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Chemical Kinetic Data Sheets for High-Temperature Reactions. Part II 
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Rate coefficient measurements for over fifty gas-phase bimolecular reactions 
were critically evaluated and compared to theoretical calculations. The results of 
this work are summarized here in forty-nine Data Sheets, one sheet for each reac
tion or set of reactions of a single pair of reagents. The reactions chosen are of in
terest in propulsion, combustion, and atmospheric chemistry. Each Data Sheet 
consists of two pages that include a brief resume of the important experimental mea
surements and theoretical calculations, a graphical presentation of the data, a rec
ommended rate coefficient expressed as a function of temperature, k (T) = 
A Tnexp( - B IT), with probable uncertainty limits, a discussion of the basis for the 
recommendation, an equilibrium constant and a rate coefficient for the reverse re
action where applicable, and pertinent references. 

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

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

In this second compilation, we present an additional 
forty-nine Data Sheets for as many gas-phase bimolecular 
reactions (or sets of reactions of the same reagents lead
ing to different products). The reactions fall into three 
categories: (1) reactions of 0 atoms with alkanes; (2) re
actions of OH radicals with haloalkanes; and (3) reac
tions of importance in the O/NH3 system. The process of 
evaluating these reactions and preparing the Data Sheets 
resulted in thc gcncration of a good dcal mOle matclial 
than could be fitted into the concisely formatted Data 
Sheets themselves, and consequently separate journal pa
pers were prepared and published.z,3,4.5,6 These studies 
are cited individually in the appropriate Data Sheets. 

©1991 by the U.S. Secretary of Commerce on behalf of the United 
States. This copyright is assigned to the American Institute of Physics 
and the American Chemical Society. 
Reprints available from ACS; see Reprints List at back of issue. 

A detailed guide to the use of the Data Sheets was pub
lished in Ref. 1 and should be consulted. Here only the 
salient points are noted. 

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

Thennochemical Data. In most cases, enthalpy of for
mation and entropy data are taken from the JANAF 
Thermochemical Tables, 3rd edn.7 An equilibrium con
stant has been calculated from those data for all reactions 
identified by a double arrow (see preceding paragraph). 
Following the identification of data sources, a statement 
is given describing how well this equilibrium constant ex
pression fits the calculated data (typically within 5 to 10% 
over a temperature range of 298 to 3000 K). This state
ment of accuracy uf fit has nu relatiun tu the al,;l,;ural,;Y uf 
the calculated values of K(T) themselves. The analytic 
expression of K in the form K (T)· = ATnexp( - B IT) is 
given above the graph of the experimental data, together 
with an estimate of the uncertainty in log K (T). This un
certainty is estimated from the uncertainties in Mi!98 and 
in as!98. The uncertainty in K (T) at low temperatures is 
due principally to the uncertainty in Mfi98; at high tem
peratures it is due to uncertainties in Sand Cpo 

MeasurementslGraph. Each Data Sheet contains a 
graph on which either log k or log k -1 is plotted vs 
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lOOO/T. The graph includes the recommended value(s) 
and those experimental data thought to be the most accu
rate and precise. For a well-studied reaction, the. stan
dard for accuracy is higher than for a less well-studied 
reaction. In some cases, experimental data have been re
analyzed, and the reanalyzed data are plotted on the 
graph. The Measurements section of the Data Sheet gives 
the reasons for preferring some measurements to others, 
as well as the reasons why some of the data may have 
been reanalyzed. At the bottom of the graph is a date that 
indicates when the literature search was concluded. 

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

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

As' has been pointed out many times, TST is basically 
a classical theory, accurate only if all trajectories cross the 
saddle point only once and if quantum mechanical effects 
such as tunneling are unimportant. A correction factor, K, 

called the transmission coefficient, is added to.the theory 
to account for trajectories that cross the saddle more than 
once, for quantum mechanical tunneling, and for other 
quantum effects not accounted for by the substitution of 
quantum-mechanical partition functions for the classical 
ones in terms of which the theory is formulated. 

One of the principal difficulties in using TST is a lack 
of a general procedure for calculating K. We assume in 
our calculations that K has the form K = exp( C' /T), 

. where C' is a constant. This assumption is equivalent to 
assuming. that, tunneling, barrier recrossing,and. other 
nonidealities together lower the effective reaction barrier 
without changing the shape of the PES in the vicinity of 
the saddle point. This assumption appears to account ac
curately (Le., with ± 25% for 1000 < T/K < 200) for tun
neling and other quantum effects in the H + para -H2 ~ 
Oltho-H2 + H reaction calculated on the surface of 
Porter and Karplus,8 but it is unlikely to be valid for all 
reactions. For this reason, we usually use TST calcula
tions to extrapolate data to high temperatures where 
quantum effects are less important, rather than to lower 
temperatures, where tunneling could be extensive. As is 
explained in Ref. 1, the effective barrier height is derived 
from measured values of the rate coefficient. (In our for
mulation of TST, the effective barrier = MlJ - RC', 
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where R is the gas constant and ~ is the enthalpy of 
activation at zero kelvin.) The shape of the PES is esti
mated so as to be maximally consistent with experimental 
data and with ab initio calculations or sound chemical 
principles. 

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

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

Recommended Rate Coefficients and Uncertainties. Rec
ommended rate coefficients are always e.xpressed in the 
form k = A Tnexp( - B /T), where A, n, and B are con
stants. The quotient of forward and reverse rate coeffi
cients is taken to be equal to the equilibrium constant for 
the reaction: kl/k-l = K(T). The uncertainties assigned 
to the logarithms of the recommended rate coefficients 
are subjective, rather than statistically precise, because 
systematic errors in chemical kinetics are almost always 
larger than the statistically calculable random errors. 
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4. Data Sheets 

4.1 List of Data Sheets 

1. OH + CH3 :; 0 + CH4 
2. 0 + C2H6 ~ OH + C2Hs 
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3. 0 + C3Hs ~ OH + C3H7 27. OH + CH3CH2CI ~ C2lLCl + H20 
4. 0 + C4H lO ~ OH + C4H9 28. OH + CH3CHF2 ~ C2H3F2 + H20 
5. 0 + CSH12 ~ OH + CSHll 29. OH + CH3CHCh ~ C2H3Ch + H20 
6. 0 + C6H14 ~ OH + ~H13 30. OH + CH2FCH2F --,) CH2FCHF + H20 
7. 0 + C7H16 ~ OH + C7H15 31. OH + CH2BrCH2Br --,) CH2BrCHBr + H20 
8. 0 + CSHlS ~ OH + CsH17 32. Oli + CH2FCHF2 ~ C2H2F3 + H20 
9. 0 + i-C4HIO ~ OH + CH9 33. OH + CH2CICHCh ~ C2H2Ch + H20 
10. 0 + (CH3)4C ~ OH + CSHll 34. OH + CH2FCF3 --,) CHFCF3 + H20 
11. 0 + (CH3)2CHCH(CH3)2 ~ OH + CH13 35. OH + CH2CICF3 ~ CHCICF3 + H20 
12. 0 + (CH3)3CC(CH3)3 ~ OH + CSH17 36. OH + CH2CICF2CI ~ CHCICF2CI + H20 
13. 0 + c-CsHIO ~ OH + CSH9 37. OH + CHF2CHF2 ~ CHF2CF2 + H20 
14. 0 + C-~R12 ~ OR + CRn 38. OH + CHF2CF3 ~ CF2CF3 + H20 
15. 0 + c-C7H14 --,) OH + C7H13 39. OH + CHCIFCF3 ~ CCIFCF3 + H20 

40. OH + CHChCF3 ~ CChCF3 + H20 
16. OH + CH3F --,) CH2F + H20 41. OH + CH3CF3 ~ CH2CF3 + H20 
17. OH + CH2F2 ~ CHF2 + H20 42. OH + CH3CF2Cl ~ CH2CF2C) + H20 
18. OH + CHF3 --,) CF3 + H20 43. OH + CH3CCh ~ CH2CCb + H20 
19. OR + CH3Cl --,) CH2Cl + H20 
20. OH + CH2Ch ~ CHCh + H20 44. OH + NH3 ~ NH2 + H20 
21. OH + CHCh ~ CCb + H20. 45. OH + NH2 ~ NH + H20 
22. OH + CH3Br ~ CH2Br + R20 46. OH + NH :=; Products 
23. OH + CH2CIF --,) CHCIF + H20 47. OH + NH2:=; 0 + NH3 
24. OH + CHCIF2 --,) CCIF2 + H20 48. 0 + NH2 :=; Products 
25. OH + CHChF --,) CChF + H20 49. 0 + NH ~ Products 
26. OH + CH3CH2F ~ C2H4F + H20 

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

OH + CH 3 ~ 0 + CH 4 

lIH~98 = -11.6 ± 1.4 kJ mol-1 (-2.8 kcal moC1 ) lIS~98 = -30.6 ± 1.3 J mol- I K- l (-7.3 cal moC l K-1 ) 

K(T) = 1.43 x 10-2 exp(1580/T) 

The uncertainty in log K is ±O.3 at 298 K, decreasing to to.l at 2000 K. 
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1.2 1.4 1.6 1.8 2.0 2.2 2.4 2.6 2.8 3.0 3.2 3.4 
1000lT 

RECOMMENDED RATE COEFFICIENTS 

MIl Range k(298) Units 

70 T2 • 2 exp( -2240/T) 298 - 2500 K 1.1 x 104 L mol-1s-1 

1.16 x 10-19 T2• 2 exp( -2240/T) l.8x 10-17 cm 3 molecule- l s-1 

4.9 x 103 T2 • 2 exp( -3820/T) 298 - 2500 K 4 x 103 L mol-1s-l 

8.1 x 10-18 T2• 2 exp( -3820/T) 7 x 10-18 cm3 molecule -ls -1 

Uncertainty in log k 1 : ±0.2 between 700 and 1500 K, increasing to ±0.6 at 298 K and ±0.3 at 2500 K. Uncertainty in log k_
1

: ±0.15 

between 600 and 1500 K, increasing to to.5 at 298 K and to.3 at 2500 K. The uncertainty in log kl reflects uncertainties in both 

log k_l and log K(T). 

November 1987 
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THERMOCHEMICAL DATA 

Thermochemical data were taken from the JANAF Thermochemical Tables 3rd ed. (1985), except that the enthalpy of formation of 

CH
3 

at 298 K was taken to be 146.9 ± 0.7 kJ mol- l , in accordance with recent measurementsl . The analytical expression chosen for 

K(T) matches equilibrium constants calculated from the above data to within 7% between 298 and 2500 K. 

MEASUREMENTS 

There are no reported measurements of 1<" only of k_l' the most direct and preCise of which are the most recent. 2-4 Felder and 

Fontijn2 used pulsed or flash photolysis at 420-1670 K with 0 atom detection by resonance fluorescence or O/NO chemiluminescence. 

Sutherland et al: 3 used a shocK· tube at 763-1755 K with 0 atoms produced by flash photolysis and detected by resonance absorption. 

Klemm et al. 4 used discharge flow/resonance flUorescence at 548-1156 K and flash photolysis/resonance fluorescence-at lJ24 and 

520 K. As the graph shows, the values of k_1 from t.hese three studies are in accord. In two conventional shock tube studies5 ,6 k-1 

was determined from 1200 to 2250 K. These detet'minations are less direct than those of Refs. 2-4, but at'e included on the graph 

because they are the best measurements above 1755 K. Three other determinations7- 9 of k_l are neither plotted nor used in this 

evaluation because the reported values depend on many uncertain assumptions about the rates of competi ti ve reactions. 

In five studies'O- 14 0 was mixed with CHl.!' and the fractional decrease in [oJ was measut'ed after a set time, which was always 

longer than the mixing time. k_1 can be derived from such data if it is known what fraction of the atomic oxygen disappeared by 

reaction with methane and what fraction by other, secondary reactions. Cohen'5 recently formulated a chemical model for methane 

oxidation and determined the fraction (l'/m) of atomic oxygen that reacted with methane in several of the experiments reported in 

Refs. 10, 13, and 14. These values of m were used to derive the values of k_1 that are plotted on the graph. In general, the .lower 

the temperature, the larger the value for m. At the lowest temperature, 298 K, m is both large and uncertain, and the plotted 

values of k_l are more likely to be too large than too small. Cohen did not reanalyze all the measurements of Ref. 10 nor any of 

the measurements of Refs. 11 and 12 primarily because too little information was given. Barassin and Combourieu16 determined k_l 

between 35l.! and 443 K; although they published too little information for us to assess the probable accuracy of their results their 

values for k_1 are plotted on the graph inasmuch as all determinations of k_1 in the vicinity of 354 K are only approximate. 

CALCULATIONS 

Several transi tion-state-theory (TST) calculations 17 were performed to extrapolate the reliable measured rate coeffiCients 

between 500 and 2250 K to higher and lower temperatures, where the data are either sparse or uncertain. The structure of the 

transition state was chosen, insofar as possible, to be in accord with ab initio calculations18 and with the measured values of k-1 

between 500 and 2250 K. A complete description of the TST calculations is g1 ven in Ref. 17. A calculation with the Wigner 

tunneling correction gave k_1 1l.9 x 103 -r2. 2 exp(-3820/T) L 001-15-1 250 S T S 2500, which matches experimental data above 500 K 

and is in accord with the sparse, uncertain data at lower temperatures. Calculations with a one-dimensional Eckart potential gave 
largor valuos for K_I bolo,", 500 K, at 298 K, tho Wignor oorrootion gives k_1 - II H 103, "hilo tho Eol<o.rt oorr-ootion Sivos 

1.7 " 104. The Wigner tunneling correction, like all simple tunneling corrections, is imprecise, but the one-dimensional Eckart 

correction gives too large a correction and hence provides an upper limit to the true value of the·rate coeffiCient. 

DISCUSSION 

The recommended expression for k_l' k_l 4.9 x 103 r2. 2exp(-3820/T) L mol- 1s-1, 298 S T S 2500 K, is the one calculated using 

TST with a Wigner tunneling correction. As can be seen from the graph, this recommendation gives values of k_1 that match the 
pypprirnpnt::ll n::\t.::l hptlJ",,,,n 500 ::\no "50 K and 1;1['9 in accord with th9 sparse, unt:!ertain data at lower t",mperatuNls. No r<:at;!omltv;mdation 

is made for k_1 below 298 K because the tunneling correction becomes large and uncertain. 
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0 + C2HS -+ OH +' C2HS 

lIH~98 = -8.0 ± 2 kJ m01-1 (-1.9 kcal mOl-1) lIS~98 = 40. 7 ± 4 J mol- 1 K- 1 (9.7 cal mol-1 K- 1) 

K(T) = 1.1 x 109 T-2 .3 exp(110/T) 

The unceJ:'tainty in log K is to.6 at 300 K, decreasing to ±0.3 at 1500 K. 

T (K) 
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-9 
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L 1001-1 s-l 

cm3 mo1ecule-1 s-l 

L 11I01- 1s-1 

cm3 molecule-1s-1 

Uncertainty in log k1 , ±0.1j for 298 < T/K < 1300, incJ:'easing to to.5 at 3000 K. UnceJ:'tainty in log k_1 : ±0.7 at 298 K, decJ:'easing 

to ±0.5 at 1500 K. This uncertainty reflects unceJ:'tainties in both log k1 and log K(T). 

May 1991 
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fHtJlMLX;Hl:.Ml(.;ItL U/tTA 

Thermochemical data for C2H6 (ethane) were taken from Stull et a1.' Data for 0 and OH were taken from JANAF Thermochemical 

Tables. 3rd edn. (1985). t.Hf~98 for C2l1s (ethyl) was taken2 to be "9 kJ mo1-'; S~98 (247.5 J mol- 1 K-1) and Cp were calculated 

using vibrational frequencies given by Pacansky and Schrader3 and asswning free internal rotation. The analytic expression chosen 

for K(T) matches equilibriwn constants calculated from these data within 8% between 300 and 1500 K. 

MEASURrMElITS 

As in the case of the reaction of 0 + CH4' the measurement of kl is complicated by the frequent presence of secondary 

reactions involving the prOClucts OH and C2Hs with one or both of the reagents; and by trace impurities, such as C2H4' in the 

C2%. Except. for the most recent studY, 4 the room temperature measurements5- 7 provide insufficient information to assure the 

reader that these complications were avoided or accounted for. The reaction has been studied in three different regimes: (a) 

[oJo = [C2H6Jo; (b) (0)0 « [C2%)0; or (c) [OJo »[C2%)0' In case (a), the stoichiometry, which varies with [O]:(C2%], T, 
and ext>ont of ,..O<lotion, must b .. d .. t ....... in .. d from produot analysis in " .. d", .. to .... '''r .. t.h .. PYl"p .. impnt.,,11y mP:',,"rP<i rli""p~:.r;:mn .. of 

either reagent to the elementa::-y rate coefficient 1<1' In case (b), [C2HoJ/[0] must exceed 500 at 300 K for the reaction cf OR 

with a to contribute less than 10% to the rate of 0 disappearance; under these conditions impurities become a prime concern. At 

higher ternperatures secondary reactions are relatively slower and therefore less important. Ref. 5 used method (b) in a 

stationary cell with mercury-sensitized photodecomposition of N~ as an 0 atom source and measured rates by competition with the 0 

.. C3F6 reaction; Ref. 6 used methOCl (a) in a discharge flow system with EPR detection of 0 atoms; Ref. 7 used method (a) in a flow 

system with gas chromatographic analysis of products. Ref. 8 used methOCl (c) at temperatures between 335 and 595 K for the 

analogous reaction 0 + C2H5D .. OR (OD) .. C2H4D (C2H5) in a flow sytem with mass spectrometric monitoring of the alkane; their 

preCision is greatly limited by the 'small amount of alkane consumed during the reaction. MethOCl (c) was also used by Caymax and 

Peeters9 at 600-1030 K with a discharge-flow technique and their work seems to be free of unaccounted for complications. Tanzawa 

and Klenm10 measured kl over 1l16-10li8 K using a discharge flow technique with C2% in excess and obtained somewhat larger values 

(a factor of 2.5 at 600 K) than reported in Ref. 9; at the reported ratios of [C2H6l:[O] greater than 1000 the technique should 

have been free from secondary reactions, but full experimental details have not been pUblished. Mahmud, Marshall, and Font1jn4 

u""d _thl"od (b) in '" high-t"mp .... "'t.llr .. nnw 1"P"nt.or at. 300 ( T/K < 1270. producing- atoms by flash photolysis of either 0., or CO., 

and atomiC resonance fluorescence to monitor [0] decay. They fitted their data by kl = 1.1 • 10-10 T6•5 exp( -1381T) L mol':. 1 , w1t~ 
log k,(298) = 5.92 ± 0.12. Other work has been reviewed in Refs. 11 and 12. 

CALCULATIONS 

Transition-state-theory calculations asswning a Wigner tunneling correction, described in detail elsewhere 13 could not match 

the experimental data of Ref. 4: the problem Is the r6. 5 preexponentlal temperature dependence, which produces a curvature in the 

plot of log k1 va. 1 IT that is much larger than usual. The same TST calculations with an Eckart tunneling correction (01 & 16001 

cm-1; V, = 50.21 kJ/mol, V2 VI + llH~9.8 = 58.21 kJ/mol) fit the experimental data within experimental error. The TST,.Eckart 

results are described by kl • 7.3 x 10-"9 r5•9 exp(440/T) L mol-1 s-1 for 298 < T/K < 1000; and by 2.6 • 1012 exp(-7010/T) for 

1000 < 'IlK < 3000. The calculations cannot be satisfactOt'ily fitted by a three-pat'ameter expression of the form Ar"exp(-B/Tl over' 

the entire temperature range of 298 < 11K < 3000. 

OIOCUDOION 

The large extent of curvatur-e in the log k vs. lIT plot of the results of Ref. 4 is puzzling in that it is not consistent 

with the behaVior of other 0 • alkane reactions, all of which we have been able to fit by a TST mOCIel wi th a Wigner tunneling 

correction. We reconrnend the empirical fit to the results of Ref. 4 for 298 < T/K < 1300: kl • 1.1 • 10-10 16.5 exp(-140/T) 
L mol- l ",-1. If an """,lytic oxpre::>oion 10 requir-ed (Q'" hishe,.. t.emper-Qt.urco, "0 ""oommond t.nc fit t.o t.he TCT/Eckl:lI:·t oaloulation::> 

described above: 2.6 • 1012 exp(-7010/T) L mo1-1 5-1 for' 1300 < T/K < 3000, with an uncer-tainty in log kl of ±0.5. The large 

degree of curvature in the log k vs. lIT plot could be due to quantum mechanical tunneling, but other explanations are 

possible. 1 4 Clearly. further theoretical and experimental work are needed before the tunneling -explanation and the low

temperatu~ data can be accepted without reservation. 
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1218 N. COHEN AND K. R. WESTBERG 

RECOMMENDED RATE COEFFICIENTS 

0.76 T3• 5 exp( -1280/T) 298-2000 K 

1.3 x 10-21 T3• 5 exp(-1280/T) 

o. IS TO. I exp( 1170/T) 298-2000 K 

6H~98 = -11.6 ± 6 kJ moC1(-2.8 kcal moe l ) 

6S~98 = 37.7 ± 4 J moe1 K-1 (9.0 cal mol-I K-1) 

6H~98 = -25.4 ± 4 kJ moe1 (-6.1 kcal moe1) 

6S~98 = 32.2 ± 4 J moel K-1 (7.7 cal moe l K-1 ) 

4.0 x 106 

6.6 x 10-15 

13 

Uncertainty in log kA: ±0.3 throughout temperature range. Uncertainty in log k 2/k l : :to. 5. Expressions for K, k-1 and k-2 

not given because the reverse reactions are unlikely to be important at any temperature. 

(October 1987) 
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CHEMICAL KINETIC DATA SHEETS FOR HIGH-TEMPERATURE REACTIONS 

THERMOCHEMICAL DATA 

The title reaction represents the stUn of two elementary reactions: 

o +" C3H8 -1.+ OH + CH 2CH 2CH 3 [n-propyl] 

o + C3H8 ~+ OH + CHiHCH2 [i-propyl]" 

1219 

Thermochemical data for 0 and OH are from the JANAF Thermochemical Tables, 3rd edn. (1985). t.Hf~98(C3H8) and S~98(C3H8) are 

(aKen (0 nel ,2 -'.~3 KJ lUul- l and 1).42 J IUUl-11\.-1, reSpeC(lVely. Thermochem1cal da\:a for che 1:1010 propyl rad1cals are SUIJJeCL LO 

some uncertainty. We accept llHf~98(n-C3H7) ., 94.6
3 

and llHf~98(i-C3H7) = 80.8
4 

kJ mol-I. However, the former may be too 10101.
5 

Entropies were calculated by group additivity, assuming no barrier to internal rotation about the a C-C bond in n-C 3H7(6) and 8 

kJ/mol in the i-C3H7 radical,7 yielding S~98(n-C3H7) = 282.4 and S~98(i-C3H7) = 279.5 mol-
1
K-

1
• Analytic expressions for K(T) 

have not been calculated because the reverse reactions will, under all conditions of practical interest, be slower than the 

competing radical recombination reaction (OH + C3H7 + C3H70H). 

MEASUREMENTS 

There are no separate measurements of kl and k2' only of their sum, k A• Of the measurements of kA at or near room 

temperature,8-11 the most reliable is that of Ref. 11, carried out in a flow tube with 0 atoms produced by passing purified N2 

through a microwave discharge and then" titrating the N atoms with NO. Measurements were made by two methods. With method I, 

[Olo/[C3H8 1
0 

" 1 and kA was determined by measuring propane consumption gas chromatographically. This procedure required knowing 

the stoichiometry, which varied with the initial ratio of reactants. With method 2, (O]0/{C3H8 ]0 = 150 - 250, and kA was 

determined by monitoring 0 atom consumption. This gave kA(303) ., (4.0 ± 0.5) x 106 L mol-Is-I, compared to method 1, which gave 

k A(306) = (4.9 ± 0.4) x 106 • Of these two techniques, method 2, and hence the smaller value for kA , is preferred. 

Of the higher temperature studies, 12, 13 that by Azatyan et al. was obtained from ignition limits, a generally unreliable 

technique. That by Tanzawa et a!., obtained by discharge flow-resonance fluorescence, has not been published in sufficient detail 

for full evaluation. However, in view of the acceptable resul ts for 0 wi th other alkanes from the same laboratory (see data 

sheets for 0 + CH4 and 0 + (CH3)4C) we consider the results of Ref. 13 to be provisionally reliable. 

CALCULATIONS 

<;"p"r"tp tr"n"ition-state-theory (TST) ealeulations were earried out for the attaek on the prim"ry "nd on the "el'ond"ry H 

atoms. This requires separate values for kl (298) and k2(298), the rate coefficients for 0 attack on primary and secondary H atoms 

at 298 K, respectively. Because the best experimental value l1 for kA at 298 K is 5 to 20 times larger than the rate coefficient 

at the same temperature for 0 + C2H6 , it was assumed that kA(298) is essentially a measure of k2(298). k 1(298) was calculated 

assuming an activation energy the average of the activation energies for the 0 + C2H6 and 0 + neo-C5Hl 2 reactions (see data sheets 

for those reactions). For additional details see Ref. 14. The resulting values of kl and k2 calculated separately were added 

together to give kA(T), which could be expressed by kA = 0.76 T3• 5 exp(-1280/T). According to this model, k2/kl is approximately 

13 at 298 K, decreasing to approximately 0.6 at 2000 K. Another TST calculation has been described by Michael et al. 15 

DISCUSSION 

Because there are no measurements above 1000 K, we rely on the TST calculations for extrapolating kA to higher 

temperatures. The calculations in turn depend sensitively on" the choice of k A(298); consequently the spread of results near room 

temperatures is a matter of concern. Although the low temperature values of kA are not sensitive to the contribution from k 1, the 

high temperature values are. Because the value assumed for kl depends on the choice of value for k(298) for the 0 + C2H
6 

reaction, it reflects uncertainty in that number. That the chosen model fits data for 0 abstraction from higher alkanes supports 

its validity, and consequently the accuracy of the high temperature extrapolation. We therefore recommend the expression obtained 

by TST calculation: kA = 0.76 T3• 5 exp(-1280/T) L mol- 1s-1 between 300 and 2000 K, with an uncertainty in log kA of :to.3 

throughout the temperature range. 
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RECOMMENDED RATE COEFFICIENTS 

J!. .!1ll Range k(298) ~ 

kA 4.7 x 10-2 T3• 9 exp(-780!T) 250 - 2000 K 1.6 x lO7K L moC1s-I 

7.8 x 10-23 T3• 9 exp( -780!T) 2.6 x 10-14 cm3 molecule-1s-1 

k2!k1 8.7 x 10-2 TO. 2 exp(l470!T) 298 - 2000 K 35 

Uncertainty in log kA: :1:0.2 at 298 K, increasing to :1:0.3 at 2000 K. Uncertainty in log k2/kl: to.3 near 298 K, increasing to 

±0.5 at 2000 K. Expressions for K, k-l and k-2 are not given because the reverse reactions are unlikely to be important at any 

temperature. 

(October 1987) 
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CHEMICAL KINETIC DATA SHEETS FOR HIGH-TEMPERATURE REACTIONS '1221 

THERMJCHEMICAL DATA 

The title reaction represents the sum of two different elementary reactions: 

o + c4HlO _1+ OH + n-c4H9 (n-C4H9 is 'CH2CH2CH2CH3) 

-g+ OH + s-Cl,H~ (s-Cl,H9 is CHiHCH2CH3> 
Thermochemical data for 0 and 00 are from JANAF Thermochemical Tables, 3rd ed. (1985). Differences between the enthalpies and 

entropies of the two CljH9 radicals and of the parent alkane were estimated by group additivity methods outlined by Benson et 

aLl Analytic expressions for K(T) have not been calculated because the reverse reactions will, under all conditions of interest, 

be slower than radical recombination (OH + CljH9 + CljH9OH). 

MEASUREMENTS 

kl and k2 have not been measured separately. Cvetanovic2 reported kA/k3 = 21 ± 5 where k3 is the rate coefficient for 0 + 

C2Hlj. The value shown on the graph is calculated from the value of k3 reCQlJllended by Herron and HUie) Elias and Schiff4 

measured kA in a fast-flow system; 0 atoms were produced by discharge through O2 and reacted with excess alkane. It was assumed 

(incorrectly) that no secondary reactions consume or produce the n-butane. WrightS assumed (incorrectly) that the principal 
reaction i:. ccu-bonyl t'onnatiQn; hi.:; rC'::)1.l1t::l arc not I.l.::)ed in thi::l evaluation. Hat"::Ih ond ueicklen6 mea::ll.lt"ed kA relative to 0 ' 

C3F6; Stockburger and Heicklen,7 relative to 0 + l,3-C4F6' Herron and Huie8 produced 0 atoms in large excess in a flow tube and 

moni tored alkane consumption (C4Hl0-1-dl was used) by mass spectrometry. The principal shortcomings of the method are the 

uncertainty in the 0 + C2H4 titration used to measure [0] and the imprecision in the alkane analysis because small amounts of 
alkane were consumed (a 5,% error in alkane assay means a 25-50'% error in kA). They obtained ·kA(307) • 1.8 ± 0.4" 10' 
L mol- l s-1• Papadopoulos et a1. 9 produced 0 by the N + NO reaction in a flow tube with [0]0 • [C4HlOJ and analyzed products by 

gas chranatography. The v~lue of kA depends on the stoichianetry, which was reported as a. function of 10]0/[RH]o' but not of T. 

They reported kA(301) = 8.2" 106 L mol-1s-1• Atkinson and Pitts10 produced 0 atans at 301 K by Hg-photosentization of N20 in the 

presence of excess alkane and monitored [0] loss by a phase modulation technique, watching emiSSion from 0 + NO. Corrections for 

trace butenes in. the butane were made later. 11 Atkinson, et a1. 11 measured kA at 298-439 K by flash photolysis-N02 
chemiluminescence in excess butane. The correction for the 0.05% butenes amounted to almost 30% of the rate at 299 K, decreasing 
at higher' tQ!llper'atur'es" The cOr'r'Qoted va1uQs (ot' both Ret's" 10 and 11) dift'er negligibly from the r'esu1 ts ot' Ref" 8 exoept at the 

highest temperature. The most rel iable measurements should be those of Refs. 8 and 9; the former g1 ve rate coefficients 

approximately 50% faster than the latter over the overlapping temperature range. Thus we conclude that log kA(298) - 7.1 ± 0.2. 

CALCULATlUN::i 

Separate transi tion-state-theory calculations were carried out for the attack of 0 atans on the primary and the secondary H 

atans. This requires separate values for k, (298) and k2(298), the rate coeffiCients for 0 attack on primary and secondary H atans 

at 298 K, respectively. Because the best experimental value for kA(298) is more than 20 times larger than the rate coefficient at 

the same temperature for 0 + C~6' it was assumed that kA(298) is essentially k2(298). k, (298) was calculated assuming the 

acti vation energy at 300 K to be the average of those of 0 + C2H6 and 0 + neo-C5H12 (see data. sheets for those reactions). For 

additional details see Ref. 12. The resulting values of k1 and k2 were added to give kA(T) , which could be expressed by kA 
4.7" 10-' T3-9 O;::Jlp(-700/T) L 11101-1:;;-1. Tile cCllculdl.o;::ll l"Cll.iu K2/K1 1:::; Clj.lpt"uxiIllCll.tIly 35 al. 298 K, l.Iecreaslng t.o approximat.ely 
unity at 2000 K. 

DISCUSSION 

The calculations indicate that there should be curvature on an Arrhenius plot (i.e., log kA vs. liT), making kA(2000) about 3 

times larger than a linear extrapolation would predict. Ourrecanmendation is based on the calculations described above, which 

are in good agreement with the experimental data. The range in experimental values for kA is a factor of 3 throughout the 

temperature range of 250-400 K. This uncertainty adds to the uncertainty inherent in the TST calculations. Thus, we recQlJllend kA 

.. 4.7 ,,10-2 T3.9 exp(-7801T) over the temperature range of 250 - 2000 K, with an uncertainty in log kA of ±0.2 at 298 K, 

increasing to ±O.3 at 2000 K. A reliable high-temperature measurement of kA would be very useful, as would a determination of 

k,/k2 at any temperature. 
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CHEMICAL KINETIC DATA SHEETS FOR HIGH-TEMPERATURE REACTIONS 

THERMOCHE1-1ISTRY 

The title reaction is the sum of three separate processes: attack on one of the six equivalent primary H atoms. , 
o + CH3(CH2)3CH3--+ OH + CH3(CH2)3CH2 

attack on one of the four equivalent secondary H atoms on the number 2 carbons. 

o + CH3(CH2)3CH3 ~~+ OH + CH3(CH2)2CHCH3 

and attack on one of the two equivalent secondary H atoms on the number 3 carbon. 
2b 

1223 

o + CH3(CH2)3CH3 --+ OH + CH3CHzCHCH2CH3 
Thermochemical data for 0 and OH are from the JANAF Thermochemical Tables. 3rd edn. ('985). Group additivity rules' were used to 

estimate the differences between lIHf~98 and S~98 for the three pentyl radicals and for the alkane itself. Equilibrium constant 

expressions have not been calculated because the reverse reactions (between pentyl radicals and OH) will. under all conditions of 

practical interest, be slower than the competing radical recombination reactions (OH + C5H" .. C5H, ,OH). 

MEASUREMENTS 

Herron and Huie2 measured kA over the temperature range of 255-597 K in a flow system, with [OJo/[C5H,2]0 > '5, by monitoring 

alkane disappearance by mass spectrometry. The method should be free from complications due to impurities or secondary reac

tions. They obtained, at 307 K, kA 4.4:.!: 0.4 " 107 L mol-'6-1 , and interpolated3 kA at 298 K to be 3.5 " 107• 

CALCULATIONS 

Separate transition-state-theory calculations were carried out for the attack on the primary and on the secondary H atoms. 

Trial calculations on the two different kinds of secondary H atoms suggested that the differences in the two calculations were too 
Slight. and the respective uncertainties too large, to justify carrying out separate calculations. Consequently, k2a and k2b were 

grouped together and only their sum, k2' was calculated. This requires separate values for kl (298) and k2(298), the rate coeffi

cients for 0 attack on primat·y and secondary H atoms at 298 K, respectively. Because the experimental value for kA at 298 K is 

approximately 50 times larger than the rate coefficient at the same temperature for 0 + C2H6' it was assumed that kA(298) is 

essentially a measure of k2(298). k,(298) was assumed to be 3.8 x 105 L mol-1s- 1, a value obtained by calculating the entropy of 

acti vation by the usual method and assuming approximately the same activation energy at 300 K as for the reaction of 0 + C4HlO' 

The vibrational frequencies of the two activated complexes and effect of the 0 atom on the barriers to internal rotation were 

assumed to be, the same as in the case of the analogous reactions of 0 + C4HlO (see data sheet for that reaction). For further 

details, see Ref. q. The resulting values of k1 and k2 calculated separately were added together to give kA(T), which could be 

expressed by kA = 38 T3. 0 exp(-1010/T) L mol-1s-1 over the temperature range of 250-2000 K. The calculated ratio k2/k1 is 

approximately 90 at 298 K. decreasing to approximately 1 at 2000 K. 

DISCUSSION 

Although there is only one set of experimental data, its consistency with data for 0 atom reaction with higher alkanes (see 

data sheets for 0 + C6H14' 0 + C7H16' and 0 + C8H18)' and the success of the same model yielding transi tion-state-theory calcula

tions that fit all four reactions as well, strengthens the reliabili ty of both the experiments and the calculations. Consequent

ly, we recommend kA 38 T3.0 exp(-1010/T) L mol-1s-1 for 250-2000 K, with an uncertainty in log kA of ±0.2 at 298 K, increasing 

to ±0.3 at 2000 K. 

References 

1. S. W. Benson, Thermochemical KinetiCS, 2nd edn. (Wiley, New York; 1976). 
2. J. T. Herron and R. E. Huie, J. Phys. Chern. 73, 3327 (1969). 
3. J. To Herron and R. E. Huie, J. Phys. Chern. Ref. Data 2, 1167 (1974). 
4. N. Cohen and K. R. Westberg, Int. J. Chern. Kinet. ~, 99 (1986). 
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.!. k(T) Range 

kA 100 T2•9 exp(-IOOO/T) 250-2000 K L InQCIS-l 

1.7 )( 10-19 T2• 9 exp(-1000/T) 

5.5 x 107 

9.1 x 10-14 em3 malecule-1s-1 

k2/kl 0.19 TO. 2 exp(l610/T) 298-2000 K 125 

Uncertainty In log kAl :to.2 near 298 X. increasing to ;to.3 at 2000 K. Uncertainty In log k2/kl: ±D.5. Expressions for K, k_l 

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

THERMOCHEMISTRY 

The title reaction is the sum of three separate processes: attack on one of the six equivalent primary H atoms, 

o + CH 3(CHZ) 4CH3 -1. OK + CH 3(CH Z) 4CHZ 

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

o + CH
3

(CH
Z

) 4CH3 ~+ OH + CH
3

(CH
Z

)CHCH
3 

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

o + CH3(CHZ) 4CH3 ~+ OH + CH 3CHZCH(CHZ) ZCH 3 

1225 

Thermochemical data for 0 and OM are from the JANAF Thermochemical Tables, 3rd edn. (1985). Group contribution rules 1 were used 

·to estimate the differences between AHf~98 and S~98 for the three hexyl radicals and for the alkane itself. EquiUbrium 

constant expressions have not been calculated because the reverse reactions (between hexyl radicals and OH) will, under all 

conditions of practical interest, be slower than the competing radical recombination reactions (0" + C6H13 + C6H130H). 

MEASUREMENTS 

Herron and Huie Z measured kA over the temperature range of Z47 - 597 K in a flow system, with [OJo /[C6"14 Jo > IS, by 

monitoring alkane disappearance by mass spectrometry. The method should be free from complications due to impurities or 

secondary reactions. They obtained, at 307 K, kA - 6.8 ± 0.7 x 107 L mol-Is-I, and interpolated 3 kA at Z98 K to be 5.6 x 10 7• 

CALCULATIONS 

Separate transition-state-theory calculations were carried out for the attack on the primary and on the secondary H atoml;' 

As in the case of 0 + n-C5H1Z (see data sheet for that reaction), k Za and kZb were grouped together and only their sum, kZ' was 

calculated. This requires separate values for k1(Z98) and k2(298), the rate coefficients for 0 attack on primary and secondary H 

atolDS at Z98 K, respectively. Because the experimental value for kA at 298 K is approximately 100 times larger than the rate 

coefficent at the same temperature for 0 + C2H6' it was assumed that kA(298) is essentially a measure of kZ(Z98). k l (298) was 

estimated by the same procedure used for the 0 + n-C4Hl O reaction. Similarly ,the vibrational frequencies of the two activated 

complexes and effect of the 0 atom on the barriers to internal rotation ",ere assumed to be the same as in the case of the ana

logous reactions of 0 + n-C4HlO (see data sheet for that reaction). For further details, see Ref. 4. The resulting values of kl 

and k Z calculated separately were added together to give kA (T), which could be expressed by kA • 100 T2• 9 exp (-lOOO/T) 

L mol-Ls-l over the telDperature range of 250-2000 K. The calculated ratio kZ/k l 1s approximately 125 at 298 K, decreasing to 

approximately 2 at ZOOO K. 

DISCUSSION 

Al though there is only one set of experimental data, 1 ts consistency w1 th data for 0 atom reaction with homologous alkanes 

(.ee data ohcet. for 0 + C,1l1Z ' 0 + C,R1b , And 0 + CgllH:I)' and the ."eec •• of the ....... e .... del :yielding t"onoit:ion-ot"te-theo,,:l" 

calculations that fit all four reactions as well, strengthens the reliability of both the expet:lments and the calculations. Con

sequently, we recommend kA • 100 T2• 9 exp(-lOOO/T) L mol-ls-l for 25D-2000 K, With an uncertainty in log kA of to.2 at 298 K, 

increasing to :to.3 at ZOoo K. 

References 

1. S. W. Benson, Thermochemical Kinetics, 2nd edn. (Wiley, New York; 1976). 
2. J. T. Herron and R. E. Huie, J. Phys. Chem. 73, 3327 (1969). 
3. 1. T. Norron aad. Itt. E. Hui .. , J. PI:iYQ. Cham. R4£. nata 2, 467 (974). 
4. N. Cohen and K. R. Westberg, Int. J. Chem. Kinet. 1!. 19 (1986). 
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1.5 x 10-19 T2• 9 exp(-880/T) 1.3 X 10-13 cm3 molecule-1s-1 
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Expressions for K, k_1 and k-2 are not given because the reverse reactions are unlikely to be important at any temperature. 
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CHEMICAL KINETIC DATA SHEETS FOR HIGH-TEMPERATURE REACTIONS 1227 

THERMOCHEMISTRY 

The title reaction is the sum of four separate elementary processes: attack on one of the six equivalent primary H atoms, 

attack on one of the' four equivalent secondary H atoms on the number 2 carbons, 

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

attack on one of the two equivalent secondary H atoms on the number 4 carbon, 

o + CH 3(CH 2 )SCH 3 ~£+ OH + CH3(CH2)2CH(CH2)2CH3 

Thermochemical data for 0 and OH are from the JANAF Thermochemical Tables, 3rd edn. (1985). Group contribution rules l were 

I\,,,~rl to estimate the rlifferences between enthalpies and entropies for the fOllr heptvl radicals and for the alkane itself. Equili

hrluln constant expressions have not been calculated because the reverse reactions (between heptyl radicals and OH) will, under all 

conditions of practical interest, be slower than the competing radical recombination reactions (OH + C7HI5 + C7HI50H). 

MEA3URENENTS 

Herron and Huie 2 measured kA over the temperature range of 247 - 597 K in a flow system, with [010/lC 7H16 J o > 20, by monitor

ing alkane disappearance by mass spectrometry. The method should be free from complications due to impurities or secondary reac

tions. They obtained, at 307 K, kA (9.7 ± (,) x 10 7 L moels- I , and interpolated 3 kA at 298 K to be 7.7 x 10 7• Marsh and 

Heicklen 4 generated 0 atoms from Hg-sensitized photodecomposition of N20 in the presence of C3Ff, and alkane at 307-398 K. kA was 

determi.ned relative to the rate coefficient k, for the 0 + C3F6 reaction by measuring the decrease in oxygenated fluorocarbon 

products gas chromatographically. k3 had been determined previously5. Their roor:! temperature result is close to that of Ref. 2 

hut their activation energy is noticeably smaller. 

CALCULATIONS 

Separate transition-state-theory calculations were carried out for the attack on the primary and on the secondary H atoms. 

As in the case of 0 + n-CSHI2 (see data sheet for that reaction). k 2a • k2b • and k 2c were grouped together and only their sum. k 2• 

was calculated. This ,requires separate values for k l (298) and k2(298). the rate coefficients for 0 attack on primary and second

ary H atoms at 298 K, respectively. Because the experimental value for kA at 298 K is more than 100 times larger than the rate 

coefficient at the same temperature for 0 + C2H6 , it was assumed that kA(298) is essentially a measure of k2(298). k l (298) was 

assumed to be 2.5 x 105 L mol-Is-I, a value obtained by the same procedure as used for 0 + n-C4HIO ' Similarly, the vibrational 

frequencies of the two activated complexes and effect of the 0 atom on the barriers to internal rotation were assumed to be the 

same as in the case of the analogous reactions of 0 + n-C4HlO (see data sheet for that reaction). For further details, see Ref. 

6. The resulting values of kl and k2 calculated separately were added together to give kA(T), which could be expressed by kA = 93 

T2 • 9 exp(-880/T) L mol-Is- I over the temperature range of 250-2000 K. The calculated ratio k2/ki is approximately 298 at 298 K, 

decreasing to approximately 3 at 2000 K. 

nTsc-nSSTON 

The data of Ref. 2 are preferred because of the directness of the method. The consistency with data for 0 atom reaction wi til 

other alkanes (see data sheets for 0 + C5H14, 0 + C6H14, and 0 + CSHIS)' and the success of the same model yielding transition

state-theory calculations that fit all four reactions as well, strengthen the reliability of both the experiments and the cnlnll:\

l.1ons. consequently, we recommend KA = 93 T2 . 9 exp(-IHlO/I) L mOl-1s- 1 tor ,DU-:WUU K, with an uncertainty in log kA of ±O.2 "I. 

298 K, increasing to :f:O. 3 at 2000 K. 

References: 

1. S. W. Benson, Thermochemical Kinetics, 2nd edn. (Wiley, New York; 197"6). 
2. J. T. Herron and R. E. Huie, J. Phys. Chern. ~3327 (1969). 
3. J. T. Herron and R~ E. Huie, J. Phys. Chern. Ref. Data, 2, 467 (1974). 
4. G. Marsh and J. Heicklen, J. Phys. Chern. 2.!.. 250 (1967):-
5. D. Saunders and J. Heicklen, J. Phys. Chem. 70, 1950 (1966). 
6. N. Cohen and K. R. Westberg, Int. J. Chern. Kinet. ~, 99 (1986). 
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THIS RECOWWENOATION 

6H~98 = -11.3 ± 6 kJ moCl (-2.7 kca1 moCl ) 

6S~98 = 43.6 ± 8 J mo1-1 K-1 (10.4 cal mo1-1 K-1) 

6H~98 = -28.9 ± 7 kJ moCl (-6.9 kca1 moCl) 

6S~98 = 38.4 ± 8 J moC I C 1 (9.4 cal moCl K-1) 

t.H~98 = -32.2 ± II ItJ lIIoCl (-7.7 \r.ca1 lIIoCl) 

6S~98 = 38.4 ± 8 J moC l K-1 (9.4 cal moC I K-1) 

6H~98 = -32.2 ± 11 kJ mol-1 (-7.7 kea1 moCl) 

t.S~98 = 38.4 ± 8 J lIIoC l 1(.-1 (9.4 cal m01-1 K-1) 

300 
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RECOMMENDED RATE COEFFICIENTS 

1.9 " 102 T,·R tlA.,(-640/T) 

3.2 x 10-19 T2•8 exp(-840/T) 

0.28, TO. 2 exp(I880/T) 

2502000 K 

298-2000 K 

1.0 " 108 

1.7 )( 10-13 

450 

L 1'1101-10-1 

cm3 molecu1e-1s-1 

Uncertainty in log \r.A: to.2 near 2911 K, increasing to to.3 at 2000 K. Uncertainty in log 1t2/ltl: to.5 Irolll 298 to 2000 K. 

Expressions for K. It-I and k-2 are not given because the reverse reactions are unlikely to be important at any temperature. 
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CHEMICAL KINETIC DATA SHEETS FOR HIGH-TEMPERATURE REACTIONS 

THEROOCHEMISTRY 

The title reaction is the sum of four separate elementary processes: Attack on one of the six equivalent pr-imar-y H atoms, 
1 o + CH3(CH2)6CH3 --+ OH + CH3(CH2)6CH2 

attack on one of the four equi valent secondary H atoms on the number 2 carbons, 
. 2a 

o + CH3(CH2)6CH3 --+ OH + CH3CH(CH2)5CH3 

attack on one of the four equivalent secondary H atoms on the number 3 carbons, 
2b o + CH3(CH2)6CH3 --+ OH + CH3CH2CH(CH2)4CH3 

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

o + CH3(CH2\CH3 f9+ OH + CH3(CH2)2CH(CH2)3CH3 

1229 

Thermochemical data for 0 and OH aFe from the JANAF Thermochemical Tables, 3rd edn. (1985). Group contribution rules1 were 

used to estimate differences between enthalpies and entropies for the four heptyl radicals and for the alkane itself. Equilibr-ium 

constant expressions have not been calculated because the rever'se r'eactions (between octyl r'adicals and OH) will, under' all condi

tions of practical inter'est, be slower than the competing radical recombination reactions (OH .. C8H17 + C8H170H). 

MEASUREMENTS 

Herron and Huie2 measured kA over the temperature range of 247 - 597 K in a flow system, wi th [O]0/[C8H18]0 > 1 ~, by moni tor

ing alkane disappearance by mass spectrometry. The method should be free from complications due to impur'ities or secondary reac

tlons. lney obt.alnea, at JUI K., KA = (1.2j ± 0.16) )( 108 L mOl- 1s-1 , ana Interpolat.ea3 KA at. 298 K t.o be 1.0 )( 108 An earller 

measurement lj gave values of kA in the· temperature range of 353 to 473 K smaller by a factor of approximately 5 than those reported 

in Ref. 2. Because these values, and others from the same laboratory, are inconsistent with the majority of measurements for 

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

CALCULATIONS 

Separate transi tion-state-theory calculations were carried out for the· attack on the primary and on the secondary H atoms. 

As in the case of 0 + C5H12 (see data sheet for that reaction), k2a , k2b and k2c were grouped together and only their sum, k2' was 

calculated. This requires separate values for k, (298) and k2(298), the rate coefficients for 0 attack on primary and secondary H 

atoms at 298 K, respectively. Because the experimental value for kA at 298 K is approximately 300 times larger than the rate 

coeffiCient at the same temperature for 0 + C2H6' it was assumed that kA (298) is essentially a measure of k2(298). k1 (298) was 

estimated to be 2.2 x 105 L mol-1 s-l, by the same procedure used for the 0 + C4HlO reaction. Similarly, the vibrational fre

quencies of the two activated complexes and effect of the 0 atom on the barriers to internal rotation were assumed to be the same 

as in the case of the analogous reactions of 0 + C4H10 (see data sheet for that reaction). For further details, see Ref. 5. The 

resulting values of k, and k2 calculated separately were added together to give kA(T), which could be expressed by kA = 1.9 x 102 

T2. 8 exp(-8401T) L mol- l s-1 over the temperature range of 250-2000 K. The calculated ratio k2/k1 is approximately 450 at 298 K, 

decreasi ng to approximately 3 at 2000 K. 

DISCUSSION 

The consistency of the data of Ref. 2 with data for 0 atom reactions with similar alkanes (see data sheets. for 0 + C5H,2' 0 + 

C6H14' and 0 + C7H,6)' and the success of the same model yielding transi tion-state-theory calculations that fit all four reactions 

as well, strengthens the reliability of both the experiments and the calculations. Consequently, we recorrunend kA = 1.9 x 102 T2. 8 

exp(-840/T) L mol- l s- l for 250-2000 K, with an uncertainty in log kA of ±0.2 at 298 K, increasing to ±0.3 at 2000 K. 

References 

1. S. W. Rp.mmn. ThF>I"rTIt"l('>hpm;,...",' K;m,t;(,>"", ?nrl I?dn. (WilQy, New York; 1976). 
2. J. T. Herron and R. E. Huie, J. Phys. Chem. 73, 3327 (1969). 
3. J. T. Herron and R. E. Huie, J. Phys. Chem. Ref. Data 2,467 (1974). 
4. L. 1. Avramenko, R. B. Kolesnikova, and G. I. Savinova-;-Izvest. Akad. Nauk SSSR, Ser. Khim. 253 (1967), as reported in Ref. 4. 
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10-2 TO. I exp(231s/T) 298-2000 K 150 
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CHEMICAL KINETIC DATA SHEETS FOR HIGH-TEMPERATURE REACTIONS 1231 

THERMOCHEMISTRY 

The title reaction is the sum of two elementary reactions: removal of one of the nine equivalent primary H atoms to form 

isobutyl: 
1 o + (CH

3
) 3CH ---> OH + (CH

3
) 2CHCH2 

and removal of the single tertiary H to form t-butyl: 

o .. (CH3)3CH J. OH .. (CH3)3C' 

Thermochemical data for 0 and OH are taken from to JANAF Thermochemical Tables, 3rd edn. (1985). Data for isobutane are from 

Stull et al. l {l,Hf~98Ci-C4H9) = 57.3 kJ mol-1 is taken from Benson;2 tlHf~98(t-C4H9) has been the subject of considerable 

disagreement, as reviewed by McMillen and Golden) We use their recommended value of 36.4 kJ mol- l , but the uncertainty is at 

least ±8 kJ mol-1. S~98(i-C4H9) was calculated 1;.0 be 310.5 J mol- 1 K- l using group additivity methods and assuming that the 

barrier to rotation about the CC bond is 1.2 kJ mol- l . 4 sG(t-C4H9) was taken to be 318 J mol- 1K- l . 5 

MEASUREMENTS 

Four measurements of kA have been reported, all near room temperatur-e. 6- 9 Of these, the earliest6 is discarded because it is 

based on an incorr-ect mechanism and fur-thermore the method is too indirect to be reliable. The second 7 was cited in a footnote of 

another study and has not been reported in detail; consequently it is not possible to evaluate it pr'Oper-ly, although it does agree 

wi thin a factor of 2 with the two remaining, and most reliable, measurements. Washida and Bayes8 produced 0 atoms in a fast-flow 

reactor by passing 02/He thr-ough a microwave discharge. Isobutane or isobutane-d «CH3)3CO) at pressures compar-able to the 0 atom 

Pl'I;>SSIJl'1;> (appr"oYimat",ly 001 - 0-3 mPl'l) \Jl'l~ ::ulrlPrl too thp. flow_ Alkyl radical conC'!p.ntrl'ltion!'l WI'!I"I'! monitol"l'!d by photoionization mass 

spectrometry. Based on the results with the deuteroalkane, those workers concluded that abstraction of the tertiary hydrogen was 

the dominant but not exclusive pathway. kA at room temperatures was reported to be (6 ± 1.2) x 107 L mOI-1s- 1• Jewell et a1. 9 

produced 0 atoms by the N .. NO reaction. N atoms being formed in a microwave discharge through N2• Hydrocarbon was added 
UUWCll:>!.n::dlll. Kll1t:l.ll.: Ult:dl:>U[O"'UI"'III.l:> wt:n:: lUaUt: by munltocing ga::; chn:xllatogl-aphic con::;umption of i::;obutane ill the pl-e.:;ence of' exce.5.:; 0 

atoms. They reported kA = (7.9 ± , .4) x 107 L mOI-1s-' at 307 K. There are no measurements at higher temperatures. 

CALCULA nONS 

Separate transi tion-state-theory calculations were carried out for- the attack of 0 atoms on the primary and on the ter-tiary H 

atoms. This requires separate values for- k, (298) and k2(298). the rate coefficients for 0 attack on primary and secondary H atoms 

at 298 K, respectively. Because experimental evidence indicates that kA(298) is approximately 50 times lar-ger than k(298) for the 

o + (CH3)ljC reaction, it was assumed that kA(298) is essentially a measure of k2(298). k,(298) was assumed to be 5 • 105 

L mOl- l s-1, a value obtained by calculating the entropy of reaction by the usual methods and taking the activation energy at 298 K 

to be the same as for tertiary attack on 2.3-dimethylbutane (see data sheet for that r-eaction). The vibrational frequencies and 

effects of 0 adduct on the internal rotations of the two activated complexes were assumed to be the same as in the case of 0 + 

2.3-dimethylbutane as well. For additional details, see Ref. 10. This model gave good agreement with experimental data in the 

case of the latter molecule. The resulting values of kl and k2 were added together to give kA(T), which could be represented over 

the temperature range of 298-2000 K by the expression, kA(T) = 2 x 10-2 T3.9 exp(-801T) L mol-1s-1. According to this model 

k2/k, ;; 150 at 298 K. decreasing to 0.3 at 2000 K. 

DISCUSSION 

There is very good agreement between the two most reliable measurements of kA near room temperature, 8, 9 but no measurements 

at higher temperatures. Consequently we rely enti rely on the calculations to extrapolate kA to 2000 K. The reI iabi! i ty of the 

model used to do this depends on the success of the same model for the analogous reaction of 0 .. 2,3-dimethylbutane. The model 

agrees well with experiments for that l"eaction, and there is no reason to doubt its accuracy in this case. Consequently, we 

recommend kA(T) = 2 x 1O-2T3.9 exp(-BOIT) L mol-1s-1 • with an uncertainty in log kA of ±0.2 at 300 K. increasing to iO.4 at 

2000 K 

References 

1. D. R. Stull, E. F. Westl"um, Jr., and G. C. Sinke, The Chemical Thermodynamics of Organic Compounds (Wiley, New York: 
1969), p. 245. 

2. S. W. Benson, Thermochemical Kinetics, 2nd edn. (Wiley, New YOl"k: 1976). 
3. D. F. McMillen and D. M. Golden, Ann. Rev. Phys. Chem. 33. lj93 (1982). 
4. J. Pacansky and W. Schubert, J. Chern. Phys. 76, 1 459 (19S6). 
5. J. Pacansky and J. S. Chang, J. Chern. Phys. 74, 5539 (198!). 
6. F. J. Wright, 10thSymp. (Int.) Combust., 387(1965). 
7. R. J. Cvetanovic and L. C. Doyle, as cited in G. Paraskevopoulos and R. J. Cvetanovic, J. Am. Chern. Soc 2.!.., 7572 (1969). 
8. N. Washida and K. D. Bayes, J. Phys. Chem. 84, 1309 (1980). 
9. S. P. Jewell, K. A. Holbrook, and G. A. Oldershaw, Int. J. Chern. Kinet. 14, 585 (1982). 

10. N. Cohen. and K. R. Westberg, Int. J. Chern. Kinet . .l§., 99 (1986). -

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



1232 N. COHEN AND K. R. WESTBERG 

o + (CH3)4C ~ OH + CSH11 

llH~98 • -5.0 ± 4.4 kJ moCl (-1.2 keal moCl ) lIS~98 ,. 48.6 ± 8 J mol-leI (11.6 cal mol-1J{-l) 
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CHEMICAL KINETIC DATA SHEETS FOR HIGH-TEMPERATURE REACTIONS 1233 

THERMOCHEMISTRY 

Thennochemical data for a and OH are taken from JANAF Thennochemical Tables,· 3I"<i edn. (1985). Data for (CH3)4C (2,2-

dimethylpropane, or neopentane) are taken from Stull et a1.' The bond dissociation energy of (CH3)4C, D~98 «CH3)3CCH-H), was 

detennined2 relative to that of CH4' from which llH~98 can be calculated to be -S.O kJ mol-' for the reaction. The difference 

between the entropies of the radical and of the parent alkane was calculated3 by group additivity methods to be 26.0 J mol-1 K-', 
assuming a near-zero barrier to internal rotation about the Il-CC bond. 4 An analytic expression for K(T) has not been calculated 

because the. reverse reaction will, under all conditions of practical interest, be slower than the competing radlcal recombination 

reaction, OH + (CH3)3CCH2 .. (CH3)3CCH20H. 

MEASUREMENTS 

Of the throe measurementsS- 7 of k1' the most reliable is that of Michael et a1. 7, made by both flash photolysis-resonance 

fluorescence (41S-528 K) and discharge flow-resonance fluorescence (427-922 K). With «CH3)jjC]/[0] always greater than 200, the 

contribution from secondary reactions should always have been less than 10%. The reported rate coefficients (calculated without 

taking secondary reactions into account) therefore require small if any, corrections. Herron and HUie6 measured k1 between 276 

and 597 K in a flow system, with [O]o/[C5H,2]0 > 10 (>200 at low temperatures), by monitoring alkane disappearance by mass 
opectrometry. Under their conditione the reaotion chould be frGG fr'om seoondary prooesses. Never'theless, their' rate ooeffioients 

are consistently larger than those of Ref. 7 by a factor of 2-3. There are no obvious flaws with their procedure, except possibly 

that the small change in alkane concentration (less than 10% at T:$ 307 K) means limited precision in measuring k, (a 5% error in 

[RH]o or [RH]t means a 40% error in k1). The only likely source of systematiC error is the ethylene titration technique needed to 
measure absolute [0]. If the stOichiometry is greater tnan tne assumea valUe or <:! atoms u consumea per mOleCUle or l;2ti4' tnen [u] 

will be larger than was assumed, and kl consequently smaller. The results of wrightS are not used in this evaluation because the 

method was too indirect and the conclusions are based on an incorrect mechanism. 

CALCULATIONS 

A transition-state-theory calculation (TST) was carried out assuming that k(400) = 1.1 " 107 L mol- l s-1 (7) and assuming 

linear geometry for the C·H·O structure. Further details are given in Ref. 8. With these assumptions, the resulting rate 

coefficients can be fitted by the expression k = 2.S x 103 r2. S exp(-2720/T) L mol-1s-1. Another TST calculation h~s been 

described by Michael et a1. 9 

DISCUSSION 

Although it is difficult to pinpoint errors in the measurements of Ref. 6 we favor the more recent technique used in Ref. 7 

which produced lower values for k1. We recorrunend the expression for kl obtained by TST calculations, which also gi ves good 

agreement with the experimental data: kl = 2.5 )( 103 r2~5 exp(-2720/T) L mol- l s- 1. The uncertainty in k, is a factor of 2 

throughout the temperature range of 298-2000 K. 
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o + (CH3)2CHCH(CH3)2 ~ OH + CSH13 
o + (CH3)2CHCH(CH3)2 -1 ... OH + CH 2CH(CH 3 )CH(CH 3)2 6H~98 = -10.0 ± 8 kJ moC I (-2.4 kcal moC I ) 

6S~98 = 3').2 ± 5 J mol- I K- I (B.4 cal mol- 1 K- I ) 

o + (CH3)2CHCH(CH3)2 _.f ... OH + (CH3)2CCH(CH3)2 6H~98 = -36.2 ± 6 kJ mol- 1 (-8.7 kcal mol-I) 
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CHEMICAL KINETIC DATA SHEETS FOR HIGH-TEMPERATURE REACTIONS 

THERMOCHEMISTRY 

The ti tle reaction is the sum of two elementary reactions: removal of one of the twelve equi valent pr'imar'Y H atoms: 

o + (CH3)2CHCH(CH3)2 -1.. OH + .CH2CH(CH3)CH(CH3)2 

and. removal of one of the two equivalent tertiary H atoms: 

1235 

o + (CH3)2CHCH(CH3)2 _f .. OH + (CH3)i:CH(CH3)2 

Thermochemical data for 0 and OH are taken from JANAF Thermochemical Tables, 3rd edn. (1985). lIHf~98 and lIS~98 for both 

reactions are estimated by comparison with the analogous reactions of i -C4HlO' with appropriate corrections for' symmetry 

differences and for the effects of gauche interactions. 1 

Analytic expressions for K(T) have not been calculated because the reverse reactions (between dimethyl butyl radicals and OH) 

will, under all conci tions of practical interest, be slower than the competing radical recombination reactions (OH + 

C6H13 .. C6H130H ). 

MEASUREMENTS 

Herron and Huie2 produced 0 atoms in large excess in a flow tube by the N + NO reaction and monitored alkane consumption by 

mass spectrometry. The principal shortcoming of the method is the uncertainty in the 0 + C2H4 titration used to meaSUre [OJ. 

They obtained values of kA from 247 to 597 K; at 307 they found kA = 1.5 ± 0.3 x 108 L mol- 1s-1, and interpolated3 kA(298) to be 

1.2 x 108 . 

CALCULA nONS 

Separate transi tion-state-theory calculations were carried out for the attack of 0 atoms on the primary and on the tertiar'Y H 

atoms. This requires separate values for k1 (298) and k2(298), the rate coefficients for 0 attack on primary and tertiary H atoms 

~t 298 K, respectively. Because experimental evidence indicates that kA(298) is approximately 30 times larger' than k(298) for the 

o + (CH3)4C reaction, it was assumed that kA(298) is essentially a measure of k2(298). k1 (298) was assumed to be 5 x 105 

L mol-'s-', an estimation arrived at by calculating the entropy of reaction by the usual methods and taking the activation energy 

at 298 K to be the average of the activation energies of the reactions of 0 with C2H6 and with (CH3)4C, For additional details, 

see Ref. 4. The resulting values of k, and k2 were added together to give kA (T), which could be represented over the temper'ature 

range of 250-2000 K by the expression, kA(T) = 0.23 T3.6 exp(-140/T) L mol-1s-1• This expression agrees well with the 

experimental data. These calculations suggest k2/k, to be ~ 250 at 298 K, rapidly decreasing with temper'ature. 

DISCUSSION 

There is only one set of experimental data for kA• Because there is no other alkane for which tertiary attack by 0 atoms has 

been measured at temperatur'es above 300 K, there is no independent evidence to confirm the activated complex model that these data 

suggest. We recommend the calculated expression, which agrees with the experimental data: kA = 0.23 T3. 6 exp(-1401T) L mol- 1s-', 

over' the temper'atur'e range of 250-2000 K. The uncertainty in log kA is ±O.2 at 300 K, increasing to ±0.4 at 2000 K. The r'atio 

k2/k, is estimated to be 250 at' 300 K, decr'easing with increasing temperature. A confirmation of the high temperature values of 

kA' Or alternati vely a high temper'ature measurement of the rate of 0 attack on isobutane, would be very useful. 

References: 

1. 5. W. f:lenson, lI1€nnOCnemIcal KInetlcs, ~na ean. (wuey, New YOrK, l~itiJ. 

2. J. T. Her'ron and R. E. Huie, J, Phys. Chem.n, (1969). 
3. J. T. Herron and R. E. Huie, J. Phys. Chern. Ref. 2,467 (1974). 
lj. N. Cohen and K. R. Westber'g, Int. J. Chern. Kinet. 99 (1986). 

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



1236 

11 

10 

I 
\I) 9 "j 
'0 
E 

.....I 

~ 

C7I 
.sa 

8 

7 

1000 

SYf1BOl REF. 
6 2 

N. COHEN AND K. R. WESTBERG 

700 

T (K) 

500 

,.,,-THIS RECO .... ENDATION 

400 300 

-10 

-11 

"j 
\I) 

"j 
.!! 
~ 

-12 ~ 
'0 
E 

cot 

E 
u 

~ 

C7I 

-13 .2 

A 
-14 

6~ ____ ~~ ____ ~~ ____ ~~ __ ~~ ______ ~ ______ L-______ ~ ____ -= 
0.0 3.5 4.0 

RECOMMENDED RATE COEFFICIENTS 

3.2 )( 103 T2•5 exp(-2360/T) 

5.3 )( 10-18 T2.5 exp(-2360/T) 

298-2000 I{ L mol-1s-1 

cm3 molecule-1s-1 

Uncertainty in log k 1: 2:0.4 throughout temperature range. Because the reverse reaction is unimportant at any temperature, values 

fo" k-l and K(T) have not been "ceo_ended. 

(Oc tober 1987) 

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



CHEMICAL KINETIC DATA SHEETS FOR HIGH-TEMPERATURE REACTIONS 1237 

fHERMOCHEMISTRY 

Thermochemical data for 0 and OH are taken from JANAF Thermochemical Tahles, 3rd edn. (1985). Group additivity rules 1 were 

IIsecl to estimate differences between the enthalpies and entropies of the neooctyl radical, and of the alkane itself, a8suming a 

11~;.tr->:I~r.) h;.trrier to internal rotation about the a-GC bond. An an;.tlytie expression for K(T) has not been calculated because the 

reverse reaction, hetween Oil and neooctyl radicals, will, under all conditions of practi.cal interest, he slower than the <:ompeting 

radical combination process (OH + CaHl7 + CgH170H). 

HI~Ar.URCHr::NTS 

A single measurement of kl at 307 K has been reportecl. 2 The value ohtained, 8 x \06 L m~l-Is-l, is 2.4 times faster than the 

same workers reported for k2' the rate coefficient for the analogous reaction of 0 + neopentane. The measurement was made in a 

flow system wi th 0 atoms in large excess; alkane disappearance was moni tored by mass spec t romet ry, and [01 was determined by 

titration with ethylene. 

CALCULATIONS 

A transition-state-theory calculation was carried out assuming that k(298) = 2 x \06 L mol-Is- I and using the same model for 

the activated complex that was used for the reaction of 0 + neopentane (see data sheet for that reaction). Details are given in 

Ref. 3 (except that there, k(298) was assumed to be 1 x 106). With these assumptions, the reSUlting rate coefficients can be 

fitted by the expression. ki = 3.2 x 103 T2 • 5 exp(-2360/T) L mol-Is-I. 

DISCUSSION 

At 298 K. the calculated entropy of activation for reaction 1 is only 0.5 cal mol-IK- 1 larger than that for reaction 2, 0 + 

neopentane. The C-II boncl dissociation energy in neooctane has not been measured but is expected to be slightly lower (by 

)-') K,J/mole) ,tnan tnat or neopentane (4ZJ KJ/mole), wn1.cn snoula maKe tne act1vat1.0n energy smal Ler by approx1mately l-Z KJ/moL. 

and k(298) larger by a factor of 1.3 - 2.7. The recommended value for k2 (298) is 1 x 10 6• The measured value of k1(307) is 

8 x 106 • which seems too large because it implies that either the activation energy of reaction 1 is 5 kJ/rnol less than that of 

reaction 2 or that one of the calculated entropies of activation is significantly in error. A more plausible explanation is that 

the measured value of kl is too high. 4 In Ref. 2, k2 was also measured using the same technique. We concluded that their 

measurements of k2 were also too high; see the data sheet for that reaction for a further discussion. We recommend ki (298) = 

2 x 106 and the calculated expression for kl (T) based on this value. namely. kl = 3.2 x 10 3 T2 • 5 exp(-2360/T) L mol-Is-l. with an 

uncertainty in log kl of ±0.4 throughout the range of 298 K " T " 2000 K. 

S. W. Benson. Thermochemical Kinetics. 2nd edn. (Wiley. New York; 1976). 
2. .T. T. IIerron and R. E. IIuie. J. Phys. Chem. 73. 3327 (1969). 
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THERMOCHEMISTRY 

Thennochemical data for 0 and OH are from JANAF Thermochemical Tables, 3rd edn. (1985). Group additivity rules1 were used to 

estimate differences between llHf~98 and S~98 for the cyclopentyl radical and for the parent alkane itself. An analytic expression 

for the equilibrium constant has not been calculated because the reverse reaction will, under all conditions of pr'actical 

interest, be slower' than the radical recombination r-eaction (OH + c-C5H9 .. c-C5H90H). 

MEASUREMENTS 

The most r'eliable measurements are those of Huie and Herr-on,2 who studied the reaction at 307-652 K in a flow tube, pr-oducing 

° atoms by passing a few percent of 02 in Ar through a microwave discharge. ° atoms were kept in considerable excess over 

alkane. Relative [0] was determined by mass spectrometry, put on an absolute basis by titration with N02' The alkane 

concentration was also measured by mass spectrometry. Because [OJ was kept in' excess and at most 10% of the alkane was consumed, 

the method was free of complications caused by secondary reactions. However, since k is propor-tional to 1n([RH]o/[RHJt ), a 5% 

error in measuring either [RH]o or [RH]t results in a 50% error in k. From their own data, they later3 extrapolated a value of 

k,(:lOO) of 7.5 x 107 L mol-1s-1. An earlier measurement4 of k, relative to the rate of reaction of ° atoms with C3F6' in turn 

measured relative to the rate of 0 with 1-C4H8' is not used in this evaluation because of its indirectness. 

CALCULATIONS 

Transition-state theory calculations were carried out for k1 in order to extrapolate the rat.e coefficients to higher 

temperatures. St(298) was estimated by group additivity methods, using the parent cycloalkane as a model compound. The C·H·O was 

assumed to be linear -- an assumption suppor-ted by exper-iments of Dutton, et al. 5 Vibrational frequencies assumed for the 

activated complex are descr-ibed in Ref, 6, along with other details. With an assumed value for k,(298) of 7.5 x 107 L mol-1s-1 

based on Ref, 3, this model yields values for k1 that are fitted by the expression, k1 " 2.9 x 103 r2. 6 exp(-1390) L mol- 1s-1. 

DISCUSSION 

The calculations are in reasonable agreement with the data of Ref. 3, and also consistent with data and calculations for 

reactions of 0 with c-C6H12 and with C-C7H14 (see da.ta sheets for those r-eactions). We therefor-e recommend k1 = 2.9 x 103 T2. 6 

exp(-1390) L mol-1 s-1, with an uncer-tainty in log k1 of ±0.3 at 29B K, increasing to ±O.S at 2000 K. 
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CHEMICAL KINETIC DATA SHEETS FOR HIGH-TEMPERATURE REACTIONS 1241 

THERMOCHEMISTRY 

Thermochemical data for 0 and OH are taken from JANAF Thermochemical Tables, 3rd edn. (1985). Group additivity rules 1 were 

used to estimate differences between 6Hf~98 and S~98 for the cyclohexyl radical and for the parent alkane itself. An analytic 

expression for the equilibrium constant has not been calculated because the reverse reaction will, under all conditions of 

practical interest, be slower than the radical recombination reaction (OH + c-C6Hll .. c-C6HllOH). 

MEASUREMENTS 

The most reliable measurements are those of Huie and Herron,2 who studied the reaction at 301-652 K in a flow tube, producing 

o atoms by passing a few percent of O2 in Ar through a microwave discharge. 0 atoms were kept in considerable excess over 

alkane. Relative [OJ was determined by mass spectrometry, put on an absolute basis by titration with N02• Alkane concentration 

was also measured by mass spectrometry. Because [O~ was kept in excess and at most 10% of the alkane was consumed, the method was 

free of complications caused by secondary reactions. However, since k is proportional to In([RH]ol[RIl]t), a 5% error in measuring 

either [RHJo or [RH]t results in a 50% error in k. At 301 K they obtained values between 1.0 and 1.4 x 108 L mol- l s- l . 

Kim and Timmono3 otudicd the r'eaetion in a dioehar'ge flow facility, the 0 atcms being gener'ated by the reaction between Nand 

NO. Two procedures were used.: in one, [OJ was in excess and [C6H12J was monitored mass spectrometrically; in the other, [C6H12J 

was in excess and [OJ was measured by epr. The epr results were not corrected for stoichiometry and hence are not useful as they 

stand. The mass spectrometric data, at 300-440 K, are in good agreement with the results of HUie and Herron: at 300 K they 
reported k = 1.0 x 108 . Washida and Takagi 4 used photolonization mass spectrometry to monitor C-C6H12 C!isappearance in the 

presence of excess 0 atoms and obtained a value for kl about 30% smaller than the 8.3 x 101 value recommendetl by Herron and Huie;5 

however, details of their data reduction are not given. Two earlier measurements are not used in this evaluation: that by 

Avramenko, 6 for reasons discussed by Kaufman; 1 and that by Stuckey and Heicklen8 because kl was measur'ed relative to the rate of 
reaction of 0 + C3F6' which in turn was measured relative to the rate of 0 + l-C4H8' 

CALCULATIONS 

Transi tion-state theory calculations were carried out for kl in order to extrapolate the rate coefficients to higher 

temperatures. S*(298) was estimated by group additivity methods, using the parent cycloalkane as a model compound. 

The C'H'O geometry was assumed to be linear. Vibrational frequencies for the activated complex were taken to be the same as for 

the reaction of 0 + C-C5HlO . For further details, see Ref. 9. With an assumed a value for k1(298) of 8.3 x 101 L moCl s-l from 

Ref. 5, this model gives values for kl that are fitted by the expression, kl = 2.6 x 103 T2. 6 exp (-121101T) L mol- l s-l. 

Although c-C6H12 in its most stable (chair) conformation has a symmetry number of 6, these calculations were carried out 

assuming all H atoms are equivalent. This assumption is questionable. If it is incorrect, and for example, the equatorial H 

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

the above expression. 

DISCUSSION 

The calculations, based on experimental values of kl (300) of Refs. 2 and 3, are in good agreement with higher temperature 

data of those studies. Apart from this, there is no reason to invalidate the result of Ref. 4. We recorrunend the calculated 

expression of kl = 2.6 x 103 T2. 6 exp(-12401T) L mol- l s-l, with an uncertainty in log kl of ±0.3 ·at 298 K, increasing to ±0.5 at 
2000 K. 
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CHEMICAL KINETIC DATA SHEETS FOR HIGH-TEMPERATURE REACTIONS 1243 

THERMOCHEMISTRY 

Thermochemical data for 0 and OH are from JANAF Thermochemical Tables, 3rd edn. (1985). Group additivity rules' were used to 

estimate differences between t,Hf~98 and S~98 for the cycloheptyl radical and for the parent alkane itself. An analytic expression 

for the equilibrium constant has not been calculated because the reverse reaction will, under all conditions of practical 

interest, be slower than the radical recombination reaction (OH + c-CrH13 .. c-C1H130H). 

MEASUREMENTS 

A SIngle serIeS or expenmental measurements or Kl nas Deen reponea. HUIe ana Herron2 prooucea 0 atoms Dy passIng a now or 

argon with a few percent 02 through a microwave discharge and added reagent gas downstream. 0 atoms were kept in considerable 

excess. Relati ve [OJ was determined by mass spectrometry, put on an absolute basis by ti tration wi th N02. Alkane concentration 

was also measured by mass spectrometry. Measurements were made between 331 and 652 K. Because [OJ was kept in excess and at most 

10% of the alkane was consumed, the method. was fr'ee of complications caused by secondary r'eactions. However', since k is 

proportional to In([RH]ol[RH]t), a 5% error in measuring either [RH]o or [RHh can mean a 50% error in k. The scatter in the data 

reflects this shortcoming. From their data, they3 extrapolated a value of k1(298) of 1.6 x 108 L mol-1s-1 , by assuming a linear 

Arrheni us plot. 

CALCULA nONS 

Transi tion-state theory calculationS were carried out for kl in order to ex~rapolate the rate coefficients to higher 

temperatures. S1'(298), was estimated by group additivity methods, using the parent cycloalkane as a model compound. 

The C·H·O structure was assumed to be linear. Vibrational frequencies for the activated complex were taken to be the same as 
reaction of 0 + c-C5HlO • For further details, see Ref. 4. With an assumed value for kl (298) of 2.0 x 108 L mol- l s-l, this model 

gives values for k, that are fitted by the expression, k, = 2.3 x 103 T2 •6 exp(-1020/T) L mol-1 s-1, (This expression was 

obtained by treating the reaction as if there were a symmetry change of 1 ~ .. 1. Strictly speaking C-C1Hl ~ has a symmetry of 1 and 

one should treat the problem as if there were 1 ~ separate H atom abstraction reactions with (possibly) varying enthalpies and 

entropies of acti vation. The expected variations, though, are so slight that the calculation can effectively be carried out by 

assuming o(c-C1H14) = 14.) 

DISCUSSION 

The calculations are in reasonable agreement with experiment, though the latter possibly suggest more curvature in the plot 

of log k vs lIT than the former. Until there are more precise measurements available, we recommend an expression for kl derived 

from the calculations: k1 ~ 2.3 x 103 T2 •6 exp(-1020/T) L rnol- l s-l, with an uncertainty in log k1 of ±O.3 at 298 K, increasing 

to ±O. 5 at 2000 K. 

References 
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CHEMICAL KINETIC DATA SHEETS FOR HIGH-TEMPERATURE REACTIONS 

THERMOCHEMICAL DATA 

Thennochemical data for H20 and OH are from JANAF Thennochemical Tables, 3rd edition ('985). Based on the review of McMillen 

and Golden,' LlHf~98(CH3F) = -233 ± 8 and LlHf~98(CH2F) = -32.6 ± 8 kJ mol"",·1. We estimate S~98(CH2F) = S~98(CH3F) + Rln ge' assum

ing that the radical is nonplanar and that ge = 2. An analytic expression for K(T) has not been calculated· because the reverse 

reaction is unlikely ever to be important. 

MEASUREMENTS 

1245 

Howard and Evenson2 measured k1 at 296 K at 0.8 - 10 torr total pressure in a discharge flow system, using the H + N02 reac

tion to generate 109 - 1011 OH r'adicals/cm3 and using laser magnetic resonance at 84.3 \.1m for radical detection. They obtainec 

(9.6 ± 2.1) .106 Lmol-'s-'. Nip et a1. 3 produced QH at 297 K by VUV flash photolysis of 0.3 torr H20 and monitored OH decay by 

resonance absorption at 308.2 nm. They reported k, = ('.3 ± 0.') • 107 L mol-'s-'. In the only temperature-dependent measure

ment, Jeong and Kaufman4 studied the reaction between 292 and 480 K in the presence of eXcess fluorocarbon in a discharge flow 

apparatus, also using the H + N02 reaction as an OH radical source, and monitoring OH decay by resonance fluorescence. Their results 

are fitted by5 k, = (4.9 '" 0.8) • 109 exp(-18901T) L mol-'s-l, with a 292 K value of (8.lJ ± 0.5) • 106• Bera and Hanrahan6 

measured k1 at room temperature using pulse radiolysis--absorption spectroscopy, and reported (1.0 ± 0.16) x 107 L mol -1 s-l. 

The spread among the room temperature values is thus apPr'oximately 0.2 units in log k" or 60% in k1• 

CALCULATIONS 

Transi tion-state-theory calculations were carried out to extrapolate kl to temperatures beyond the range of experimental data 

and to test for consistency of the data with data for reactions of OH with other halomethanes. The value of k(298) required for 

the calculation was taken from Ref. 4. The model for the activated complex was based on that used previously for the reaction of 

OH with CH4' with appropriate chanGes for the vibrational frequenCies, moments of inertia, etc., r'esulting from the substitution 

of H by heavy halogen atoms. The results, in agreement with the data within 25% for T > 298 K, could be descr'ibed by the expres

sion, k1 = 2.6 • 105 'fl.':> exp(-14ClO/T) L mol-Is-I. For fUr'ther computational details, se~ Ref. 7. 

DISCUSSION 

The calculations are in very good agreement with the data of Ref. lJ throughout the range of exper'iments. Hence, we rely on 

them to extrapolate kl to higher temperatures and recommend k1 = 2.6 • 105 T1.5 exp(-1480/T) L moC 1s- 1 , with an uncertainty in 

log k, of ±O.l at 298 K, incr-easing to ±O.3 at 1000 K and higher'. 
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t.H~98 = -16.1 ± 8 kJ mol-1 (-18.2 kcal mol-1) 
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CHEMICAL KINETIC DATA SHEETS FOR HIGH-·TEMPERATURE REACTIONS 

THERMOCHEMICAL DATA 

Thermochemical data for H20 and OH are from JANAF Thermochemical Tables, 3rd edition (1985). Based on the review of McMillen 

and Golden,l llHf~98(CH2F2) = -452.2 and llHf~98(CHF2) = -247.6 kJ mol-1. We estimate S~98(CHF2) = S~98(CH2F2) .. Rln ge' assuming 
that the radical is nonplanar and that ge = 2. An analytic expression for K{T) has not been calculated because the reverse 

reaction is unlikely ever to be important. 

EXPERIMENTAL DATA 

Experimental results are surrroarized as follows: 

Temp. Range P{torr) Method - ?~g~i~?~21 ) " - 1\ exp( -BIT) 
(K) Log A B 

RefeJ:'ence 

293-429 1.5-2 discharge flow- 6.511 9.65 2100 
resonance fluor~scence 

3, 250-492 discharge flow- 6.83 9.41 "(00 
resonance fluorescence 

296 0.8-9.8 discharge flow- 6.67 
magnetic resonance 

297 -SO flash photolysis- 6.85 
resonance absorption 

(298) 600 pulse radiolysis-resonance 6.72 
absorption 

CALCULATIONS 

Transition-state-theory calculations were carried out to extrapolate k, to temperatures beyond the range of experimental data 

and to test for consistency of the data with data for reactions of OH with other halomethanes. The mooel for the activated 

complex was based on that used previously for the reaction of OH with CHII' with appropriate changes for the vibrational 

frequencies, moments of inert~a. etc •• resulting from the substitution of If by heavy halogen atoms. The room temperature valUe of 

k1 used in the calculations was based on the results of Ref. 3. The results. in aR:reement with the data of Ref. 3 within 25'.1.. 
could be described by the expression, k, " 2.8 x 104 r" 7 exp(-1290/T) L mOl-1a-1• For further details. see Ref. 8. 

DISCUSSION 

The calculations are used as a basis for extrapolating 1<, to temperatures above the range of experimental data. Thus we 

recommend 1<, "2.8,, 104 T1.7 exp(-129Q/T) Lmol-'s-'. with an uncertainty in log k, of to.' at 298 K, increasing to to.3 at 

1000 K and above. This expression differs from all the data (excepting the lowest-temperature value of Ref. 2) by no more than 

25%. 

1. D. F. McMillen and D. M. Golden, Ann. Rev. Phys Chern. 33. 493 (1982). 
2. M. A. A. Clyne and P. M. Holt, J. Chern. SOc. Faraday TWts. II. 75. 582 (1979). 
3. K.-M. Jeong and F. Kaufman, J. Phys. Chern. 86. ,808 (1982). -
4. K.-M. Jeong, K.-J. Hsu, J. B. Jeffries, andF. Kaufman, J. Phys. Chern. 88. 1222 (984). 
5. C. J. Howard and K. M. Evenson, J. Chern. Phys. 64, 197 (1976). -
6. W. S. Nip, D. L. Singleton. R. OVerend. and G. Paraskevopoulos. J. Phys. Chem. 83, 2440 (1979). 
7. R. K. Sera and R. J. Hanrahan, RadiaL Phys. F'hys. Chern. 32. 579 (1988). -
8. N. Cohen and S, W. Benson, J. Phys. Chern. 12., 162 (1987).-
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CHEMICAL KINETIC DATA SHEETS FOR HIGH-TEMPERATURE REACTIONS 

THERMOCHEl-IICAL DATA 

1hennochemical data for H20 and OH are from JANAF Thennochemical Tables, 3rd edition (1985). Based on the review of McMillen 

and Golden, 1 llHf~98(CHF3) • -695.6 and lIHf~98{CHF3) • -1167.2 kJ mol- 1 Rogers2 recommends a slightly larger value of -464.8 ± 

4 kJ/mol. We estimate S~98 (CF3) ~ S~98 (CHF3) + Rln ge' assuming that the radical is nonplanar and that ge ~ 2. An analytic 

expression for K(T) has not been calculated because the reverse reaction is unlikely ever to be important. 

EXPERIMENTAL DATA 

Experimental results are summarized as follows: 

Reference 

4, 5 

Temp. Range 
(K) 

296-430 

387-480 

296 

297 

- 1300 

1255-1445 

P(torr) 

1.5-2 

0.8-9.B 

- 50 

- 760 

Method 

discharge flow
resonance fluorescence 

discharge flow
resonance fluorescence 

discharge flow-laser 
magnetic resonance 

flash photolysis
resonance absorption 

shock tube 

flash photolysis-shock 
tube 

K 2 A exp(-tj/T) 
Log A B 

5.89 see below 

9.26 29\0 

5.08 

5.32 

A linear extrapolation on an Arrhenius plot through the data of Jeong and Kaufman passes very near to the result of Howard and 
Evenson of 1.2 x 105 L mol-1 s-l. The data of Clyne and Holt, however, are inconsistent with the other workers; 1n fact, they 

observed practically no temperature variation between the two temperatures of their measurements. Bradley et a1. 8 reported only 

relative rate coeffiCients for OH reacting with several compounds including CHF3, H2, CHljl and C2H6' For these four species 

relative rate coefficients were 0.19:0.59:1.0:2.88. Using our own evaluated rate coeffiCients for OH + H2 , CH4 and C2H6' the 

above ratiOS give values for k1 between 6.4 and 8.1 " 108 L mol-1 s -1 at 1300 K, or log k, . 8.85 ± 0.05, in reasonable agreement 

wi th an extrapolation based on the results of Jeong and Kaufman. Ernst et a1. 9 used flash photolysis of H20 to produce OH in 

shock-heated Ar-CHFrH20 mixtures and monitored [OH] disappearence. They reported k1 • (4.0 ± 1.0) x 188 under their conditions. 

CAU::ULATIONS 

Transition-state-theory calculations were carried out to extrapolate k1 to temperatures beyond the range of experimental data 

and to test for conSistency of the data with data for reactions of OH with other halomethanes. The model for the activated 

complex was based on that used previously for the reaction of OH with CH4' with appropriate changes for the vibrational 

frequl'mcies, moments of inertia, etc. I resulting from the substitution of H by heavy halogen atoms. The results, in agreement 

with the data of Ref. 3 within 25:1 for T.?. 298 K, could be described by the expressi~, kl R 5.7 • 103 11.8 exp(-21601T) 

L mol-15-1 . For further computational details. see Ref. 10. 

DISCUSSION 

The calculations described above are in excellent agreement with all the data of Refs. 4 and 6 and in reasonable agreement 

with the high temperature datum of Refs. 8 and 9. The data of Ref. 3 are discounted. leaving only the room temperature value of 

Ref. 7 being unaccountably high by nearly a factor of 2. We rely on the expression obtained from the calculations and reco!11llend 

k1 ~ 5.7 x 103 11.8 exp(-21601T) L mol- 1s-1, with an uncertainty in log k1 of ±0.2 at 300 K, increaSing to ±0.3 at 2000 K. 
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Uncertainty in log k1: ±0.1 at 298 K, increasing to ±0.2 at 250 K and to ±0.3 at 1000 K and above. Expressions for K and k_l are 

not given because the reverse reaction is unlikely to be important at any temperature. 
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CHEMICAL KINETIC DATA SHEETS FOR HIGH-TEMPERATURE REACTIONS 1251 

THERMOCHEMICAL DATA 

Tnennochemical data for H20 and OH are from JANAF Thermochemical Tables, 3rd edition (1985). Based on the review of MCMillen 

and Golden, 1 lIHf~98 (CH
3

CI) = -85.8 and lIHf~98 (CH2CI) = 118.4 kJ mol- l . We estimate S~98 (CHll) = S~98 (CH3Cl) ... Rln ge' assumi ng 

that the radical is nonplanar and that ge = 2. An analytic expression for K( T) has not been calculated because the reverse 

reaction is unlikely ever to be impor'tant. 

EXPERIMENTAL DATA 

Experimental results are summari zed as follows: 

Reference 

0, ( 

Temp. Range 
(K) 

296 

250-350 

297 

295-800 

15:>V-<'IVV 

P(torr) 

0.8-9.8 

20-200 

[30-250?J 

76C 

Method 

discharge flow
magnetic resonance 

flash pi1otolysis
resonance fluorescence 

nasn pnotolYS1S
resonance fluorescence 

flash photolysis
resonance absorption 

(iiSCoarge flow
resonance fluorescence 

laser photolysis-laser 
induced fluorescence 

!'lames 

CALCULATIONS 

7.34 

7.39 

1. 4~ 

7.39 

'f .,I:J 
(293 K) 

7.47 
(295 K) 

k = ATn exp(-BIT) 
Log A n B 

o 

9.05 o 1100 

9.2b 1260 

4.81 1.38 1200 

Transition-state-theory calculations wer'e carried out to extrapolate kl to temperatures beyond the range of experimental data 

and to test for consistency of the data with data for reactions of OH with other halomethanes. The model for the activated 

complex was based on that used previously for the reaction of OH with CH4' with appropriate changes for the vibrational 

frequencies, moments of inertia, etc., resulting from the substitution of H by heavy halogen atoms. With an assUmed value for log 

kl (298) of 7.37, the results could be described by the expr'ession, kl = 5.0 • 105 Tl . 4 exp (-12301T) L mol- l s-l. This expression 

is in good agreement with results of Ref. 8 (except at their lowest temperature of 295 K), but overpredicts results of Refs. 3 and 

6. The calculated value of log kl is proportional to (2981T) log kl (298) . For further computational details, see Ref. 10. 

DISCUSSION 

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

studies" ,12 disagree significantly with Refs. 2-8. The most recent results of Ref. 8 agree with earlier data near 335 K, but are 

systematically larger at other temperatures: at the highest temperature of Ref. 6, Ref. 8 is 40% larger; at 295 K, 23% larger. 

(Note that the analytic fit of Ref. 8--gi yen in the table above--underpredicts their own datum at 295 K by 35%.) There is thus an 

unreconcilable systematic discrepancy in the experimental record at temperatures over ca. 400 K Cincreasing with temperature), 

notwi thstanding the similarity in techniques. Inasmuch as the results of Ref. 8 cover the broadest temperature range and are in 

('losp rlgrppmpnt with thf' TST calculations. we, tend to favor them. We recommend nn cxpre33ion very :.imilat- to both but.. lOll-I! 

slightly more curvature, to decrease the discrepancy with Refs. 3 and 6 and 250 K: kl 9.3. 104 T1 .6 exp(-10401T) L mol- 1 s-1. 

Tne uncertainty in log k 1 is to. 1 at 298 K, increasing to to. 3 at 1000 K and above. An additional experimental study to resolve 

the experimental discrepancies would be instr'ucti ve. 
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H~98 = -84.5 ± 8.4 kJ mol- l (-20.2 kcal mol- 1) 

T (K) 
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A 6 
<> 7 

7 
0.0 .5 1.0 1.5 2.0 2.5 J.O J.5 4.0 

1000/T 

RECOMMENDED RATE COEFFICIENTS 

~ ~ Range k(298) Units 

k, 6.0 x lOll T,·6 exp(-520/T) 250-2000 K 9.5 x 107 L mol- 1 s-1 
'.0 x 10-16 T

,
· 6 exp(-520/T) 1.6 x 10-13 cm3 molecule-1 $-1 

Uncertainty in log k,; ±O.l at 298 K, increasing to ±0.2 at 250 K and to ±0.3 at 1000 K and above. Expressions for K and k_l are 

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

THERMOCH&1ICAL DATA 

Thennochernical data for H20 and OH are from JANAF Thennochernical Tables, 3rd edition (1985). Based on the review of McMillen 

and Golden,1 t.Hf~98(CH2C12) • -95.4 and t.Hf~98(CHC12) • 100.8 kJ mol-1. We estimate S~98(CHCl2) • S~98(C~Cl2) + Rln ge' assuming 
that the radical nonplanar and that ge • 2. An analytic expression for K(T) has not been calculated because the reverse reaction 

is unlikely ever' to be important. 

EXPERIMENTAL DATA 

Experimental resul ts are sUlllllar'i zed as follows: 

Refet'ence 

5. 

Temp. Range 
(K) 

298 

245-315 

296 

251-1155 

298-715 

298 

300-400 

P(torr) 

25-50 

50-200 

0.8-9.8 

760 

760 

760 

Method 

flash photolysis-
resonance fluorescence 

flash photolysis-
resonance fluorescence 

discharge flow-
magnetic resonance 

discharge flow-
resonance fluorescence 

laser' photolysis-laser' 
induced fluorescence 

HONO photolysis-NO yield 

pulse radiolysis-absorption 
spectroscopy 

t~g r!i~~:21) k • AT" exp (-BIT) 
Log A n B 

7.911 

7.83 9.41 1090 

7.97 

7.96 9.52 o 1040 
(292 K) 

8.03 1l.96 1.58 622 

7.86 

7.911 9.61 1117 

1253 

These results ar'e in good agreement with each other except for' those of Ref. 3. which are constantly lower by 40-60~. References 

8 and· 9 at'e omitted ft'om the ~t'aph: the fonnet' is unreliable because of the indirectness of the method; the lattet' gives 

insufficient details. 

CALCULATIONS 

Transi tion-state-theor'Y calculations were carr'ied out to extrapolate k1 to temperatures beyond the ['ange of experimental data 

and to test for consistency of the data with data for reactions of OH with other halomethanes. The model for the activated 

complex was based on that used previously for the reaction of OH with CH4' with appropriate changes for the vibrational 

frequencies. -moments of inertia, etc •• resulting from the substitution of H by heavy halogen atoms. The results, in agreement 
with ,,11 tho;. data (@la:>@pt those of Rof. 3) ..,ithin 25% for T :> 298 K. could bo doaoribod by t.ho oXpresaion, kl - 6.0. " 104 T1 •6 

exp(-520/T) Lmol-1s-1• For further computational details, se;Ref. 10. 

DISCUSSION 

The data are all in good agreement with the exception of Ref. 3. The calculations, based on the room temperature value of 

Ref. 5, are also in good agreement at other temperatures with all the data excluding Ref. 3. Consequently, we rely on the 

calculations to extrapolate k, to higher temperatures than the range of eXPl!!rimental data: k1 .' 6.0 • 104 r1.6 exp( -520fT) 

L mOl-'s', wltn an uncertalnty 1n log K, of ±U.l at cY8 K, increasing to to.3 at 1000 K and higher. 
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to be important at any temperature. 
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CHEMICAL KINETIC DATA SHEETS FOR HIGH·TEMPERATURE REACTIONS 

THERMOCHEMICAL DATA 

Thennochernical data for H20 and OH are from JANAF Thennochemical Tables, 3rd edition (1985). Based on the review of McMillen 

and Golden, 1 llHf~98(CHCl ) = -103.3 and llHf~98(CC13) = 79.5 kJ mol- l We estimate S~98(CC13) .. S~98(CHC13) + Rln ge' assuming 

that the .radical is nonplanar and that ge = 2. (JANAF Tables are based on the assumption that CC13 is planar.) An analytic 

expression for K(T) has not been calculated because the reverse reaction is unlikely ever to be important. 

EXPERIMENTAL DATA 

The reaction has been studied by Davis et al. 2 over the temperature range of 245 to 375 K by flash photolysis-resonance fluo

rescence, using H20 as an OH radical source in the presence of a large excess of helium diluent; by Jeong and Kaufman3 using dis

charge flow-resonance fluorescence at 249 - 487 K; by Howard and Evenson,4 using discharge flow-laser magnetic resonance at 296 K; 

and by Taylor et al. 5 at 295·- 775 K using laser photolYSis-laser induced fluorescence. All four studies are in excellent agree

ment. The room temperature values obtained in the four studies are (6.1 ± 0.9), (6.1 ± 0.8), (6.9 ± 0.4) and (6.4 ± 0.3) • 107 L 

mol-l s- l , respectively. Two relative room temperature measurements6 ,7 disagree considerably with these results, and are not used 

in this evaluation. 

CALCULATIONS 

Transition-state-theory calculations were carried out to extrapolate kl to temperatures beyond the range of experimental data 

and test for consistency of the data witl:'l data for reactions of OH with other halomethanes. The model for the actiVated complex 

was based on that used previously for the reaction of OH with CH4' with appropriate changes for the vibrational frequencies. mo
ments of inertia, etc., resulting from the substitution of H by heavy halogen atoms. The results could be described by the ex

pression, kl .. 6.6 x 103 T1.7 exp(-1701T) L mol-l s- l • For further computational details. see Ref. 8. Unlike all the other halo

methanes and haloethanes considered. the calculations were in poor agreement with experimental data, underpredicting k(T) more 

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

DISCUSSION 

NotWithstanding the very good agreement among the different experimental studies, the failure of the calculations to predict 

the same temperature dependence is disconcerting. (Failure of the model to give results in agreement with the data is so puzzling 

.only because the same model gives good agreement in the cases of 18 other halomethanes and haloethanes.) Consequently, we recom

mend with caution the expression of Ref. 5: kl = 10.2 r2. 8 exp(-100/T) L mol- l s- l , with an uncertainty of log kl = ±0.3 through

out the temperature range of 250 - 2000 K. This expression yields values that differ from the calculated values by no more than a 

factor of 2 throughout the temperature range. 
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llH~98 2 -11.9 ± 8.4 kJ 1001-1 (-11.2 kcal mOl- 1) 
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CHEMICAL KINETIC DATA SHEETS FOR HIGH-TEMPERATURE REACTIONS 

THERMOCHEMICAL DATA 

Thermochemical data for H20 and OH are from ",ANAF Thermochemical Tables, 3rd edition ('985). Based on the review of McMillen 

and Golden,' lIHf~98(CH3Br) c -35.2 and lIHf~98(CH2Br) = '73.6 kJ mol-'. We estimate S~98(CH2Br) = S~98(CH3Br) + Rln ge' asswning 
that the radical is nonplanar and that ge = 2. An analytic expression for K(T) has not been calculated because the reverse 

reaction is unlikely ever to be important. 

EXPERIMENTAL DATA 

Howard and Evenson2 reported a value for k, at 296 K of (2.' ± 0.5) x 101 Lmol-'s-' obtained in a discharge flow system with 

t.ne 11. ,. N02 [~"c\"lvil a:. em 011 .-Cldl"'~l .:IOU"''''': Clnd lCl.:l': ... m06netic .-e;>onance 00 the mcono of' detcctins OH diooppcoroncc. Dovio 

et a1. 3 studied the reaction at temperatures between 244 and 350 K in 20-200 torr Heliwn diluent. Flash photolysis of H20 

provided. the OH radicals, whose disappearance was monitored by resonance fluorescence. They reported k, = (4.8 ± 0.5) x 108 

exp[-(890 ± 58)!T] L mol-'s-', with a room temperature value of 2.4 ,,101. '!he flame studies of Wilson et a1. 4•5 are subject to 

too many uncertainties to be useful in this evaluation. 

CALCULATIONS 

Transition-state-theory calculationS were carried out to extrapolate k, to temperatures beyond the range of experimental data 

and to test for consistency of the data with data for reactions of OH with other halomethanes. The model for the activated 

complex was based on that used preVi?usly for the reaction of OH with CH4' with appropriate changes for the vibrational 

frequencies, moments of inertia, etc., resulting from the substitution of H by heavy halogen atoms. The results, in agreement 

with the data within 60~ for T ~ 298 K. could be described by the expression. k, .= 8.3 x 105 T'·3 exp(-'2001T) L mol-'s-'. For 

further details. see Ref. 6. 

DISCUSSION 

The calculations suggest a weaker temperature dependence in k, than the results of Ref, 3 show. though the discrepancy in 

absolute values over the limited temperature range of the experiments is no more than 60%. There are no data for other 

brominated halomethanes for comparison. We recommend an expression for k, based on a fit through the experimental data but forced 

to have aT1.3 dependence as suggested by the calculations. This yields 1<, = 7.6 " 104 T1.3exp(-5001T) L mol-1s-1 • with an 

uncertainty in log k, of ±0.2 at 298 K. increasing to ±0.4 at 1000 K and above. 

References 

1. D. F. McMillen and D. M. Golden. Ann. Rev. Phys Chem. 33. 493 (1982). 
2. C. J. Howard and K. M. Evenson. J. Chem. I'hys. 64, 191\"1916) .. 
3. D. D. Davis. G. Machado. B. Conaway. Y. Oh. andlt. Watson. J. Chern. Phys. 65, 1268 (1916). 
4. W. E. Wilson. Jr .• 10th Symp. (tnt.) Combust. (1965). p. 47 
5. W. E. Wilson. Jr .• J. T. O'Donovan. and R. M. Fristrom, 12th Symp. (Int.) Combust. (1969), p. 929. 
6. N. Cohen and S. W. Benson. J. Phys. Chern. 2!.. 162 (1981). 

1257 

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



1258 N. COHEN AND K. R. WESTBERG 

llH~98 -66.9 ± 20 kJ mol-1 (-16.0 kcal mol-I) 
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CHEMICAL KINETIC DATA SHEETS FOR HIGH-TEMPERATURE REACTIONS 1259 

THERMOCHEMICAL DATA 

Thermochemical data for H20 and OH are from JANAFThermochemical Tables, 3m edition (1985). According to Chen 

et al., 1 t.Hf~98(CHCIF) ; -264 kJ mol-1 We estimate t.Hf~98(CHCIF) to be -50.2 ± 20 kJ mol-1, and S~98(CHClF) ; S~98{CH2ClF) 
Rln ge' assuming that the radical nonplanar and that ge ; 2. An analytic expression for K{T) has not been calculated because the 

reverse reaction is unlikely ever to be important. 

EXPERIMENTAL DATA 

Experimental results are summarized as follows: 

Reference 

2 

3 

4, 5 

7 

Temp. Range 
(K) 

245-375 

278-373 

250-486 

296 

297 

P(torr) 

40 

12-20 

- 3 

0.8-9.8 

[30-250?J 

Method 

flash photolysis
~esonance fluorescence 

flash photolYSiS
resonance fluorescence 

discharge flow
resonance fluorescence 

discharge flow
magnetiC resonance 

flash photolysis
resonance absorption 

CALCULATIONS 

log k(218)1 k ; A exp( -BIT) 
(L mol- s- ) Log A B 

7.42 9.23 1259 

7.32 9.27 1320 

7.47 9.16 1140 

7.34 

7.43 

Transition-state-theory calculations were carried out to extrapolate k1 to temperatures beyond the range of experimental data 

and to test for consistency of the data with data for reactions of OH with other halomethanes. The model for the activated 

complex was based on that used previously for the reaction of OH with CH4' with appropriate changes for the vibrational 

frequencies, moments of inertia, etc., resulting from the substitution of H by heavy halogen atoms. The results, in agreement 

with the data of Ref. 4 within 25% for T > 298 K, could be described by the expression, k, = 5.6 x 104 T,·6 exp(-870IT) 

L mol-'s-'. For further computational details~ see Ref. 8. 

DISCUSSION 

The experimental data are all in close agreement, except at the lowest temperatures, for which the data of Refs. 4 and 2, 

when the temperature dependence is taken into account, disagree by approximately 50%. The calculations described above are in 

good agreement with all the data, splitting the difference in the lowest temperature values. Consequently we rely on the 

calculated curve to extrapolate k to temperatures above those of the experiments and recommend k, = 5.6 x 104 T,·6 exp(-870/T) 

L mOl-' s -'. The uncertainty in log k1 is ±O. 1 at 298 K, increasing to ±O. 3 at 1000 K and above. 
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OH + CHCIF 2 ~ celF 2 + H20 
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9-5 ~ __ ~2~00~0 _____ 1~00~0 ____ ~70~0 ______ ~SO~0 ____ ~40~0 __________ 3~0_0 ________ ~ 

9.0 

8.5 

8.0 
i 

VI 

I 
'0 
e 7.5 ...J 

..:ioI: 

C'I 
.E 

7.0 

6.5 

6.0 

5.5 
0.0 

/ THIS RECO .... ENDATION 6.5 300 

~ 
Il 

+ 

6.4 

6.3 • 
3.3 3.4 

v 
v 

v 
+ 

SYI'tBOL REF. 'S1 

c 2 v • 3 
<> 4 
x 5 
+ 6 
v 7 
• 8 
Il 9 

RECOMMENDED RATE COEFFICIENTS 

4.9 )( 103 T1•8 exp(-1l80/T) 

8.1 )( 10-18 TI •8 exp(-1l80/T) 

250-2000 K 2.7 x 106 

4.4 x 10-15 

-12 

.. 
VI 

I 
-13 Q,) 

3.5 :; 
~ 
'5 ,e 

Me 
u 

..:ioI: 

C'I 
.E 

-14 

~ 
-15 

L mol-1s-1 

em) molecule-1s-1 
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rever .. reaction 11 unlikely to be llIportant at any temperature. 
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OH + CHCIF2 + CCIF2 + H20 

THERMOCHEMICAL DATA 

Thermochemical data for H20 and OH are from JANAF Thermochemical Tables, 3rd edition (1985). Based on the review of McMillen 

and Golden, 1 t.Hf~98(CHCIF2) = -476 ± 8 and t.Hf~98(CCIF2) = -269 ± 8 kJ/mol. We estimate S~98(CC1F2) = S~98(CHCIF2) + Rln ge' 

assuming that the radical is nonplanar and that ge = 2. An analytic expression for K(T) has not been calculated because the 

reverse reaction is unlikely ever to be important. 

EXPERIMENTAL DATA 

Experimental results are summarized as follows: 

Reference Temp. Range 

(K) 

297-434 

296 

250-350 

253-427 

263-373 

294-426 

297 

293-482 

a _ interpolated value 

P(torr) 

15-25 

0.8-10 

40-200 

2.3-5.8 

10-30 

1.5-2 

[250?] 

- 3 

Method 

flash photolysis-
resonance fluorescence 

discharge flow-
magnetic resonance 

flash photolysis-
resonance fluorescence 

discharge flow-
resonance fluorescence 

flash photolysis-
resonance absorption 

discharge flow-
resonance fluorescence 

flash photolysis-
resonance absorption 

discharge flow-
resonance fluorescence 

log k(298) k = A exp( -BIT) 

(L mol-Is-I) Log A B 

6.46 8.86 1635 

6.31 

6.46 8.75 1575 

6.41 8.86 1657 

(6.53)a 9.10 1780 

6.39 9.76 2300 

6.44 

6.45 8.88 1660 

For reasons that are not apparent, Clyne and Holt obtained a stronger temperature dependence than the other workers, 

recording larger values of k1 at their higher temperatures and lower at 296 K than other measurements indicate. The lowest 

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

CALCULATIONS 

Transition-state-theory calculations were carried out to extrapolate k1 to temperatures beyond the range of experimental data 

and test for consistency of the data with data for reactions of OH with other halomethanes. The model for the activated complex 

was based on that used previously for the reaction of OH with CH4, with appropriate changes for the vibrational frequencies, 

moments of inertia, etc., resulting from the substitution of H by heavy halogen atoms. The results, in agreement with the data of 

Ref. 9 within 25% for T 2 298 K, could be described by the expression, k1 = 4.9 x 103 T1• 8 exp(-i180/T) L mol-Is-I. For further 

computational details, see Ref. 10. 

DISCUSSION 

Except for the doto of Ref. 7, the variation" amol1!'; the eKperimental data ceem r:>ndom. The calcul:>t:ed valuoc, b:>c"d on " 

room temperature value near the cluster of points from Refs. 2" 4, 5, 6, 8, and 9, are in good agreement with the data at other 

temperatures. Thus, we rely on the calculations to extrapolate kl to temperatures above the range of the data and recommend kl '" 

4.9 )( 103 T1• 8 exp(-1180/T) L moC 1s-1, with an uncertainty in log k1 of :1:0.1 at 298 K, increasing to :1:0.3 at 1000 K and above. 
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lIH~98 = -92.0 ± 20 kJ mol- 1 (-'22.0 kcal mol- 1) 
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CHEMICAL KINETIC DATA SHEETS FOR HIGH-TEMPERATURE REACTIONS 

THERMOCHEMICAL DATA 

Thennochemical data for H20 and OH are from JANAF Thennochemical Tables, 3rd edition (1985). Based on the reviews of Chen 

et aLl and McMillen and Golden,2 t.Hf~98 (CHCI2F) = -2811.9 and t.Hf~98(CCI2F) = -96.2 kJ mol-1. We estimate S~98(CCI2F) = 

S~98(CHCI2F) + Rln ge' assuming that the radical is nonplanar and that ge = 2. An analytic expression for K(T) has not been 

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

EXPERIMENTAL DATA 

kl has been measured in eight separate experiments spanning the temperature range of 2111 to 1183 K. Except for Ref. 10, the 

discrepancy among the different results is less than a factor of '.8 throughout the temperature range, and if the results of Ref. 

7 are' discounted, the spread in values is only 35% or less. Experimental conditions and results are tabulated below: 

Temp. Range P(torr) Method log k(2?8)1 Reference k = A exp( -ElRT) 
(K) (L mol- s- ) Log A E/R 

298-1122 - 50 flash photolysis- 7.21 9.02 1250 
resonance fluorescence 

~96 o.S 10 dicohor'So f'low- 7.20 
magnetiC resonance 

245-375 110-200 flash photolysis- 7.26 9.05 12115 
resonance fluorescence 

~41 396 2.2 5.9 dioohor'se f'low- 7.26 (296 K) S.Sll 1073 
resonance fluorescence 

293-413 , .5-2 discharge flow- 7.33 (293 K) 9.46 '400 
resonance fluorescence 

297 [30<!507J f'l<lch phot.olycic- 7.31 
resonance absorption 

250-1183 .;. 3 discharge flow- 7.31 8.86 1050 
resonance fluorescence 

10 300-1100 760 pulse radiolysis-absorption 6.119 9.011 1787 
spectroscopy 

CALCULATIONS 

Transition-state-theory calculations were carried out to extrapolate kl to temperatures beyond the range of experimental data 

and to test for consistency of the data with data for reactions of OH with other halomethanes. The model for the activated 

complex was based on that used previously for the reaction of OH with CH40 with appropriate changes for the vIbrational 

frequencies, moments of inertia, etc., resulting from the substitution of H by heavy halogen atoms. The results, in agreement 

with the data of Ref. 9 within 25% for T~ 298K, could'be described by the expression, k, = 9.1 x 103 T1.7 exp(-6101T) 

L mOI- 1 s -1 . For further computational details, see Ref. 11. 

DISCUSSION 

The calculated values are in very good agreement (wi thin 35%) with all the data save those of Refs. 7 and 10 (not plotted). 

Thus, we rely on them for extrapolating kl to temperatures above those of the experimental range and recommend kl = 9.1 x 103 T" 7 

exp(-610/T) L mOI-1s-1, with an uncertainty in log kl of ±0.1 at 298 K. inCtoeasing to ±0.3 at 1000 K and higher. 
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CHEMICAL KINETIC DATA SHEETS FOR HIGH-TEMPERATURE REACTIONS 

OH + CH
3

CH2F _1+ CH3CHF + H20 

-g ... CH2CH2F + H20 

THERmCHEMICAL DATA 

1265 

The title reaction is the sum of two elementary processes: abstraction of the two a-hydrogen atans (those attached to the 

same C atan as the fluorine): 
OH + CH

3
CH2F _1 ... -CH

3
CHF + H20 

and abstraction of one of the three a-hydrogen atans: 

OH + CH3CH2F -g... CH2CH2F + H20 

The three a-H atans are not exactly equivalent because there is a barrier to rotation about the C-C bond. Hence, the properties 

of the H atan trans to the F atom (opposite it, when viewed along the C-C axis) will differ slightly fran those of other two 

S-H atans. (Once one H atan is removed in reaction, there is practically free rotation about the C-C bond in the fluoroethyl 

radical, and the products are almost equivalent.) McKean et aLl predict the bond strengths ~f the trans and gauche S-H atoms to 

be 419.2 and 425.1 kJ mOI-1 , respectively; and that of the a-H atans to be 416.7 kJ mol-1. These values have not been verified 

experimentally, and considering the usual uncertainties measuring bond strengths, the trans/gauche difference may be 

unmeasurable. We asstrne hereafter that the reactions involving the two different conformations are indistinguishable. 

Thermochemical data for H20 and OH are taken from the third edition of JANAF Thermochemical Tables (1985). Data for 

fluoroethane are from Stull et al. 2 Data for the fluoroethyl radicals are not available. Based on the predictions of Ref. 1, we 

estimate 6Hf~98(CH3CHF) = -62.8 ± 12 kJ, mol-1 and l1Hf~98(CH2CH2F) = -56.5 ± 12 kJ mol-1. The entropies of the two radicals were 

estimated to be 276.6 ± 5 and 276.2 ± 5 J mol-'K-1, assuming barriers to internal rotation of 0 and 4 kJ mOl-1, respectively. 

MEASUREMENTS 

kA has been measured at 297 K by Nip et a1. 3 using VUV flash-photolysis of water vapor to produce OH radicals and resonance 

absorption to monitor their disappearance. Fran 18 separate measurements, a value of kA = (1.4 ± 0.22) x 108 L mol-1s-1 was de

termined. In a separate study, Singleton et a1. 4 determined that 85 ± 3% of the abstraction occurs at the a posi tions, whence 

kl/k2 = 5.7 ± 1.6. 

CALCULATIONS 

Transi tion-state-theory (TST) calculations were carried out for k1 and k2 to extrapolate the roan temperature results of 

Refs. 3 and 4 to temperatures above 298 K and to test for consistency of the data with data for reactions of OH wi th other halo

ethanes. The model for the activated canplex was based on that used previously for the reaction of OH with halanethanes, with 

appropriate changes for the vibrational frequencies, moments of inertia, etc. The results for kl and k2 were added together to 

give kA' which could be described by the expression, kA = 9.3 x 104 T1•6 exp(-5501T) L mol-1s-1. For further canputational 

details, see Ref. 5. 

DISCUSSION 

For wan" or more experimental data, we are forced to rely on the si~gle experimental measurements of kA and k1/k2' and the 

TST calculations based upon them. The experimental findng that kl/k2 = 6 requires an activation energy difference of E2 -

E1 :; 6.5 kJ mol-1, since calculations suggest that the activation entropy for a-abstraction e~ceeds that for a-abstraction by 

-2.2 gibbs mol-I. While such a large difference may seem questionable, it is consistent with the lower experimental values for 

rate coefficients for OH with hal~thanes with only S-atans. Hence, we recommend kA = 9.3 .x 104 T1.6 exp(-550/T) L mOI-1s-', with 

an uncertainty in log kA(298) of ±O.3, increasing to ±0.6 at 2000 K. 
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CHEMICAL KINETIC DATA SHEETS FOR HIGH-TEMPERATURE REACTIONS 

OH + CH3CH2Cl _1 .. CH3CHCl + H20 

-~ .. CH2CH2Cl + H20 

THERMOCHEMICAL DATA 

The title reaction is the sum of two elementary processes: abstraction of one of the two a-hydrogen atoms (those attached to 

the same C atom as the chlori:le): 

and abstraction of one of the three 6-hydrogen atoms: 

OH + CH3CH2Cl _f .. CH2CH2Cl ... H20 

The tht"'ee f:\-H atoms are not exactly equivalent because there is a barrier to rotation about the C-C bond. Hence, the 

pt"Operties of the H atom trans to the Cl atom (opposite it, when viewed along the C-C axis) will differ slightly from those of the 

two gauche /l-H atoms. (Once one H atom is removed by reaction, there is practically free rotation about the C-C bond in the 

chloroethyl radical, and the products are almost equivalent.) McKean et a1. 1 predict the bond strengths of the trans and 

gauche f:\-H atoms to be 415.0 and 424.7 kJ mol-I, r'espectively; and that of the a-H atoms to be 428.9 kJ mal-I. These values have 

not been ver'ified experimentally, and considering the usual uncertainties measur'ing bond str-engths, the tr-ans/gauche differ'ence 

may be unmeasurable. We assume her-eafter that the reactions involving the two differ-ent confor-mations ar-e indistinguishable. 

Thermochemical dete for 1I20 and OIl are taken from the third edition of JANAF 1he~'mochemical Table.::. (198:::;). Dato for 

chloroethane 8r'e fr'om Stull et al. 2 . Data for' the chloroethyl radicals ar-e not available. B:lsed on the predictions of Ref. 1. we 

estimate lIHf~98 (CH3CHCll = 91.6 ± 12 kJ mol- 1 and Hf~98 (CHZCHzCl) 99.2 ± 12 kJ mol-I. The entropies of the two radicals were 

estimated to 'De 288.3 and 281.9 ± 5 J mOI-\-I, assuming barriers to intemal r'otation of 0 and 4 kJ mOl- 1, respectively. 

MEASUREMENTS 

kA = k1 + k2 \Nas measured by Howard and Evenson3 at 296 K in a discharge flow system using the H .. 002 reaction as a source 

of OH radicals and laser- magnetic r'esonance for monitoring OH consumption. F"rom 9 separate measul'ements they determined kA to be 

(2.3 ± 0.4) x 108 L mol-Is-I. Par-askevopoulos et a1. 4 used VUV flash photolysis of H20 at 297 K and monitored OH disappear'ance by 

r-esonance absorption. They repOr'ted kA = (2.37± 0.32) x 108 L mol- 1s-1, in excellent agreement with the ear'lier study. Neither' 

gr-oup monitored the chloroethyl r-adicals produced and consequently could make no determination of k1/k2• Kasner et a1. 6 used 

laser- photolySis--laser-induced fluor'escence to measure kA at 294 s T/K ~ 789 and 740 torT and repor'ted kA ; 68.4 r2.?9 
exp(115/T) . 

CALCULA Tl ONS 

Transition-state-theory calculations wer'e carr-ied out to extrapolate k, to temper'atures above 298 K and to test fat' consis

tency of the data with data for l'eactions of OH with other' haloethanes. It was assumed that k, » k2' so that the experimental 

measur'ement of kA(298) is essentially a measur-e of k1· This assumption is justified by (a) the much smaller rate coefficients for 

OH reactions with haloethanes having only B-hydrogen atoms (e.g., CH3CF"3' CH3CC13); and (b) the experimental detemination 

that a-hydr-ogen abstraction fr'om CH3CH2F accounts for' apprOXimately 85% of the total reaction. 5 The model for the activated 

complex was based on that used previously for' the reaction of OH with CH4' with appropriate changes for the vibrational 

frequencies, moments of inertia, etc. The r'esults could be desct'ibed by the eXDression. k, ').8. 104 T1• 6 p.xp( -;:>SO/T) r. 
mol-'s-l. For- fUr'ther computational details, see Ref. 7. 

DISCUSSION 

The trancition ;;,tate theoL7 calculation" de3cribed above undeL-pL-edh;L ,.."",ulL::. uf nt:'r. (j l>y up to ](5;; at tnett:' nli~neSt 

temperatures. Lacking a measur'ement of kl/k2 at any temperatures, we had to assume kl » k2 at room temperature, and that kA kl 

throughout the tempet'atur'e range. However', the neglect of contributions from k2 means that the TST estimate of kA will be a lower' 

limit at temperatures above 296 K. We thus recommend the results or' Ref. 6, namely kA 65 r2 . 6 exp(1101T) L mo1- 1s-1 , with an 

estimated uncertainty in log kA of ±O.2 at 298 K, increasing to ±0.3 at 2000 K. 
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THERMOCHEMICAL DATA 

Thermochemical data for H20 and OH are from the third edition of JANAF Thermochemical Tables {1985). Data for 1,2-

dibromoethane are given by Stull et a1. ' Data for the 1,2-dibromoethyl radical are not available. We estimate the C-H bond 

dissociation energy to be 423 ± 10 kJ mol- 1 whence [o.Hf~98 (CHBrCH2Br) = 289 ± 10 kJ mOI-'; S~98 (CHBrCH2Br) is estimated to be 347 

± 6 J mOI-1K- 1. 

MEASUREMENTS 

k, has been measured at 296 K by Howard and Evenson2 in a discharge flow system using the H + N02 reaction as a sour'ce of OH 

radicals and laser magnetiC resonance to monitor OH consumption. From 19 separate measurements they determined k1 to be 

(1.5 ± 0.3) x 108 L mOl-1s-1. 

CALCULATIONS 

Transition-state-theory calculations were carried out to extrapolate 1<, to temperatures above 298 K and to test for consis

tency of the data with data for reactions of OH with other haloethanes. The model for the activated complex was based on that 

used previously for the reaction of OH with CH4' with appropriate changes for the vibrational frequencies, moments of inertia, 

etc. The results could be described by the expression, k1 z 1.8 x 104 T
'

·7exp(-,80IT) L mol-'s-'. For fUrther computational 

details, see Ref. 3. 

DISCUSSION 

In the absence of experimental data above room temperature, we rely on the TST calculations based on the single reliable 

measurement of Ref. 2. We recommend k1 = 1.8 x 104 T1.7 exp(-180IT) L mol- 1s-1, with an uncertainty in log k, of ±0.2 at 298 K 

increasing to ±0.5 at 2000 K. 

References 

1. D. R. Stull, E. F. Westrum, Jr., and G. C. Sinke, the Chemical Thermodynamics of Organic Compounds (Wiley, 1969), p. 539. 
2. C. J. Howard and K. M. Evenson, J. Chern. Phys. 64, 4303 (1976). 
3. N. Cohen and S. W. Benson, J. Phys. Chern. 22... 102 (1987). 
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OH + CH2FCHF 2 -1.. CHFCHF 2 + H20 

-~"CH2FCF 2 + H20 

THERMOCHEMICAL DATA 

The title reaction is the sum of two elementary processes: abstraction of one of the two equivalent H atoms to form 1,2,2-

trifluoroethyl: 

OH + CH2FCHF2 -L CHFCHF2 + H20 

and abstraction df the single H-atom to form 1,1 ,2-trifluoroethyl: 

OH + CH2FCHF2 -~ .. CH2FCF2 + H20 

Thermochemical data for H20 and OH are taken from the third edition of JANAF Thermochemical Tables (1985). Data for 1,2,2-

trifluoroethane and for the radicals are not available. In the absence of such data we assume both C-H bond dissociation energies 

to be 423 ± 10 kJ mol- l , whence lIH~98 = -77 ± 10 kJ/mol for both reactions. lIS~98 for each reaction is estimated to be 23 ± 6 

J mol-1K- l . 

MEASUREMENTS 

Clyne and Holt 1 produced OH in a discharge-flow system by the reaction of H atoms with N02, and monitored OH consumption by 

resonance fluorescence. Because products were not monitored, their measurements gives only kA, the sum of kl + k2 . Over the 

temperature range of 293 - 441 K, they reported log kA = (8.95 ± 0.14) - (430 ± 43)/T; however, their data suggest considerable 

curvature on an Arrhenius plot of log k is liT. 

Martin and Parskevopoulos2 studied the reaction at 298 K, generating OH radicals by VUV flash photolysis of H20 vapor and 

monitoring OH disappearance by resonance absorption. They obtained log kA(298) = 7.04, about a factor of 3 lower than Clyne and 

Holt's value of 7.47 at the same temperature. Both groups claim exper'imental uncertainties of ± 10% in k A' 

CALCULATIONS 

Transition-state-theory (TST) calculations were carried out to extrapolate kA to temperatures beyond the range of 

experimental data and to test for consistency of the data with data for r'eactions of OH with other haloethanes. Log kA(298) was 

assumed to be 7.37. kl and k2 were calculated separately, assuming k1(298) = 2k2(298), and the results added together to give 

kA. The model for the activated complex was based on that used previously for thE! reaction of OH with CH4' with appropriate 

changes for the vibrational frequencies, moments of inertia, etc. The results, in agreement with the data within 25%, could be 

described by the expression, kA = 3.1 x 104 T1.7 exp(-930/T) L mol-1s-1• For further computational details,s~e Ref. 3; however, 

a slightly larger value of k1 (298) was assumed there. 

DISCUSSION 

Although Clyne and Holt obtained log kA = 7.47 at 298 K, in view of the scatter of the data at other temperatures, a value of 

7.37 is consistent with their results. However, Ref. 2 suggests that kA is smaller by as much as a factor of 3 at room 

tl;lmpl;Iraturl? WI? h:;'sl? Ollf" I"'I?C>OlIIIIIE'ndation on thl? .TST calculations desoribed above, reoognizing that this may bQ subjGot to 1"Gvision 

when another, decisiVe measurement of KA(298) is made. An additional contribution to the uncertainty comes from having to 

apportion kA(298) arbitrarily between k1 and k2 ; we assumed an equal reaction rate coeffiCient for each of the 3 H atoms. Thus we 

recommend kA = 3.1 " 104 T'·7 exp(-930/T) L mo1-1s-', with an uncertainty in log kA of ±0.3 at 298 K, increasing to ±0.5 at 
2000 K. A negative error lS more prooaO.le 1:nan a POSltlVe one. 

References 

1. M. A. A. Clyne and P. M. HelL J. Chern. Soc. Faraday TranB. II. 7'), ')82 (1G7G). 
2. J.-P. Martin and G. Paraskevopou1os, Ganad. J. Chern. 61, 861 (19'83). 
3. N. Cohen and S. W. Benson, J. Phys. Chern. 21, 162 (19'87). 
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OH .. CH2C1CHC12 _1.. CHC1CHC12 + H20 llH~98 = -77 ± 10 kJ mol- 1 (-18.4 kcal mo1-1) llS~98 = 19.2 ± 6J mo1- 1 K- 1(11.6 cal mol- 1 K-1) 
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OH + CH2CICHC12 _! .. CHCICHC12 + H20 

-goO CH2ClCC12 + H20 

THERMOCHEMICAL DATA 

'Ihe title reaction is the sum of two elementary processes: abstraction of one of the two equivalent H-atoms to fonn 1,2,2-

trichloroethyl: 
OH + CH2ClCHC12 _1.. CHClCHC12 + H20 

and abstraction of the single H-atom to fonn 1,1 ,2-trichloroethyl: 

OH .. CH2ClCHCl2 -g .. CH2ClCCl2 .. H20 

Thennochemical data for H20 and OH are taken from the third edition of JANAF 'Ihennochemical Tables -(1985). Data. for 1,1,2-
trlchlorocthc.nc ore: from Ot\1ll et e.l. 1 i do.t.o for \:-he: rad1cQlo ore: not e.voilobl.e. In \:.he abocne:c of' o\1ch dot.a we aooume both C-H 

bond diSSOCiation energies to be 423 ± 10 kJ mol-1, whence 1l~98 • -77 ± 10 kJ mol-1 for each reaction. 

MEASUREMENTS 

The only published study of this reaction is that of Jeong and Kaufman, 2 who produced OH in a discharge flow system by the 

reactlon of H with N02, and monitored its consumption by resonance fluorescence. OVer the temperature range of 277 to 461 K, they 
reported3 kA • (9.9 ± 1.6) x 108 exp[-(960 ± 110)1T] L mol-1s-1 , an expression only slightly different from that given in the 

earlier paper. Since products were not monitored, this represents the sum of kl .. k2• 

CALCULATIONS 

Transition-state-theory (15T) calculations were carried out to extrapolate kA to temperatures beyond the range of 

experimental data and to test for consistency of the data with data for reactions of OH with other haloethanes. Separate 

calculations were carried out for the two kinds of H atoms assuming k, (298) • 2k2 (298), and the resulting values of k, and k!2 were 
added together to give kA• The model for the activated complex was based on that used previously for the reaction of OH with CH4' 

with appropriate changes for the vibrational frequencies, moments of inertia, etc. The results, in agreement with the data within 

25%, could be described by the expression, kA - 1.6 x 104 T1.7 exp(-100/T) L Il101-15-1• For further computational details, see 

Ref. 4. 

DISCUSSION 

The TST calculations described above are in good agreement with the lower four temperature measurements of Refs. 2 and 3, but 
overp .... diot kA inoreasingly. albeit slightly. at the higher tems:>erat\1res. Consequently. we rely on Q lCQot-oq\1Orco fit thro\1gh 

the experimental data to extrapolate kA to higher temperatures, and reCOlll1lend kA • 1.6 x 104 T1•6 exp(80/T) L mOl-1s-1• This 

expression predicts a value of kA(2000) smaller by a factor of 2 than the 15T calculation does. The estimated uncertainty in log 

kA is ±0.2 at 298 K, increasing to ±0.4 at 2000 K and ±0.3 at 250 K. 

References 

1. V. H. StUll, 1::. ~-. westrum, Jr., ana li. C. slnKe, 1l1e Chemical Themodynamics of Organic Compounds (Wiley, New York; 1969). 
p. 514. 
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3. K.-M. Jeong. K.-J. Hsu, J. B. Jeffries, and F. Kaufman, J. Phys. Chem. 88, 1222 (1984). 
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llH~98 a -77 ± 10 kJ mol- 1 (-18.4 kcal mOl- 1) 
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TIlERMOCHEMICAL DATA 

Thermochemical data for H20 and OH are from JANAF Thermochemical Tables. 3['(1 edition (1985). Data for 1,1,1,2-

tetrafluor-oethane and for the 1,2,2,2-tetrafluoroethyl radical ar-e not available. We estimate the C-H bond dissociation energy to 

be 423 ± 10 kJ mol-1 • whence llH~98 for the reaction is -77 ± 10 kJ mol-1. l\S~98 for the reaction is estimated to be 19.2 ± 4 

Jmol-1K-1. 

MEASUREMENTS 

Ther-e are two temperature-dependent measurements of k, • both by the same method: in a discharge flow sytem, OH was generated 

by the reaction of H atoms with N02 ' and its disappearance monitor-ed by resonance fluor-escence. Clyne and Holt 1 made measurements 

at temperatur-es from 294 to il29; Jeong et a!.. 2 from 249 to 493 K. Except at room temperature. the r-esults are in fair agreement. 

but the two groups reported different Arrhenius parameter-so Clyne and Holt gave log k, • (9.29 ± 0.23) - (780 ± 87)1T in L 

mol-1s-' units; Jeong et a!. reported log k, = (8.82 ± 0.88) - (620 ± 15)1T. Martin and paraskevoPQulos3 measured k, at 298 K 

using VUV flash photolysis of H20 and resonance absor-ption detection and obtained (3.10 ± 0.35) • '06 L mol-'s-', in near 

agreement with Clyne and Holt's value of <3.3' ± 0.il2) • 106 (at 294 K) and smaller than Jeong et a!. 's value of (5.08 ± 

0.42) • 106• Liu et a1. 4 measured by flash photolysis-resonance fluorescence at 270 < TIK < ilOO. Their values for k, agree with 
tne otner measurements at tne1r nlgneSt temper-ature Out olver-ge Im:I'I:liil;;lngly iiI;; I.tlml.ltlt'dI.Ut1;:::; U"'\.!t~Cl::;tl::;, ghllllS 3.1 • 10° at f90 K. 

CALCULATIONS 

Tr-ansition-state-theory (TST) calculations were carried out to extr-apolate k, to temperatur-es above the range of exper-imental 

data and to test for conSistency of the data with data for reactions of OH with other haloethanes. Log k, (298) was assumed to be 

6.48. The model for the activated complex was based on that used previously for the reaction of OH with CHil' with appropriate 

changes for the vibrational frequencies, moments of inertia, etc. The results, in agreement with the data within 35%, except at 
the lowest temper-ature, could be described by the expression, k, c 2.1.104 T1·'(exp(-1270/T) Lmol-1s- t • For further computa

tional details, see Ref. 5, where a different value for k(298) was used. 

DISCUSSION 

The TST calculations are in good agreement with Ref. 4, which should be the most reliable measurements. Consequently, we 

recommend k, = 2.1 • 104 T
'

·7 exp (-lil101T) L mol-1 s-l for 250 < T/K < 2000, with an uncertainty in log k, of ±0.1 at 300 K, 

increasing to ±0.2 at 250 K and ,to ±0.3 at 2000 K. 
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AH~98 = -77 ± 10 kJ moC I (-18.4 kcal moC i ) 

T (K) 

2000 1000 700 500 400 300 10~ ______ ~ ______ ~ ____ ~ ________ ~ ______ -r ____________ ~ ________ ~ 

-11 

6~ _______ ~~ _______ ~~ ____ ~~ _______ ~ __________ ~~ ______ ~ _________ L-____ ~ 

0.0 2.0 ·2.5 
1000/T 

RECOMMENDED RATE COEFFICIENTS 

1.6 x 104 TI • 7 exp(-1020/T) 

2.7 x 10-17 T i • 7 exp(-1020/T) 

250 - 2000 K 8.4 x 106 

1.4 x 10-14 

3.5 4.0 

L mol-1s-1 

cm3 molecule-1s-1 

Uncertainty 1n log k1: to.2 at 298 Je, increasing to :to.5 at 2000 K and to :to.3 at 250 K. Expressions for K and k-l are not given 

because the reverse reaction is unlikely to be important at any temperature. 

February 1987 

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



CHEMICAL KINETIC DATA SHEETS FOR HIGH-TEMPERATURE REACTIONS 1283 

THERMOCHEMICAL DATA 

Thermochemical data for H20 and OH are from JANAF Thermochemical Tables, 3rd edition (1985). Data for the 1-chloro,2,2,2-

trifluoroethyl radical and enthalpy data for 2-chloro,l,l,l-tr1fluoroethane are not available. The H-CHC1CF 3 bond dissociation 

energy is given by McMillen and Golden.· l From these data bH~98 for the reaction is calculated to be -73 ± 10 kJ/mol. 6S~98 for 

the reaction is estimated to be 20.5 ± 4 J mol-1K- 1, assuming that the three ligands on the unsaturated C atom of the radical are 

nonplanar. 

MEASUREMENTS 

Handwerk and Zellner2 studied the reaction at temperatures between 263 and 373 K in a static system, using flash photolysis 

of H20 to generate OR radicals and monitoring their disappearance by resonance absorption. They reported k1 .. (6.62 ± 1.8) x 108 

exp[-(l260 :i: 60)/T] L mol-is-I. Clyne and Holt 3 made measurements between 294 and 427 K in a discharge flow system, using the:: 

reaction between Hand N02 to produce OH and monitoring its consumption by resonance fluorescence. They reported log k1 .. (l0.37 

:i: 0.34) - (1000 :i: 130)/T in L mol-Is-I units. Howard and Evenson4 reported a measurement near 296 K made in a discharge flow 

system also using the H + N02 reaction as an OR source but with laser magnetic resonance as a means of monitoring OR 

consumption. They reported kl = (6.32 ± 1.38) x 106 L mol-Is-I. in close agreement with the value of Clyne and Holt, but much 

smaller than Handwerk and Zellner's result of (9.03 ± 1.81) )( 106 at 293 K. 

CALCULATIONS 

Transi tion-state-theory (TST) calculations were carried out to extrapolate kI to temperatures beyond the range of 

experimental data and to test for consistency of the data with data for reactions of 08 with other haloethanes. Log kl (298) was 

assumed to be 6.95. The model for the activated complex was based on that used previously for the reaction of OR with CH4' with 

appropriate changes for the vibrational frequencies, moments of inertia, etc. The results, in agreement with the data generally 

within a factor of 2, could be described by the expression, kl .. 1.6 x 104 T1• 7exp(-1020/T) L mol-Is-I. For further computational 

details, see Ref. 5. 

DISCUSSION 

The results of Ref. 3 exhibit a much stronger temperature dependence than do those of Ref. 2; however, the scatter in the 

data is so much greater that we are inclined to give more weight to Ref. 2. The TST calculations predict a slightly larger 

temperature dependence than the results of Ref. 1. Until another, definitive measurement of kl is made, we recommend the results 

of the TST calculation: kl = 1.6 x 104 T1• 7 exp(-1020/T) L mol-Is-I, with an uncertainty in log kl of :1;0.2 at 298 K, increasing to 

±O.5 at 2000 K and to ±0.3 at 250 K. 

References 
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THERfooDCHEMlCAL DATA 

Thermochemical data for H20 and Oii are from JANAF Thermochemical Tables, 3rd edition (1985). Data for 1,2-dichloro,1,1-

difluoroethane and for the 1,2-dichloro,2,2-difluoroethyl radical are not available. We estimate the C-H bOnd dissociation energy 

to be 423 ± 10 kJ mOl-1, whence Mi~98 for the reaction is -77 ± 10 kJ mol-1• lIS~98 for the reaction is estimated to be 19.2 ± 6 J 
mol-1K-1. 

MEASUREMENTS. 

Jeong et al. ' measured k, in a discharge-flow apparatus, using the H + N02 reaction to produce OH radicals and monitoring 

their disappearance by resonance fluorescence. Over the temperature range of 249 - 473 K they could express k, by (1.22 ± 

0.12) x 109 exp[ -( 1260 ± 35)/T] L mol-1 s-l, but noted that their data suggested considerable curvature on an Arrhenius plot. 

Watson et al. 2 used flash photolysis-resonance fluorescence at 250, 298, and 350 K, with the source of OH radicals being 50 -

400 mtorr of H20~ They reported k .. (1.8 :6:~) x 109 exp[-1580 :~~g)lT] L mol-1l'\-l, with an estimated correction made for the 

presence of 450 ppm of halogenated C2 alkenes. Their approximate roan temperature value of (1 ± 0.1) x 107 is about 2/3 of the 
val.ue obtained by Jeong et al.. 1 

CALCULATIONS 

Transition-state-theory (TST) calculations were carried out to extrapolate k, to temperatures beyond the range of 

experimental data and to test for consistency of the data with data for reactions of OH wi th other haloethanes. The model for the 

activated complex was based on that used previously for the reaction of OH with CH4' with appropriate changes for the vibrational 

frequencies, moments of inertia, etc. A value of log k, (298) .. 7.2 was assumed. The results, in agreement with all the data 

within 40'1.. could be described by the expression. k, • 1.5 x 104 T1.7exp(-810/T) L mOl-'s-'. For fUrther canputational details, 
see Ref. 3. 

DISCUSSION 

The results of Ref. 2 are consistently lower than those of Ref. 1, especially at the lowest temperatut'e of both studies 

(250 K), where the discrepancy is a factor of 1.B. We see no compelling reason for preferring one set of results over the other, 

though we have made our TST calculations based on a value of k, (298) consistent with the results of Ref. 1. Until a third, 

decisive measure of k, is made, we reconmend the results of the TST calculation: k, .. 1.5 x 104 T
'
·7 exp(-8101T) L mOl-1s-1, with 

an uncertainty in log k, of ±0.2 at 298 K, increasing to ±O.4 at 2000 K and to ±O.3 at 250 K. 

References 

1. K.-M. Jeong, K.-J. Hsu, J. 6. Jeffries, and F. Kaufman, J. Phys. Chem. 88, 1222 (1984). 
2. R. T. Watson, A. n. Ravishankara, G. Machado, S. Wagner, and D. D. DaviS;-Int. J. Chem. Kinet • .!l, 187 (1979). 
3. N. Cohen and S. W. Benson, J. Phys. Chem. 11.., 162 (1987). 
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THERMOCHEMICAL DATA 

Thermochemical data for H20 and OH are from JANAF Thermochemical Tables, 3rd edition (1985). Data for 1,1,2,2-

tetrafluoroethane and for the l,l,2,2-tetrafluoroethyl radical are not available. We estimate the C-H bond dissociation energy to 

be 423 ± 10 kJ/mol, whence LlH~98 for the reaction is -77 ± 10 kJ/mol. LlS~98 for the reaction is estimated to be 20.5 ± 6 

J mol-1K- l,. 

MEASUREMENTS 

The single published study of this reaction ·to date is by Clyne and Holt,l who used a discharge flow system in which OH was 

generated by the reaction between H at ems and N02 and its consumption moni tored by resonance fluorescence. For 4 temperatures 

between 294 and 434 K they reported log kl = (9.22 ± 0.53) - (780 ± '70)/T inL mol- l s-' units, with considerable deviation frem 

lineari ty on an Arrhenius plot. 

CALCULATION3 

Transi tion-state-theory (TST) calculations were carried out to extrapolate k, to temperatures above 298 K and to test for 

consistency of the data with data for reactions of OR with other haloethanes. Log k,(298) was assumed to be 6.50. The model for 

the acti vated cemplex was based on that used previously for the reaction of OH with CHII' with appropriate changes for the 
vibrational frequencies, mements of inertia, etc. The results in reasonable agreement with the data considering the scatter, 

could be described by the expression, k, = 1.6 x 104 T1.7exp(-1330)/T L mol-'s-'. For further computational details, see Ref. 2. 

DISCUSSION 

As the graph shows, the four data pOints of Ref. 1 exhi bi t considerable uncertainty in temperature dependence. Log kl at 

roem temperature could easily be in error by ±0.25 units. The "universal" rate coefficient expression derived in Ref. 3 predicts 

a value of log kl (298) of over 7.35. On the other hand, in the case of severai other haloethanes the results of Ref. 1 are 

significantly larger than those of other workers. With some hesitancy, therefore, we rely on the TST calculations based on room 

temperature value of kl determined in Ref. 1, recognizing that another measurement is badly needed. We recommend kl = 1.6 x 104 

Tl .7 exp(-1330/T) L mOl- 1s-1, with an uncertainty in log k1 of ±0.3 at 298 K, increasing to ±0.6 at 2000 K. 

References 

1. M. A. A. Clyne and P. M. Holt, J. Chern. Soc. Faraday Trans. II, 75, 582 (1979). 
2. N. Cohen and S. W. Benson, J. Phys. Chem. 91, 162 (1987). 
3. N. Cohen and S. W. Benson, J. Phys. Chern. 91, 171 (1987). 
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THERMOCHEMICAL DATA 

Thermochemical data for H20 and OH are from JANAF Thermochemical Tables, 3rd edition (1985). Data for pentaflouroethane are 

from Chen et a1. ' . Data for the pentafluoroethyl radical are from Rogers,2 who cites llHf~98 = -891 ± 1\ kJ 1001-1 and S~98 = 341.2 

J mol-1K- 1. The uncertainty in llS~98 for the reaction results p["imarily f["om the uncertainties in the barriers to internal 

rotation in both the haloalkane and the radical. 

MEASUREMENTS 

The only temperature-dependent study of this reaction to date is by Clyne and Holt3 , who used a discharge flow system in 

which OH was generated by the reaction between H atoms and N02 and its consumption monitored by resonance fluorescence. For 4 

temperatures between 294 and 441 K they reported log k, = (8.01 ± 0.20) - (478 ± 43)/T in L mol- 1s-1 units. Their room 

temperature value (294 K) was (3.0 ± 1.1).x 106• A much smaller value of (1.5 ± 0.17) x 106 L 1I101-1s-1 at 298 K was reported by 

Martin and Paraskevopoulos4, who used flash photolysis of H20 vapor as an OH source and monitored the disappearance of OH radicals 

by resonance absorption .. 

CALCULATIONS 

Transi tion-state-theory (TST) calculations were carried out to extrapolate kl to temperatures beyond the range of 

experimental data and to test for consistency of the data with data for reactions of OH with other haloethanes. Log k, (298) was 

assumed to be 6.28. The model for the activated complex was based on that used previously for the reaction of OH with CH4' with 

appropriate changes for the Vibrational frequencies, moments of inertia, etc. The results, in reasonable agreement with the data 

though suggesting stronger temperature dependence, could be described by the expression, k1 = 1.4 x 104 T1•6exp(-1270/T) 

L mol-1s-1 . For further computational detailS, see Ref. 5; however, a slightly larger value of k1(298) was assumed there. 

DISCUSSION 

The room temperature value of k1 reported in Ref. 4 is smaller by more than a factor of 2 than the value of Ref. 3; but it is 

consistent with higher temperature data of the latter study if the temperature dependence is as detemined by the TST calculations 

described above. In view of the unsatisfactory agreement between the experimental studies, we rely on the TST calculations until 

another, definitive experiment is published. We recommend k, = 1.4 x -104 T1.6 exp(-1270/T) L mol-'s-1, with an uncertainty in log 

k, of ±0.3 at 298 K, increasing to ±0.6 at 2000 K. 

,. S. S. Chen, R. C. Wilhoit, and B. J. Zwolinski, J. Phys. Chern. Ref. Data 4, 4111 (1975). 
2. A. S. "Thermochemistry of Fluorocarbon Re.dicals," in Fluor'ine.:containing Free Radicals: KinetiCS and Dynamics of 

Reactions,';. Root, Ed. (ACS SS 66, 1978), 296. 
3· M. A. A. Clyne ana f. M. HOlt, J. (.;nem. ;soc. faraoay Trans. 11,75,582 (1979). 
4. J.-P. Martin and G. Pat'askevopoulos, Canad. J. Chern. 61, 861 (191)"3). 
5. N. Cohen and S. W. Benson, J. Phys. Chern • .2l., 162 (19'31). 
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OH + CHCIFCF 3 -+ CCIFCF 3 + H20 

TIfERMOCHEMICAL DATA 

Ther'lllochemical data for H20 and OH are from JANAF Thermochemical Tables, 3m edition (1985). Data for 1,1,1,2-

tetraflouro,-2-chloroethane and for the 1 ,2,2,2-tetraflouro, 1-chloroethane radical are not available. We estimate the C-H bond 

dissociation energy to be 423 ± 10 kJ mOI-1 , whence t.H~98 for the reaction is estimated to be -77 ± 10 kJ mol-1. t.S~98 for the 

reaction is estimated to be 15.5 ± 6 J mol-1 K-1 . 

MEASUREMENTS 

Watson et al. 1 measured 1<, at 250, 301, and 375 K using flash photolysis of 50 - 200 mtorr H20 as an OH source and resonance 

fluorescence to monitor its disappearance. They reported k, = 0.69 ± 0.24) x 108 exp[-('244 ± 90)1T] L mol-'s-', with a value at 

3D' K of (5.7 ± 0.2) x 106. Howard and Evenson2 obtained a slightly higher room temperature value of (7.5 ± 1.1) x 106 (296 K) 

using the H + 002 reaction in a discharge flow to generate OH radicals and laser magnetic resonance to detect their disappearance. 

CALCULATIONS 

Transi tion-state-theory (TST) calculations were carried out to extrapolate k, to temperatures beyond the range of 

experimental data and to test for consistency of the data with data for reactions of OH with other haloethanes. Log k1 (298) was 

assumed to be 6.80. The model for the activated complex was based on that used previously for the reaction of OH with CH4' with 

appropriate changes for the vibrational frequencies, moments of inertia, etc. The results, in reasonable agreement with the data 

considering the scatter, could be described by the expression, k, = 5.0 x 103 T1.7exp(-770/T) Lmol-:-'s-'. For further computa

tional details, see Ref. 3; however, a slightly larger value of k, (298) was assumed there. 

DISCUSSION 

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

expression of k, = 5.0 x 103 T" 7 exp(-770/T) L mol-'s-l, with an uncertainty in log k, of ±0.2 at 298 K, increasing to ±0.5 at 

2000 K. 

References 

1. R. T. Watson, A. R. Ravishankara, G. Machado, S. Wagner, and D. D. Davis, Int. J. Chern. Kinet. l!.., 187 (1979). 
G. c. J. HUWc::IL'd c::IlIU K. M. EVf::'lI::;UlI, J. Ctn:lm. Phy::;. 64, 4303 (1976). 
3. N. Cohen and S. W. Benson, J. Phys. Chern. 91. 102 (lQ87). 
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THERMOCIIDUCAL DATA 

Thermochemical data for H20 and OH are from JANAF Thermochemical Tables, 3rd edition (1985). Data for ',l,l-trlflu0l'0-2,2-

dichloroethane (except for llS~98 -- see Ref. 1) and for the 2,2,2-trifluoro-1.1-dichloroethyl radical are not available. We 

estimate the C-H bond dissociation energy to be 423 ± 20 kJ 0101- 1, whence 1l~98 for the reaction is -77 1 10 kJ 0101-1• llS~98 for 

the reaction is estimated to be '7.2 ± 6 J mOl-'K-'. 

MEASUREMENTS 

Clyne and Holt2 used a discharge flow system to measure kl at 11 temperatures between 293 and 429 K. OH was generated by the 

reaction between H atoms and N02 , and its consumption monitored by resonance fluorescence. They reported log k, • (8.83 1 0.02) -

(435 ± 44)1T in L mol-'s-' units. At 293 K they obtained kl = (2.32 1 0.11) x 107 L mol-'s-'. Howard and Evenson3 obtained a 

smaller room temperature value of (1.71 1 0.26) • 107 in a similar experiment except that the OH was monitored by laser magnetiC 

resonance. Watson et a1. 4 used flash photolysis resonance fluorescence at 245, 298, and 375 K and reported a rate coeffiCient of 

(8.4 ± 0.24) x 108 exp[(-1102 ~~6~)1T] L mol-'s-'. Their room temperature result of (2.2 1 0.2) x 107 agrees with that of Ref. 

1 . (The higher and lower values shown for Ref. 4 on the graph represent experiments at 40 and 300 torr diluent, respectively.) 

Liu et a1. 5 measured k, by flash photolysis-resonance fluorescence at 270 < T/K < 400. Their values for k, agree with the other 

measurements. 

CALCULATIONS 

Transition-state-theol"Y (TST) calculations were carried out t.(l ext.rl'lpnl::lt.e lc1 t.n t''''''I'')!>T'::atUI''<;)s bQyond tho r::.rlS0 of 

exper:'imental data and to test for:' consistency of the data with data for reactions of OH with other:' haloethanes. The model for the 

activated complex was based on that used previously for:' the reaction of OH with CHIj' with appr:'opriate changes for the vibrational 

frequencies, moments of inertia, etc. Log k, (298) was assumed to be 7.3. The results, in agreement with the data generally 

within 25%. could be described by the expression. k1 4.4. 103 T'· 7exp (-370/T) T. 11101-' ... -'. F .... T' fUl"l:h,,1" oomputation::.l dobils. 

see Ref. 5; however, a slightly larger value of k, (298) was assumed there. 

DISCUSSION 

The TST calculations are in satisfactory agreement with all the experimental data; hence we rely on them to extrapolate k1 

beyond the temperature range of the experiments and recommend k, = 4.4 x 103 T1. 7 exp(-370/T) Lmo11s-', with an uncertainty in 

log k1 between 250 and 300 K of ±0.2, increasing to 10.4 at 2000 ~. 
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THERMOCHEMICAL DATA 

Thermochemical data for H20 and OH are from JANAF Thermochemical Tables, 3rd edition (1985). Data for 1,1, 1-trifluoroethane 

are from Stull et a1. 1 Data for the 2,2,2-trifluoroethyl radical are from Rogers,2 who cites lIHf~98 = -511 ± 8 kJ mol-1 

and S~98 = 299.4 J mol-1 K- 1 The uncertainty in lIS~98 for the reaction results primarily from the uncertainties in the barriers 

to internal rotation in both the haloalkane and the radical. 

EXPERIMENTAL DATA 

Clyne and Holt3 studied the reaction at 4 temperatures between 293 and 425 K in a discharge-flow system. The OH was produced 

by the reaction of H atoms with N02 , and its disappearance moni tored by resonance fluorescence. They expressed their results by 

log kl = (10.62 ± 0.40) - (1390 ± 220)1T in L 1II01-1s-1 units. At 293 K they obtained only an upper limit to k, of 6.0 x 105• 

Martin and Paraskevopoulos4 obtained a larger value for k1 at 298 K of (1.03 ± 0.26) x 106 . This result was obtained by flash 

photolysis of H20 in the VUV to produce OH radicals, whose disappearance was then IOClnitorect by resonance absorption. Their 

fluorocarbon was of measured purity 99.6%, with 0.4% CFCICH2 impurity. Assuming a reactivity of the latter compound 

characteristic of olefins with OH, there is sufficient impurity present to contribute significantly to the measured rate 

coernCient at room temperature. Clyne and Holt's reagent was statea to Oe 99.9% pure Dr Oetter. 

CALCULATIONS 

Tt'ansi tion-state-theory (TST) calculat ions were carried out to extrapolate k, beyond the range of experimental data and to 

test for consistency of the data with data for reactions of OH with other haloethanes. Log k1 was assumed to be 5.9. The model 

for the activated complex was based on that used previously for the reaction of OH with CH'l' with appropriate changes for the 

vibn".l.,ional f'cequencle;:" 1I10WeJll.,,,, vf' i"",,·1,10, ",\,C. TIl'" re;:,ull,,, , i" og,"eelllent witl) tl,e uoto .·it .. llill d f'cH.:l.,VL" vf' 2, cvulu LJ", 

described by the expression, kl = 4.1 x 106 T1 • 1exp(-2380/T) L mol-1s-1. For further computational detailS, see Ref. 5; however, 

a slightly larger value of kl (298) was assumed there. 

DISCUSSION 

Both room temperature measurements of k, leave something to be desired: that of Ref. 4 may be too large because of possible 

impurities; the lower value of Ref. 3 is given as only an upper limit. II value of log 1<1 (2<)8) - 5.9 in consiot.ent. wit.h bot.h 

measurements, but may still be too large. The TST calculation based on this value for k, (298) predicts values at higher 

temperatures consistently lower than the other results of Ref. 3. However, values for the rate coefficient for the analogous 

reaction of OH with CH3CCl3 obtained in Ref, 3 are consistently higher than results of other workers (see Data Sheet for that 

reaction). The TST calculation for that reaction is in good agreement with the most reliable experimental data. Hence, we chose 

to rely on the TST calculations in this case, not Withstanding the disagreement with Ref. 3. We recommend k, = 4.1 x 106 

T"'exp(-2380/T) L mol-'s-', with an uncertainty in log k1 of ±0.3 at 300 K, increasing to ±0.5 at 2000 K. 
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CHEMICAL KINETIC DATA SHEETS FOR HIGH-TEMPERATURE REACTIONS 

THERMOCHEMICAL DATA 

Thennochemical data for H20 and OH are from JANAF Thennochemical Tables, 3rd edition (1985). Data for 1-chloro,l,l-

difluorethane and the 2-chloro,2,2-difluoroethyl radical are not available. We estimate the C-H bond dissociation energy to be 

423 ± 10 kJ mol- 1, whence l\H~98 for the reaction is -71 ± 10 kJ mol-1. l\S~98 for the reaction is estimated to be 11.7 ± 5 J 

mol-1K-1 . 

MEASUREMENTS 

The reported measurements 1-1 of kl show considerable scatter, much of which can probably be attributed to impurities. 

(Paraskevopoulos et a1. 5 estimate- that the 0.054% C2F2Cl2 impurity could increase the apparent rate coefficient by 35% at room 

temperature. ) Howard and Evenson 1 measured k1 at 296 K, using a discharge-flow system to produce the OH radicals by the reaction 

of H + N02 , and laser magnetic resonance for OH detection. Their haloethane was of greater than 99.99% analyzed purity. They 

obtained the lowest reported room temperature value for k1 of (1.7 :!: 0.25) x 106 L mol- 1s-1 Watson et a1. 2 used photolysis of 

H20 by an N2 spark discharge lamp as an OH source and resonance fluorescence for OH detection. Their halocarbon was of stated 

purity >99.8%. They fitted their data at 213, 298, and 315 K by k1 = (6.9 ± 0.9) x 108 exp[-(1748 ± 30)1T] L mol- 1s-1• Handwerk 

and Zellner3 produced OH by flash photolysis of H20 and used resonance absorption to monitor its disappearance. flfter 

purification the CH3CF2Cl contained 0.02-0.1% of other saturated fluorocarbons and unstated amounts of unsaturated 

fluorocarbons. They reported kl = (1.08 :!: 0.3) x 108 exp[-(1190 ± 150)1T] based on measurements at 293 and 313 K. Clyne and 

HoltS studied the reaction at 5 temperatures between 293 and 411 K, using the H + N02 reaction in a discharge flow system to 

produce OH and resonance fluorescence to monitor its disappearance. The halocarbon was stated to be more than 99.8% pure. They 

reported log k1 = (9.3 ± 0.36) - (180 ± 130)/T in L mOl- 1s-1 units, and k(293) = (4.3 ± 0.8) x 106. Paraskevopoulos et a1. 5 

m~asured k, at 291 K by flash photolysis-resonance absorption and reported (2.19 ± 1.04) x 106 L mol-1 s-1. Their reagent was 

99.9% pure. Cox et al-. 6 reported the same result, but their method requires some unproven assumptions about the reaction mechan

ism. Liu et a1. 7 measured k, by flash photolysis-resonance fluorescence at 270 < TIK < 400. 

CALCULATIONS 

Transition-state-theory (TST) calculations were carried out to extrapolate k1 to temperatures above 300 K and to test for 

consistency of the data with data for reactions of OH with other haloethanes. Log k, (298) was assumed to be 6.4. The model for 

the activated complex was based on that used previously for the reaction of OH with CH4' with appropriate changes for the 

vibrational frequencies, moments of inertia, etc. The results, in fair agreement with the data conSidering the scatter, could be 

described by the expression, k1 = 3.0 x 106 T,·l exp (-1940/T) L moe1s-'. For further details, see Ref. 8; however, a slightly 

larger value of k, (298) was assumed there. 

DISCUSSION 

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

reliable experiments. We rely on the latter, but assume a preexponential factor of T' ", as the calculations predict, and 

,..ooommond k\ - 3.1l • 105 T
'

• 1 oxp(-1300/T) fo,.. 270 -: TlK -: ::2000. Thi$ 38roo$ <lith the dota of Rof'. 7 within 10';. 
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1298 N. COHEN AND K. R. WESTBERG 

1l~98 -77 ± 10 kJ Il101-1 (-18.4 kca1 mol-1) 
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Uncertainty in log k,: ±0.2 at 250 - 300 K. increasing to ±0.4 at 2000 K. Expressions for K and k_1 are not given because the 

reverse reaction is unlikely to be important at any temperature. 
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CHEMICAL KINETIC DATA SHEETS FOR HIGH-TEMPERATURE REACTIONS 

THERMOCHDlICAL DATA 

Thermochemical data for H20 and OH are from JANAF Thermochemical Tables, 3rd edition (1985). Data for 2,2,2-trichloroethane 

are from Chao et al. l Data for the 2,2,2-trichloroethyl radical are not available. We estimate the C-H bond dissociation energy 

to be 423 ± 10 kJ mOI- l , whence llHf~98 for the reaction is -77 ± 10 kJ mol- l . llS~98 for the reaction is estimated to be 

20.2 ± 5 J mol-1K- 1. 

M8ASUREl'1ENTS 

1299 

Of the published studies of this reaction,2-10 the first four have been invalidated on the grounds that the methyl chloroform 

contained significant levels (-0.1%) of CH2CCl2 , which reacts two to three orders of magnitude more rapidly with OH and therefore 

gives spuriously large results for kl if not taken into account. This problem has been discussed in Refs. 6 and 7. Kurylo et 

al. 6 measured k, at 253-363 K by flash photolysis-resonance fluorescence, using HON02 photolyzed at 165 nm as the OH source. 

Jeong and Kaufman 7 studied the reaction in a discharge flow system over the temperature range of 278 to 460 K, using the. H + N02 
reaction as an OH source and with resonance fluorescence as a means of OH detection. The two studies are in excellent agreement. 

the former giving kl = (3.25 :!: 1.1) x 109 exp[-(1810 ± 100)/TJ L mol- 1s- 1 and the latter, k1 = (3.3 ± 0.8) x 109 exp[-1832 ± 

98)/TJ. Both reported a room temperature value very close to 6.4 x 106 L mol-'s-'. Reference 8 is unreliable because of the 

indirectness of the method. Nelson et al. 9.10 measured kl by two separate techniques: at 298 K OH was produced by photolysis of 

CH30NO/02 mixtures ahd the rate was measured relative to that for OH + CH3Cl by monitoring the relative disappearance of CH3CCl3 
and CH3Cl. 9. 10 At 359, 376. and 402 K OH was produced by pulse radiolysis of H20/Ar mixtures and its absorption monitored by 

kinetic absorption spectroscopy at 309 run. 10 The points plotted are from Ref. 10. Though both methods are somewhat indirect, the 

results are in good agreement with other studies. 

CALCULATIONS 

Trans i tion-state-theory (TST) calculations were carried out to extrapolate k, to temperatures beyond the range of 

experimental data and to test. for consistency of the data with data for reactions of OH with other haloethanes. Log k1 (298) was 

assumed to be 6.8. The model for the activated complex was based on that used previously for the reaction of OH with CH4' with 

appropriate changes for the vibrational frequencies, moments of inertia, etc. The results, in reasonable agreement with the data 

considering the scatter. could· be described by the expression. k1 = 2.4 x 106 TL1 exp(-1610/T) L mol-1s-1• For further details, 

see Ref. 1'. 

DISCUSSION 

After discarding the results of Ref. 3, which were superseded by Ref. 7, those of Ref. 5, which have proven less reliable in 

the cases of other OH + haloalkane C'eactions, and Ref. 8, we are left with five presumably reliable measurements of log k1 (298), 

three near 6.8 and two near 6.95. We accept the lower value because of possible reagent impurities in the other studies. The 1'$T 

calculations based on this room temperature value are in good agreement with the other data of Refs. 6 and 7 at other 

temperatures, and we relY on them for our recommended expression. We recommend 1<, = 2.~ x 106 11. 1 exp(-1&10/T) L mol-'s-l, with 
an unoel"tainty in log k, of' ,.0.2 at 250 - 300 K. inol"easing to ,.O.ll at 2000 K. 
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N. COHEN AND K. R. WESTBERG 

AH~58 # -411.56 ± 6 kJ mol- 1 (-10.65 kcal mol- 1) 
K(1) = 19.8 1-0•3 exp(521.!0/T) 

The uncertainty in log K(T) is :1:1.7 at 200 K, decreasing to ±1.1 at 298 K and ±0.1 at 3000 K. 
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CHEMICAL KINETIC DATA SHEETS FOR HIGH-TEMPERATURE REACTIONS 

THERMOCHEMICAL DATA 

Thermochemical data are taken from the JANAF Thermochemical Tables. 3rd ed. (1985). according to which lIH~98(NH2) = 190.4 ± 

6.3 kJ mol-;. TIle analytic expression chosen for K(T)· matches equilibrium constants calculated from those data to within 5:t 

between 200 and 6000 K. 

MEASUREMENTS 

Since the. 1972 review by Baulch et al •• 1 the following studies have been published. At low temperatures «700 K). k, has 
been measured by discharge flow-mass spectrometry at 298 KZ. VUV photolysis-resonance fluorescence (298 K)3. pulsed radiolysis

resonance absorption (418 K)4. flash photolysis-resonance fluorescence (298 K5, 297-447 ~). discharge flow-ESR (298-669 K7). 

flash photolysis resonance absorption (228-472 ~). pulsed radiolysis-canputer modeling (300 K9). and discharge flow-resonance 

fluorescence (297-364 K'O and 294-1075 K" ). TIlere have been 5 shock tube studies: a combined flash photolysis-shock tube 

experiment (1080-1695 K'2); an induction time measurement (1390-1920 K13); a shock tube-laser absorption study,4 (1750-2060 K); a 

similar study but using resonance absorption'S (1600-2000 K); and one16 that obtained only an upper limit to the value of k, (not 

shown on the graph). More recently a laser pyrolysis-laser induced fluorescence study. (8110-1425 K),17 a flame study (2080-2360 

K),18 and a flash photolysis laser-induced fluorescence study (273-433 K) 19 have appeared. 

CALCULATIONS 

Transition-state theory (TST) calculations were carried out for several activated complex configurations to test which of the 

high-temperature measurements could be· consistent with the low-temperature results. The N'H'O and H·O·H bond angles were assumed 

to be 165 and 110° respect! vely; the N' H and H'O bond lengths were assumed only slightly lengthened from their normal lengths. 

TIle N·H·O synJDetric stretching and the two H-NoH bending frequencies were assumed to be 2300 and 1000 cm-1• respectively. 

The N'H'O and H·o-H bending frequencies were varied between 600 and 900 em-1. The two internal rotations were assumed either free 

or with low barriers of 1!.2 and 8.4 kJ/mol. With the varied vibrational frequencies taken to be 900 em-1 and free internal 
rotation. the calculations agreed with the data of Refs. 3, 5. 8, 10, and 17, and could be fitted over the te""erature range of 

250 to 3000 K by k, • 5.0 " 104 T1.6 exp(-480/T). None of the models allowed the data of Ref. 13 to be consistent with a room 

temperature value of k, of 9 x 107 L mol- ' s· ' • which all the reliable room temperature data suggest. The calculations also imply 

that the results of Ref. 12 are too low by a factor of 3-5. The calculations suggest values of log k, at 2000 K of 9.7 - 10.0. 

Another TST calculation,7 gave nearly identical results at T ) 1100 K, but slightly larger at lower temperatures (50$ at 250 K). 

DISCUSSION 

The shock tube study of Fujii et 301. 13 has been oritioized'4 for the oversimplified data analysis ·and the indircct dependence 

of k, on the induction time. Ref. 15. which corroborated the results of Ref. 13. may have been misled by the erroneous choice for 

the rate coefficient for the 0 + NH3 reaction. The value of k1 deduced in Ref. 12 depends on computer modeling and may be 

sensitive to assumed values for some other rate coeffiCients. TIle nuch larger values of k, deduced in Ref. 14 were obtained by a 

more direct experimental procedure; the flame study results of Ref. 17 agree with these. The recently reported larger values for 

the rate coefficient for the H + NH3 reaction will lower the deduced value of k, in both of these studies -- possibly by 50%. 

Refs. 3, 6, 8, 10, and " all agree on a value for log k, of 7.95 ± 0.10 at 295-300 K. Between 500 and 1500 K there is at least a 

factor of 2 uncertainty in the data. We recOlllllend the expression for 1<, based on the TST calculation described above: k, = 

5.0 M loll T1.6 exp(_IIBo/T) L 11101-1 s-1. This gives agroement with the lowest temperature experimcntal data3.6.8.10.11.19 and the 

highest 111. 18. wi thin experimental error (taking into account the necessary lowering of k, • because of the revised value for the 

H + NH3 rate coefficient). The uncertainty in log k, is ±O.1 at 300 K. increasing to ±O.3 at 2000 K. 
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1302 N. COHEN AND K. R. WESTBERG 

t.H~98 = -119.3 : 12 kJ 001-1 (-28.5 kca1 mol-I) lIS~98 = -8.3 : 0.4 J moC1K-1 (-2.0 cal mo1-1K-1 ) 

K(T) - 0.73 1-0 • 1 exp(14320/T) 

The uncertainty in log K(T) is :3.1 at 200 K, decreasing to ±2.1 at 298 K and %0.24 at 3000 K. 
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CHEMICAL KINETIC DATA SHEETS FOR HIGH-TEMPERATURE REACTIONS 1303 

THERMOCHEMICAL DATA 

Thermochemical data (except for t.Hf~ 8(NH» are taken from the JANAF Thermochemical Tables, 3rd ed., according to which 

t.Hf~98(NH2} = 190.3 ± 6.3 kJ mOI- i ; llHf~98(NH) = 376.6 ± 16 kJ mol-1 . More recently, Piper' reanalyzed experimental data 

for l'lHfg(NH) and recommended 352 ± 10 kJ mOl-1; we use this value. The analytic expression chosen for K(T) matches equilibrium 

constants calculated from those data to within 3% between 200 and 6000 K. 

MEASUREMENTS 

There are no direct measurements of this reaction. Dean et a1. 2 found the kinetics of NH3 oxidation at 1279 to 1323 K to be 

sensitive to k

" 

and that their model was consistent with experiments if they assumed k, = 3 x 107 TO. 68 exp(-600/T) L mOI-'s-l, 

an expression taken from Tunder et a1. 3; this gives values of approximately 2.5 x 109 in their temperature range. Kimball-Linne 

and Hanson4 modeled experiments in a combustion-driven flow reactor in which NO and NH3 were reacted at 1050 - 1450 K. They 

optimized fits to data when k, was taken to be 6 x 109 . Branch, Kee and MillerS modeled NH3 reduction by NO near 1200 K and found 

they needed to have kl = 4.5 x 109 exp(-1100/T) to predict NO behavior correctly. This gives kl = 1.8 x 109 at 1200 K and is 

slightly smaller than the value they" earlier assumed6 because of the revised value for the NH2 + NO reaction rate coefficient. 

Niemitz et a1. 7 required a value of 5 x 109 at 1350 K to model their experiments on the OH + NH3 reaction studied by flash 

photolysis of shock heated mixtures of NH3 , H20 and Ar. 

CALCULATIONS 

We have used transi tion-state theory to calculate values of k
" 

assuming a model for the transition state very similar to 

that used in a successful TST calculation for the OH + NH3 rate coefficient (see data sheet for that reaction). (This model 

implici tly assumes the reactor proceeds directly by H atom abstraction, rather than by formation of an OH·· .NH2 complex that 

subsequently rearranges.) The principal differences in the transition state properties for the OH - NH2 reaction are in the 

electronic degeneraCies (NH20H* is assumed to be a triplet state, whereas NH30H* was assumed to be a doublet) and in the 'symmetry 

changes. With an assumed value of k, (298) of 1 x 109 , the calculated values could be fitted by the expression, k, = 

9.0 x 104 T1.5 exp(2301T), which gives k, (1300) = 5 x 109 , in reasonable agreement with the modeling requirements. 

DISCUSSION 

In the absence of direct measurements we recommend the above TST calculated values fot:' k, : 8.6 x 104 T1. 5 exp(2301T), with an 

uncertainty of a factor of 5 throughout the range of 250 to 3000 K. This large uncertainty allows for the possibility that the 

reaction proceeds via two parallel pathways: direct abstraction (modeled by the TST calculations) and addi tion followed by 

rearrangement of an OH··· NH2 complex. 
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CHEMICAL KINETIC DATA SHEETS FOR HIGH-TEMPERATURE REACTIONS 1305 

OH + NH ;!~ H + HNO 

;~~ N + H20 

THERMOCH91ICAL DATA 

Thermochemical data are taken from the JANAF Thermochemical Tables, 3rd ed. More recently, Piper 1 reanalyzed experimental 

data for lIHf~(NH) and recommended 352 ± 10 kJ mol- 1; we use this value. The analytic expressions chosen for Kl (T) and K2(T) match 

equilibrium constants calculated from those data to within 10% from 200 t.o 6000 K. 

MEASUREMENTS 

There are no direct measurements of either kl or k2 or their sum. Dean and coworkers2 used kl k2 ~ 5 x 10
8 rO· 5 

exp(-1000IT) L mol-1 s-' in their mechanism for NH3 oxidation near 2000 K, but provided no comment on the sensitivity of the 

modeling results to these values. 

CALCULATIONS 

k2 can be estimated using the analogous reaction of 20H ~ H20 + ° as a guide. The rate coefficient for that reactio!1 is 

well-described by k ~ 2.' x 105 T1. 4 exp(200/T) L mol- 1 s-'. If we use this expression, augmented by a factor of 16/9 because of 

the different electronic degeneracies (assuming the activated complex is a quartet state), and converted to a t.wo-parameter 

expression (a third seems unnecessary considering the approximations involved), the resulting expression is k2 ~ 2 x 106 T'·2 

L mOl- 1 s-'. 
k, can be estimated by comparison with k4' the ['ate coefficient for the reaction 20H .. --> H + H02. The reverse reaction rate 

coefficient is 4.4 x 10'0 L. mOl- 1s-1 , with formation of 20H occurring 87% of the time.3 This implies an intrinsic activation 

energy barrier of approximately 4 kJ mol- 1 if the gl ~ 1 and approximately 1 kJ mol- 1 if gl ~ 3. Assuming the transition state is 

a 2A state, then g:t for Reaction (1) is 2, and the maximum value k1 can have (if there is no activation energy) is approximately 

5 x 1010 L mo1- 1s-1. If the activation energy is as large as 4 kJ mol- 1, then kl will be only 1 x 1010. Since both reactions 2 

and 4 pass through addition complexes, we would expect very small, if any, activation barriers. We estimate k,(298) ,,2 x 1010, 

with an uncertainty of a factor of 2.5. 

DISCUSSION 

In the absence of experimental data, we choose the estimation described in the preceding section, namely, k2 ~ 2 x 1010 

T'·2 L mo1- 1 s-l. k, should have little--or possibly negative--temperature dependence. and a large room temperature value, as is 

often the case for reactions that proceed through an addition complex. We assume the value estimated above, namely, 2 x 1010 and 

assume further that k, is essentially temperature-independent. Both of these rate coefficients have considerable uncertainty--at 

least a factor of 4 throughout the temperature range. 

Two other reactions between OH and NH can be written: 

OH + NH .. H2 + NO 

OH ... NH ~ NH2 .,. 0 

The first of these, though exothermic, is a four-center reaction and, like the analogous reaction of 20H ... H2 + 02' would be 

expected to have a large activation energy. It would therefore not compete with reactions (') and (2), even at fairly high tem

peratures. The second reaction is slightly endothermic, and is discussed in the reverse direction in the data sheet for ° + NH2 

reactions. 
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OH + NH2 #- 0 + NH3 

K(T) "" 1 K 10-3 TO. 5 eKp(3490/T) 

The uncertainty in log K(T) is ±1.1 at 298 K, decreasing to ±0.1 at 3000 K. 
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o + NH3 

THERMOCHEMICAL DATA 

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

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

6000 K. 

MEASUREMENTS 

There are no direct measurements of k1. k-1 has been measured at moderate temperatures <300-850 K) in flowing1- 9 and 

static10 systems and at high (>1000 K) temperatures in flames 11 and in shock tubes. 1Z- 15 The most pr'ecise study is that of 

Perry,8 who used laser photolysis/N02 chemiluminescence to follow the reaction at 448 - 841 K. By maintaining a ver'Y lar'ge excess 

of NH
3

, he minimized the effects of secondary reactions. He obtained log k-1 = 5.98 and 8.01 (L mOl-1 s-1 units) at 448 and 841 

K, respecti vely. The most r'eliable high-temper'ature study is that of Salimi an et 81.,13 who shock heated mixtures of NH3 and N?O 

to 1750-2060 K and monitor'ed OH absor'ption in the UV with a ring dye laser', obtaining log k-1 = 9.37 ± 0.3 at 2000 K. Earlier 

studies near 300 K2- 4 indicated values of log k-l of 4.8 - 5.5. Baulch et. a1. 9 studied the reVerse reaction at 350 K in a 

discharge-flow diffusion-stirred reactor. By measuring the NO yields with and without added NO reagent. they concluded that the 

exper'imental results wer'e not consistent with a computer' simulation in which the in1 tial step pr'oduced NH2, deciding ther'efor'e 

that 0 + NH3 must form an NH30 addi tion complex. 

CALCULATIONS 

Tr'ansition-state theory (TST) calculations of k-1 have been described by Salimian et a1. 13 and by Cohen. 16 The latter 

obtained good agr'eement with the data of Refs. 8 and 13 by assuming log k-1 (300) lJ.5. which is a factor' of 2 or more lower than 

the experiments near that temper'atur'e indicate. 2- 4 These calculations ar'e fitted by the expression k-1 = 1.1" 103 T2 •1 

exp(-2620/T) L mol-1s-1 for 2q8 < T < 3000 K. Calculations by HartH and Melius18 indicate than an NH30 addition complex would 

not be stable. 

DISCUSSION 

The li ter'ature through 1969 was reviewed by Cohen and Heicklen 19 and by Baulch et al .• 20 both of whom concluded that most of 

the early studies were unreliable. Detailed computer calculations 16 carr'ied out to simulate the exper'imental conditions of Refs. 

3, 4, and 9 showed that, notwithstanding the results of Ref. 9, the H-abstr'action mechanism could not be unambiguously ruled 

out. HOWever', a satisfactory explanation for values of k_1 factors of 2-3 larger than the TST calculations obtained in some 

experimental studies at 298 - 350 K could not be found. Accordingly, we regard the mechanism and the r'ate coefficient at low 

temperatures, to be uncertain at present. Provisionally. we r'ecommend the r'esults of the TST calculations of Ref • 16. which are 

in good agreement with the data of Refs. 8 and 13, but a factor of 2 lower than the lowest exper'imental results at 298-350 K: k_1 

= 1.1 x 103 T2. 1 exp(-2620/T) L mol-1 s-', with an uncertainty in log k-1 of ±D.3 throughout the temper'ature range of 298 - 2000 

K. The uncertainty in log k1 (298) is considerably larger, r'eflecting the uncertainty in tlHf~98(NH2) and, ther'eby, in K(T). 

Refer'ences 

1. L. 1. AVr'amenko, R. V. Kolesnikova,and N. L. Kuznitsova, Izvest. Akad. Nauk. $SSR, Otd. Khim. Nauk. 983 (1962). 
2. E. L. Wong and A. E. Potter, J. Chem. Phys. 39, 2211 (1963). 
3. E. L. Wong and A. E. Potter, J. Chern. Phys. lB, 3371 (1965). 
4. E. A. Albers, K. Hoyermann. H. Gg. Wagner. and J. Wolfrum, 12th Symp. (Int.) Combust., 313 (1969). 
5. M. J. Kurylo, G. A. Hollinden. H. F. LeFevre, and R. B. Timmons, J. Chem. Phys. 51, 4497 (1969). 
6. K. Kin,chner, N. Meq;e\., am! C. Suluulul., Cilelllle In~t::nlt::Ul' TecUnlK 46, 661 (19T4)~ 
7. C. LaloandC. Vermeil, J. Chim. Phys. 77,131 (1980). -
8. R. A. -Perry, Chern. Phys. Lett. 106, 223"-[1984). 
9. D. L. Baulch,!. M. Campbell, ana-H. Hainswor'th, J. Chern. Soc., Faraday Trans. I, 80, 2525 (1984). 

10. K. ·1. Aganesyan and A. B. Nal bandyan, Dokl. Akad. Nauk. SSSR 160, 1 62 (1 965 fLEngl. transl. Oakl. Phys. Chem. ill, 18 
(1965)J. -

11. C. P. Fenimor'e and G. W. Jones, J. Phys. Chern. 65, 298 (1961). 
12. J. E. Dove and W. S. Nip, Can. J. Chem. 52. 1171(1974). 
13. S. Salimi an , H. K. Hanson, and C. H. Kruger, Int. J. Chern. Kinet. 16,725 (198!!). 
14. N. Fujii, H. Sato. S. Fujimoto, and H. Miyama, Bull. Chem. Soc. Japan ·57, 277 (1984). 
15. N. Fujii, K. Chiba, S. Uchida, and H. Miyama, Chern. Phys. Lett. 127, 11if (1986). 
16. N. Cohen, Int. J. Chern. Kinet. 19, 319 (1987). -
17. B. T. Hart, Aust. J. Chem. 29. 231 (1976). 
18. C. F. Melius, unpublished Calculations. 
19. N. Cohen and J. Heicklen, Compo Chern. Kinet. 6, C. H. Bamford and C. F. H. Tipper, eds. (Elsevier, 1972), p. 1-
20. D. L. Baulch, D. D. Drysdale, D. G. Horne. and A. C. Lloyd, Evaluated Kinetic Data for High Temperature ReactiOns, Vol. 2 

(Butterworths, 1973), p. 483. 

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



1308 

o + NH2 ~ NH + OH 

o + !lt1l2 ~ NH + OH 

o + NH2 ~ H + HNO 

N. COHEN AND K. R. WESTBERG 

& o + NH2 ~ H + HNO 

6.9 T-O• l exp(5800!T) 

& 

-48.5 ± 12 kJ moCl (-11.6 kcal mol-I) 

9.2 ± 0.4 J mol-lK- l (2.2 cal maCIK-I) 

l;H~98 = -122 ± 7 kJ moCl (-29.1 kcal mol-I) 

l;S~98 = -20.5 ± 0.4 J moCI K- l (-4.9 cal moCl K-l ) 

~H.~90 = -349.4 ± n lc1 T!ln1-1 (-R'L'l "rAj mn,-l) 

K3(T) = 2.2 x 10-1 exp(41960/T) l;S~98 = -14.3 ± 0.4 J maCI K-1 (-3.4 cal moCI K-1) 

The uncertainty in log Kl (T) is ±3.1 at 200 K, decreasing to ±2.1 at 298 K and ±0.3 at 3000 K. The corresponding uncertainties in 

log K2 (T) are ±1.8, ±1.2, and ±a.25, respectively. Those for log K3(T) are ±1.5, ±1.0, and ±D.2, respectively. 
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±D.7 throughout temperature range. 
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o + NH2 ~Z NH + OH 

o + NH2 ~: H + HNO 

o + NH2 -1+ H2 + NO 

THERMOCHEMICAL DATA 

Thermochemical data for HNO are taken from the JANAF Thermochemical Tables, 3rd ed., according which lIHfZ9S(NH2) = 190.4 

± 6; llHf~98(HNO) = 99.6; lIHf~98(NH) = 376.6 ± 16 kJ/llIo1. More recently, Piper1 reanalyzed experimental data for lIHf~(NH) and 

recommended 352 ± 10 kJ/mol; we use this value. The analytic expressions chosen for Kl (T), K2(T), and K3 (T) match equilibrium 

constants calculated from those data to within 7%, 10%, and 10%, respectively, between 200 and 5000 K. 

MEASUREMENTS 

Dransfeld et al., 2 studied these and other reactions of NH2 radicals in a discharge-flow system at 296 K. NH2 radicals were 

produced by the reaction between F atoms (produced by a microwave discharge through F2) and NH3 and were detected by either laser

induced fluorescence (LIF) or laser magnetic resonance (LMR). 0 atoms (at 7.1 x 10-10 to 1 x 10-8 mol/L) were generated in excess 

relative to NH2 by microwave discharge through 02-He mixtures. Time-dependent concentration profiles were determined by electron 

spin resonance, and absolute concentrati~ns were determined by 0 +' NH2 chemiluminescence. The products NH and OH were detected by 

LMR; HNO, by LIF. A value of (5.3 ± 1.5) x 1010 L moC1s-l (25 times larger than earlier reported by Gehring et a1. 3) was 

obtained for kA = kl + k2 + k3 by monitoring NH2 disappearance. Separate values for kl = (7 ± 3) x 109 and k2 = 
(4.6 ± 1.2) x 1010 L mol-1s-1 were determined by computer fits to (OHJ and (NHJ profiles. Reaction 3 was eliminated on the basis 

of results of Albers et a!.. 3 who did not observe simultaneous appearance of NO and H2 in 0 + NH3 dis'charge flow experiments. 

Other possible reaction channels (yielding NO + 2B, or N + H20) could be eliminated in both experiments, either on thermochemical 

grounds or on the basis of product con~entration profiles. In their high temperature mechanism, Dean et a1. 5 assumed that 

reaction (1) dominates, obtaining agreement with experiment with k 1 (1300) = 1.4 x 1010, but could not rule out reaction (2). 

CALCULATIONS 

MoliuCl .. nd l!inkloy6 "" .. rl fn"r~h-nrrl .. r MoIll .. r-Pl"" ..... t pl>rturbation thl>ory with bond additivity corrections to investis:ate the 

reaction. Their calculations indicate two possible paths to form NH + OH, one via two successive complexes: 

o + NH2 -+ H2NO -+ HNOH -+ NH + OH 

and the other via direct H atom abstraction, with very little activation energy (approximately 20 kJ mol-I) 

o + NH2 --+ NH ..,: OH 

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

o + NH2 --+ H2ND --+ HNO + H 

D + NH2 -+ H2 NO --+ HNOH -+ HNO + H 

o + NH2 -+ H2 NO -+ NO + H2 

(la) 

(lb) 

(2a) 

(2b) 

(3) 

They concluded that reaction 2 would dominate, with a smaller contribution from I, and even less from reaction 3. We have carried 

out. transition-state theory (TST) calculations for k1b using a model for the transition state very similar to that used for the 0 

+ NH3 reaction (see data sheet for that reaction) but assuming that g: = 4. For different assumed values of. k lb(298), the 

calculations can be fitted by k 1b = 1.4 x 10-5 Tl •4 [k(298) ]298/T exp(+780/T). 

DISCUSSION 

The experimental resul ts of Ref. 2 for kA' kl' and k2 are reasonable, but provide only room temperature values. The 

sensitivities of the separate values for kl and k2 to details of the computational model assumed were not discussed. The TST 

calculations described above indicate that if klb(298) is as large as 7 x 109 ~ mol-ls-l (see Ref. 2), then the barrier height is 

less than 1 kJ/mol, which seems too small (cf. Ref. 6). Consequently, a considerable contribution to -kl must come from kla if the 

"xl'prim"nt;o1 r"""l t .. ;or" ('orr"",t. Th" TST ,,-al,,-ulations indicate that k 1b varies by less than a fa"-tor ·of 2 from 200 to .3000 K. 

The association process (k1a) should have little-or even negative-temperature dependence. Thus, in any case k1 should have a 

very weak temperature dependence. The same is true for k 2 • If the relative enthalpies of the intermediates H2NO and RNOH 

calculated in Ref. 6 are correct (though we don't expect both the barriers to form HNO + H to be so large), then (H2NOJ eq • > 
[HNOlll eq • cxeept at the hi15hc3t teDlpcraturco. Simplc uni111olccul<lr reaction theory cussectc 1<:$ > I<za and k

Zb 
> k 1a , whGncG 

k3 > k2a » k 2b > k 1a • The entropy of activation for reaction lb is 13-17 J moC1k -1 larger than for the other four reaction 

paths. If it has an activation energy - even as small as 10 kJ/mol (Ref. 6 calculates 20), k 1b will not dominate until 

T ~ 1000 K. Thus, we would expect k3 > k2 > k1 at moderate and low temperatures and kl > k3 > k2 at high temperatures. The 

experiment:al eVidence suggest:s k3 <: k2 and Kl' which ID"ans tho. ~.,laLlv., b .. LL.i..,L h.,ll!;hL" .. L., .i.m;ULL.,<.:L. lluL .,v.,u "u, 1..3 way nvt be 

neg 1 igi ble. 

We rely on Ref. 2, noting that the total value kA is more reliable than the individual values of kl and k2 • We recommend kl 

= 7 x 109 and k2 = 4.5 x 1010 for 298 to 3000 K, with a factor of 2 uncertainty in each. We estimate, on theoretical grounds, 

that k3 should not be less than 5 x 109 , although there is no supporting experimental evidence at present. 
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O+NH~H+NO 

O+NH~N+OH 

N. COHEN AND K. R. WESTBERG 

o + NH ~ H + NO & o + NH #- N + OH 

t.H~98 .. -292.8 ± 10 kJ mol-1 (-70.0 kcal mol-1 ) 

t.S~98 .. -16.8 ± 0.1 J mol- IK-1 (-4.0 cal mol-I K-1) 

K1 (T) .. 7.1 x 10-2 TO. l exp{35220!T) 

-89.4 ± 10 kJ moCI (-21.4 kcal mol-I) 

-5.3 ± 0.1 J mol-1 K-1 (;"1.3 cal mol-1K-1) 

K2(T) 1.1 T-O• 1exp(l0700/T) 

The uncertainties in log Kl(T) and log K2(T) are ±2.6 at 200 K, decreasing to ±t.7 at 300 K and :to.3 at 3000 K. 
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CHEMICAL KINETIC DATA SHEETS FOR HIGH-TEMPERATURE REACTIONS 1311 

THERMOCHEMICAL DATA 

Thermochemical data taken fran the JANAF Thermochemical Tables, 3rd edition. More recently, Piper reanalyzed experimental 

data for lIHf~(NH) and recommended 352 ± 10 kJ mol-1; we use this value. The analytical expressions chosen for K1 (T) and K2(T) 

match equilibrium constant calculated from those data to within 5% and 3%, respectively, between 200 to 6000 K. 

EXPERIMENTAL DATA 

There are no direct measurements of either k1' k2' or kA = k1 + k2. Dransfeld et a1. 2 best fitted their rOaD temperature 

flow tube data on the 0 + NH2 reaction system by assuming kA = (5 ± 2) x 1010 L mol-1s-1. Dean et a1. 3 assumed k1 = 6.3 x 108 

TO•5 and k2 = 6.8 x 108 To.5exp(-40001T) in their modeling of NH3 flames near 2000 K. Neither gave any indication of the sensi

ti vi ty of their model to these assumed values. Cohen4 found much better agreement wi th experimental data on the 0 + NH3 reaction 

by assuming k1 » k2• 

CALCULATIONS 

Melius and Binkley5 carried out fourth-order Moller-Plesset perturbation theory calculations with bond additivity correc

tions. They found three pathways leading to H + NO, and two leading to N + OH: 

o + NH .. HNO('A') .. H + NO (la) 

o + NH + HNO(3A") .. H + NO (lb) 

.. HON + H + NO (lc) 

.. HON .. N + OH (2a) 

o + NH .. [5n] .. N + OH (2b) 

The addition paths, (1a), (1b), (1c), and (2a), were found5 to have no activation barrier; the metathesis reaction (2b) was found 

to have a very small (- 4 kJ/mol) activation energy. 

An approximate lower limi t for k1 can be calculated by assuming that reaction (1) occurs only via path (1 a); that the only 

energy barrier is the so-called centrifugal barrier imposed by conservation of angular manentum; and that all trajectories that 

cross this barrier lead to reaction. The average position of the barrier as a function of T can be calculated from data given by 

Chase et al. 6 and a formula given by Benson. 7 The collison frequency thus calculated must be corrected for electronic degen

eracies by multiplying by QII lOo~H' where QII and ~H are assumed to be 1 and 3, respectively. k1 a thus obtained is (1.4 ± 

0.2) x 10'0 L mol-'s-' for 200 < T/K < 2000. Above 2000 K, the calculated centrifugal barrier lies inside the sum of 

Van der Waals radii for the reagents, and consequently there may be sane steric restrictions, leading to a decrease in k, a' An 

upper limit for k, can be calculated by assuming that all reactions on the 3A" surface also lead to H + NO (via lb and 1c), so 

that k2a = O. Using the same procedure, (k1b + k1c) is calculated to be ~ 4.1 x 1010 , so that k1 = (3 ± 2) x 1010 for 200 < T/K < 
2000. A similar procedure was used5 to calculate the rate coefficient for the analogous reaction between 0 and OH, and gave good 

agreement with the experimental value of 2.4 x 10' 0 at 298 K. 

Because reaction 2b has a small potential energy barrier, k2b cannot be calculated accurately·; k2a < 4.1 x 1010 but cannot be 

fixed more precisely. 

DISCUSSION 

The calculations are considered sufficiently reliable to recommend k1 (3 ± 2) " 1010 L mol-1s-1 for 200 < T/K < 2000. 

Reaction (2) can proceed either by a temperature-independent addition mechanism or an abstraction mechanism, which should have a 

small actlvation energy. To keep k2 « k, we recommend k2 = 3 x 109 L mol-1s-1 over the same temperature range, with an un

certainty of a factor of 5. 
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