Constant k Temperature Method and Reference Comments
(cm3 mo1™L s—l) x)
(0.3 and 0.8 Pa) in both fc10,]/[0]>100. k; value is an
presence and absence of average of four determinations.
NoCl. [0] monitored by Authors combined results from
resonance fluorescence. both methods to give k1=3.3x1011
3 -1 _-1
BEMAND, CLYNE and WATSON cm® mol = s © at 298 K. Quoted
1973 (7) by (8,9,10,11,12,14,15,18).
Used by (16).
REVIEW ARTICLES
11
3x10 298 Preferred value. Based on (7). Data from (1) and
WATSON 1974 (9) and 1977 (4) also considered. Quoted by
(18) (13).
(3.0£0.3)x10M!
.0+0.3)x 298 Preferred value. k1 value from (7) favoured over
ANDERSON 1976 (14) that from (4).
1.2 13
.2x10 exp(-1100/T) 200-300 Preferred expression. Expression is estimated, based on

HUDSON 1977 (17)

Discussion

The reaction between oxygen atoms and chlorine dioxide
has until recently been assumed to be very fast at room tem-
perature,

0 + Cl0, — ClO + O, 1)

with a rate constant in excess of 10" cm® mol™! s}, and as
such it was considered to play a major role in the flash
photolysis of ClO,. Early determinations of &, at 298 K
appeared to substantiate these assumptions. Thus Clyne and
Coxon [1], from discharge flow studies, and Basco and Dogra
[4], using the flash photolysis of ClO,, obtained values of
>2.4%10" and 3.0X 10° em® mol™ s, respectively.
Subsequently however, Bemand, Clyne and Watson [7]
showed that the data interpretation of both of these previous
studies was in error due to underestimation of the effects of
Cl atoms formed by the very

0 + Cl0O — Cl + 0, @)
cl + Clo, — Cl0 + Clo 3)

fast reaction between O and ClO. They found that under
conditions where the initial concentration ratio [C10,],/{0], is
less than approximately 5, reaction 3 becomes important
resulting in autocatalytic chain removal of ClO,. In this way
spuriously high k, values are obtained with an observed stoic-
hiometry similar to that for a simple 04 ClO, elementary
reaction. For [Cl0,],/[0],>100, Bemand and co-workers

J. Phys. Chem. Ref. Data, Vol. 10, Suppl. 1, 1981

value at 298 K.

found  k,=3.82X10" cm® mol" s at 298 K using
resonance fluorescence to monitor O atom decay. For studies
in which oxygen atoms were in excess, the rate of
disappearance of ClO, was monitored mass spectrometrically.
Under these conditions it was necessary to add NOCI to the
reacting mixture as a Cl atom scavenger thereby suppressing
autocatalytic Cl0, destruction. In this way £, was reduced to
a constant value of 2.83X10" c¢m® mol™ s at 298 K.
Although no other data are available to substantiate Bemand,
Clyne and Watson’s conclusions we consider that they are
essentially reasonable. It would therefore appear that,
contrary to earlier supposition, reaction 1 is of minimal
importance in the flash photolysis of ClO,, the initial
photodissociation being followed by reactions 2 and 3.
Furthermore a kinetic scheme based on this mechanism
enables the experimental data of Basco and Dogra [4] to be
simulated computationally [7]. We therefore recommend

k, = 3.3X10" cm® mol? s at 298 K
with error limits of £75%.
Rate of the Reverse Reaction

There appear to be no data on the rate of reaction of CIO
with O, to give ClO, and oxygen atoms. Using our recom-
mended £y

Clo0 + 0, —» 0 + Cio, 1)

value at 298 K and the equilibrium constant value from the
JANAF Tables gives k_; =3.5X 10" cm® mol™ 57
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B15 CIO + CIO — products

THERMODYNAMIC DATA

The reaction mechanism is uncertain and the primary reaction(s)

is not yet characterised.
be provided for this reaction.

RECOMMENDED RATE CONSTANT

k= 1.5 x 1019 cn3 mo171 571
= 2.5 x 10714 cn® molecuted 571
Temperature: 298 K Pressure:

No thermodynamic data can therefore

<1.3 kPa (<9,8 mm Hg)

Suggested Error Limits for Rate Constant: z15%

Rate Constant can be calculated from the empirical expression:

12 3

k = 1.15 x 10'% exp(~1295/T) cm® mol™!l s

L]

Temperature Range: 295-600 K

-1

1 _.-1

1.91 x lohlzexp(—1295/T] em3 molecule! s

Suggested Error Limits for Rate Constant: 50%

Note: this expression is that of WALKER (25).

EXPERIMENTAL DATA

Temperature

Rate Constant k Method and Reference Comments
(cm3 mo1 ™! s_l) (K)
>2.4x1018 293 Flash photolysis study. C12 Authors propose C1O produced by
:é'giiglo 3 (0.27-2.67 kPa; 2.0-20 mm  reactions 2 and 3. Corrections
Hg)/02(1.33-80.0 kPa; 10- Cl + O2 -+ C100 2
600 mm Hg)/N2(0-8O kPa; O- Cl + C100 » 2C10 3

600 mm Hg) mixtures, total
pressure 7.33-81.3 kPa (55
-610 mm Hg). [C10] moni-
tored spectroscopically at
277.3, 279.7, 282.4 and
257.7 nm.

PORTER and WRIGHT 1953 (3)

J. Phys. Chem. Ref. Data, Vol. 10, Suppl. 1, 1981

for Cl absorption applied. Second
order dependence of Cl0 dis-
appearance and pressure independ-
ence of rate constant kl demon-
strated. Authors apparently mis-
Cl10 + C10 » products 1

converted pressure units to
concentration units and conse-
quently %uote k1>2.2x1010 cm®

at 293 K. k1 values
calculated using C10 molar

mol " s

decadic extinction coefficient
at 257.7 nm, €23.1x10° cm®
Derived Arrhenius expression k
2.2x1010 exp (0£330/T) em’ mol”

s7! for the temperature range

mol—l.

i)

293-433 K, now corrected to klz
2.4x1010 exp(0£330/T) cm’ 1

s7L. Using e=1.21x10% cnm?

mol~
mo1”}
(see Discussion) gives k1=9.3x
1010, 9.1x10%° and 1.5x10%! cm?
"l at 293,433 and 473 X

respectively.

mol™t s

Authors proposed
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ClO+ CIO— products

T/K
2000 1000 500 400 300 200
12.
° 1 1 —1 T T
EXPERIMENTAL DATA
&) Porter and Wright 1953 (3).
o A Lipscomb, Norrish and Porter 1954 (4).
QO Lipscomb, Norrish and Thrush 1956 (5}.
¢ Edgecombe, Norrish and Thrush 1957 (7).
% v Clyne and Coxon 1966 (10).
20 L J Clyne and Coxon 1968 (12).
12.0 [m] Basco and Dogra 1971 (20).
o A Basco and Dogra 1971 (21).
? O Clyne and White 1971 (23).
o ®
J ® — T Walker 1972 (25).
[ ] Poulet, Le Bras and Combourieu 1973 (28).
v Clyne, McKenney and Watson 1975 (33).
¢ o Park 1976 (41).
o
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BAULCH ET AL,

Cl10 + CIO — products

EXPERIMENTAL DATA - cONTINUED

Rate Constant k Temperature Method and Reference Comments
(cm3 mol~1 s—l) (X)
PORTER and WRIGHT 1953 (3) C10 removal occurs via ClZOZ
continued. dimer that subsequently decom-
poses to Cl, and 0,. Authors'
k1 expression quoted by (4,12 and
30), and rate constant by (5,8,
10,11 and 12). Misquoted by (24
and 33).
5.7x10%0 293 Flash photolysis study. Estimated that >90% C10, decom-
Mixtures of ClO,(<67 Pa; posed per flash and that <1% €104
«0.5 mm Hg) and either Ar, present in reacting mixture.
N2 or CO2 (51 kPa; <380 mm Measured s=(l.19r0.1)x106 cm2
Hg) flashed with 250 J. mol™) and used this value to
[c10] monitored spectros- calculate k;. Using e=1.21x10°
copically at 257.7 nm. en? mo17! gives k1=5.8x1010 cm®
LIPSCOMB, NORRISH and moi™l s71. Preliminary report
PORTER 1954 (4) of experiments described in (5).
6.2x1010 293 Flash photolysis study. C10 photolysis eliminated by

| Bhue Cham. Ref. Data. Vol. 10, Suppl. 1, 1981

C102/NZ mixtures, typically
at pressures of 67 Pa (0.5
mm Hg) and 77 kPa (580 mm
Hg) respectively, photo-
lysed at A>300 nm with
various flash energies
between 240 and 1620 J.
[€10] monitored spectro-
scopically at 257.7 nm.

LIPSCOMB, NORRISH and
THRUSH 1956 (5)

filtering out light of A<300 nm.
Authors postulated ClO3 formed as
minor product and accordingly
corrected absorption data which
was interpreted in terms of
reaction sequence 4,5,6,7 and 1
rather than the currently
accepted sequence 4,8,9 and 1.
€10, + hv » C10 + C
0 + Cl0, ~ C10 + O
0+ ClO2 - ClO3
ClO3 + hv » Cl10 + 02
0O + Cl0 » C1 + O2
€1 + €10, ~

2

L o N o A

2C10

Authors’ mechanism leads to
assumption of equivalence of
[c10] (plus [C10,]) formed with
[C10,] removed and thereby gives
rise to an apparent dependence
of e, and hence of kl’ on flash

energy. Authors nevertheless
k, /10™° €/10° Flash erergy
3 -1_-1 2 -1
cm"mol s cm mol /3
1.9 11.4 240
2.7 10.6 320
4.1 11.1 400
5.5 8.5 1280
5.9 6.9 1620
recommend e=6.8x10° cm® mo1~!
and k1=6.2x1010 em® mo17t 571 at
293 K. Using e=1.21x10% cm
mol”L gives k1=1.1x1011 e
mol™l s~ Compatability of
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ClO + CIO — products

EXPERIMENTAL DATA - CONTINUED

1-257

Rate Constant k Temperature Method and Reference Comments
(cm3 mol™1 5—1) (X)
LIPSCOMB, NORRISH and data with modern mechanism
THRUSH 1956 (5) subsequently demonstrated by
continued, BEMAND, CLYNE and WATSON (27).
Quoted by (8,10,11,12,20,24),
misquoted by (31 and 33).
(2.4i0.4)x1010 298 Flash photolysis study. [c10] determined by assuming the
C120 (100,133 or 267 Pa; extinction coefficient of ClZO
0.75,1.0 or 2.0 mm Hg) at 292 and 291.2 nm to be equal
plus SF6 (8.0 kPa; 60 mm and that optical densities diff-
Hg) or occasionally N2 or erence at these wavelengths
€O, (pressure unspecified) proportional to [Cl0]. Also
photolysed at A>28L nm with assumed [C10] formed equivalent
1120 J. [C10] followed to, EClZO] removed for jnitial 2x
spectroscopically at 292 10"" s of reaction. Derived ky
nm. value is an average of six deter-
EDGECOMBE, NORRISH and min?tiogs an?limplies €(C10)=5.0
THRUSH 1957 (7) x10” cm® mol at 292 nm. Quoted
by (8,10,11,12,20,21,24,31).
(l.7t0.l)x10lO 298 Discharge flow system. Cl0O Rate observations limited to

produced by adding C10, in
Ar to Cl (2%) in Ar at
total pressures between 173
and 400 Pa (1.3 and 3.0 mm
Hg). [C10] and [C10,] moni-
tored spectroscopically at
277.2 and 351.2 nm
respectively.

CLYNE and COXON 1966 (10)

experimental conditions where
[cr0,]/[C10]¢0.05.
removal of Cl0 confirmed and

Second order

maximum rate constant for first
order removal estimated to be
<0.4 s7'. Pressure independence
of ky established. Addition of
C10 + Cl10 - products 1
N2 (72 or 88 Pa) or O2 (63 or 73
Pa) to reaction mixture caused
no significant variation in ky
value. Experimentally an
average of 26 determinations gave
K, /e=(1.2620.05)x10* 1
which authors calculated k
using €=(1.36i0.04)x106 cm}
also determined in this study.

cm s - from

mol~ L

These authors subsequently
report (12) pressure measurement
errors due to incorrect Mcleod
gauge calibration resulting in
revised € (at A=257.7 nm} and
kl values of (1.27i0.04)x106 cm
mol™l and (1.4:0.1)x100 cn®
mo1”l 571 respectively.
e=1.21x10° mo1™ ! we
calculate k1=(1.5i0.1)x1010 cm3
mol™l s71. quoted by (11,12,14,
15,20,24,31 and 33).

2

Using
cm?

J. Phys. Chem. Ref. Data, Vol. 10, Suppl. 1, 1981
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BAULCH ET AL.

CIO + CIO — products

EXPERIMENTAL DATA - cONTINUED

Rate Constant k Temperature Method and Reference Comments

(cm3 mo1™1 s_l) (X}
1.20x10}8 294 Discharge flow system. Cl0 Rate measurements delayed until
i‘ggi}glo gig formed by reacting ClO2 in €10, completely consumed.
1.82x10i8 357 Ar with C1 (ca. 1x1079 mol Corrections applied for tempera-
§‘g§§%810 282 cm_s) in Ar at unspecified ture differences between reaction
3.75x10%8 442 total pressures between zone and observation ports.
g:géiiglo 255 137 and 307 Pa (1.03 and Stoichiometry of reaction 9

J. Phys. Chem. Ref. Data, Vol. 10, Suppl. 1, 1981

2.3 mm Hg). [C10] monitored
by absorption spectroscopy

at 277.2 nm.
measured using both thermo-

Temperatures

couples and the nitrogen
afterglow 'thermometer'.

CLYNE and COXON 1968 (12)

demonstrated to be 1.9:0.1.

Cl + ClO2 -+~ 2Cl0 9
Variation of e (Cl10) at x=277.2
nm with temperature in range 294-
450 K shown to obey relationship
8294/€T=l*3-6X10_3(g-29§) whe{e
5294=(1.93x0.06)x10 cm® mol”
at T=294 K, and er is the extinc-
tion coefficient at temperature
T. This expression used by
authors to derive k; values,
subsequently tabulated by CLYNE
and WHITE (23), to which they
fitted both the expressions, k,=
(7+2)x10M exp {- (1260+150) /T} cm>

"1 and k,=(1.420.4)x10%°
0.5 ! 3 -1
T exp {- (956+200)/T} cm” mol
s™1. Data was later corrected
by CLYNE and WHITE (23) using
C10 + C10 + M > C1,0, + M 1

01202 + M- Cl0 + C10 + M 10"

C1,0, + M =~ Eéz +6O +_¥ 1%'
kikli/k16=1'ZX10 cm® mol s”
as derived by JOHNSTON, MORRIS
and VAN DEN BOGAERDE (17) for
M=Ar, to allow for third order
C10 removal, by assuming experi-

mol“l s

mental rate constant kexp#k1 but
rather kexp=k1+kiki1[Ml/ki0 as
previously suggested (17).
Corrected k1 values shown below.

kl/cmsmol-ls-1 T/K
1.10x10}8 294
l.4leOlo 318
1.78x10lo 342
l.75x1010 357
2.31x10 380
3.85x10 406
3.69x1010 442
8.37x1010 472
5.74x10 495

Uncorrected expression quoted by
(11,13,16,17,18,19,20,24,30,31)
and used by (36).
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Cl10 + CIO — products

EXPERIMENTAL DATA - CONTINUED

1-259

Rate Constant k Temperature Method and Reference Comments
(cm3 mol™1 s-l) (X)
Flash photolysis studies. Results of system (a) allowed
(2.6St0.3)x1010 298 (a) C102(8.0-33 Pa; 0.06- e (Cl0) to be calculated as (1.15
0.25 mm Hg) plus Ar (10.0  +2.06)x10%, (1.70:0.07)x10° and
or 26.7 kPa; 75-200 mm Hg)  (1.05:0.4)x10% cm? mo1™! at a =
mixtures photolysed at 257.7, 277.2 and 292 nm respect-
A>310 nm with energies ively, by assuming that [C10]
varying from 0.16 to 1.06 produced = [CIOZI removed and
kJ. [C10,] monitored at that [C10] could be extrapolated
351.5 nm. back to zero time. Absorption
(2.77:0.27)x10'° 298 (b) Mixtures of Cl, (0.67  due to Cl0 considered negligible
and 1.0 kPa; 5.0 and 7.5 and its production dubious.
um Hg),0, (6.7 kPa; 50 mm Second order [C10] decay observed
Hg) and Ar (20 kPa; 150 at all time delays for low flash
mm Hg) photolysed using energies, but only at delays
flash energy of 1325 J. >2.0x107% s for high energies.
(c10] monitored in both Authors found k; pressure inde-
studies at 257.7 and pendent and derived its value
277.2 nm and additionally (average of 57 determinations)
at 292 nm in (a). using their measured e. Using
(2.4+0.2)x10%° 298 (c) C10, (6.0 and 11.8 e=1.21x10% cn? mo1™! for A =257.7
Pa; 0.045 and .09 mm Hg) nm we calculate kl=(2.79i0.32)x
plus ClZO (1.36-15.4 Pa; 10lo cm3 mol_l s 1, kl measured
0.01-0.12 mm Hg) and Ar in system (b) is an average of
(26.7 kPa; 200 mm Hg) 13 determinations. We calculate
flash photolysed with k,=(2.9120.28)x10°% cn® mo17!
energies of 260 and 1060 s for €=1.21x10% cm? mo17l.
J at A>340 nm. [C10] System (c) yielded k; from an
measured at 292 nm. average of eight determinations.
BASCO and DOGRA 1971 (20) Quoted by (21,22,30,31 and 33).
Used by (41}.
Flash photolysis studies. €(C10) measured as (1.61+0.05)x
(2.77+0.22)x10'0 298 (a) C1,0 (80 and 147 Pa; 10° and (9.9:0.7)x10° cm? mol”1
0.6 and 1.1 mm Hg) and Ar at 277 and 292 nm respectively,
(26.7 kPa; 200 mm Hg) assuming [C10] formed a[ClZO]
photolysed at A>280 nm removed and that [C10] could be
using energies of 830, 106D extrapolated to zero time.
and 1325 J. ~ Authors obtained k; from averages
(2.88t0.3)x1010 298 (b) Mixtures of C120 (80~ of 7,4 and 6 determinations in
160 Pa; 0.6-1.2 mm Hg),Cl2 systems (a), (b) and (c)
(173-333 Pa; 1.3-2.5 mm Hg) respectively.
and Ar (26.7 kPa; 200 mm
Hg) photolysed at A>310 nm
using energies of 260, 600
and 1060 J.
(3.0£0.5)x10%° 298 (c) Mixtures of C1,0 (53-

93 Pa; 0.4-0.7 mm Hg), Br2
‘ (53-334 Pa; 0.4-2.5 mm Hg)
and Ar (26.7 kPa; 200 mm
Hg) photolysed at either
A»440 nm or A>560 nm using

J. Phys. Chem. Ref. Data, Vol. 10, Suppl.‘l, 1981
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EXCERIMENTAL DATA - CONTINUED

Rate Constant k Temperature Method and Reference Comments
(cm® mo17t -1y (x)

flash energies of 600-1060 J.

[C10] monitored in all

studies at 277.2 and 292

nm. [C10,] measured at

351.5 nm and [C1,0] between

250 and 257 nm or at 291.2

nm.

BASCO and DOGRA 1971 (21)
1 43x1018 273 Discharge flow system. C10  ClO concentrations calculated
i ggiiglo ggg obtained from reaction of using extinction coefficient
1.93x1079 330 excess Cl atoms (<2x107° data of CLYNE and COXON (12].
2 11X1O10 332 mol cm-s) in Ar plus SF Second order plots of data were
Z.3lx101O 342 6
2.85x197 347 (0 and 35 mol %) with €10, linear and gave values of
i igiig}g igi at total pressures between  experimental rate constant kexp
6.21x1010 444 0.06 and 1.1 kPa (0.45 and independent of pressure within
; ;Ziiglo ggé 8.25 mm Hg). [C10] moni- experimental error. Following
9 66x10%? 577 tored spectroscopically the mechanistic interpretation
1.42x10 675
1. 70x10t! 210 at 277.2 nm. of JOHNSTON, MORRIS and VAN DEN

J. Phys. Chem. Ref. Data, Vel. 10, Suppl. 1, 1981

BOGAERDE (17), authors assumed

. [ t .
k§xe"k17klkll[M]{glo gnd ufzng_l
klkll/klo=1.2x10 cm” mol s
for M=Ar (17) corrected kexp
values, as tabulated opposite, by

CLYNE and WHITE 1971 (23)

assuming kl'kll/klo to be essen-
tially temperature independent
in the range 273-710 K, to give
the following corrected kl

values.
kl/cm:smol_ls'1 T/K
1.25x1019 273
1 45X1010 293
1 68X1010 312
1 76X1010 330
1.94x1010 332
2.15X1010 342
2.69x1010 347
3 43X1010 369
4.35x1010 413
6.08X1010 444
7.66x101O 501
8.7lxlOlO 550
9.57X1011 577
1.41X1011 675
1.69x10 710

Authors combined these kl values
with those of CLYNE and COXON
(12} -and calculated the expres-
sions k;=(7.80.7)x10"} expi-(
1150£50)/T) cm® mol™! 57! ang
k1§3.14xi013{-0'5 exp (-1420/T)
cm” mol™" s77 as best represent-
ing the available data. Quoted

by (30,31,33,34).
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EXPERIMENTAL DATA - CONTINUED

(1.15£0.35)x10  %exp {~(12955155) /T} 294-587

(1.36:0.18)x10°

added to excess Cl to
generate C10 in large
excess of Ar at total pres-
sures in range 0.12-1.345
kPa (0.9~10.1 mm Hg) at

298 K, and 0.1-0.77 kPa
(0.75-5.8 mm Hg) at 294,
383, 473 and 587 K. [C10]
monitored by absorption
spectroscopy at 277.2 nm.

WALKER 1972 (25)

Discharge flow system. Cl0
formed by adding excess
ClZO to Cl in He at total
pressure of ca. 133 Pa (1
mm Hg). Few details
[C10] monitored

mass spectrometrically.

given.

POULET, LE BRAS and
COMBOURIEU 1973 (28)

Discharge flow system.
€10, added to excess Cl
formed by discharging c1,
(1 mol %) in He at total
pressure of 100-200 Pa
(0.75-1.5 mm Hg) to
produce Cl0 (1.7x10
2.3x107% mol cm®). [c10]
and [NO,], from C10
titration with NO, monit-
ored mass spectrometric-

~11_

ally.

CLYNE, McKENNEY and WATSON
1975 (33)

Static photolysis system.
Mixtures of CFCl3 (1.44-
6.33 kPa, 10.8-47.5 mm Hg)
and 04 (31.1-40.8 Pa,
0.233-0.306 mm Hg) photo~
lysed at x=213.9 nm using
Zn lamp. [03] monitored
spectrophotometrically at
253.7 nm.

JAYANTY, SIMONAITIS and
HEICKLEN 1975 (35)

Rate Constant k Temperature Method and Reference Comments
(cm3 mol”! s-l) (X)
(1.67:0.20))(1010 298 Discharge flow system. C102 k1 value at 298 K is the average

Within
experimental error k1 was inde-

of 37 determinations.
pendent of pressure. Results
nevertheless analysed to deter=
mine third order rate constant
(see below). Measurements at
294,383,473 and 587 K confined
to unheated sections of flow
tube. k1 values computed from
average [ClO]'l within furnace.
Arrhenius expression calculated
excluding data obtained at 298
K. Quoted by (31).

C10 mass spectrometer signals
calibrated by assuming [C10]
produced = [C1] reacted and using
reaction 12 to calibrate [C1].
Cl0 + €10 » products
Cl + NOC1 -~ NO + Clz 12
Second order [Cl0] decay

observed. Quoted by (34).

Mass spectrometer calibration
achieved both by equating [C102]
Cl + C10, » Cl10 + C10 9
NO + C10 » C1 + No, 13
reacted with [C10] produced in
reaction 9, and by titrating C10
with NO giving NOZ’ reaction 13.
Rate measurements taken using
the second method to determine
[€C10]. Rate found to be
strictly second order in [C10]
allowing k1 to be obtained as
an average of 12 determinations.
Quoted by (31,39,43).

Actinometry performed by
measuring N2 yield from NZO
photolysis and assuming ¢(N2)=
1.41.
proposed in which C10 was formed

Multi-step mechanism

by reaction 14 from Cl atoms

Cl + 03 + Cl10 + 02 14
produced by CFCl4 photodissocia-
tion. Quantum yield of 03
removal, °(03) measured as 2.75

-4.56. Authors deduced 0(03)=

J. Phys. Chem. Ref. Data, Vol. 10, Suppl. 1, 1981
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EXPERIMENTAL DATA - CONTINUED

Rate Constant k Temperature Method and Reference Comments
(cm3 mol™l 571y (K)
JAYANTY, SIMONAITIS and 4-4.5 at 1.3 kPa (10 mm Hg) total
HEICKLEN 1975 (35) pressure, and by substitution
continued. in derived rate law ¢(03)=3+2k15/
kig»
Cl10 + C10 » C1 + Cl + O2 15
Cl0 + C10 -» Cl2 + O2 16
obtained kls/k16=0.5-0.75.
2.g§§igii g;% Shock tube study. Mixtures Absorption cross section of Cl0
7. 31x101} 1015 of ?3, Clz, 0, and A? in at 253.7 nm measured over temper-
3. 84x1011 1035 ratio 1:5:25:500 typically, ature range 1660-2120 K by
;.giiigii i%?g at pressures behind reflec- shocking C12/02 mixtures, ratio
? gg;%gll %%gg ted shock of 355-912 kPa. 1:10, plus Ar, concentration O-
1 OQX1O%§ 1280 [c1oq monitored spectro- 70 %: After correcFlon for over-
7.94x10 1320 scopically at 253.7 nm. lapping €1, absorption and
1.23x10%2 1405 2
1.99x10}2 1410 PARK 1976 (41) assuming that 0y, Cl,, C1, €10
g ggiiglz }228 and Ar were present in theig
1.28x1012 1470 equilibrium ratios at 2x10 ° s
after shock, author combined
data with that of JOHNSTON (17)
at 257.7 nm to derlve €y54=1{1-
exp (1~ 1236/T)&E a exp( ~1236v/T)
em? mo1™1 where oy=(2.62-0.33v)x
106 cm2 mol 1. Cl0 decay
cons tant kl’ identified with
Cl0 + C10 =~ Cl2 + O2 16
C10 + C10 -~ C1 + C100 17
(k16+kl7). Values for both k1
and k8 derived by computer
modelling Cl0 decay curves.
0+ Cle >~ Cl + 0, 8
Author estimates uncertainty
factor of 2 in ky and combines
data with that of BASCO and
DOGRA (20) to calculate k1—2 L5x
1012 exp{-1350/T} cm® mo1~! s71.
Data presented in graphical form
only.
REVIEW ARTICLES
(a) (1.4510.24)x1010 298 Recommended values. k1 value (a) applicable to low
(b) 2.77x1010 298 pressure systems, €.g. discharge

J. Phys. Chem. Ref. Data, Vol. 10, Suppl. 1, 1981

WATSON 1974 (31) and 1977
(47)

flow studies,
23,25,33).
high pressure studies e.g.

based on (10,12,
Value (b) applies to
flash
photolysis, and is that found in
the series (a) experiments of

BASCO and DOGRA (21). Recommend
E,=10.3¢1.0 kJ mol™" under low
pressure conditions. Combining

authors' recommended low pressure
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REVIEW ARTICLES - CONTINUED

Rate Constant k Temperature Method and Reference

(cm® mol™! s‘l) (K)

Comments

WATSON 1974 (31} and 1977
(47) continued.

11

7.83x107" exp(-1150/T} Unspecified Review. Expression
reported as derived from
(12,17 and 23).
WOFSY and McELROY 1974 (32)
1.39x10%° 298 - Evaluation. Value is that

of (33) for sum of
available routes for
reaction 1.

ANDERSON 1976 (38)

k, and E; gives log(kl/cm3 mo1”L

s 1y=(11.97£0.25) ~(538452) /T for
overall process. Quoted by (37).
(a) used by (44) and re-
recommended by HUDSON (45).

For use in modelling of C10x in

atmosphere. A-factor is that of
(12). Used by (42 and 46).

Available routes for reaction 1

given as
Cl0 + C10 » Cl1 + OClO
+ C1 + C102 17
- Cl, +0, 16

THIRD ORDER REACTION: CLO + CLO + M ~ PRODUCTS

298 Molecular modulation
kinetic spectrometry study.
Cl, (0.4 kPa}, 0, (3.6 kPa)
and Ar (2.67-97.3 kPa) mix~-
tures, and Cl, (0.16 kPa)

2 (101.2 kPa) mix-~

tures photolysed with

plus O

square-wave excited lamps
at flashing frequencies of
0.25, 0.5, 1,2,4,8,16 and
32 Hz. [C10] and [C100]
monitored by their phase
shifted, modulated absorp-
tion signals at 257.7 and
250.0 nm respectively.

JOHNSTON, MORRIS and VAN
DEN BOGAERDE 1969 (17)

Observed phase of Cl0 indicated
its formation as a secondary
radical. Kinetic measurements
carried out under conditions
where Cl00 phase shift =0° and
that of C10=-30°, i.e. at
flashing frequency of 0.25 Hz,
in order to minimise complica-
tions from Cl00 signal. Ratio
of phase to modulation amplitude
gives factor, subsequently
corrected for small C100 signal
contribution, from which second
order experimental rate constant
Koy, was derived using €=1.27x
106 cm2 mol-1 (12). Found
strong dependence of kexp on Ar
pressure and interpreted kexp as
(kg *ky k) g [M] /K] ) -

Cl10 + C10 - products 1
Clo + C10 + M » C1,0, + M 1

ClZO2 + M+ Cl10 + C10 + M 10

€1,0, +M » Ci, + 0, +M 1I
Due to experimental scatter
authors could not extrapolate
data to [M]=0 to obtain ky.
They demonstrated however that
ky << k{kil[M]/kio and thereby
assumed kexpzkikil[M]/kio, from
which they calculated for M=Ar,

kik{l/ki0=1.2x1016 em® nol ™2 s_{

J. Phys. Chem. Ref. Data, Vol. 10, Suppl. 1, 1981
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. ClO + CIO ~ products

THIRD ORDER REACTION: CLO + CLO + M - PRODUCTS - coNTINUED

Rate Constant k Temperature Method and Reference Comments
(cm® mo17! s_l) (K)
JOHNSTON, MORRIS and VAN and for M=0,, kikil/kio=1.8x1016
DEN BOGAERDE 1969 (17) en® mo171 s*l. Tquoted by (20
continued. and 40). Used by (23).
(7:7)x1015 298 Discharge flow system. Thirty-seven determinations of
Cl0 generated by adding experimental second order rate
€10, to excess Cl in large constant Kex carried out.
excess of Ar at total Author interpreted kexp as (k1+
pressures in range 0.12- ki[Mﬂ) and, incorporating data
1.345 kPa at 298 K. [Cl0] of CLYNE and WHITE (23), plotted
monitored By aBsorption kexp VS- [M]. Within experimen-
spectroscopy at 277.2 nm. tal error plot had zero slope
WALKER 1972 (25) but least meanlgquages tfiatTint
gave k1=l.6x10 cm~ mol s
and k; (em® mo17% s71y as listed
Quoted by (31).
Discussion These values have then been used to construct our Arrhenius

Experimental determinations of the rate constant (defined
by —d[Cl0]/dt=F,[CIO}) for the mutual self-interaction of
ClO radicals have been largely confined to flash photolysis
and discharge

ClIO + ClO — products (1)

flow studies. Most of these investigations have relied upon
optical monitoring of ClO concentration by absorption
spectroscopy as a means of measuring the extent of reaction.
The now well known u.v. absorption spectrum of ClO was
one of the first of any transient species to be characterised
using the flash photolysis technique [1,2]. The use of an
accurate value for the extinction coefficient €, of ClO at the
monitoring wavelength A is fundamental to the conversion of
optical density values into reactant concentrations needed in
the calculation of %,. Values obtained by early workers were
in poor agreement due largely to an incomplete mechanistic
understanding of the reaction systems used and in particular
to a neglect of the fast reaction between ClO and O atoms.

0+ CO—->C + 0, ®)

Consequently initial ClO concentrations, determined by ex-
trapolation of second order ClO decay plots to zero time,
were in error.

Two reliable measurements of € at 257.7 nm and 298 K
have been carried out. Clyne and Coxon [10] obtained
€=(1.2720.04) X 10° cm® mol™, after correction [12], from
discharge flow studies. Basco and Dogra [20] subsequently
measured €=(1.15%0.06)X10° ¢cm® mol™ using the flash
photolysis of ClO, in Ar as the CIO source. We have adopted
the average value €=(1.21+0.1)X10° cm® mol™ as a basis
for obtaining corrected k, values from the reported data.

J. Phys. Chem. Ref. Data, Vol. 10, Suppl. 1, 1981

lot.

’ Using the flash photolysis of Cl,/0, mixtures Porter and
Wright {3] obtained the first kinetic data for reaction 1. They
established that the reaction was second order in ClO, found
k, to be both pressure and temperature independent within
experimental error, and determined that the photolysis
brought about no net overall composition change in the
reaction mixture. Their proposed mechanism consisted of
reactions 10, =10 and 11 with k> >k,;, and

C,0, == CI0 + ClO (10,-10)

CL0, — Cl, + O, (11)

they therefore identified %, with k_,ik,,/k ,. The results were
subsequently criticised by Clyne and Coxon [12] who felt that
a large adiabatic temperature rise probably occurred at lower
experimental pressures, the effects of which were cancelled
by a pressure dependence of the rate constant. Basco and
Dogra disagreed with this criticism however, despite the poor
agreement of Porter and Wright’s data with their own.

The preliminary study of Lipscomb, Norrish and Porter [4]
in which k) was measured using ClO, flash photolysis as the
CIO source, was extended by Lipscomb, Norrish and Thrush
[5]. Neglect of the fast reaction 8 led to their finding an
apparent flash energy dependence of € and k,. Edgecombe,
Norrish and Thrush [7] flash photolysed CL,O and obtained a
k, value that is in agreement with the subsequent values of
Basco and Dogra [20], although disagreement of the
measured extinction indicates that this is
fortuitous.

The first results of Clyne and Coxon were confined to 298
K and were subject to an error, later corrected, due to
incorrect McLeod gauge calibration. These data were
subsequently extended to cover the temperature range

coefficient
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294-495 K and the expression k,=(71£2)X 10"
exp{-(1260%+150)/T} cm® mol? s derived [12]. The
introduction into the reaction mixture of potential Cl atom
reaction partners such as ClO,, O, and H, and their observed
rapid removal led these authors to express a preference for a
ClO decay mechanism comprising reactions 17,3,18 and 19,
following a previous suggestion

Cl0 + Cl0 — Cl +Cloo 17)
Cl + €00 — Cl0 + ClO 3)
Cl + Cl00 — Cl, + O, (18)
CIOO (+M) — Cl + Of+M) 19)

of Benson and co-workers [6,9]. k, was therefore identified
with k,.

Further evidence for the participation of ClOO was

obtained by Johnston, Morris and van den Bogaerde [17]
who observed its absorption spectrum during the photolysis
of gaseous Cl,/0,/Ar mixtures. Using the then newly
developed technique of molecular modulation kinetic
spectrometry they found, in contrast to the results of
previous workers, a pronounced linear dependence of %, on
total pressure in the range 6.67-101.3 kPa, and interpreted
their experimental second order rate constant &, as being
approximately equivalent to k,'k;,'/k,,’. Their mechanism
therefore incorporated

Clo0 + ClI0 + M - C,0, + M 1’
CLO, + M - ClO + ClO + M ¢ (10)
CLO, + M - Cl, + 0, + M (11')

steps analogous to those proposed by Porter and Wright but
with a pressure dependence included. Using molecular
modulation mass spectrometry, Wu and Johnston continued
these studies [26]. Their results are disappointing however as
they failed to derive any rate constants from their data. They
nevertheless demonstrated that their results were in poor
quantitative agreement with those from the molecular
modulation kinetic spectrometry study and in consequence
concluded that either both studies involved a pressure
dependent systematic error, or the simplifying assumptions
used to treat the raw data were incorrect, or the reaction
mechanism required revision. Whilst rejecting the first of
these possibilities they decided that either or both of the
other two could be valid and furthermore proposed that the
observed pressure dependence under low light intensity
conditions arises from reactions 19’, -19’ and 20, and not
from 1, 10’ and 11'. In view of the disagreement

Cl+0,+M=2CO0 + M (19,19)
0+C+M=>C,+M (20)

between these two investigations we approach conclusions
based on the results with scepticism.

1-265

Clyne and White [23] in their investigation of reaction 1
over the temperature range 273-710 K, replaced the
moveable detector used by Clyne and Coxon [12] with a fixed
detector placed outside the heated portion of the flow tube.
The results obtained were, within experimental error,
independent of total pressure, in fair agreement with
previous discharge flow studies and gave a reasonably linear
Arrhenius plot. Westenberg [29] has however pointed out
that the use of the fixed observation point technique to study
the second order decay of a single labile species is
theoretically invalid when the detector is placed outside the
heated (or cooled) reaction zone. Despite the apparent
consistency of the data we therefore view the results with
reservation.

Basco and Dogra flash photolysed both ClO, [20] and C1,0
{21] in the presence of various additives as well as repeating
some of Porter and Wright’s experiments with Cl,/0,
mixtures. The £, values obtained were found to be pressure
independent and in good self-agreement, although higher by
a factor of 1.8 than that of Clyne and Coxon [10] and
approximately one-third that of Porter and Wright, measured
at 293 K. No explanation was offered for this latter
discrepancy. Basco and Dogra favoured a composite
mechanism incorporating the major features of those
previously discussed (reactions 10,-10,11,18 and 21) and
implying a dependence on pressure of the relative
importance of the two routes 11’ and 18

’

CL,0, — Cl + ClO0 (21)

leading to products. This mechanism identifies £, with &_,,.

Walker [25] used an experimental method and apparatus
similar to those employed by Clyne and Coxon [10,12]. An
approximate method was used to calculate £, values from the
average inverse ClO concentration within the heated section
of the flow tube, obtained by measuring the rate of increase
in [CIO]" both in front of and behind the furnace. The
results, presented only in Arrhenius form, give calculated
rate constants that appear to be in good agreement with
those from other discharge flow studies.

Unlike previous workers, Poulet, Le Bras and Combourieu
[28] followed the reaction by sampling the reaction mixture
in the flow tube using a mass spectrometer. The £, value
obtained at 295 K is in good agreement with that from other
discharge flow studies. That at 463 K is however somewhat
higher than corresponding values (ca. X 1.4) and could well
be in error, as the experimental technique is subject to
Westenberg’s criticism [29].

Clyne, McKenney and Watson [33] also used a mass
spectrometer to follow the progress of reaction 1. Their rate
constant £, =(1.36+0.18) X 10" em® mol™ 57!, measured at
298 K, agrees well with those from other discharge flow
studies. In some experiments Cl atom concentration profiles
were obtained thereby confirming the formation of Cl in
parallel with the decay of ClO. ClO, was also observed as a
reaction product, under conditions where Cl was not in
excess and it was proposed that it arose via the minor
reaction 22, the extent of which was estimated as k,,/k,=
0.043% 542 at 298 K. Thermochemical agreements used by
these authors indicated that the importance of reaction 22

J. Phys. Chem. Ref. Data, Vol. 10, Suppl. 1, 1981
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should increase considerably at flame temperatures. In
addition reaction 16 was considered; its role could not be
assessed however.

Cl0 + €0 — Cl, + O, (16}

ClI0 + C0 — C + do, (22)

Park has obtained the only high temperature data for
reaction 1 using the shock tube dissociation of
ozone/chlorine mixtures [41]. Rate constants were derived by
a computer modelling technique that matched the calculated
and experimental ClO decay profiles. The computed rate
constants are rather scattered and, on the authors admission,
accurate to no more than a factor of two. It therefore seems
to us pointless to attempt to draw any conclisions concerning
the better or worse agreement of this data with that of either
the low or higher pressure studies at lower temperatures.

Examination of all the available data reveals two
immediately apparent inconsistencies. First the room tempera-

ture k, values obtained by Porter and Wright [3] and by
Basco and Dogra [20] from similar flash photolysis studies of
Cl,/0, mixtures are in complete disagreement. Of the two
values only that of Basco and Dogra is substantiated by other
data and we conclude that Porter and Wright’s value is in
error, as is their proposal that reaction 1 has a zero
activation energy. Their %, values at 433 and 473 K are in
much better agreement however with the data from discharge
flow studies.

The second point of disagreement concerns the pressure
dependence of %,. Only Johnston and co-workers [17] using
the molecular modulation technique have reported a marked
effect of pressure on k. It is certainly true that the high
pressure (ca. 27 kPa) flash photolysis results of Basco and
Dogra give k, values larger than those obtained in low
pressure discharge flow systems, but we remain as yet
unconvinced that this finding is necessarily the result of a
pressure dependent contribution to reaction 1, especially in
view of the fact that such a conclusion depends on
mechanistic interpretation. Furthermore Wu and Johnston’s
inability to satisfactorily resolve the quantitative
discrepancies between their data and those of Johnston,
Morris and van den Bogaerde together with their effective
retraction of the previous postulate of pressure dependence
of k), leads us to regard the evidence for such an effect as
inconclusive. We are therefore unable to make any
recommendation of the rate constant for reaction 1’, the
alleged third order analogue of reaction 1.

ClO + CIO + M — C,0, + M 1)

The mechanism of reaction 1 remains uncertain as does
the role, if any, played by Cl,0,. Cl atoms are however
known to be present and it is probable that they are formed
in parallel with ClOO radicals, though whether this reaction
proceeds directly as in 17 and/or via a vibrationally excited
CL0, intermediate as in -10 and 21 is not certain. Basco
and Dogra failed
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Cl0 + Cl0 — Cl + Cl0O (17)
Cio + €0 — CL,O,* (-10)
CLO,* — Cl + Cl0O 1)

AQ+C+M->0C, +M (20)

to find any evidence for Cl atom formation. A possible
explanation is that third order recombination, reaction 20,
attenuated the concentration of Cl under their experimental
conditions. If Cl,0,* is present, then it may also be able to
decompose directly to Cl, and 0, ClOO will decay by
reactions 3, 18 and 19. Further minor reactions that should
be considered include 22, proposed by Clyne and co-workers,
and 16, which is equivalent to —10 followed

CLO,* — Cl, + O, (11)

Cl + CI00 — CIO + ClO 3)
Cl + Cl00 — Cl, + O, (18)
ClI0O + M > Cl + 0, + M (19)
€0 + €0 — Cl + ClO, 22)
Clo + CIO — Cl, + 0, (16)

by 11.

If two (or more) reactions, e.g., 17 and -10, are postulated
to occur as primary reactions then unless both have identical
activation energies, a curved Arrhenius plot should result.
This curvature would only be apparent if the two activation
energies were significantly different. Unfortunately the
available data is sufficiently scattered to mask any curvature
if it exists. Two pseudo-primary ClO decay paths could occur
however if the reaction proceeded via a single vibrationally
excited intermediate, such as ClL,0,*, which decomposed
along two reaction channels. Under these circumstances
when the intermediate-forming reaction is rate-determining a
linear Arrhenius plot would be obtained.

It would seem that a detailed understanding of the
mechanism will only be achieved after concentration vs time
profiles of the species Cl, ClO, Cl,, C10, and possibly CI00
have been measured over extensive pressure and temperature
ranges.

The rate constant of reaction 1 appears to be well
characterised at room temperature in low pressure (<1.3
kPa) systems. We recommend

k, = 1.5X10" em® mol™ s at 298 K

with error limits of +15%. We prefer to make no
recommendation at present for higher pressure systems. In
view of the difficulties concerning the mechanism of the
reaction we are reluctant to assign an activation energy and
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Arrhenius A-factor. Nevertheless as the low pressure data
give an apparently linear plot of log(k,/cm® mol™ s™) vs 77},
we suggest that £, values may be calculated for these experi-
mental conditions from the following empirical equation of
Arrhenius form over the temperature range 295-600 K with
an error of =50% in £,.

ky = 1.15X10" exp(-1295/T) cm® mol™ s

This expression is that reported by Walker [25]. Its
recommendation here in no way implies however that we
specifically endorse the method used by that author in its
measurement and derivation.

The Reaction CIO + CIO — CI + CIO,

Only one study has been carried out that enables an

Cl0 + Cl0 — Cl + do, (22)

estimate of %,, to be made. Clyne, McKenney and Watson
[33] obtained k,,/k,=0.043705%0 at 298 K from a discharge
flow system investigation, discussed above. The lack of
comparative data precludes our commenting on the value of
this ratio.

The Reactions CIO + CIO — 2Cl + O,
and CIO + CIO —» Cl, + O,

Jayanty, Simonaitis and Heicklen [35] report the only
available value for k,5/k,; from a siudy of the photolysis of

Cl0 + CIO — 2Cl + O, (15)
Cl0 + ClO — Cl, + O, (16)

CFCl, in the presence of O,. Interpretation of their quantum
yield data for O; removal required that a reaction mechanism
be proposed. In view of the speculative nature of this scheme
and the lack of any supporting evidence for reaction 15, we
view the value obtained, %,5/%,=0.5-0.75 at 1.3 kPa, with
scepticism.
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B16  Cl+ H,0,~ HCI+ HO,

THERMODYNAMIC DATA

T AHP as® log K
(X) (kJ mo1™h) @ x 1 mo1™hy

298 -56.367 14.916 10.653
300 -56.367 14.908 10.592
500 -56.823 13.841 6.658
1000 -59.166 10.615 3.645
1500 -61.183 8.954 2.598
2000 -62.936 7.941 2.060
2500 -64.576 7.217 1.727
3000 -66.107 6.661 1.498

RECOMMENDED RATE CONSTANT

No recommendation, see Discussion.

EXPERIMENTAL DATA

Rate Constant k Temperature Method and Reference Comments

(em® mo1™t 5-1) (x)

(3.73&0.9))(10ll 295 Discharge flow system. C12 Good linear decay of log[HZOZ]
(1-5%) /He mixtures passed over more than order of magnitude
through discharge. H,0, variation in [H,0,] indicated
added through moveable validity of pseudo first order
inlet. [Cl] in excess by kinetics. [H,0,] remained
factor 10, varying over constant in absence of C1,
range 1.63x10719-8.00x10710 showing negligible effect of

mol cm's. Total pressures heterogeneous HZO2 decomposition.
1-2 mm Hg (133-267 Pa). Cl + HZOZ +~ HC1l + HO2 1
Mass spectrometry used to

monitor [Hz0,], and to

determine [Cl], calib-

ration being either by

measuring [C1,]both with

and without microwave

discharge in operation, or

by titration with NOC1.

LEU and DE MORE 1976 (5,6)
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Cl+ H,0, = HCI+ HO,

T/K
500 400 300 250
12.0
EXPERIMENTAL DATA | |
() Leu and De More 1976 (5,6).
JAN Watson et al. 1976 (8).
O Michael et al. 1977 (10). -
1.8 ° Poulet et al. 1978 (11). —
REVIEW ARTICLE
——.——  Hudson 1977 (9).
To11.6 —
'_m \ 2<>
]
° .
- \
1=
(8] o4 A
a\c \
> 11.4 | T — —
-r T
1.2 |— ﬁg —
m]
! |
11.0 | l
2.0 2.5 3.0 3.5 4.0

103771 /K71
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Cl+ H,0, > HCl + HO,

EXPERIMENTAL DATA - coNTINUED

Method and Reference

Rate Constant k Temperature Comments
(cm3 mo1”l s_l) x)
3.49x1011 298 Flash photolysis study. Pseudo first order decay of [Cl]
ccl, (65 % Hg; 8.7 Pa)/ gave k; directly. Uncertainty
HZOZ (0-116.6 p Hg; 15.5 in kl quoted as * factor of 2.
Pa)/Ar (50 mm Hg; 6.7 kPa) Quoted by (7). MICHAEL et al.
mixtures. Initial [Hzoé]/ (10) note that conversion from
[C1] ratios varied 9x10°- H,0, partial pressure to [H,0,]
8x104. [c1] decay followed appears to be incorrect in this
by resonance fluorescence. work, and quote their reworked
WATSON, MACHADO, FISCHER value, obtained by least squares
and DAVIS 1976 (8) analysis of the ori§ina1 data,
of ky=(2.59:0.2)x10"".
E%.géfg:ggiigii %gg Flash photolysis flow Flow rate of reactant mixtures
(2:27;0'4)X10ii 359 system. COCl, (120-300 required to be ?ufficiently fast
(1.57+0.3)x10 400 Hg; 16-40 Pa)/HZO2 (86-234 to remove reaction products,
u Hg; 11.5-31 Pa)/Ar (30-80 which were found to contribute to
mm Hg; 4.0-10.7 kPa) Cl atom removal. Observed pseudo
mixtures photolysed at iz first order rate constants for
143 nm.  [C1] followed by [C1] decay showed no variation
resonance fluorescence in with flash intensity or total
range 135-175 nm. pressure. Correction made for
MICHAEL, WHYTOCK, LEE, diffusional loss of Cl by
PAYNE and STIEF 1977 (10) performing experiments in absence
of Hy0,. Authors were unable to
decide whether the value taken
for [H,0,] should be (a) the
arithmetic mean of measurements
taken before entry to, and after
exit from, the reaction cell, or
(b) the value measured at the
cell exit. Due to this ambiguity
two “equally acceptable"
expressions were given: kl=(1.89
10.3))(10ll em® mo17? 5-1, indep-
endent of T, and kl=(7.4710.2)x
10  exp {- (384£84) /T} em® mo1”!
.
(_2.3510.3)x10ll 298 Discharge flow system. Pseudo first order decay of HZO2

J. Phys. Chem. Ref. Data, Vol. 10, Suppi. 1, 1981

HZOZ/Ar mixtures added via
moveable inlet to Cl/He
mixtures from €1, dis-
charge. Total pressures
probably 0.24-0.36 mm Hg
(32-48 Pa).
Reaction followed By mass

Cl in excess.

spectrometry.

POULET, LE BRAS, LAVERDET
and COMBOURIEU 1978 (11)

gave k1

Cl + HZOZ + HC1l + HO2 1
Few details, results for k1 not
specifically described in this
description of determination of
k2‘

Cl + HO, + HC1 + O2
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1271

Cl+ H,0, —> HCI+ HO,

REVIEW ARTICLE

Rate Constant k Temperature Method and Reference Comments
(em® mo17! 571y (K)
l.OleO12 exp(-384/T) 265-400 Review. Recommended Mean value at 298 K quoted as

expression based on value
of kl at 298 K as average

being in good agreement with
that of WATSON et al. (8).

of values of (5 and 10),
and activation energy of

(10}.

HUDSON 1977 (9]

Discussion

The reaction between chlorine atoms and hydrogen
peroxide

cl + H,0, — HCl + HO, 1)

is another of interest in the chemistry of the stratosphere.
Maximum concentrations of stratospheric H,0, have been
calculated as ~ 107" mol cm™ (Crutzen, see [2,3]) and 107"
mol cm™ [1,2,7]. Prior to any experimental data, estimates of
k,>10" cm® mol™ 57! [4] gave Cl removal rates by reaction 1
of the same order as those by H, [2,3].

Room temperature values for k£, determined in 1976 by
Leu and De More [5,6] and by Watson et al. [8], using
discharge flow and flash photolysis methods respectively,
were in good agreement at ~3.55X 10" ¢m® mol™ s7'. But
the most recent measurements, by Michael et al. [10], using
a flash photolysis flow system, and Poulet et al. [11], by
discharge flow methods, gave &, about 50% below this value.
The only measurement of the temperature dependence of £,
by [10}, is irregular—either there is little temperature
variation or their highest temperature value is too low.

Because of these
recommendation for the rate constant £,.

uncertainties, we make no
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Miscellaneous Reactions Involving CI/O
Species

B17Cl + O, + M —» CIOO + M

The termolecular reaction of Cl with O, constitutes the
first step,

Cl + 0, + M — CIOO + M )

following Cl, photodissociation, in the reaction sequence
occuring in flash photolysed Cl,/0, mixtures [2,3,4,9]. Prior
to flash photolysis many studies had been carried out on the
influence of O, on the photochemical reaction between Cl,
and H, [1]. Unfortunately none of these allowed rate constant
data for reaction 1 to be unambiguously derived. The
application of a steady state analysis to a mechanistic
scheme, suggested in part by Benson and Buss [5), for Cl,
catalysed O atom recombination, enabled Kaufman to obtain
the first estimate for £, (M=0,) as 7X 10" ¢cm® mol™ s at
295 K [6]. Niki and Weinstock have rejected this value
however as it is in conflict with their experimental data for
the same reaction system [7].

The first direct experimental determinations of %, (M=Ar)
were reported by Clyne and Coxon [8). They noted a value
obtained by Stedman in their laboratory, of 2X 10" c¢m®
mol™ s over the temperature range 200-300 K, and
themselves measured £, (M=Ar)<2X10" em® mol™ s at
300 K from flow studies at 270 Pa. Nicholas and Norrish
reinvestigated the room temperature flash photolysis of
Cl,/0, mixtures in N, [9]. By monitoring the concentration
of ClO by absorption spectroscopy and assuming that the
half-life of the Cl atoms produced by the flash was equal to
that for half-formation of ClO, they derived £,(M=N,)=
(6.221.1)x 10** cm® mol™ s at 293 K.

In view of the paucity of data for reaction 1 we have only
been able to list the reported k£, values and can make no
recommendations. No data are available for the reverse
reaction, -1, the decompositon of CIOO.

ClOO + M > C + 0, + M (1)

and as the thermodynamic parameters for ClIOO are not well
established, %£_; values cannot be calculated with confidence.

J. Phys. Chem. Ref. Data, Vol. 10, Suppl. 1, 1981
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Watson [10] however, has estimated his preferred expression
k,=1.14X10" exp{-(3581+11)/T} cm’® mol™” s™ using
AH’;, 298(C100)=89.2 kJ mol™*(21.3 kcal mol™ %) and %, from
Stedman. If the proposed lower limit value AH"¢, 208(Cl00)=
84.2 kJ mol™ (20.1 kcal mol™) is used, then k_,=1.17 X 10"
exp{~(4191+35)/T} cm® mol™! s™! is obtained. Employing
instead the &, value of Nicholas and Norrish increases the
A-factor in both expressions by a factor of 3.04.
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B18 CI 4+ CIOO — products

The reaction of Cl atoms with the CIOO radical to give
either Cl, and O,

Cl + Cl00 — Cl, + O, (1a)

Cl + Q00 — Clo + Cilo (1b)

or ClO, plays a central role in the photooxidation of chlorine
and in the decay of ClO radicals at low pressures. Despite its
importance the only available measurements of £, and &,
are those reported by Johnston, Morris, and van den
Bogaerde [2] who used molecular modulation kinetic
spectroscopy to study the photolysis of Cl,/0, mixtures. The
values obtained at 298 K, %,,=9.4X 10" cm® mol™ s and
k,=8.7%X10" cm® mol™ s, could only be derived by
making several assumptions and by using an estimated value
for AH;(CI00) at 298 K of 95.4 kJ mol™ (22.8 kcal mol™).
This value is now thought to be some 6-11 kJ mol™ too high
[4]. Subsequently Wu and Johnston [3] have indicated that
the assumptions may need to be reassessed. These results
give k,,/k;, =109 in contrast to a previous estimate of 15 at
the same temperature, calculated by Nicholas and Norrish [1]
from a kinetic analysis of the rate of production of ClO in
high energy flash photolysed Cl,/0,/N, mixtures. No
absolute values of k,, or k), were obtained in this latter
study. Cox and Derwent [5] have recently reinvestigated the
chlorine photosensitized oxidation of hydrogen using a
stopped-flow method at 306 K and 1 atmosphere pressure,
and have obtained a value for £,, of (1755)X 10" ¢m® mol™
s7. Cl, and H, pressures were typically in the ranges
0.8-4X10™ atm and 0.2-20X107 atm, respectively, and
mixtures were pressurised with either O, or 0,/N,. Computer
simulation of the experimental Cl, decay and H,0,
production rates, obtained by absorption spectroscopy, was
employed to derive k,,, using literature values for a series of
33 potentially participating reactions. It is noteworthy that
unsatisfactory fits to the data were obtained when the &,
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value of Johnston and co-workers [2] was substituted.

At the time of writing the lack of data prevents our
making a rate constant recommendation for reaction 1. We
believe, however, that the data of Johnston et al. are the least
reliable of those available.

References

[1] Nicholas, J. E., and Norrish, R. G. W., Proc. Roy. Soc. A307, 391
(1968).

[2] Johnston, H. S., Morris, E. D., and van den Bogaerde, J., J. Amer.
Chem. Soc. 91, 7712 (1969).

{3] Wu, C. H., and Johnston, H. S., Bull. Soc. Chim. Belge 81, 135
(1972).

[4] Clyne, M. A. A., McKenney, D. J., and Watson, R. T., JCS Faraday I
71, 322 (1975).

[5] Cox, R. A., and Derwent, R. G., JCS Faraday I 73, 272 (1977).

B19 O + CI,0 — CIO + CIO

The fast reaction between oxygen atoms and chlorine
monoxide

0 + CLO — Cl0 + ClOo )

has been studied only at room temperature by discharge flow
[1] and flash photolysis [2] techniques.

Freeman and Phillips [1] passed O,/Ar mixtures through
a discharge, and added Cl,0/Ar downstream through a
moveable inlet. The final mixture compositions were
Ar(137-151 pm Hg; 18.3-20.1 Pa)/0, (5.4-31.8 um Hg;
0.72-4.2 Pa)/0 (0.48-2.19 pm Hg 6.4X107%-0.29
Pa)/CLO (8.9 1072-0.21 um Hg; 1.2X107-2.8 X107 Pa),
with [0]/[C1,0] ratios 4.15-12.7. The stoichiometry of the
reaction was determined with [Cl,0)/[O] ratios 1.86-5.51,
with O atom pressures 1-2 pm Hg (0.13-0.27 Pa). Mass
spectrometry was used to follow ClL,O and O. From the
pseudo first order decay of ClL,0, the rate constant k, was
found from an average of 41 measurements to be
(8.3%£1.4)X10" em® mol™ 57!, at 298 K. The stoichiometry
A[CL0]/A[O] was found to be ~0.8, which led these

authors to consider the reaction mechanism to be

0 + CLO — ClO + ClO 1)
0+ Cl0 - Cl + 0, @)
cl + CL0 — Cl, + CO 3)
Cl + wall — 1/2Cl, (W)
CIo + ClIO > Cl, + 0, @)

Under conditions of O atom excess, as in the rate constant
measurement, the stoichiometry will be dependent upon the
relative rates of reactions 3 and w.

Basco and Dogra [2] flash photolysed mixtures of Cl0,(45
and 82 um Hg; 6 and 11 Pa)/ClL,0 (0, and 10.2-178 pm
Hg; 1.4-23.8 Pa) at two different flash energies, 1.06 and
1.325 kJ. Filters were used to restrict photolysis to >340
nm, thereby preventing photolysis of CL0O. [CIO] was
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followed by plate photometry at 257.7, 277.2 and 292 nm.
From the overall removal of Cl0, according to

-d[CI0)/dt = k,[O][CIO] + A,JCIOF - 24,[O][CLO),

the authors were able to derive the ratio k,/k,=(0.7430.06)
_at 298 K. Using k,=7X 10" ¢m® mol™ s™' (as measured in
the same work) they derived £,=5.2X10" cm® mol™ s™".
Under their experimental conditions, with a high percentage
of ClO, photodecomposition, they reasoned that unphotolysed
Cl0, would be rapidly consumed by excess oxygen atoms and
that a competition between Cl,0 and ClO would ensue for
the remaining O atoms. The reactions of Cl0, and Cl,0 with
Cl were considered: negligible. Subsequent determinations of
the rate of reaction 5 show that this assumption is probably
unjustified under these experimental

Cl + Clo, — ClI0 + CIO (5)

conditions [3]. If our recommended value k,=3.2 X 10" cm®

mol™ s (section B13) is substituted in the expression for
k,/k,, one calculates &, =2.4X 10" cm® mol™ s7".

Although Freeman and Phillip’s value [1] has been
consistently recommended [4,5,6], because of the
uncertainties in their stoichiometry, and in the absence of
further, reliable, data, we make no recommendation for £,.
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Note Added in Proof

A new measurement of the rate constant for the reaction
0 + C,0 - Cl0 + CIO 1)

has been reported by Miziolek and Molina [J. Phys. Chem.
82, 1769 (1978)]. O atoms were generated by addition of
NO to N atoms in an N,-discharge flow system, and CL,0 was
added downstream through a moveable inlet. The total
pressure was approximately 1 mm Hg (130 Pa). The pseudo-
first-order decay of O atoms was monitored by measurement
of the air afterflow intensity in presence of excess NO. The
authors were concerned at the possible effects on the stoichi-
ometry of the side-reactions (2) and (3) which were expected
to be most important at low values of the ratio [Cl,0}/[O].

0+ Cl0O - Cl + 0, 2)

cl + CLO — Cl, + Clo 3)

They added C,H, ([C,H(]/[Cl,0]=1-12) to scavenge CI
atoms by the reaction

cl + GH, — GH, + HC 6)

1-273

Under these conditions the apparent rate constant at 255 K
was found to decrease to a limit as the initial [Cl,0]/[O] ratio
increased to about 60. Rate constant measurements were
made for initial [C1,0]/[O] values in the range 58-230. The
effects of (7) and (8) were also considered

NO + Cl0 — NO, + Cl (7)
NO, + 0 — NO + O, ®)

and calculations by the authors suggested that under the
conditions of measurement less than 1% of the O atoms
reacted with species other than CL,0.

Values of k,/cm® mol” s were obtained as follows:
1.5X 10" (236 K), 1.8 10" (254 K), 2.2x10" (273 K)
and 2.5X 10" (295 K). These data were expressed by the
authors as (1.6+0.2) X 10" exp[(-560+80)/T].

We consider these data to be the best so far available for
this reaction.

B20 CI + CL,O — CIO + Cl,
The reaction between Cl and Cl1,0

cl + CLO — ClO + Cl, K0

has been studied by Edgecombe, Norrish, and Thrush [1]
and Basco and Dogra [2], both groups using the flash
photolysis of chlorine in the presence of Cl,O at wavelengths
greater than 310 nm. Photolysis of ClO was therefore
avoided and that of Cl,O greatly reduced. By measuring the
decrease in CLLO concentration and assuming that the total
number of Cl,0 molecules removed was equivalent to the
number of Cl atoms formed photochemically, Edgecombe and
co-workers calculated £ >4>10 em® mol™1 s~ % Basco and
Dogra assumed that the initial Cl concentration was equal to
the total yield of ClO, and by monitoring the change in ClO
concentration during the first 10™s of reaction, obtained
from an average of six determinations, k)= (4.1£0.5)X 10"
em® mol™ s7'. The reaction sequence occurring in the flash
photolysis of Cl,0 has subsequently been discussed by Clyne,
McKenney and Watson [3], and a comprehensive mechanism
proposed.

There are no data for the reverse reaction of ClO with Cl,.
The value of the equilibrium constant calculated from the
available thermodynamic data for the species in reaction 1,
indicates, however, that £ | should be smaller than &, by a
factor of at least 10",
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B21 CiO + CIi,0 — CiO, + Ci,

The ClO radical reacts with chlorine monoxide in two
ways, producing either chlorine dioxide (reaction 1) or atomic

chlorine, O, and Cl,.
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Cl0 + CLO — Clo, + Cly (1)
AH;,,—-84.483 kJ mol™ (-20.192 kcal mol™)

Reaction 1 was first proposed by Finkelnburg et al. [1] as
occurring following the photolysis of Cl,0, to account for the
production of ClO,. Edgecombe et al. [2] flash photolysed
Cl,0 (~1-3%)/SF, mixtures, at a total pressure of 8.0 kPa
at room temperature. [C1,0], [C10] and [CIO,] were followed
by absorption spectroscopy in the region 270-430 nm. [CIG,]
build-up was attributed entirely to reaction 1, the following
reaction scheme being considered:

CLO + kv — Cl + CIO

cl + CL0 — Cl, + Clo @
Cl0 + Cl0 - Cl, + O, 3)
Cl0 + CLO — ClO, + Cl, (1)

Assuming k,> >k, they gave k1=1><l()8 em® mol™ s at
298 K. _

Basco and Dogra flash photolysed CLO (~0.5%)/Cl,
(~1%)/Ar mixtures at a total pressure of 26.7 kPa [3].
[CL,0], [CIO] and [ClO,] were followed by absorption
spectroscopy in the region 250-351.5 nm. The authors
observed the same slow build-up of [C10,] as did Edgecombe
et al. and attributed it to the same reaction mechanism.
Making the same assumptions, they obtained k,=2.7 <10
em® mol™ s at 208 K.

Clyne et al. [4] have recently
mechanism of CL,O flash photolysis. They come to the

re-investigated the

conclusion that there is no evidence for reaction 1 occurring,
and produce evidence that reaction 3 is wrong, ClO, being
produced directly by reaction 4 (see section B15).

Clo + Cl0 — Cl + Clo, (@)

In view of the uncertainty in the mechanism of CL,O flash
photolysis no recommendation is made for £,.
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The alternative path for the reaction between the ClO
radical and chlorine monoxide was put forward by

Edgecombe et al. [1] following the flash photolysis of Cl,0.

Clo 4+ CLO — Cl, + 0, + CJ (1)

AH}=-67.793 k] mol™ (~16.203 kcal mol™)
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In their study of the flash photolysis of ClL,0 (1-3%)/SFj
mixtures at 8.0 kPa pressure, they followed [ClO], {Cl,0],
and [ClO,] by absorption spectroscopy at 270-430 nm. They
noted that during the [CIO] decay, the rate of disappearance
of C1,O0 was much greater than the rate of formation of ClO,,
and attributed this to reaction 1:

CLO + Av — Cl + QIO

cl + CLO — Cl, + ClO @)
Cl0 + Cl0 — Cl, + O, 3)
Clo + C,0 — Cl, + do, )
Clo + CL0 — Cl, + 0, + C (1)

Assuming k,> >k;, and using their own value for £,
obtained in the same study, they obtained k,=5.3%X10" cm®
mol™ s at 208 K.

Basco and Dogra [2], following the flash photolysis of
CLO (~0.5%)/Cl, (~1%)/Ar mixtures at a total pressure of
26.7 kPa, found k,=6.5X 10°® cm® mol™ s™', using the same
reaction mechanism as Edgecombe et al. The discrepancy in
the results is considerable and Basco and Dogra point out
that Edgecombe et al. found  -d[CL,0]/dt> > 2d[ClO,}/dt,
implying £, > £,.

Following the work of Clyne et al. [3] on Cl,0 flash
photolysis, ClO, formation via reaction 4 has been rejected.
The fast rate of removal of CL,O they attribute to reaction 2
followed by the fast reaction 5.

Cl0 + Cl0 — C1 + Cloo (5)

In view of the uncertainty in the CLO flash photolysis
mechanism, no recommendation is made for £,.
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B23 CIO + O; — products

The ClO radical is believed to be removed in the
stratosphere by ozone [3] although the reaction is known to
be slow. The exact mechanism is not clear, paths to ClIOO
and Cl atoms having been proposed [1,3,4].

In their study of the chlorine photosensitised decomposi-
tion of ozone [1], Norrish and Neville favoured reaction la.

Cl0 + 0, — CQ + 20, (1a)

C1,(0.77-13.3 kPa) was photolysed at 365 nm in the
presence of O; (50-90%)/0, mixtures at 2.0-11.5 kPa
pressure. In some experiments O, (12.0-83.3 kPa), N,
(25.1-73.5 kPa) or CO, (6.67-60.8 kPa) were added. The
reaction was followed manometrically. For [0;]>[Cl;], they
found the following mechanism fitted the data:
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Cl, + hv — Cl + Q
cl + 0, — Cl0 + O,

€0 + 0, — Cl + 20, (1a)
Clo + €0 — Cl, + 0, 2)

with ~d[0,]/dt =21, +2(2/k,)"*-k,[0,1()"%.

Jayanty et al. [6] evaluated these data to give k=
(2.8£1.4)X 10° em® mol™ s at 298 K. They were in doubt
as to the exact reaction path, accepting reaction 1b as an
alternative.

Clo0 + 0, — ClO, + 0, (1b)

Clyne and Coxon [2] used O; as a scavenger for ClO radicals
in a flow system, but found the reaction undetectably slow,
with £, <3 X 10° em® mol™ 57! at 294 K. In later work, Clyne
et al. [5] favoured reaction 1b as the main path, and this has
also been assumed by Stolarski and Cicerone [3] in their
studies of stratospheric chlorine. Wofsy and McElroy [4]
however, favour reaction lc but believe it to be very slow.

Cl0 + 0, —» ClI0OO + O, (1c)

Recently, Birks et al. [7,8] obtained k,,=9.0X 10® cm® mol™
s at 297 K. Using a flow system, they produced Cl atoms in
a discharge through Cl,, and added O, further downstream.
[CIO], [O,], and [ClO,] were monitored by mass spectrometry.
The authors found [Cl0,] to be more than would be expected
from disproportionation of ClO, and concluded that the
excess was being produced by reaction 1b.

Although there remains controversy as to the exact
reaction mechanism, it is clear that reaction 1 is indeed slow,
and unimportant compared with other ClO-removing
reactions.
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B24 Cl + HO, — HCI + O,

In order to model the effect of “odd chlorine” (derived
from man-made chlorofluorocarbons) on the upper
atmosphere, particularly the ozone layer, the rates of Cl
removal by stratospheric constituents other than ozone must
be known. HO, radicals have been calculated as having
maximum concentrations of ~10"" mol cm™ [2,5,6] and
~107® mol em™ [10], and with an estimated rate constant
£, =1.2X10" ¢m® mol™ s [1].

Cl + HO, — HCl + 0, 1)
AH0=-234.5 kJ mol™ (-56.1 keal mol™)

derived by comparison with the rate constant for

H + HO, — H, + 0,
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the rate of Cl atom removal by reaction 1 is comparable with
that by the reaction

Cl + H, > HCl + H

[5,6]. The above estimate for &, has been used by [6,7,10],
and values of the same order of magnitude have been used
by [3,5,11].

A value of k) was derived by Gavriliv et al. [4] from their
determination of the reverse rate constant k_,

HCl + 0, — Cl + HO, 1)

These authors quoted the temperature-independent value
ky=2x10" em® mol™ s™* for the range 853-1432 K.

The first direct experimental determination of &, was by
Leu and De’ More [8,9], using a discharge flow system.
Cly(1-5%)/He mixtures were passed through a discharge and
added via a moveable injector to a stream of H,0, at total
pressures of 1-2 mm Hg (133-267 Pa). The initial
conditions were given as [Cl]=6.8X 107" mol e¢m™, and
[C1]>10[H,0,). The followed by mass
spectrometry. With HO, being produced by reaction 2

reaction was

Cl + H,0, — HCl + HO, @)

(see section B16) the rate expression for [HO,] reduced to
[HO,]=£,[H,0,]/k,, for k,>>k,. Constant values of
[H,0,)/[HO,] for reaction times between 5X10™* and
3X107° s showed the approximations resulting from
assuming &, > >k, to be valid. The average rate constant k,
was quoted as (1.817,35)X 10" em® mol™ s™ at 295 K. This
value was used by Hudson [13].

Cox and Derwent [12] photolysed Cl,
(3.3X10°-1.7X10® mol cm™/H, (8.3X10°-8.3x107
mol ¢m™)/0, and 0,/N, mixtures at atmospheric pressure
(101.3- kPa), using a stopped-flow technique. [Cl,] was
monitored by absorption at 310 nm, and [H,0,] by
absorption at 220 nm. The authors found the [Cl,] decay rate
and the yield of H,0, to be dependent upon the initial value
of [H,), contrary to steady state analysis of the simple
mechanism

C + v = Cl +
Cl + H, »> HCl + H
4+ 0,+M—ClO, + M
H+ 0, +M-—HO, + M
HO, + HO, — H,0, + O,

The authors argued that reactions 1 and 3 were occurring
simultaneously

€l + HO, — HCl + O, (1)

C + do, - Cl, + 0, 3

under conditions of low [H,]/[Cl,] ratios. Using computer
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simulation methods, the authors found the best value for k,
to be (1.51%0.6)X10" cm® mol™ s™ at 306 K.

The latest study, by Poulet et al. [14], used a discharge
flow system to generate Cl atoms in He diluent. H,0,/Ar
mixtures were added downstream via a moveable inlet, such
that Cl atoms were in excess (5.2X107"°<[Cl}<1.8X 107,
and 2.0X 10" <[H,0,]<7.0x107"° mol cm™), at total
pressures 0.25-0.36 mm Hg (32-48 Pa). Mass spectrometry
was used to follow the reaction. As for the work of Leu and
De More [8,9] the sequence of reactions 1 and 2 gave
[H,0,1/[HO,]=Fk,/k,. The resulting ratio was, however,
found to be 170445 at 298 K, compared with the value
48.5 obtained by [8,9]. Using their own value for £,, Poulet
et al. [14] quoted &, as (3.98+1.6)x 10" cm® mol™ s™ (298
K).

The error limits quoted for their values of k, and &, by
Leu and De More give a range for k,/k, of 20 to 128, this
upper limit being within the error limits of Poulet et al.
However, because of the good agreement between the values
for k; at 300 K, derived by the different methods [8,12], we
prefer the value £,=1.66X10" e¢m® mol™ s (3005 K).
The uncertainty limits on the ratio k;/k, suggest that this
value is subject to error limits of over a factor 3.
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B25 HCI + O, — HO, +Ci

Like the other hydrogen halides, hydrogen chloride acts as
a flame inhibitor in hydrocarbon combustion. However, the
reaction between HCl and O, has a high activation energy,
and cannot be the reason, and in order to study the kinetics
of (1) in a pyrolysis system, it is necessary to go to high tem-
peratures, higher than those used for HBr and HI.

HCl + 0, — HO, + Ck (1)
AHG,=234.52 k] mol™ (56.052 kcal mol™)

Gavriliv et al. {2] studied HCI oxidation in a flow pyrolysis
system using HCl (10-90%)/0, (10-90%)/N, mixtures at 1
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atm (101 kPa) pressure. [Cl,] was determined iodometrically
and [HCI] by titration with NaOH. An overall rate constant,
based on the rate of disappearance of HCl, was obtained,
k,=2.0X 10" exp(-26 000/T) cm® mol™ s~ over the temper-
ature range 853-1423 K. The authors found the reaction to
be first order in both [HCI] and [O,], and thus reaction 1 was
proposed as the initiation reaction; and an 8-step reaction
scheme chosen similar to that for HBr {1]. On the basis of
this mechanism the overall rate of HCI destruction is 4 times
the rate of (1) so that £, was deduced to be 5.0X 10"
exp(-26 000/7T) em® mol? 7. Assuming the reverse
reaction to have zero activation energy, they calculate £_ =
2.0%X102 em® mol™ s Using the equilibrium constant
given by JANAF, we calculate /£_1=3><1013 em® mol™! 57!
over the temperature range 853-1423 K, possibly with a
slight negative activation energy.
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B26 H + CiO, —»CIO 4+ OH

Broida et al. [1] believed that the reactions of H, N and O
atoms with Cl0, must be rapid on energetic grounds. Watson
[4] found no evidence for the N+ ClO, reaction, while
0+-CI0, has been shown to be moderately fast (section B14).

H 4+ Cl0, — Cl0 + OH; (1)

AH,=-181.91 kJ mol™ (-43.479 kcal mol™)

The reaction of hydrogen atoms with chlorine dioxide has
been studied in a flow system by Walker [2] and Bemand et
al. [3]. Walker [2] produced H atoms by a discharge through
H,(<0.1%)/Ar mixtures at 70 Pa pressure. Cl0, was added
in excess downstream. [H] was determined by titration with
NOCl, the [NOCI] decay being monitored mass
spectroscopically. At 297 K, he found k,=(3.2£1.5)X 10"
em® mol™ s7'. Bemand et al. [3] used a similar system, with
H,(<0.1%)/He mixtures at 100 Pa, detecting [H] by mass-
spectrometrlc titration with NO,. At 298 K, they found /cl—
3.4%10" cm® mol™ 7', i.e., k,=100k,

0 + Clo, — ClO + O, @)

In view of the good results obtained for other ClO, reactions
by Clyne’s group, we recommend k,=3.4X 10" em® mol™
5! at 298 K, with error limits of +=40%.
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B27 H + Cl,0 — products

Hydrogen atoms react with chlorine monoxide by two

different paths, both highly exothermie.

H + CL0 — HCIO + (I (1a)
At =-276.62 k] mol™ (-66.114 kcal mol™)

H + C,L0 — HC + Clo; (1b)
AH;0u=-296.96 k] mol™ (-70.98 kcal mol™)

Freeman and Phillips investigated the reaction in a flow
system [4], producing H atoms by a discharge through dilute
H,/Ar mixtures at ~20 Pa pressure. Cl,O was added
downstream in excess, and the reaction followed mass
spectrometrically. They were only able to detect HCIO as a
product, from reaction la, but felt that reaction 1b was too
exothermic to be ruled out as a possible route. They gave
k,=1.3X10" cm® mol™ s at 296 K.

Perona et al. [7,8], studied the reaction by infra-red chemi-
luminescence, obtaining H atoms by a discharge through
pure H, at 667 mPa pressure, and adding Cl,0 in excess
downstream. [HCI] and [HCIO] were monitored by i.r.
emission spectroscopy at 1.7-2.1 and 2.75-2.90 pum,
respectively. Both HCl and HCIO were observed in vibration-
ally excited states, which led the authors to the conclusion
that both reactions were occurring. A parallel study of
reaction 2 showed that the HCl emission intensity from
reaction 1b was twice that from reaction 2 under identical
conditions, therefore £, =2%k,.

H + C, - HC + 2)

Taking &, from [2] gave k;,=4X10'% em® mol™ s7' (7), i.e.,
1/4k, as determined in [4], giving £,,=9X 10" ¢cm® mol™ s~
at 300 K. In a later paper [8] they take k,=1X10" c¢m®
mol™ 5! [1,3,5,6] to give £,=2X 10" cm® mol™ 57, i.e.,
greater than the value of Freeman and Phillips for &, +£;,.
Using our value for k,, (section B6) we obtain &,,=2.4 < 10"
cm® mol™ s at 300 K.

More work is required on the individual reaction channels
la and 1b. At this stage we can make no recommendation for

k.
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Miscellaneous Reactions Involving CI/N
Species

B28 N + Ci, — NCI + CI

Phillips [1,2] has twice investigated the reaction between
nitrogen atoms and chlorine, in both cases assuming a
straightforward mechanism of reaction 1 followed by reaction
2 and recombination of chlorine atoms heterogeneously.

N + Cl, — NC + Q 1)
N 4+ NC —- N, + d 2)

In both cases active nitrogen was produced from a
discharge through 100% N,, a pressure of 400 Pa being
quoted in [2]. Cl, was added downstream, and the nitrogen
afterglow followed at 625 nm. No other emission was
observed, and rate constants k,=1X10° (1) and 1.8X10®
(2) cm® mol™ s™' were quoted at 293 K. In the later study,
work was carried out over an extended temperature range to
give k,=4.7 X 10° exp(-950/T) cm® mol™ s in the range
291-329 K. A correction was applied here to account for
wall recombination of Cl atoms, which the authors believe
accounts for the lower values of %,.
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B29 NCI + Cl, — NCI, 4 Ci

There has been just one determination of the rate constant
k,, by Combourieu et al. {2].

NCl + Cl, — NCl, 4+ Cl )

They used a discharge flow system, producing Cl atoms in
a discharge through dilute Cl,/He mixtures at 26.7-133 Pa
pressure, and adding N;CI downstream so that
[Cl]> >[N;Cl}. The reaction was followed mass
spectrometrically. N;Cl was consumed by the initial reaction
2, and N; by the subsequent reactions 3 and 4.

Cl + N, — N, + Cl, (2)
Cl + N, —» NC + N, 3)
N; + Ny — 3N, 4)

At this point, the decay of [NCI} could be followed, with
NCl, detected as a product. Authors believed the initial
second order decay to be due to reaction 5, followed by a
first order decay at lower [NCl] due to reaction 1, from which
k, could be determined.

NCl + NCl — N, + Cl, )
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They give k,=6.0X 10" cm® mol™ s™' at 300 K. This may
be compared with a value of £, =2.3X10" cm® mol™ s™' at
300 K obtained by Clark and Clyne [1], who noted no
complications due to reaction 1, suggesting that any NCI was
rapidly removed by reaction 5, for which they gave
ks>2.0% 10" cm® mol™ s7\. In the absence of reliable ther-
modynamic data-for NCI, it is not possible to comment
further on these results.
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B30 Cl + NCI, — NCl + Cl,

In their initial study of NCl, decay, Clark and Clyne [1]
noticed the apparent rate of decay was accelerated if excess
Cl was produced in the initial discharge. This they claimed
was consistent with the occurrence of reaction 1, and they
performed experiments in which [NCL]/[C]]~0.1, to obtain
k=3 X 10" cm® mol™ 57 at 298 K.

Cl + NCl, — NCl + Cly 1)
thermodynamic data unavailable for NCIL

In the subsequent work using radical freezing [2,3] they
were able to monitor [NCl,] more accurately, and made a
more comprehensive study of reaction 1. Under similar
conditions they obtained ,=4.0X10" exp(-1550/7T) cm®
mol™ s over the temperature range 259-373 K, agreeing
well with the earlier work at 298 K.
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B31 NCI, + NCI, — products

Dichloroamino radicals are produced during the decomposi-
tion of NCl,;, whether thermally [1] or during photolysis [2].
The mechanism of their decay is uncertain. Unlike NF,
(section A15), they do not undergo a third order combination
reaction {3]. _

Clark and Clyne [3,4,5], made an extensive study of the
decay of NCl, radicals following their formation in a
discharge flow system. In the initial study [3], a discharge
was passed through a 5% Cl,/Ar mixture at 133-420 Pa,
and NCl;/Ar mixtures added so that [NCl,]=[Cl]. NCl,

radicals were produced by the fast reaction 2. Their decay
Cl + NC, — NCl, + Cl, 2)

was followed by u.v. absorption spectrometry at 299 nm, and
also mass spectroscopically. It was found to be second order
in NCl,, giving k£, =5.5X 10" ¢m® mol™ s at 298 K

NCl, + NCl, — products 1)

In a more extensive study [4,5], they employed the
“radical freeze” method to measure smaller [NCL] than
before, by adding excess O atoms. These rapidly produce
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NO, which can be estimated from the air afterglow intensity.
0 + NCI, — NCl + O 3)
O + NCl - NO + A )

A similar flow system was used to that in [3], with total
pressures 80-307 Pa. Excess Cl atoms were removed by
nickel wire downstream; this had no effect on reaction 1.
[NCL,] decay was studied over the temperature range
259-373 K, giving the expression k,=5.0Xx10"
exp(0£200/T) cm® mol™ s™, in good agreement with the
earlier value at 298 K.

The mechanism of decomposition is still uncertain. Clark
and Clyne [5] postulate an intermediate N,Cl,, decomposing
to N, and Cl atoms, but no information is available on the
value of x.
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B32 CI + N;Cl — N; + Cl,

Chlorine atoms are readily abstracted from chlorine azide
N,Cl by a variety of attacking species. A preliminary
measurement of £, was made by Clark and Clyne [1], using a
discharge flow system. Cl atoms were produced in a
discharge through Cl,/Ar mixtures at 267-533 Pa pressure,
N,Cl added downstream so that [Cl]=[N,CI]. [N;] was
monitored by u.v. absorption spectroscopy at 270 nm and a
lower limit of £, >5.0 X 10" cm” mol™ s™ deduced at 300 K,
implying E,<12.5 kJ mol” (3 kcal mol”). Subsequent
experiments with [CI] increased gave little decrease in [Ng],
and the authors gave £,/k,>10.

Cl + N,Cl - N; + Cly; (1)
thermodynamic data unavailable for N;,N,Cl

cl + N, —» NCl + N, )

Recently the system has been re-investigated by
Combourieu et al. [2], also using a discharge flow system. Cl
atoms were produced in a discharge through a dilute Cl,/He
mixture at 26.7-133 Pa pressure, N,Cl added downstream so
that [ClI]> >[N,Cl]. The reaction was monitored mass
spectrometrically, and the rate constant %, derived from
[N;Cl] disappearance. [N;] was not detected. Authors give
k=14X 10" exp(-550/T) em® mol™ s™' over the tempera-
ture range 300-657 K, above Clyne’s lower limit at 298 K.
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B33 NO + CIO— Cl+ NO,

THERMODYNAMIC DATA

T AHC as® log K
(X) (kJ mo1~1) @ x1 no1h

298 -37.12 -32.20 4.821
300 -37.13 -32.21 4.781
500 -37.25 -32.60 2.188
1000 -35.86 -30.77 0.265
1500 -34.10 -29.34 -0.334
2000 -32.48 -28.40 -0.635
2500 -31.04 ~27.76 <0, 801
3000 -29.79 ~27.31 <0.901
3500 -28.73 -26.97 <0.981
4000 ~27.84 ~26.74 <1,034
4500 ~27.13 ~26.57 <1,073
5000 ~26.59 <26.45 -1.107

RECOMMENDED RATE CONSTANT

013 em3 mo171 571

~
]

1.0x 1

11 1 .-1

= 1.7 x 107 cn® molecule™d s
Temperature: 298 K
Suggested Error Limits for Calculated Rate Constant: A factor of 2.

Note: this value is that of CLYNE and WATSON (9).

EXPERIMENTAL DATA

Rate Constant k Temperature Method and Reference Comments

(cm3 mol™L s_l) (X)

298 Discharge flow system. €1, Reaction 1 found to be fast and
/Ar mixtures at total ’ stoichiometric. Authors made a
pressures of 111-148 Pa. correction for the effects of
ClO2 added downstream so reaction 2, using their own value
that [C1]>>[C10,], NO/N, of k, determined in the same
mixtures added further study, but assumed all other
downstream at 72.0-261 Pa. reactions to be too slow to be
[c10] monitored by uv important.
absorption spectroscopy at NO + C10 -~ C1 + NO2 1
277.2 nm. Cl10 + C10 - products 2
CLYNE and COXON 1966 (1) However, they only determined

€c10° and no rate constant is
reported.
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NO+ CIO= Cl+ NO,

T/K
300 250 200
.0
14 I I
=X
130 O
]
e EXPERIMENTAL DATA
[=]
e
o L Coxon 1968 (4).
N o Clyne and Watson 1974 (8,9).
4 Zahniser and Kaufman 1977 (24).
= 2.0
REVIEW ARTICLE
——.——  Hudson 1977 (21).
Y Watson 1977 (23).
i O This eva]uation».
11.0 |
3.0 4.0 5.0
10377171
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NO + CIO— Ci+ NO,

EXPERIMENTAL DATA - CONTINUED

Rate Constant k Temperature Method and Reference Comments
(cm3 mol™l s-l) (X)
;1.Sx1011 294 Flow system. Cl0,/Ar Under conditions of [NO] excess,
mixtures at a total reaction 1 rapidly follows
pressure of 186 Pa. NO reaction 3.
added in excess downstream. NO + C10, » C10 + NO, 3
[c10], [c10,] monitored by Reaction 4 proved to be a compli-
uv absorption spectroscopy cating factor, and a piece of
at 277.6 and 351.5 nm nickel wire was inserted around
respectively. the mixing jet to remove Cl atoms.
COXON 1968 (4) Cl + ClO2 + Cl10 + Clo 4
From the variation in the [C10,]:
[C10] ratio along the flow tube,
author obtained kl/k3=0.30 at
294 K. Using his own lower limit
for k3 determined in the same
study under conditions of [C10,]
excess, he obtained the quoted
lower limit for k;. Quoted by
(3,5,6,11,23).
1.0x10%3 298 Discharge flow system. Cl," Small quantities of C10 radicals
/Ar mixtures, no details of ('\:10'12 mol cm_s) produced by
pressures given. Trace reaction 4, and reaction 1
amounts of ClO2 added down- studied under normal pseudo-first
stream, NO added in excess order conditions. -Quoted by (7,
further downstream. [C10] 10,11,12,13,14,15,16,17,19,22).
monitored by mass spectro- Used by (23).
metry.
WATSON 1973 (8) and
CLYNE and WATSON 1974 (9)
6.81x1012exp[200/T) 230-298 Discharge flow system. €Cl, CI10 radicals produced by reaction

(<0.01%) /He mixtures at
total pressures of 267-533
Pa. O3 added downstream,
NO further downstream.[Cl1],
[C10] monitored by
resonance fluorescence. No
further details available.

ZAHNISER and KAUFMAN 1977
(z4)

5, rapidly decaying via reaction
1.
Cl + 05 > Cl0 + 0, 5

Cl10 + NO » C1 + No, 1
Authors obtained ratio kl/k5=0.52
exp(373/T) over the quoted temp-
erature range, and used their own
expression for ks (20) to give
the quoted expression for ky.
Using our expression for k5 (This
Vol., section B10) we obtain k1=
7.7x10% 2exp(163/T) cm® mol™} s°1,
in reasonable agreement with
KAUFMAN.
(23).

Original data used by
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NO + CIO - Cl + NO,

REVIEW ARTICLES

Rate Constant k Temperature Method and Reference Comments
(cm3 mol ™t s™h (X)
Review of rate constants of Quotes (4 and 9).
Cle of atmospheric
interest.
WATSON 1974 (11)
6.02x10%2 0 i i
.02x exp (200/T) 230-298 Review. Recommended value, Earlier, tentative value of 1.33
with k; at 298 K as average x10%% cm® mo17l 72 (298 K) also
of values of (9 and 24), quoted.
and temperature dependence
of (24).
HUDSON 1977 (21)
1.1x1013 i
. 298 Preferred value. Combines results of (9 and 24).
WATSON 1977 (23) Also quotes (4).
Discussion small negative activation energy suggested by Kaufman [24]

Reaction 1 has been shown to be fast and stoichiometric
[1] and like reaction 6, is a useful titration reaction for ClO
radicals [2,3].

NO + ClI0 — Cl + NO, 1)
0+ C0 —C + 0, ©)

It is important in stratospheric chemistry, where it provides
the link between the NO, and ClO, cycles for removal of
ozone [9,10,12,14].

Cl + 0, - CIO + O, )
NO + CIO — Cl + NO, )
0 + NO, — NO + O, 7)

However, it is believed that the importance is limited to
altitudes <15 km [10], where [O] is small, since reaction 7
is rate controlling and &, < <kq. Another complication could
be reaction 8, whose importance in stratospheric chemistry
has not yet been clearly established, but there is evidence to
suggest that it may play a key role in ClO removal [18].

Cl0 + NO, + M — CIONO, + M ®)

The rate of reaction 1 is little better known than its exact

role in stratospheric chemistry. It is certainly fast, too fast
for accurate measurements using conventional absorption
spectrocopy [1,4]. The two recent determinations of ki,
detecting [CIO] by mass spectrometry [9] and resonance
fluorescence [24] agree well at room temperature and the
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1s compatible with the fast rate.

In the absence of further data over an extended tempera-
ture range, we can only recommend the value £,=1.0x 10"
em® mol™ s at 298 K, with error limits of a factor of 2.
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Note Added in Proof

In a recently published paper Leu and De More [J. Phys.
Chem. 82, 2049 (1978)] report new measurements of the
rate constant for reaction (1).

NO + CI0 — C + NO, Q)

\

ClO was produced by the addition of trace amounts of O; to
Cl atoms generated in a Cl,-discharge flow system, and NO
was introduced through a moveable inlet downstream. The
carrier gas was He and the total pressure was probably in the
range 1-3 mm Hg (130-400 Pa). The pseudo-first-order
decay of ClO was followed by mass spectrometry for various
initial [NO]/{ClO] ratios greater than 10. Interference from
secondary reactions was thought to be negligible on the basis
of their published rate constants. Values of £, were obtained
as follows:

1-283
k,/cm® mol™ 57! T/K
(1.23+0.04)Xx 10" 226.7
(1.17%0.04) x 10" 231.0
(1.26+0.06)x 10" 234.7
(1.10+£0.11)x 10" 265.6
(9.2+0.6 )% 10" 299.0
(7.9+0.4)x10" 360.7
(7.5%0.4)x10% 392.0
(6.9£0.2)x10" 415.4

This set of data was expressed as k,=(3.45+0.11)X 10"
expl[(296+20)/T).

This work is in good agreement with that of [9] and the
expression agrees within a factor of 1.4 with that of [24]. It
also confirms the negative temperature dependence observed
by the latter. In view of this we feel able to make the revised
recommendation, £,=4.9X10" exp(250/T) em® mol™ s

with error limits of +50% over the temperature range
220-420 K.
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B34 NOCI+ M- NO+Cl+ M

THERMODYNAMIC DATA

o]

T AH® AS log Kp log ](C
X) (kJ mo1™ 1) @ k! mo1™h (K, in atm) (K, in mol en”%)
298 159.83 114.11 -22.040 -26.429
300 159.84 113.98 -21.867 -26.258
500 160. 88 116.89 -10.701 -15.314

1000 161.91 118.45 ' - 2.271 - 7.185
1500 161.82 118,39 0.549 - 4.542
2000 161.09 117.98 1.955 ~ 3.260
2500 159.87 117.44 2.793 - 2.519
3000 158.23 116.84 3.348 - 2.043
3500 156.21 116.22 3.739 - 1.719
4000 153.83 115.58 4.029 - 1.487
4500 151.08 114.90 4,250 - 1.318
5000 147.99 114,29 4,423 - 1.190
SI Units: 1og(Kp/Pa) = log(Kp/atm) + 5.006

log (K /mol m™®) = log(K_/mol cm™>) + 6.000

RECOMMENDED RATE CONSTANT

x° 15 exp(-16 100/T) em® mol7l 71

L]

1.3 x 10 (M=Ar)

9 1 -1

exp(-16 100/T) cn® molecule™! s (M=Ar)

2.2 x 10°

Temperature Range: 800-1500 K.

Suggested Error Limits for Calculated Rate Constant: a factor of two over

the entire temperature range.

Rate Parameters: log(A/cm3 mo1™1 s_l) = 15.11 10.30
log(A/cm3 molecule ! s_l) = -8.66 0.30
E/J mo1™! = 134 000 +6 000
E/cal mol™! = 32 000 +1 500

Note: Expression is that of DORKO et al. (20). Expression for x° (M=NOC1)

given in the Discussion.
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NOCI+ M—> NO+CI+ M

EXPERIMENTAL DATA

Rate Constant k Temperature Method and Reference Comments
(cm® mo17! 571 ()
2nd ORDER RATE CONSTANT kS ,
(6.5 fl.O )xlO% }M=CO 523 Static system. NOCL (0.53 An overall rate constant for
E%:iéggzésgiigg M=N021 g;g -6.67 kPa) alone and with decomposition, ko, was obtained,
Eg:g fg.é %i%gl g;; €0,, C1, or N,0 (0.53-30.7 with k = 2k2+2k1.
(6.0 ;2:0 )xlO% M=C12 573 kPa). Reaction followed NOC1I + M +» NO + C1 + M 1
(1.3620.13)x10 M=N,0 573 manometrically. ZNOC1 & 2NO + €1, 2,-2
ASHMORE and SPENCER 1959 After correcting for wall loss,
7 authors used their own value of
k_, from this work to obtain
values of ky. They obtained the
expressions kl(M=NOC1)=7.9x1017
exp(-19 100/T), kl(M=C02) = 2.0x
101 7exp(-18 600/T) cm® mo17! s71
(523-573 K). Used by (14).
General expression for all third
bodies k,=1017exp(-19 000/T) cm’
mo171 s-} quoted by (9).
(2.7510.27)x10§ M=NOC1 573 Static system. NOCl (0.67  When NO, was present, reaction 3
Eg:g ig:i %iigZ ﬁ;go g;; -11.9 kPa)/NO(0.26-9.53 occurred, initiating a reaction
< 104 - M=N 2 573 kPa)/NO, (56.1-317.9 Pa)/N, chain involving NO,Cl.
(0.34-3.17 kPa) mixtures. NOC1 + NO2 - N02C1 + NO 3
Reaction followed mano- It was thus not possible to
metrically, [NOz] monitored determine kl(M=N02) directly and
by absorption of light at the value given is an upper limit
445-500 nm. determined by the authors from
ASHMORE and BURNETT 1961 the expression kl(M=N°2%+2k3k4(M
(8) =N02{k_§;(2.13t0.43)x10 cm3
mol s at 573 X.
NO,C1 + M - NOZ +Cl + M 4
in experiments involving pure
NOCl, some deviation from second-
order kinetics was noted at
pressures above 2.5 kPa, believed
due to the reaction entering its
first-order region. The value of
kl(M=NOC1) given here is the
limiting second-order rate
constant.
i-g;igg ggg Static system. NOCl alone, The overall rate constant k =2k;+
2-5x10§ M=N, 523 or thh NO, N, or H,. .No 2k, was first measured, and‘the
%.giigz g;; details of pressures given. value of k1 (M=NOC1) determined
3:0x10§ 523 Reaction followed as in using k2 from (1). Values of k1
1.5x10 _ 553 (8). (M=others) were then determined
4.3x102 M=NO 573 ’ : e
16 9-1x10* 684 ASHMORE and BURNETT 1962 by comparison. Transition from
1.0x10" "exp(~17 550/T) M=H2 573-684 first to second order kinetics

J. Phys. Chem. Ref. Data, Vol 10, Suppl. 1, 1981

(19)

was noted for M=NOCl at
pressures of about 6 kPa.
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NOCI+ M—=NO+ Cl+ M

T/K
900 750

500

EXPERIMENTAL DATA

Troe and Wagner 1967 (14).

— This evaluation.

[ M=NOC1 (@) Ashmore and Spencer 1959 (7).
A Ashmore and Burnett 1961 (9).
O Ashmore and Burnett 1962 (10).

M=N, o Ashmore and Burnett 1961 (8).
© Ashmore and Burnett 1962 (10).
©
M=NO A Ashmore and Burnett 1961 (8). o
") Ashmore and Burnett 1962 (10).
| L
1 1.5 2.0

103771 ¢!
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NOCI+ M— NO+Ci+ M

EXPERIMENTAL DATA ~ CONTINUED

Rate Constant k

¢ st Temperature Method and Reference Comments
(cm® mol™™ s™4) (X)

2.8x10% 503 ASHMORE and BURNETT 1962 The following expressions were

1.2x190 523 = :

7.9x10§ M=NOC1 853 (10) continued. derived for k; from the data

2.4x105 573 given: -~

3.6x10 684 k) (M=N,)=1.8x101exp(-18 000/T)

em® mo17! 571 (T=473-573 K),
k; (M=N0)=2.8x10 8exp (-18 100/T)
emd mo1™! 571 (1=523-684 X)),

and
k; (M=NOC1)=6.9x10" Sexp (-17 800/
) em® mo1™! s7! (T=523-684 K).
Quoted by (12,13,18). Misquoted
by (19). Used by (14).

6.0x10; 964 Shock tube study. NOC1 Authors found that simple

%'3?%87 gg; (1.33-4.0 kPa) alone and Arrhenius expression gave poor

4.5x10§ 1000 diluted with Ar to a total agreement between low and high

g:z;%gg ig?g pressure of 6.67-26.7 kPa. temperature data, and applied

4.6x108 1025 [NoC1] followed by absorp- Hinshelwood theory instead. This

g:giig; iggg tion at 385, 436 and 546 nm gave good results for k1 (M=Ar),

g:giigs iggg DEKLAU and PALMER 1962 b?t t?ere were still discrepan-

2.8x108 1066 (11) cies in k, (M=NOC1),

2.3x108 1088 NOCl + M+ NO + C1 + M 1

Zzgiigg }ggg E; was assumed to be the bond

3.6x10¢ > M=Ar 1110 dissociation energy = 155.5 kJ

é'giig }i%g mo1™l (37.2 kcal mo1™1). Taking

1.2x10§ 1131 one point from this study, and

8.0x108 1144 £ 7 Hinshel d th

5. 5x10 1171 one from (7), Hinshelwood theory

1.4x109 1205 gives

1.4x104 1212 k, (M=NOC1)=1.1x10°1%* 5 (18 700/

2.3x10g 1215 1 7.01

l.8x109 1242 T) *~~(1/r(8.01))exp(-18 700

S.leO8 1250 /T) cm3 mol_l ,

6.0x109 1269 11.0.5

1.8x109 1282 kl(M=Ar)=l.leO T °7(18 700/

%:Ziigg 133: /1)3-43(1/1(4.43))exp(-18 700

1.6x10° ) 1332 /T) em3 mo17! 571
Applying an Arrhenius expression
to the results for M=Ar, we
obtain k;=3.8x10%7exp(-23 100/T)
em? mo171 71, Quoted by (10,12,
13,15,18,19). Value of k1 at
1100 K given as 4x10% en3 mo1!
s71 by (14).

3.7x10; 890 Shock tube study. NOC1 Bimolecular decomposition

g:gi}g7 ggg (0.51-2.0%) /Ar mixtures ignored. Over the given temper-

1.8xlog 1007 at 53.7-92.9 kPa pressure. ature range, authors obtain ky =

4.6x108 1065 Inci " 8.9 1015 1 00/T 3 1-1

8.0x10 1065 ncident shocks. [NOC1] .lx exp(-17 500/T) cm” mo

1.0x108 M=Ar 1074 monitored by uv spectro- s *. Combining their results

;‘éﬁigg i?gé scopy at 270.nm. with those of (7) they obtain
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NOCI+M—=NO+CI+ M

EXPERIMENTAL DATA - cONTINUED

Rate Constant k Temperature Method and Reference Comments

(cm3 mol™t s-l) (X¥)
2.8x109 1134 MALONEY and PALMER 1973 k,=1.8x10"%exp(-18 300/T) cm®
3.8x10 1176 -1 -1 .
2 7%109 1188 (18) mol s ~. Using both sets of
3.1x10 1193 ‘ data, they also produced an RRK

calculation which gives a good

fit to both, k =1.5x10*31°-5(1/
(1.5)%) (18 800/T)1*Sexp(-18 800/
T) cn® mo1™! 571, where the N-C1
bond dissociation energy is 156
kJ mo1™l (37.3 kecal mo17l) (16).

Used by (21).

2.3x10$ 800 Shock tuybe study. NOC1 Authors found no dependence of
f:gi}gs 1888 (0.1 and 1%)/Ar mixtures the unimolecular rate constant on
5.6x108 M=Ar 1100 at 1-10 atm. (101-1010 [NOC1] and thus ignored any
1.9x10 1200 . R R
5. 4x10° 1300 kPa) total pressure. contribution from reaction 2,
1.3x10}8 1400 Reflected shocks. Ir considering only reactions 1 and
2.8x10 1500 emission from NOC1 5.
followed at 4.69 um. NOCL + M » NO + C1 + M 1
DORKO, GRIMM, SCHELLER NOCL + NOCL » 2NO + C1, 2
and MUELLER 1975 (20) NOCL + C1 >~ NO + C1, 5
Reaction 1 was found to be
occurring in its low pressure
region, in good agreement with
theory (2,17). Using a Lindemann
-Hinshelwood approximation, they
calculated k =1.8x1017T_O'5exp(-
19 000/T) cm}’ mo1™ s71, giving
good agreement with the éxperi~
mental data, particularly at
higher temperatures. From the
experimental data they obtained
k;=1.3x10"Sexp(-16 100/T) cm®
mol™l s71 over the quoted temper-
ature range. Used by (21).
1000 Theoretical study. A value for the activation energy

E;=142 kJ mol™! (34 keal mo1™l)
obtained at 1000 K by the author,

using his own unimolecular

TROE 1975 (21)

reaction rate theory. Compared
favourably with the average of
(18 and 20).

J. Phys. Chem. Ref. Data, Vol. 10, Suppl. 1, 1981
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NOCI+ M— NO+ Ci+ M

EXPERIMENTAL DATA - coNTINUED

Rate Constant k Temperature Method and Reference Comments
(s™H (X}
1st ORDER RATE CONSTANT kj
6.0x10 Lexp (=19 000/T)’ 523-593 Static system. H,(6.67- Authors found overall rate of
9.33 kPa)/C12(6.67—9.33 removal of NOCl too fast to be
kPa)/NOC1 (10.7-1330 Pa) accounted for by reaction 2.
J/NO (13,3-133 Pa) mixtures NOCl + NOC1 -+ 2NO + Cl2 2
alone or diluted with N,, They proposed reaction 1 as an
Ar (6.67-26.7 kPa). initiation reaction in the
Reaction followed mano- combustion of H2/C12 mixtures,
metrically. believing the reaction to be first
ASHMORE and CHANMUGAM 1953 order because the rate was un-
(4,5) affected by additions of inert
gases.
NOC1 » NO + (Cl1 1
Allowing for the effects of
reaction 2 by using the data of
WADDINGTON and TOLMAN (1), and
assuming E,=139 kJ mo1t (38 kcal
mol_l), the Cl-N= bond dissocia-
tion energy, they obtained the
expression given, which gives at
573 K, ky=2.3x107° 571,
Quoted by (6). ASHMORE later
questioned the validity of the
results (7).
2.3x1010exp(-16 600/T) All Theoretical study, based on Activation energy low for first

6.3x101%exp (-17 800/T)

M=NOC1

J. Phys. Chem. Ref. Data, Vol. 10, Suppl. 1, 1981

statistical reaction rate
theory.

KECK and KALELKAR 1968 (15}

REVIEW ARTICLES

Review of unimolecular
thermal decomposition -
reactions.

TROE and WAGNER 1967 (14)

Review of dissociation of
triatomic molecules.

TROE and WAGNER 1973 (19)

order reaction, as with same
authors’ determination of the
activation energy for NOZCI
decomposition (This Vol., section
B47) kT=6.3x10° s7! at 1100 X, in
good agreement with first order
rate constant derived from data
of (11).

Quoted expreséion is the average
of data from (7 and 10). Authors
also quote k1 (M=Ar)=4x108 cm3
mol™d s71 at 1100 K from data of
(11), and relative third body
efficiencies from (7 and 10).
High collision efficiency of
NOCIL noted.

Authors quote (11), and attribute
the expression kl(M=Ar)=6.9x1015
exp (=17 800/T) emd mo1™! s71 o
(10) over the temperature range

473-684 K.
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Discussion

The decomposition of nitrosyl chloride may proceed either
by the atomic or molecular mechanisms (section B36).

NOCl + M > NO + Cl + M )
NOCl + Cl — NO + Cl, )
NOCl + NOCl — 2NO + Cl, @)

Reaction 2 is important only at low temperatures and high
concentrations of NOCI [4,18]. Under the conditions of the
atomic mechanism, reaction 5 follows immediately after
reaction 1 and then acts in competition. Reaction 5 is fast,
but there is an early determination of k5 [3] which has been
used by most authors to correct apparent values of £,
obtained.

The earliest studies of reaction 1 were made in static
systems by Ashmore et al. [7,8,10]. Ashmore and
Chanmugam [4] had already proposed that reaction 1
accounted for anomalous values in the study of the molecular
decomposition at higher temperatures [1]. The results of all
three determinations of %, are in good agreement for a range
of third bodies, but there are insufficient data for M=N, or

1-291

NO to make recommendations. However, for M=NOCI we
recommend the expression of Ashmore and Burnett [10],
k,=6.9X10' exp(-17 800/T) cm® mol™ s over the tem-
perature range 500-700 K, with error limits of #=50%.

The remaining determinations of %k, [11,18,20} are all
shock tube studies at ~1000 K with Ar as third body. The
agreement is generally very good, and expressions derived
extrapolate well back to the lower temperature data. Deklau
and Palmer [11] also produced an expression for M=NOC]
using Lindemann-Hinshelwood theory, but no details of ex-
perimental results are given. All authors made some attempt
to fit unimolecular reaction rate theory to the results, with a
reasonable degree of success, but not consistently over the
whole temperature range. We recommend the expression of
Dorko et al. k1=1.3><1015 exp(-16 100/T) em® mol™ s
over the temperature range 800-1500 K, with error limits of

a factor of two.
Ashmore and Chanmugam [4,5] claimed to have measured

the first-order rate constant at pressures as low as 6 kPa, but
Ashmore and Spencer [7] later questioned the validity of the
results obtained on the grounds that the effect of added N,
had not been studied sufficiently, and showed that the
reaction was second order at these pressures. Dorko et al.
[20] found no evidence of a first-order contribution even at
10 atm. The case of NO,Cl (section B47) suggests much
higher pressures are required.

Relative Efficiencies of Third Bodies

M=NOCl i, Co, NO, NO N, H, N,O Temp.  Ref.:
(K)
1 0.19 0.46 0.42 573 7)
1 <3.64 0.15 0.13 573 8)
1 018 013 021 573 10
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[5] Ashmore, P. G., and Chanmugam, J., Trans. Faraday Soc. 49, 265
(1953).

[6] Trotman-Dickenson, A. F., “Gas Kinetics,” (Butterworths, London,
1955).
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B35 NO+ Cl+ M— NOCI+ M

THERMODYNAMIC DATA

T AH® as® log K, log K_
K) (kJ mo1™h) @ k! mor™h (k, in atm™l) (K, in cn® mo171)
298 -159.83 -114.11 22.040 26.429
300 -159.84 -113.98 21.867 26.258
500 -160.88 -116.89 10.701 15.314
1000 -161.91 -118.45 2.271 7.185
1500 -161.82 -118.39 -0.549 4.542
2000 -161.09 -117.98 -1.955 3.260
2500 -159.87 -117.44 -2.793 2.519
3000 -158.23 -116.84 -3.348 _ 2.043
3500 -156.21 -116. 22 -3.739 1.719
4900 -153.83 -115.58 -4.029 1.487
4500 -151.08 -114.90 -4.250 1.318
5000 -147.99 -114.29 -4.423 1.190

1

SI Units: log(Kp/Pa_l) Log(k,/atn™") - 5.006

it

log(Kc/m3 mol'l) log(Kc/cm3 mol_l) - 6.000

RECOMMENDED RATE CONSTANT

mol % s7! (M=C1,)

exp (520/T) em® molecuie™? 71 (M=C1,)}

15 6

k=5.3x10 exp(520/T) cm

32

1.5 x 10~
Temperature Range: 200-670 K.
Suggested Error Limits for Calculated Rate Constant: +75% over the whole

temperature range.

Rate Parameters: log(A/cm6 mol_Z s-l) = 15.72 0,25
log(A/cn® molecule™® s71) = -31.82 :0.25

E/J mol™! = -4300 4620

E/cal mol™ = -1030 150

Note: Expression is that of KONDRATIEV (14}, re-stated in Arrhenius form.
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NO+Cl+ M— NOCI+ M

EXPERIMENTAL DATA

Method and Reference

Rate Constant k Temperature Comments
(cm6 mo1~ 2 s—l) (X)
2.0x10}2 430 Static system. NO(O.80- To obtain kl’ authors corrected
i'gi}glé i;g 6.67 kPa)/ClZ (0.53-13.3 for the effect of reactions 2
1.1x10}g M=Cl, 500 kPa) mixtures alone and and -3 and the initiation
S 11015 1 323 diluted with Ar, N,, CO, or reaction 3.
(1.6£0.4)x107, M=CO, 470 N,0 at 6.67-40.0 kPa NO + NO + C1, - 2NOC1 2
E%:gig:é%;igls g;go 2;8 pressure. Reaction NO + Cl, # NOC1 + C1 3,-3
Eg.éf}.ggiigls x:ﬁ%o j;g followed manometrically. k2, k3 and k_3 were all taken
Theee 2 ASHMORE and SPENCER 1959 from values determined by the
(3) authors in the same work.
The values of k1 (M=C12) showed
a large scatter with [Clzj, but
no dependence on [Cl,]. The
errors were considered due to the
approximations made in the calcu-
lations. Authors derived the
expression k1 (M=C12) = 9.Ox1014
exp (1320/T) en® mo1™% 571 over
the temperature range 430-573 K.
Quoted by (7,14,18,25).
(6.6£2.0)x1019 627 Static system. HC1(29.4%) System designed to study rate of
M=NO+HC1+NOC1+N02 /NO2 (21.6)%/NO mixture at reaction 4. Authors postulated
total pressure of 73.6 kPa. that reactions 5,-3 and 1 would
Reaction followed manomet- occur rapidly afterwards, reaction
rically. 1 leading to the pressure change
GILBERT and THOMAS 1963 in the system.
(5) HC1 + NO2 - HNO2 + Cl 4
HC1 + HNO2 > HZO + NOC1 5
NOC1 + C1 » NO + ClZ -3
NO + C1 + M > NOC1 + M 1
Taking k_; from (1) and k4 from
(4) they obtained a value of kl’
which they considered reasonable
in view of the simple mechanisnm
assumed.
3.0x10}g 270 Discharge flow system. Cl2 Flow tube H3P04—coated to avoid
g.g§i816 %gg (0.02-100%) /He (Ar) mixtures catalytic recombination of Ci
1 8x10i2 M=Ar 333 at a total pressure of 133- atoms by NOCl. Reaction 1 was
i ;iiglﬁ igg 667 Pa. NO and SF6 added assumed to be followed by the
l.lxloig' 500 downstream. Cl/O2 mixtures fast reaction -3. No evidence
g:i§}816 ggg produced by adding C12 to was found for the reverse reaction
2 leoig 350 the products of an 0, dis-  -1.
1 8X1016 M=C12 450 charge, and Cl/N, mixtures NO + C1 + M=NOC1L + M 1,-1
1.6x10 525 %, 2 ’
é giigig MeN g;g by adding first NO and then Intensity of radiation from ,
(3-510.5)x10i2 M=H% 293 Cl, to an N2 dlscha?ge. chlorine aft?rglow assumed f[Cl]
Eg:zig:ggiiglé x:g% ggg Flow tube treated with H3P04.Authors obtained the following

J. Phys. Chem. Ref. Data, Vol. 10, Suppl. 1, 1981

[c1] followed by monitoring
the chlorine afterglow.

CLARK and CLYNE 1966 (6) and

activation energies
E;=-4.6:0.4 kJ mol™ " (-1.120.1
kcal mol-l)(M=Ar),

1
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NO+Cl+ M~ NOCI+M

EXPERIMENTAL DATA - CONTINUED

Rate Constant k Temperature Method and Reference Comments
(cn® mo172 s7h
CLARK, CLYNE and STEDMAN E1=-3.0i0.8 kJ mol_1 (-0.7+0.2
1966 (7) keal mol™l) (m=c1,),
and-5.0£0.8 kJ mol™l (-1.240.2
kcal mo1™h) (M=SE().
From these data we obtain the
following expressions:-
k, (M=Ar)=3.6x1015 exp(550/T) cn®
mo1™ s71; k (M=C1,)=1.0x10'% exp
(350/7) em® mo17% s71; K (M=sF ()=
4.5x1015 exp(600/T) en® mo17% 7%
all over the temperature range
270-620 K.
Used by (15,18). Quoted by (11,
14,17,20,21,25).
(3.510.S)x1016 M=Cl 298 Discharge flow system. Cl,, Following work by the same
(3.4%0.5)x101% M=Ar? 298 . 2 .
or Clz/Ar mixtures at 133- authors on Cl atom recombination
667 Pa pressure. NO added (9), it was found that the
downstream. Flow tube intensity of emission in the
H PO, coated. [c1] followed chlorine afterglow was not always
by monitoring chlorine °=[Cl]z, that in fact I=[C1]"
afterglow at 520 nm. where n varied with wavelength.
CLYNE and STEDMAN 1968 (10) At 520 mm, n=2 for M=Cl, and 1.7
for M=Ar, hence the increase in
the value kl(M=Ar) over that in
(7). Authors also suspect that
the values given there for kl(M=
He, NZ’ 02 and SF6) are all
slightly too low. Quoted by (8,
13,16). Used by (25).
298 Static photolysis of NOC1 At the high pressures used,
(38.7-143 Pa) in the authors found reaction 1 to be
presence of NO(77.4-1140 in its second-order region, and
Pa) and inert gases (N2 at obtained the rate constant ratio
13.3-40.0 kPa, CF, at 16.0 k—S/kl' No details are given of
-80.0 kPa and He at 10.7~ the results for individual inert
101 kPa). NOCl and C12 gases, but the results are
frozen at 88 K, [Clz] averaged to give k_;/k;=0.26%0.10
determined by treatment at 298 K.
with KI and ir analysis of NO +#+ C1 + M » NOC1 + M 1
I; complex at 295 nm. NOC1 + C1 » NO + Cl, -3
TIMMONS and DARWENT 1969
(12)
1.5x1016 M=He 300 Flash photolysis study. Authors found rate of Cl2 forma-

J. Phys. Chem. Ref. Data, Vol. 10, Suppl. 1, 1981

Clz/He mixtures at total
pressures of 1-100 atm.
(0.10-10.1 MPa) in the
fc1,]

monitored by u.v. absorp-

presénce of NO.

tion catalysed by NO, and attri-
buted this to the rate determin-
ing reaction 1 and the fast

reaction -3. Reaction third

order up to 10 atm, when
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NO+ Cl+ M— NOCI+ M

EXPERIMENTAL DATA -coNTINUED
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Rate Constant k Temperature Method and Reference Comments
(cm6 mol—2 s_l)
tion at 313 nm. fall off to second order beg§n.
. Second order limit kT=3.0xlO 3
HIPPLER and TROE 1976 (23) P mol_l 1 obtained. Quoted
by (22).
Eg.é;ié.ggxigig ggg Flash photolysis flow study. Linear pseudo first order decays
.81+0.4)x : R
(2.64t0.3)x10%g M=N2 298 COClZ/NO (18.3-800 um Hg; of [Cl], together with absence
(1.5930.1))(1016 400 2.4-106.6 Pa)/N2 (15-120 of dependence upon flash energy,
(1.60:0.1)x107 4 M=Ar 298 mm Hg; 2-16 kPa), or A indicated negligible contrib-
(1.49:0.1)x10"° M=He 298 g ’ r * a egligt contri
(15-75 mm Hg; 2-10 kPa), utions from secondary reactions.
or He (15-90 mm Hg; 2-12 Data for kl(M=N2) expressed as
kPa) mixtures photolysed (4.28t0.4)x1015 exp {(532220) /T}
at A> 143 nm. Resonance em® mo17% s7Y, or, equally
fluorescence used to acceptable, 1.4Ox1021 p71-91 cm6
follow [C1]. mo1~% s~
LEE, MICHAEL, PAYNE and
STIEF 1978 (26)
REVIEW ARTICLES
Review of reactions of Quotes (10) as updating the
atoms and small free results in (7).
radicals.
CLYNE 1968 (8).
4.8x1019T-(1'29i0'70) 290-620 Evaluation. Based on least-squares calcula-
. M=Cl . ,
2 KONDRATIEV 1970 (14) tion of data from (3 and 7).
Author gives error limits of two
orders of magnitude.
4.0x1016 M=N 293 Estimated value. Author quotes (3) for M=N,, and
4.7x10'° M=03 293 (7) for M=N, and 0, as well as B
WATSON 1974 (18) and 1977 2 2 1
25) (M=Ar). The estimations are
' derived from the work of CLYNE
and STEDMAN (10} who claimed that
the values of k; given in (7}
were underestimated. The
estimated values given here are
the values from (7) increased by
15%. Recommended by (19,21).
4.0x1016 M=N2 298 Selected value for use in Selected value is that of (18).
atmospheric chemistry. Also quotes (7). No criteria for
ANDERSON 1976 (21) selection given.
6.l7x1015exp(530/T) Unspecified Recommended expression for
M=N, use in modelling effects

of c10, in atmosphere.

HUDSON 1977 (24)

J. Phys. Chem. Ref. Data, Vol. 10, Suppl. 1, 1981
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Discussion

Nitric oxide and chldrine may combine by both
“molecular” and ‘“‘atomic” routes. The molecular path
(section B36) is important only at low temperatures and in
“the absence of Cl atoms [2]. In the presence of Cl atoms,

reaction 1 is considerably faster than reaction 2.

NO + C + M— NOCI + M (1)

NO + NO + Cl, — 2NOdl (2)

Reaction 1 has been observed both in its third and second
order regions, and has been studied in a variety of systems.
In the early determinations in static systems, [3,5] it could
only be inferred that reaction 1 took place, and %, could only
be deduced after making allowances for reactions such as
reaction 2, and approximations in both the calculations and
mechanism assumed. In view of this, the values of #;
determined in these studies must be considered only with
wide error limits.

Clark et al. [6,7] studied the reaction in a flow system,
where reaction 2 could be discounted and no evidence was
found for the reverse reaction. Reaction 1 was now followed

BAULCH ET AL.

by the fast reaction -3, producing in effect an NO-catalysed
chlorine recombination.

NOCl 4+ Cl — NO + (L, -3

Subsequent work by Clyne and Stedman [10]} showed that
the assumption that the radiation intensity followed in this
study «[CIJ* was true only for M=Cl,, and the results for
other third bodies had to be revised on the basis I, «[CI]*
where n varied with the third body chosen.

In a static photolysis study of NOCI, Timmons and
Darwent [12] found reaction 1 operating in its second-order
high pressure region, using pressures up to 1 atm. In this
system they were only able to produce the ratio k_;/k,, and
this is given only as an average value for all inert gases used.
If a value of ~10" cm® mol™ s™' is assumed for & _, at 298
K, this gives k¥ =4X10'3 cm® mol™!s™%, in good agreement
with the value quoted in [22] for unpublished work by
Hippler and Troe [23). Hippler and Troe themselves used
flash photolysis, and produced a value of £, (M=He) quite a
bit below the value in [7].

Only the results for M=Cl, are in sufficient agreement to
allow a recommendation, and here we recommend k =
5.3X 10" exp(520/T) cm® mol™® s™' over the temperature
range 200-670 K, with error limits of £75%. This is the
expression of Kondratiev [14], rearranged in Arrhenius form,
extended to 200 K as it appears from the recent work of Lee
et al. [26] that there is no great change in £, with M.

Relative Efficiencies of Third Bodies

M=Ar €, N, 0, NO N0

He Co, SF, Temp.  Ref.

(K)
1 3.56 1.64 2.22 0.82 3.56 470 (3)
1 1.17 1.20 1.35 1.20 1.20 293 (7)
1 1.03 298 9
1° 1.18° 293 (14)

“Efficiency relative to N,.
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B36 NOCI+ NOCI— 2NO + Cl,

THERMODYNAMIC DATA

T AH® AS log K, log K _
(K) (kJ mol_l) @] k1 mol_l) (Kp in atm) (K. in mol cm-s)
298 77.074 121.04 -7.180 -11.569
300 77.078 121.07 -7.096 ‘ -11.487
500 77.239 121.61 -1.716 - 6.329

1000 75. 200 118.93 T 2.284 - 2.630
1500 71.969 116.33 3.570 - 1.520
2000 68.078 114.11 4.182 - 1.033
2500 63.630 112.12 4.526 - 0.786
3000 58.708 110.33 4.740 - 0.651
3500 53.402 108.70 4.880 - 0.578
4000 47.717 107.18 4.976 - 0.540
4500 41.577 105.73 5.040 - 0.528
5000 34.893 104.33 5.084 - 0.529
SI Units: 1og(Kp/Pa) = log(Kp/atm) + 5,006

log(K /mol m™®) = log(K_/mol cm™>) + 6.000

RECOMMENDED RATE CONSTANT

k, = 1.0 x 1012 exp(-11 400/T) em’ mol_l S_l

12 1 -1

exp(-11 400/T) cm3 molecule ! s

1.7 x 107
Temperature Range: 250-500 K.
Suggested Error Limits for Calculated Rate Constant: :50% over the

whole temperature range.

Rate Parameters: 1og(A/cm3 mo1”1 s-l) = 12.00 £0.18
log(A/cm3 molecule L snl) = -11.77 $0.18
E/J mol™t = 94 800 £12 000

E/cal mol ™l = 22 650 & 3 000

J. Phys. Chem. Ref. Data, Vol. 10, Suppl. 1, 1981
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EVALUATED KINETIC DATA FOR HIGH TEMPERATURE REACTIONS

NOCI+ NOCI— 2NO + Cl,

EXPERIMENTAL DATA

1-301

Rate Constant k Temperature Method and Reference Comments
(em3 mo1™! s7hy (K)
4.0x108 1020 Flow system. NOCl/N2 Rate constant calculated using
mixtures flowing at 0.3 cm3 the bimolecular theory of TRAUTZ
s71. No details of (1). No attempt was made to
pressures given. [NOCl] consider the possible effect of
determined by absorption the reverse reaction -1 or of
in AgNOg, [Clz] by reaction 2. The rate constant
absorption in NasASOS. obtained was assumed to be kl'
TAYLOR and DENSLOW 1927 (4) NOCL + NOCL & 2NO + C1, 1
NOC1 + M > NO + C1 + M 2
Quoted by (16).
1.9x108 423 Static system. NOC1 at Effect of reverse reaction con-
g:%iigl 3g§ 1.80-29.7 kPa pressure. sidered. Authors derive expres-
2.2x10% 163 Reaction followed manomet-  sion k,=2.2x101110"Sexp(-12 000/
3.8x101 473 . L | .
6.1x10§ 483 rically. T) cm™ mol s over the given
a0y o WADDINGTON and TOLMAN 1935  temperature range, but note a
2.8x10§ 513 (6) slight increase in E1 with temp-
5.3x10 523 erature. Data recalculated by
ASHMORE and SPENCER (10) allowing
for the effect of reaction 2
above 450 K to give k1=1.6x1012
exp(-11 800/T) en® mo1~1 571 over
the given temperature range.
ASHMORE and BURNETT (12) redeter-
mined k2’ and derived k =2.4x1012
exn(-11 840/T) em3 mol ™! 571 over
the same temperature range.
Original expression quoted by (7,
9,10,16). Expression of (10)
quoted by (13,14,15,16,17,18).
Expression of {(12Z) quoted by (14,
15,16).
3.8x10; 473 Static system. NOCl at No expression determined for kl’
g:éiiSS g;g 2.67-21.1 kPa pressure. as authors claim activation

Reaction followed mano-
metrically.

WELINSKY and TAYLOR 1938
7

energy increases with temperature.
They give E;=95.0 kJ mol™! (22.7
kcal mol™l) at 473 K and 118.4 kJ
1 (28.3 kcal mo1™1) at 573 K
using these data.. TROTMAN-
DICKENSON (8) derives the expres-
sion k;=6.3x1011 exp(-11 100/T)
cm3 mol_1 s~ over the temperature
range 373-574 K, and BENSON (11)
gives k;=1.7x10" 2195 exp(-13 000
/T) emd mo1"1 571, (7,8)quoted
by (16).

mol”
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NOCI + NOCI— 2NO + Cl,

REVIEW ARTICLES

Rate Constant k Temperature Method and Reference Comments
(em® mo17! 571 (K)
2.4x1012exp(-11 840/T) 423-524 Review. Recommended expression is that

KONDRATIEV 1970 (16)

Review of reactions of
halogen, nitrogen and

of (12). Also guotes (4,6,7,8
10), and value from TRAUTZ and
WACHENHEIM derived from K;k_;
(3).

Quotes (10). Refers also to
(6 and 7).

sulphur compounds.

WHITE 1972 (17)

The bimolecular decomposition of nitrosyl chloride has not
received the same amount of attention as the termolecular
reverse reaction. Trautz [2] considered it unimportant in the
study of the termolecular reaction under the low temperature
conditions he used, and it was not until the 1930’s that any
rate data became available over an extended temperature
‘range.

NOCl + NOCl — 2NO + dCl, (1)

In the evaluation, the rate constant k, is defined by the
expression:

-dINOCl)/dt = 2k, [NOCIF

All of the rate data quoted in the table were divided by two
to conform with this definition.

Apart from the early work of Taylor and Denslow [4], all
of the experimental studies of reaction 1 have been made by
following pressure changes in the reaction vessel, and carried
out at temperatures comparable to those used in the study of
reaction —1. Taylor and Denslow obtained a rate constant for
NOCI disappearance at 1020 K which they called &,, but did
not take into account the effects of the reverse reaction, and
of reaction 2.

NOCl + M - NO + Cl + M @

The other studies give results which agree well among
themselves, and extrapolate to a value not much below that
of Taylor and Denslow, even when the effect of the reverse
reaction is considered [6,7]. Ashmore and co-workers [10,12]
recalculated the results of Waddington and Tolman [6] taking
into account reaction 2, k; being =10k, at 500 K. If the
expression of Ashmore and Burnett [12] is extrapolated to
1000 K, it gives a value of k, lower by a factor of 50 than
that determined by Taylor and Denslow. If we reject the high

J. Phys. Chem. Ref. Dataq, Vol. 10, Suppl. 1, 1981

temperature value, and consider the expression of Ashmore
and Burnett, we obtain good agreement with the expression
derived from our value of %_, (section B37) and the equilibri-
um constant over the range 400-500 K. However, at 300 K,
there is as much as a factor of 2 difference between the two
expressions. In view of the more extensive data on reaction
-1, and the good agreement between several studies, we
recommend the expression derived from %_; and K;:

k; = 1.0 X 10" exp(-11 400/T) cm® mol™ s

with error limits of ==50% over the temperature range 250-
500 K. This agrees well with the expression k1 =6.3X10™"
exp(-11 100/T) ecm® mol™ s™' derived by Trotman-Dickenson
[8] from his expression for %, and K, as determined by
Dixon [5].
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B37 NO+ NO+ Cl,~ 2NOCI

THERMODYNAMIC DATA

T AH® as® log K, log K.
) (kJ mo1™1) @ k! mo1™h (K, in atn™!)  (K_ in en® mo17h)
298 -77.074 -121.04 7.180 11.569
300 -77.078 -121.07 7.096 11.487
500 -77.239 -121.61 1.716 6.329

1000 -75.200 -118.93 -2.284 2.630
1500 -71.969 -116.33 -3.570 1.520
2000 -68.078 -114.11 -4.182 1.033
2500 -63.630 -112.12 -4.526 0.786
3000 -58.708 -110.33 -4.740 0.651
3500 -53.402 -108.70 -4.880 0.578
4000 -47.717 -107.18 -4.976 0.540
4500 -41.577 -105.73 -5.040 0.528
5000 -34.893 -104.33 -5.084 0.529
SI Units: log(Kp/Pa—l) = 1og(Kp/atm‘1) -5.006
log(KC/m3 mol_l) = log(Kc/cm3 molnl) -6.000

RECOMMENDED RATE CONSTANT

k = 4.1 x 100 exp(-2500/T) em® mo17% 71

37 2 -1

= 1.1 x 10°°' exp(-2500/T) em® molecule™? s
Temperature Range: 250-500 K.
Suggested Error Limits for Calculated Rate Constant: +30% over the whole

temperature range.

Rate Parameters: log(A/cm6 mol 2 s_l) = 10.61 +n.15
log(A/cm6 molecule 2 S_l) = -36.96 id.lS

E/J mol™! = 20 800 : 3100

E/cal mol ! = 4970 + 750

Note: Expression corresponds to that of HISATSUNE and ZAFONTE (19) over the

temperature range 278-338 K.
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EVALUATED KINETIC DATA FOR HIGH TEMPERATURE REACTIONS

NO + NO + Cl, > 2NOCI

EXPERIMENTAL DATA

1-305

Rate Constant k Temperature Method and Reference Comments
(em® mo172 s7h (X)
7.2x10° 291 Static system. No quanti- Details taken from (3 and 9).
tative details available. Used by (3). Reaction found to
Reaction followed manomet- be third order.
rically. NO + NO + Cl2 + 2ZNOC1 1
KISS 1913 (2) Quoted by (8,9,11).
g.é7xi82 %g;.g Static system. NO at 5.55 Author calculated values of k1
S:88§10g 284:4 -17.3 kPa and C1, at 4.23- from thermodynamic data, and
%:?§§i87 ggg:i 28.6 FPa pressure. found good agreeTent between
3.38x10; 365.2 R?actlon followed manomet- theory and efperlment up to
4.18x10 374.7 rically. 400 K. At higher temperatures
4'45XIO; 386.2 he attributed the a vl
7.23x10, 401.4 TRAUTZ 1914 (3) At ; pparently
i.g;iigs 3}3.; ?apld 1ncr?ase in rate to the
1:48x102 441:6 increased importance of the
}:ggi}gg 3;%:5 reverse reacti?n, and also the
2.19x10§ 505.3 onset of reaction 2
6.65x10g 528.4 NOC1 + NO - (NO),C1 2
1.13x10 566.4 Using thermodynamic data and k1
from KISS (2) he calculated the
activation energy E1=9.27 kcal
mol™! over the temperature range
281.7-386.2 K, using the method
described in his own reaction
rate theory (1). From the rate
data given, we obtain E1=4.5
kcal mol™1 over that temperature
range. Data re-expressed in (4)
as ky=1.4x10 47 Texp(-2950/T) en®
mol~ s-l. Quoted by (3,5,9,11,
12,14,16,21). E; quoted by (6).
6.0 xlog 273 Static system. NO at 3.84 Authors note results in good
g'i?iigs Ziéiz -12.90 kPa and Cl, at 6.05 agreement with those of (3),
. R 14..-1
-100.7 kPa pressure. and obtain k1=(1.1¢0.1)x10 T
Reaction followed manomet- exp (-2740£200/T) en® mo172 5_1,
rically. over the quoted temperature
TRAUTZ and WACHENHEIM 191¢  range. Quoted by (8,9,11,12,14,
(5) 16,21). E, quoted by (6)'.
S.Oleog 280.8 Static system. NO at 9.41 TRAUTZ's revised molecular
7.38x10 288.9 -61.3 kPa and Cl, at 9.28- reaction rate theory is used
29.8 kPa pressure. (4) to give k1=1.02x1014T_1exp(
Reaction followed manomet- -2800/T) cm6 mol-2 s * between
rically. 280.8 and 288.9 K. Quoted by

TRAUTZ and HENGLEIN 1920
(8)

(9,11,14,16,21).

J. Phys. Chem. Ref. Data, Vol. 10, Suppl. 1, 1981
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NO + NO + ClI, —~ 2NOCI

EXPERIMENTAL DATA - CONTINUED

Rate Constant k Temperature Method and Reference Comments
(em® mo17% 571y (x)
4.6 xlog 273 Static system. NO at 13.6 The catalytic effect of
I:ggiig; ggi -42.3 kPa and Cl, at 6.55- additives on reaction 1 was
1.88x107 333.5 32.3 kPa pressure. In some studied. Of the additives used
4-18x10 375.3 experiments Br, (0.51-2.15  only Br, was found to have a
kPa), CO2 (4.70~54.5 kPa), slight catalytic effect, the
H,0 (0.40-1.6 kPa), Hz (54.6 author proposing two reaction
kPa) or HCl (57.3 kPa) were schemes to account for this:-
added. Reaction followed NO + NO + Br2 + ZNOBr
manometrically. ZNOBr + Cl2 + ZNOC1 + Br2
KISS 1923 (9) or
C12 + Br2 +~ 2Br(Cl
ZBrCl + 2NO -+ 2NOC1 + Brz
No attempt was made to investi-
gate intermediate products.
Quoted by (19,14,16,21).
4.13x108 273 Static system. NO at 5.33 Authors attempted to show that
1.13x10 313 -27.0 kPa and Cl, at 5.27- reaction proceeded via a two
89.1 kPa pressure. stage mechanism, by using extreme
Reaction followed manomet-  concentration ratios of [NOJ:
rically. [c1,]
TRAUTZ and SCHLUTER 1924 NO + Cl, » NoOCl,
(10) NOC1, + NO - 2NOC1
They claimed that kl fell when
excess NO was used, and rose
when excess Cl2 was used. Their
data are recalculated in (14),
where it is shown that no such
trend occurs.
l.SBxlOlOTO'5exp(—3450/T) 423-523 Calculated value, from From their results for k—l’
their value of k_; and the authors noted that E; increases
equilibrium constant K. with temperature over the range
WADDINGTON and TOLMAN 1935 considered, and thus the value
(12) used in the expression is only
) an approximate one. Quoted by
(13,14,16,20,21).
5.55x106 273.2 Static system. NO at 14.5 No deviation from third order
>+ 78x104 273.8 -46.2 kPa and Cl, at 10.3- relationshin over all [N0]:[C1,]
9.05x10 292.0 ) 2 - ) 2
1.07x10 294.2 107.6 kPa pressure. ratios. Again, slight increase
1.08x10 296.0 . o . _
1. 26x10 303. 2 Reaction followed manomet in El noted at higher tempera
Z.49x107 333.2 rically. tures.
3.18x10 350.0
3.60x107 353.0 KRAUSS and SARACINT 1937 NO + NO + Cl, ~ ZNOCL 1
6.20x10 388.4 (13) Quoted by (14,16). Used by (21).
7.30x108 394.0
1.05x108 423.0
1.91x10 470.0

J. Phys. Chem. Ref. Data, Vol. 10, Suppl. 1, 1981
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NO + NO + Cl, ~ 2NOCI

EXPERIMENTAL DATA - cONTINUED

1-307

Rate Constant k Temperature Method and Reference Comments

(cm6 mol™2 s'l) (K)
2.ng102 248 Static system. NO at 7.0- Authors agree with findings in
3.16x10 AU
4.49§102 %gg 21.1 kPa and Cl2 at 5.80- (13), and criticise the conclu-
7.99x10 295 13.6 kPa pressure. sions of (3 and 10), that the
8.50)(107 300.5 R ti foll d : d
1.78x107 3335 eaction followed manomet- reaction proceeds in two stages
4.18x107 373 rically. via the formation of NOC1,.

2
9.18XlO8 419 . E. £ d to i i th
2.29x10¢ 469 WELINSKY and TAYLOR 1938 1 tound to increase with
2.27x10 476 (14) temperature, assuming a T°

dependence of A factor, from
15.6 kJ mol™} (3.7 kcal mo1™})
at 248 K to 41.3 kJ mol™1 (9.9
kcal mol'l) at 573 K, using data
derived from the authors' deter-
mination of k_; and K, in the
same work. Used by (16,17,18,
21).
(1‘2310.2)xlog 430.5 Static system. NO at 9.8- Authors were first to consider
(2.12+0.4)x10 450.5 -
(2.27+0 4))(108 470.5 6.67 kPa and Cl2 at 0.53- the alternative method of
(3.40&0.6)x102 500 13.3 kPa pressure. Some combination, reaction 3, whose
(3.6321.0)x10 523 experiments at 470.5 K reverse had been shown to be
carried out with 6.67-40 important in NOCl decomposition.
kPa Ar, NZ’ COZ or NZO NO + C1 + M = NOC1 + M 3
added. Reaction followed By introducing this reaction
manometrically. into the scheme, they found that
ASHMORE and SPENCER 1959 E) no longer increased with
(17) temperature. Combining their
results with those of (14), they
obtained k) =1.26x10" exp(-3000/
T) en® mo1 2 s7! over the
temperature range 373-523 K.
Quoted by (23). Used by (21).
(2.120.1)x10 Cexp (~2280/T) 278-338  Static system. NO (0.64-  No variation in rate of reaction
64.0 kPa)/Cl2 (0.57-57.0 1 with pressure.
kPa) mixtures. <[NOC1] NO + NO + €1, > 2NOCl 1
followed by i.r. absorption In an attempt to determine the

at 16.7 um.

HISATSUNE and ZAFONTE 1969
(19)

precise mechanism of the reaction
0, or Br, were added in some

runs as competitors for the NO.
With added O2 there was no change
in reaction rate, but addition

of Br,
of reactions forming first NOBr

lead to a complex series

then NOCLl, giving an overall k;=

4.8x10° cn® mo17? 57! at 303 X,
7 6

1=l.1x10 cm
s™1 from the original

compared with k
mol™2
experiments, probably due to
reaction 5

NO + NO + BrCl » NOC1 + NOBr 5

Quoted by (22,23).

J. Phys. Chem. Ref. Data, Vol. 10, Suppl. 1, 1981
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NO + NO + Ci, = 2NOCI

REVIEW ARTICLES

Rate Constant k Temperature Method and Reference Comments
(em® mo172 71y (X)
2)(10(~21+430/T)T10's 273-566 Empirical value. Expression chosen to fit data of
. 1
KASSEL 1932 (11) (3,8,9,10) Data of (5) also
quoted. Author claims this
gives an activation energy E;
increasing with temperature
from 14.5 kJ mol™1 (3.5 kcal
mol™1) at 273 K to 40.0 kJ mo1”!
(9.6 kcal mol™1) at 566 K.
NO + NO + Cl2 - 2NOC1 1
1.3x10 %xp (-2110/T) Preferred value. Quotes (3,5,8,9,12,13,14).
TROTMAN-DICKENSON 1955 (16) Preferred value based on data of
(14). Quoted by (18 and 21).
8.31x101%xp (- 2650/T) 273-523  Evaluation. Based on (13,14,17). When (12)

KONDRATIEV 1970 (21)

Review of reactions of
halogen, nitrogen and
sulphur compounds.

WHITE 1972 (23)

Discussion

Reaction 1 is one of the series of classic termolecular
reactions as described by Kassel [11]

NO + NO + Cl, — 2NOCl o8]

The reaction was studied initially by Trautz in 1906,
although he published no data for a further eight years. By
1924, over the course of several studies [3,5,8,10], he
established the value of the rate constant #, over a tempera-
ture range of 300°, a value which has been confirmed by
subsequent workers.

We define the rate constant discussed in this evaluation by
the expression:

-d[NO)/dt=-~2d]|Cl,)/dt=d[NOCI}/dt = 2k [NO[CL,).

Trautz and co-workers, and Krauss [13] followed
Bodenstein’s practice and defined #, according to the
expression

-d[Cle]/dt = k1 (Bodenstein) (3[NOJ)*(Clz]

and their figures have thus been divided by four to comply
with our definition. All other authors have defined &, in

J. Phys. Chem. Ref. Data, Vol. 10, Suppl. 1, 1981

is taken into account the-
expression becomes k =1.38x1011
exp(-2800/T) cm® -1,

Expression is not recommended

mol % g

due to possibility of side

reactions.

Quotes (17 and 19).
apparent discrepancy between

Notes

them, but makes no attempt to
resolve this. Refers also to

(5,9,12,13,14).

terms of the rate of removal of nitric oxide, or of the rate of
production of NOCI, and these rate constants have thus been
divided by two to comply.

All studies except one {19] of reaction 1 have been
performed by monitoring the pressure changes in a reaction
vessel. This made it difficult to assess the reaction
mechanism accurately. Initially, a straight three-body
collision was assumed [1,3,5,8], but Trautz later considered
the probability of this to be too low [7] and proposed a two-
step mechanism involving the formation of NOCL, as an
intermediate [10].

NO + Cl, — NOQl,
NOCl, + NO — 2NOCl

This theory was later discredited by Kassel’s work on
ternary collisions [11] and by Welinsky and Taylor’s
recalculation of the data in [10] to show that they were
commensurate with a single step, three-body collision [14].

One problem facing all early workers was the apparent
increase in £ with temperature above 400 K, leading to a
slightly curved plot in this region. Trautz [3] ignored these
data in calculating an Arrhenius expression but Welinsky
and Taylor claimed E| increased from 15.6 kJ mol™ (3.7 kcal
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mol™) at 248 K to 41.3 kJ mol™ (9.9 kcal mol™) at 573 K,
assuming also a 7'/ temperature dependence. The problem
was first resolved by Ashmore and Chanmugam [15], who
postulated the simpler atomic recombination route 3, a few
Cl atoms being formed by reaction 4 above 500 K, %, being

> >k,

NO + Cl + M — NOCl + M 3)
NO + Cl, — NOCl + Cl )

Subsequently, Ashmore and Spencer [17] used low tempera-
ture data from Waddington and Tolman [12] to obtain
corrected values of £, up to 523 K.

If the data of Trautz above 500 K are ignored, there is
good agreement between all the remaining experimental data.
We therefore recommend the following expression:

k, = 4.1 X 10" exp(-2500/T) cm® mol? s
1 p

with error limits of +=30% over the temperature range
250-500 K. Care is advised if extrapolating to higher temper-

atures, as the behaviour of the reaction above 500 K is still .

by no means fully understood.
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