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Detailed rate coefficients and the enthalpy change of the equilibrium

M
reaction OH+CgHg—~HOCgH; over the temperature range 345-385 K

Shih-Chieh Lin, Tsu-Chi Kuo, and Yuan-Pern Lee®
Department of Chemistry, National Tsing Hua University, 101, Sec. 2, Kuang Fu Road, Hsinchu, Taiwan
30043, Republic of China

(Received 11 March 1994; accepted 18 April 1994)

The reaction between OH and C¢H, in He has been studied over the pressure range 250—500 Torr
and the temperature range 345-385 K by means of the laser-photolysis/laser-induced-fluorescence
technique. Analysis of the temporal profile of [OH] yielded the detailed rate coefficients and the
equilibrium constant for the reaction OH+CgHg+M—HOC(H¢+M. The temperature dependence
of the rate coefficients for the forward, the reverse, and the adduct-loss reactions have been
determined to  be  k;=(2.0+0.1)X107"*  exp[(1420+250)/T] cm’ molecule”'s™",
k,=(3.0£0.2)X 10" exp[ —(8240+320)/T] s ™", and k,=(1.70.3) X 10° exp[—(3500=360)/T7 s,
respectively. The temperature dependence of the equilibrium constant led to the enthalpy of reaction
AH(365+x20 K)=—(20.0+12) kcalmol™! and the entropy of reaction AS(365+20
K)=—(33.6%2.5) cal K™' mol™!, greater than previously reported values; after correction for
temperature dependence, AH°(298 K)=—(19.9%1.2) kcal mol~! and AS%(298 K)=—(33.4+2.6)

cal K™ mol L.

I. INTRODUCTION

Aromatic compounds are major pollutants in the atmo-
sphere; their reactions with OH radicals are the initial oxida-
tion steps."'? These reactions are also important in combus-
tion chemistry.>* There are numerous reviews’’ of
experimental investigations of the rate coefficient and the
mechanism of the reaction of OH with benzene (CgHg).2~2
The rate coefficient shows non-Arrhenius behavior over the
temperature range 250—800 K, similar to those of the reac-
tions of OH with unsaturated hydrocarbons.’ This behavior
can be interpreted according to the following mechanism:

M
OH+ C6H6—)HOC6H6, (1)
M
HOC6H6—§OH + C6H69 (2)
M
OH+C6H6—>H20+C6H5‘ (3)

At low temperature (7<325 K) the reaction is dominated by
addition of OH to Cg¢Hg to form an adduct hydroxy-
cyclohexadienyl radical (HOCgHg), followed by decomposi-
tion, stabilization or isomerization of this adduct. The re-
ported rate coefficients depend on pressure, and at the high-
pressure limit (above 200 Torr), increase slightly as
temperature increases. In the temperature range 325-400 K,
the apparent rate coefficient (determined by monitoring the
consumption of OH during reaction) decreases rapidly as
temperature increases; the reason is that the decomposition
of thermalized HOC¢H, back to OH and C¢Hg, reaction (2),
becomes relatively more important at greater temperature. At
temperatures greater than 400 XK, abstraction of a H-atom by
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OH, reaction (3), becomes the major channel and the rate
coefficient shows an activation energy ~5 kcal mol™’,

A transient absorption attributed to HOCgHg was previ-
ously observed in the pulse radiolysis of aqueous benzene
solutions; the absorption in the range 270-340 nm peaked
near 313 nm.?*? Fritz et al. employed a long-path absorp-
tion cell with a cw-laser source and observed increased ab-
sorption ~308.3 nm after irradiation of a mixture of
HNO,/C¢Hg/N, with a 248 nm excimer laser; they attributed
it to the absorption of the hydroxy-cyclohexadienyl radical. 2
This technique was later employed to study further oxidation
reactions of HOC¢Hg.” No detailed spectroscopic investiga-
tion of HOC4Hg is reported, nor theoretical calculation of the
structure, vibrational frequencies, or the energy of HOC4Hg.

In the intermediate range of temperature (325-400 K),
nonexponential decay of OH radicals was observed in the
kinetic measurements, consistent with the proposed mecha-
nism. Based on such observation, Perry er al. estimated the
lifetime of the adduct and consequently k,~100 s~! at 350
K.!! By assuming a pre-exponential factor A~3X10'3 57!
for k,, they were able to estimate AH=-—(18.6*3)
kecal mol ™! for reaction (1) from the temperature dependence
of reactions (1) and (2). Lorenz and Zellner estimated a rate
coefficient k,=390 s™! at 375 K from the observed apparent
rate coefficient of OH-consumption; a value AH=—(184
+1.4) kcal mol™! nearly identical to that by Perry et al. was
estimated.'® These estimated values are slightly smaller but
within uncertainty limits of the value AH’=-21%2
kcal mol™! predicted by the bond-additivity rules of
Benson.?® However, the only direct measurement using the
flash-photolysis/resonance-fluorescence technique by Witte
et al. yielded a much smaller value;?! they determined the
rate coefficients of reactions (1) and (2) from the slow and
rapid components of the biexponential decay of OH over the
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temperature range 299-354 K; a value AH=—(16.5=1.4)
kcal mol™! was thereby derived.

We have demonstrated that by careful control of experi-
mental conditions accurate determination of the detailed rate
coefficients of equilibrium reactions by means of the laser-
photolysis/laser-induced-fluorescence (LIF) technique can be
achieved.?3? We extended our method to investigate the
reaction of OH with C¢Hg to determine accurately the stabi-
lization energy and the detailed rate coefficients.

Il. EXPERIMENT

The technique and the experimental setup were de-
scribed in detail;>* hence only a summary is given here.
The reaction cell was made of quartz and has a jacket with
silicone oil flowing through it to control the temperature of
the reaction. The temperature of the silicone oil was regu-
lated by a heated circulator (Neslab, EX-250XT) to <0.1 K.
A thermocouple (type K) was inserted slightly above the
laser-probed reaction zone to monitor the temperature of the
reactants. The uniformity of the temperature in the reaction
zone was regularly tested by moving the thermocouple along
the probed volume; the deviation was less than 2 K.

An indirect source of OH was used because HNOj; and
H,0, decompose at high temperature. The OH radicals were
generated by photolysis of N,O with an ArF laser (193 nm,
2-3 ml) to give O('D) and N,,

hy
N,O0—N,+0('D) “)
followed by the rapid reaction O('D) with H,O,
O('D)+H,0—0H+O0H &)

in which k5=2.2%107'° cm® molecule ™' s™*.** Because the
temporal profile of [OH] was monitored in the reaction pe-
riod 50 us-20 ms, H,0 with concentration ~5X10"
molecules cm™> was added in order to convert most O('D)
into OH within 5 us after photolysis.

The relative concentration of OH at varied delay after
the photolysis laser was determined from the integrated LIF
intensity. The probe laser (Nd-YAG-pumped dye laser sys-
tem) has a wavelength 282.0 nm and fluorescence of OH
near 310 nm was detected. The repetition rates of both lasers
were 10 Hz and the signal was typically averaged over 100
pulses at each delay. A typical temporal profile of OH decay
consisted of 80—100 data points at varied delay.

The diluent gas He (99.9995%) was used without further
purification. N,O (99%) was degassed at 165 K before used.
A diluted gas sample of C¢Hy (2.10+0.07% in He), prepared
with standard gas-handling techniques, was used in the ex-
periments. The concentration of the CqH¢/He mixture was
determined by FTIR absorption.

Typical experimental conditions were as follows: total
flow rate F;=16—40 STP cm®s~! (STP=1 atm and 273 K);
total pressure P=250-500 Torr; reaction temperature
T=345-385 K; [H,0]=(4~8)X10"> moleculescm™3;
[N,0]=(0.2-1.0)X 10" molecules cm™3; [CH¢]=(0.9-3.4)
x 10" molecules cm™>; [OH]y=(0.8—-3.6)% 10" molecules
cm™%; interval between the photolysis laser and the probe
laser +=50 ©s—20 ms.

2099

lll. RESULTS AND DISCUSSION

As demonstrated previously,*** under our experimental

conditions the concentration of OH reached its maximum
within 10 us after photolysis and the decay of OH in the
absence of CgHg was normally in the range 60-80 s~
Hence, [OH], was derived by fitting the decay profile with
10 us<t<<100 us to a single exponential decay; the error
was estimated to be <2%.

The  experiments were  carried out  with
[CsH¢J/[OH];>2500 in the temperature range at which the
reaction rate of the thermal decomposition of the adduct
HOC¢Hg¢ was comparable to that of the addition reaction.
The concentration of C¢Hg was also adjusted so that the
double-exponential decay of OH was distinctly observed;
only under such conditions could the decay coefficients of
the rapid and the slow components be accurately determined.

A simplified mechanism, consisting of the following re-
actions:

0H+C6H62HOC6H5, (1,5)
M

HOCgHg—OH+CgHs, 2,0

OH+CHg—H,0+CeHs, 3)

OH—products other than HOC¢Hg, (6,d)

HOCH¢—products other than OH, (7,a)

was used to model the quasiequilibrium. For clarity, the rate
coefficients of reaction (1), (2), and (7) are expressed as k
(the effective second-order rate coefficient for the forward
reaction), k, (the effective first-order rate coefficient for the
reverse reaction), and k, (the effective first-order rate coef-
ficient for the reaction of the adduct), respectively. Reaction
(6) takes into account the diffusion of OH away from the
probed volume and all possible reactions of OH with species
other than CgHg; the rate coefficient is expressed as k,. Re-
action (7) includes the diffusion of HOC H¢ away from the
probed volume and possible further reactions of HOCHg
that do not regenerate OH as reaction (2) does.

The temporal profile of [OH] in the presence of CqHg
was derived by solving the differential rate equations for
reactions (1)—(3), (6), and (7);

[OH]=[OH]o[(y—N)exp(— N 2)—(y—Ay)

Xexp(—Ayt) /(A= Ny), (®)

in which
M =[a—(a?-4B)!"*)/2>0, )
N =[a+(a?—4B)"2]/12>1,>0, (10)
y=k,+k,, (11)
a=k ] CeHg) +k,+ks[CeHgl + kgt kg, (12)
B=kak CsHel+ (k,+k,)(k3[CeHg] +ky)- (13)

Because data points with reaction period less than 50 us
were not used, the rise of [OH] due to reactions (4) and (5)
did not interfere in the fitting of the temporal profile to a
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double-exponential decay of [OH]. Values X\, \,, and y were
derived from the nonlinear least-squares fit of the [OH] tem-
poral profile using Eq. (8). The values of « and 8 were then
derived from A, and X\, according to Egs. (9) and (10). As
discussed previously,3! we adjusted the experimental condi-
tions to fulfill the criterion &?>208 (i.e., \,>20\,) to assure
a clear distinction between the rapid and the slow compo-
nents of the double-exponential decay; accurate determina-
tions of a and B were thus achieved from the nonlinear fit.
As was also derived previously,31 under such conditions the
fraction of [OH] at equilibrium was expressed as

xeq"_‘[OH]eq/[OH]O:('y_)\l)/()\2_)\l); (14)

consequently the equilibrium constant K, (in units of atm™")
of reactions (1) and (2) was derived

K,=KJRT=7.34X 10" (1~ xe)/xe[CeHolT ~ (15)

without an explicit solution of k; and k,. The experimental
conditions and the determined values of a, 8, ¥, Xeq, and K,
are listed in Table L. Following the same analysis as in pre-
vious work, we estimated the 95% confidence limits for the
measurements of K, from x4 to be =25%.

To derive k;, k,, and k, from Egs. (11)-(13), we have to
determine k5 and k;. Values of k; were measured from the
pseudo-first-order decay coefficient of OH in the absence of
C¢Hy; previous work has demonstrated that such measure-
ments provide reasonable values of k,;. Values of k3 were
derived by extrapolation of the reported rate coefficient of
the H-abstraction reaction at higher temperature. An Arrhen-
ius expression

ky=(3.8+0.1)x 10" ! exp[ — (2560
+180)/T] cm® molecule™!s™! (16)

was derived by fitting the data of Tully er al. (for 1017=T/
K=621) (Ref. 13) and Madronich and Felder (for
1409=T/K=787).° The values of k;, k,, k,, and K, de-
rived by using Eq. (16) for k5 are listed in Table II. As can be
seen from the table, k4 values predicted by Eq. (16) are prob-
ably slightly overestimated at T=385 K because consistent
values of k, were not obtained.

According to our experience with similar reactions, the
activation energy of the H-abstraction reaction was typically
overestimated because of the interference from the equilib-
rium reactions (1) and (2). Normally k5 was relatively small
in the temperature range of our study of equilibrium. There-
fore, we also derived kg, k,, k,, and K, by assuming negli-
gible k4; the values are also listed in Table II. With such an
assumption, more consistent values of k, were derived at
higher temperatures; hence we prefer the data derived by
assuming negligible k5. At low temperatures, the rate coeffi-
cients derived from these two models of k5 are almost iden-
tical because k3 was negligibly small at low temperature.

A. The enthalpy and the entropy changes of
0H+CGH5—>HOC5H6

The van’t Hoff plot K, vs T™' is shown in Fig. 1. The
K, values derived from x (marked A) and those derived
from k/k, by neglecting k3 (marked O) are within experi-
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mental uncertainties of each other. The excellent linearity in
Fig. 1 indicates that within experimental uncertainties AH is
independent of temperature under our experimental condi-
tions. The data were fitted to the linear equation

In K,=—(AH/R)T™'+AS/R. (17

The fit yielded AH=-—(20.6*0.3), —(20.0=04), and
—(20.6%0.4) kcal mol™! for models using Xeq» k3=0, and
Eq. (16), respectively; the uncertainties represent one stan-
dard deviation. The values of AS were also derived as
—(35.5+0.9), —(33.60.9), and —(35.6x0.9)
cal K~ mol™! for models using Xeq» k3=0, and Eq. (16),
respectively. We prefer the data derived by assuming k;=0;
the other two sets of data provide an indication of possible
errors. Considering the errors in K » and T, we report AH
(36520 K)=—(20.0%1.2) kcal mol~! and AS (365+20 K)
=—(33.6+2.5) cal K 'mol!; the uncertainties represent
95% confidence limits.

It is difficult to correct accurately for the temperature
dependence of AH and AS to give AH® and AS® without
knowledge of the structure and vibrational frequencies of
HOCgH,. However, by comparison with similar systems and
taking advantage of a relatively small deviation in tempera-
ture from 298 K, we were able to estimate a correction of 0.1
kcal mol ™! and 0.2 cal K™! mol™! for AH? and AS°, respec-
tively. Thus, AH® (298 K)=—(19.91.2) kcal mor‘ and
AS® (298 K)=—(334%2.6) calK 'mol”!. With
AHO'“(9 32+0.29) and 19.8 kcalmol™' for OH and
C H6 3435 respectively, AH}=(9.2%1.5) kcal mol~ ' for
HOC¢Hg is derived.

The value of AH derived in this study is 3.5 kcal mol ™
more negative than that reported by Witte et al.?! —16.5
*+1.4 kcalmol™!. Witte efal. did not fit their double-
exponential decay curve with Eq. (8); they derived rate co-
efficients k; and k, by fitting the data at both ends,
respectively, to a single-exponential decay equation, and by
assuming negligible k3, k;, and k,. Values of K, derived
from values of k; and k, reported by Witte et al. are also
shown in Fig. 1 (marked by X and + for P=100 and 150
Torr, respectively); the data points at higher pressure (P
=150 Torr) and higher temperature (7>331 K) agree well
with our measurements. At temperatures below 325 K, the
reported values of k, are less than 30 s~!. Considering the
errors in their measurements and the assumption of
ky=k,;=k,=0, their values of K, should have much greater
uncertainties at low temperature; the values were most likely
underestimated because k, and k, were not negligible. Our
experiments were carried out at greater temperatures with
k,>100 s~ ! hence our values of AH and AS should be more
accurate. The AH value reported by Witte ef al. implies AS
=—23.4 cal K™! mol™!, much smaller than what one nor-
mally expects for an association reaction.

Benson estimated AH? of HOC¢Hg from that of cyclo-
hexadienyl (C¢H;, AH?=49.9 kcalmol™');*® a value
AH®=-21 kcal mol™! for reaction (1) was estimated.”®
Value of AH? ¢ for HOC¢Hg; was also estimated from
6-hydroxy cyclohexadiene-1,3 which in turn was estimated
from cyclohexadiene-1,3; values AH} (HOC(,Hé) 10x1
kcal mol™' and AH°——19+1 kcal mol™! for reaction (1)

J. Chem. Phys., Vol. 101, No. 3, 1 August 1994



TABLE I. A summary of experimental conditions and fitted decay parameters of the temporal profiles of [OH]

at 345<T<385 K.*

M
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Expt. T P [CeHel a B v Xeq K,

No. (K) (Torr)  (10™® s7h (10%¢ s™") (107%) (10% atm™!)
1 345 250 13.0 1670+ 30  113% 23 167= 23 63*1.8  2440% 760
2 345 300 137 1740+ 40  147% 39 188+ 36 63%28 22901100
3 345 300 14.8 1920+ 30  135% 33 167+ 28 53*+19  2560% 960
4 345 250 15.8 2010 40  127x 36 169% 30 5519  2300% 840
5 345 300 16.3 2010+ 40  191x 41 222+ 35 6.7+22  1800% 650
6 345 250 17.5 2110% 40 147 39 179+ 31 54*19  2120% 770
7 345 300 18.5 2420+ 70 211% 84 209+ 59 53*3.1  2050%1300
8 345 300 19.1 2320+ 40 148z 43 176x 31 5.1x17  2090% 740
9 345 300 19.9 2420+ 50 195+ 62 212% 44 5.7%23 1770 760
10 345 300 21.3 2640+ 30  157% 37 169+ 23 43%x1.1  2220% 600
11 351 300 i1 1490+ 30 111x 19 244+ 29  124+24  1330% 300
12 351 300 12.6 1720+ 40  124* 20 256 29 12.1x2.0  1210% 240
13 351 290 12.7 1950+ 30  151% 16 323% 22 13.6%x13  1050% 130
14 351 300 14.7 2100+ 40  168x 23 300+ 26 11.2%15 1120+ 180
15 351 305 14.9 2350+ 40  218% 25 330 25 108x13  1160x 160
16 351 305 15.0 2290+ 40  159% 17 351 22 13.0%11 931% 100
17 351 300 15.1 1890+ 40  122% 21 249+ 27  104%17  1190% 220
18 351 300 18.9 2300+ 40 132+ 29 245+ 30 85+15  1190% 240
19 355 300 13.8 1770+ 30  144x 16 319+ 26 14.6%1.7 878% 130

20 355 250 14.0 1850+ 40  142% 22 205+ 30  127x19  1010* 180

21 355 300 14.7 1780+ 30  139% 17 305+ 27 13.8+18 876 140

22 355 300 152 1950+ 40  153% 18 324+ 25 13.5*15 872% 120

23 355 250 15.6 2030+ 50  180% 25 339+ 33 13.4%19 860= 150

24 355 300 16.3 2140+ 40  206% 18 383 25  146%14 746+ 92

25 355 300 17.6 2330+ 30 199+ 14 399+ 19 144+1.0 698+ 64

26 355 250 17.6 2340+ 40  198* 20 365+ 24 12.8+1.2 799+ 94

27 355 300 19.6 2430+ 40  178%= 22 351+ 27 12.1x13 768+ 99

28 355 300 214 2800+ 50  234% 29 369+ 28  10.8*1.2 801= 110

29 361 300 11.8 1920+ 50  170% 15 501 34  23.5%2.1 559+ 71

30 361 300 12.9 1960+ 50 167+ 18 440% 35  19.7%2.1 643+ 92

31 361 300 14.6 2120 50  165% 15 480% 31  204%17 545+ 63

32 361 250 14.8 2100+ 70  181% 26 466 49  19.6%2.7 564+ 100

33 361 300 16.0 2220+ 60  188% 23 452+ 39  17.8%20 588+ 86

34 361 250 16.3 2560+ 60  229% 24 489+ 37  16.7x1.7 625+ 81

35 361 500 16.3 2560+ 80  237% 26 598+ 51  21.2%23 465+ 68

36 361 300 16.9 2380% 50 214x 21 485+ 34 17.8%16 555+ 68

37 361 250 19.0 2770 40 211x 18 450% 25  142*1.0 646+ 62

38 361 300 19.1 2830+ 70  253+300 534x 43 16.7:1.7 532+ 72

39 361 300 21.2 2860+ 60 232+ 24 507+ 34 15.7+14 513+ 58

40 361 500 22.5 3350+100 283+ 38 600 54 162x18 468+ 66

41 361 300 23.7 3330%100 219zx 48 465+ 56 12.5*1.8 603% 110

42 367 300 9.2 1450+ 30 140 6 575x 24  30.8%22 355 37

43 367 300 13.4 1930+ 40  161% 7 608% 23  29.6x14 355+ 30

44 367 300 19.0 2400+ 60  210% 12 693x 33  27.1%17 282+ 27

45 372 301 17.7 2470+ 80  300% 20 866+ 54  333+27 223+ 29

46 372 301 19.6 2870110  315% 30 862 79  28.3+32 255+ 42

47 372 301 22.8 3180100  389% 26  1030%x 61  30.9*23 194+ 23

48 372 301 26.6 3320%100  357% 34 806+ 58  22.4%20 256 32

49 375 306 15.2 2500 80 265% 12 1080x 50  42.7+25 173+ 20

50 375 306 17.9 2670+110  365% 41 958+ 84  34.1%39 211 38

51 375 500 19.5 3160100 322+ 20  1110% 63  34.0%24 195+ 23

52 375 306 215 2970+ 70  390% 21 990% 44  31.6%18 197+ 19

53 375 306 23.3 3410120 379% 34  1080% 78  30.4*2.7 193 26

54 375 306 27.7 3660110 427+ 27 1230 65  323x2.1 148+ 16

55 375 306 342 4040+120  496% 41  1060x 67 24.6x19 175+ 20

56 381 300 11.5 2520110  340% 18  1430% 83  57.9*45 122+ 23

57 381 300 13.3 2430+120 303% 19 1290* 91  53.4*49 127 26

58 381 300 21.3 2860+100 363% 18  1300% 69  45.1x3.1 110+ 15

59 381 300 275 3710%130 469+ 31  1380% 87 362x28 123+ 16

60 381 300 319 3810+160  481x 42  1210% 98  30.4%3.0 139+ 21

61 385 300 134 2430+100 321% 17 1430% 81  59.7+4.6 96+ 19

62 385 300 16.9 2620110  361% 19  1370% 80  52.6*4.1 101 17

63 385 300 22.8 2990+100 391% 17  1510= 72 50.7%3.1 81t 11

64 385 300 247 3700120 497= 21  1880% 85  50.9+3.0 75% 10

65 385 300 29.2 4010+180  580% 37  1810x120 44.6%3.8 81+ 13

66 385 300 33.1 4720+140  649% 33  1870%= 92  38.9%24 90+ 10

*The uncertainties represent one standard deviation.

YIn units of molecules cm™>.

“In units of s™2.
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TABLE II. A summary of rate coefficients at 345<7<385 K derived from various assumptions.

M
Lin, Kuo, and Lee: Reaction OH+CgHg+HOCH;

k3=0 Eq. (16), k3=3.8X 107" exp [—2560/T]
Expt. T P [CeHel &, ks kK, k., K ks k; k., k, K
No. (K) (Tom) (10F (s (10°%F (79 (7Y (105 (1074° (07 ™) () (105
1 345 250 130 695 110 96 71 2440 2.28 10.8 98 69 2340
2 345 300 137 109 105 100 88 2230 228 10.3 103 85 2130
3 345 300 148 662 114 94 73 2580 2.28 111 95 72 2480
4 345 250 158 737 112 105 65 2270 2.28 109 106 63 2190
5 345 300 163 661 106 120 102 1880  2.28 10.3 122 100 1790
6 345 250 175 715 107 107 72 2120 228 10.4 109 70 2030
7 345 300 185 687 116 118 92 2090 2.28 114 120 89 2020
8 345 300 191 672 108 110 66 2090 2.28 10.6 113 63 2010
9 345 300 199 598 108 126 85 1810 2.28 10.6 130 82 1730
10 345 300 213 667 113 109 61 2210 228 1.1 111 58 2130
11 351 300 111 675 107 165 80 1360 2.58 104 168 76 1300
12 351 300 126 682 110 188 77 1220 2.58 10.7 193 72 1160
13 351 290 127 672 123 240 83 1070 2.58 12.1 245 78 1030
14 351 300 147 648 118 215 8 1150 2.58 11.5 219 81 1100
15 351 305 149 661 131 230 100 1190 2.58 128 234 96 1150
16 351 305 150 588 125 278 73 944 258 123 283 68 906
17 351 300 151 710 104 183 67 1190  2.58 10.1 187 62 1130
18 351 300 189 674 105 18 58 1180  2.58 10.2 192 53 1120
19 355 300 138 721 100 231 87 895 281 97 238 81 843
20 355 250 140 673 106 213 82 1030 2.81 103 219 76 976
21 355 300 147 906 94 224 81 85 281 92 231 74 818
22 355 300 152 682 103 240 84 887 281 100 247 77 838
23 355 250 156 71.8 104 242 97 883 281 10.1 250 89 837
24 355 300 163 758 103 278 105 769  2.81 10.1 285 98 728
25 355 300 17.6 707 106 307 92 712 281 10.3 316 83 674
26 355 250 17.6 697 108 274 91 814 281 105 282 83 774
27 355 300 196 697 102 274 77 773 281 100 282 69 730
28 355 300 214 714 110 281 88 811 281 108 288 81 771
29 361 300 118 675 115 401 100 581  3.16 11.1 412 89 548
30 361 300 129 654 113 345 95 664 3.16 109 355 85 627
31 361 300 146 649 108 394 85 556 3.16 105 407 73 524
32 361 250 148 696 106 371 95 579 3.16 102 382 84 54
33 361 300 160 649 107 358 93 605 3.16 10.3 370 82 560
34 361 250 163 658 123 391 98 642 3.16 120 401 88 608
35 361 500 163 722 11.6 495 102 477 3.16 113 509 89 451
36 361 300 169 715 108 386 99 569 3.16 105 398 87 535
37 361 250 190 739 118 371 79 648 3.16 1.5 381 69 614
38 361 300 191 700 117 438 97 543 3.16 114 449 85 514
39 361 300 212 717 107 421 8 518 3.16 104 434 73 488
40 361 500 225 762 119 511 8 472 3.16 1.6 525 75 447
41 361 300 237 673 11.8 398 67 603 3.16 115 409 56 572
42 367 300 92 722 87 452 123 385  3.55 84 472 103 355
43 367 300 134 720 94 514 94 364 355 90 535 74 336
44 367 300 190 722 86 595 98 280  3.55 82 621 72 266
45 372 301 177 705 87 711 155 240 3.90 83 T4 122 219
46 372 301 196 705 99 731 131 267 3.90 95 761 101 247
47 372 301 228 705 9.1 878 152 205 3.90 88 917 113 188
48 372 301 266 705 92 684 123 265 3.90 88 713 93 243
49 375 306 152 697 89 951 134 183 4.12 85 992 88 167
50 375 306 179 697 92 777 181 232 4.12 88 813 145 211
51 375 500 195 720 101 985 123 201  4.12 97 1030 81 185
52 375 306 215 697 89 821 168 212 4.12 8.5 862 128 193
53 375 306 233 697 97 948 134 200 4.12 93 987 93 184
54 375 306 277 697 85 1080 144 154  4.12 8.1 1140 89 139
55 375 306 342 697 85 913 145 182 4.12 8.1 960 99 165
56 381 303 115 720 88 1200 234 141 459 84 1260 167 128
57 381 306 133 720 81 1090 197 142 459 76 1160 131 126
58 381 302 213 720 7.0 1120 181 120 4.59 65 1200 102 105
50 381 303 275 720 82 1220 164 130 4.59 7.8 1290 92 116
60 381 301 319 710 80 1050 156 145 4.59 75 11200 92 129
61 385 301 134 706 7.0 1190 235 112 492 64 1280 145 95
62 385 300 169 728 7.0 1150 222 115 492 65 1240 135 100
63 38 302 228 710 62 1310 202 90 492 57 1420 88 76
64 385 302 247 728 7.1 1680 206 8T 492 6.6 1800 81 70
65 385 302 292 710 73 1590 212 87 492 68 1710 96 76
66 385 302 332 730 84 1690 184 95 492 79 1790 79 84

In units of molecules cm™>,
®In units of cm® molecule™' s

°In units of atm™".
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FIG. 1. A van't Hoff plot of the OH+CgHg+M—HOCH¢+M over equi-
librium. O, derived by assuming k;=0; A, derived from Xeq3 X, from Witte
et al. (100 Torr) (Ref. 21); +, from Witte et al. (150 Torr). The solid and the
dashed lines represent least-squares fitted equations of data marked O and
+, respectively.

were derived.’’” Our value of AH is in excellent agreement
with those predicted by Bensen.

The value of AS for reaction (1) may be estimated by
comparison of HOC4Hg and C¢Hg. Values of 0.6, 1.3, 3.4,
4.9, and 1.4 cal K™! mol~! were estimated for corrections of
Steans» Srots Svibr Ssymmetry» and Sepin, rEspectively, in going
from C¢Hg to HOCH4; hence a value AS=-323
cal K''mol™! for reaction (1) was estimated when
S%OH)=43.9 cal K™! mol™! was used. A similar estimate of
AS from cyclohexadienyl (§°=72.1 cal K™'mol™!) (Ref.
36) yielded S° (HOC¢H¢)=77 cal K™! mol™!; consequently
AS®=-31.4 cal K™ mol~! was estimated for reaction (1).
Our experimental value AS%=—(33.4%2.5) cal K ' mol ' is
consistent with the prediction. It should be noted that even
when the low value of AS®=—31.4 cal K™! mol~! was used,
a value AH®=—(19.30.1) kcal mol ™! was derived from the
third-law method; this value is within experimental uncer-
tainties of that determined from the van’t Hoff plot.

B. The rate coefficients k; and k.

Under our experimental conditions, the rate coefficients
of the forward and the reverse reaction (kf and k,) do not
alter appreciably with pressure. Previous reports indicated
that at pressures above 100 Torr & is near the high-pressure
limit and is essentially independent of total pressure.’

Figure 2 shows the Arrhenius plot of k;; the data derived
by using k3=0 and Eq. (16) are marked by O and ¢, re-
spectively; the error bars which represent one standard de-
viation of data marked O are also illustrated. Our values of
(1.09+0.04)x10™'? cm® molecule™! s~} at 345<T<361 K
are in excellent agreement with previous work,
k;=(1.0-1.3)x107"? cm® molecule™! s~'. 31131521 How-
ever, a slightly negative temperature dependence of k; was
observed, contrary to the previously reported activation en-
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FIG. 2. An Arrhenius plot of k; derived by assuming ;=0 (symbol O, the
error bars represent one standard deviation) and by using Eq. (16) for ks
(symbol ). The solid and the dashed lines represent least-squares fitted
equations of data marked O and ¢, respectively.

ergy 0.4—1.0 kcal mol ™', The observed negative temperature
dependence of &, is consistent with that of similar reactions
of OH with toluene, p-xylene, phenol, and m-cresol.’ Re-
cently, Knispel er al. employed an improved method of
analysis of the OH-decay profile to find a slightly negative
temperature dependence of kf.38 The greater values of &
observed previously at higher temperature may be due to
interference from the reverse reaction. When only the initial
rapid decay was measured, the decay rate is represented as

Mo~ a=kd CeHgl+k,+k3[ CHl + kgt k, 5 (18)

consequently k; may have been overestimated. Our values of
k¢ (derived by assuming k;=0) are expressed in Arrhenius
form as

kp=(2.020.1)x 107" exp[ (1420
+250)/T] cm® molecule™ 571, (19)

in which the error limits represent one standard deviation. A
similar result with

k=(1.3%0.1)x107"* exp[(1570
+270)/T] cm® molecule™" 57/, (20)

was obtined for k, derived by using Eq. (16) for k5. How-
ever, it is also possible that k, approaches to a constant value
1.1X107 2 ¢m® molecule™! s™! at low temperature.

The Arrhenius plot of k, is shown in Fig. 3; the data
derived by using k3=0 and Eq. (16) are marked by O and ¢,
respectively. The k, values determined by Knispel et al3®
(symbol + in Fig. 3) using an improved method of analysis
are in excellent agreement with ours. The values of &, (sym-
bol X) derived by Witte et al.?! from a simplified analysis
are slightly greater than ours, with error limits overlapping
each other. The rate coefficients &, (derived by assuming
k;=0) are expressed in Arrhenius form as

J. Chem, Phys., Vol. 101, No. 3, 1 August 1994
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FIG. 3. An Arrhenius plot of k,. O, derived by assuming k;=0; ¢, derived
by using Eq. (16) for k3; X, from Witte et al. (Ref. 21); +, from Knispel
et al. (Ref. 38). The solid and the dashed lines represent least-squares fitted
equations of data marked O and +, respectively.

k,=(3.0%=0.2)X 102 exp[ — (8240+320)/T] s~!
(1)

in which the uncertainties represent one standard deviation.
A similar result with

k,=(4.920.4)%X10'2 exp[ —(8420£310)/T] s~}
(22)

was obtained for k,derived by using Eq. (16) for k3. The
values reported by Knispel ef al.,’®

k,=(9.0£4.2)X10'? exp[ — (8570+200)/T] s~ !,
(23)

and by Witte et al.,?!

k,=3%10'2 exp[ —(8200£700)/T] s~*, (24)

M
Reaction OH+CgHg—~+HOCgHg

400

1°:E””' Tyt -

P 1 POl Ty

2.6 2.7‘ . .2.8‘ B 2.9 3.0
T 1103%K"

1 —r—t
5

FIG. 4. An Arrhenius plot of k,, derived by assuming k3=0 (symbol O) and
by using Eq. (16) for k4 (symbol ¢ ). The error bars represent one standard
deviation. The solid and the dashed lines represent least-squares fitted equa-
tions of data marked O and ¢, respectively.

are similar to our results. The values k, (350 K)=100 s™!
and k, (375 K)=390 s~ ! estimated by Perry et al.!' and Lo-
renz and Zellner,' respectively, are approximately 50% of
our values; this error contribute to an underestimate ~0.5
kcal mol ™! for AH.

C. The rate coefficient k,

The rate coefficient k, represents the decrease in
[HOC¢H] due to processes other than the reverse reaction.
The k, values listed in Table III are plotted against 7~ ! in
Fig. 4, symbols O and ¢ represent data derived from the
assumption k;=0 and Eq. (16), respectively. The values de-

TABLE III. A summary of rate coefficients k;,k, ,k, , and equilibrium constant K, at 345<7=385 K.*

Assuming k;=0 Using Eq. (16) for k5 From xqq

T No. ky k, k, K, kg k, ke K, K,

(K)  expts. (1071 ™ ™ (10*am™) (10713 ™ ™ (0*am™) (10’ atm™)
345 10 11.0+0.4 10910 78x13 217+23 10.8+x0.4 111%11 75%13 209=x23 216%25
351 8 11.5*1.0 21137 78x13 11612 11.3x1.1 215+38 73£13 111*11 115%12
355 10 10.4%0.5 256*30 888 84.4+89 10.1+x0.4 264+31 81£8 79.9+8.4 83.1%:8.8
361 i3 11.3+0.6 406+50 91x10 57.4%6.1 11.0+0.6 41851 80£10 54.1+5.9 56.2+5.9
367 3 9.0+0.4 52072  105%16 34.6%5.1 8.6+0.4 542x75 83x17 31.9+4.7 33.1%£4.2
372 4 9.2+0.5 75187 140x16 24429 8905 784+91 107x13 22.4x27 23.2+3.0
375 7 9.1*+0.6 925+101 147+£21 19.5%+2.5 8.7+0.6 969+108 103+24 17.8£2.3 18.5%£2.1
381 5 8.0x0.7 114070 18631 13.6x1.0 7.6+0.7 1210+70 117432 12.1x1.0 12.4%1.0
385 6 7.2+0.7 1440250 21017 9.7x1.4 6.7+0.7 1540£260 10429 8.4%1.2 8.7%1.0
E /R (K) —(1420+250) 8240+320 3500360 —(1570+270) 8420*310 1540270
AH (kcal mol™?) —(20.0x04) —(20.6+04) ~—(20.6%0.3)
AS (cal K™' mol™}) -(33.6+0.9) —(35.6+0.9) —(35.5*0.9)

*The uncertainties represent one standard deviation.
®In units of cm® molecule ™! s,

J. Cham. Phys., Vol. 101,

Mo. 3. 1 August 1994



M
Lin, Kuo, and Lee: Reaction OH+CgHs~HOCH;

rived from Eq. (16) are smaller because part of the decay was
attributed to the abstraction reaction, reaction (3); they were
fit to yield

k,=(6.1%0.5)x10% exp[ —(1540=270)/T] s~ .
(23)
The data derived from this model is probably less accurate
because values of k, at greater temperature are less consis-
tent, as indicated in Fig. 4 by the much greater error limits.
The values derived by assuming k;=0 were fitted to yield

k,=(1.720.3)X10% exp[ —(3500+360)/T] s~ .

(26)
The values &, at lower temperatures are similar to values of
k4 determined experimentally in the absence of OH, indicat-
ing that diffusion of HOC¢Hg away from the probed volume
dominates. The reaction that is responsible for the additional
decay of HOCg¢Hg is uncertain. One possibility is decompo-
sition of HOCgHg to H,O and C¢Hs,

HOC6H6—‘*H20+C6H5 (27)

in which AH%=11.9 keal mol™'. The observed activation en-
ergy for k, is consistent with this value.

IV. CONCLUSION

By analysis of the temporal profile of [OH] in the reac-
tion of OH with C¢Hy, we determined the detailed rate co-
efficients k;, k,, and k,, and consequently the equilibrium
constant of the title reaction. The temperature dependence of
the equilibrium constant yields AH°=-—(19.9+1.2)
kcal mol™! and AS%=-(33.4+2.5) calK™' mol™!, more
negative than previous values. The H-abstraction channel is
negligible in the temperature range of our work. The rate
coefficient of the forward reaction, k, was determined to
have a small negative temperature dependence, contrary to
previous reports but consistent with similar reactions.

ACKNOWLEDGMENT

We thank the National Science Council of the Republic
of China (Contract No. NSC82-0417-M-007-065) for sup-
port.

' Combustion Chemistry, edited by W. C. Gardiner, Jr. (Springer, New York,
1984).

D, J. Hucknall, Chemistry of Hydrocarbon Combustion (Chapman and
Hall, New York, 1985).

}], H. Seinfeld, Atmospheric Chemistry and Physics of Air Pollution
(Wiley, New York, 1986).

2105

*R. Atkinson, K. R. Darnall, A. C. Lloyd, A. M. Winer, and J. N. Pitts, Jr,,
Adv. Photochem. 11, 375 (1979).

SR. Atkinson, J. Phys. Chem. Ref. Data, Monograph 1, 82 (1989).

SD. L. Baulch, C. J. Cobos, R. A. Cox, C. Esser, P. Frank, Th. Just, J. A.
Kerr, M. J. Pilling, J. Troe, R. W. Walker, and J. Warnatz, J. Phys. Chem.
Ref. Data 21, 411 (1992).

TNIST Standard Reference Data, Chemical Kinetics (Version 5.0), NIST,
data coverage through 1992.

8D. D. Davis, W. Bollinger, and S. Fischer, J. Phys. Chem. 79, 293 (1975).

9G. I. Doyle, A. C. Lloyd, K. R. Darnall, A. M. Winer, and J. N. Pitts, Jr.,
Environ. Sci. Technol. 9, 237 (1975).

D, A. Hansen, R. Atkinson, and J. N. Pitts, Jr., J. Phys. Chem. 79, 1763
(1975).

IR, A. Perry, R. Atkinson, and J. N. Pitts, Jr., J. Phys. Chem. 81, 296
(1977).

2R. A. Cox, R. G. Derwent, M. R, Williams, Environ. Sci. Technol. 1, 57
(1980).

BE P. Tully, A. R. Ravishankara, R. L. Thompson, J. M. Nicovich, R. C.
Shah, N. M. Kreutter, and P. H. Wine, J. Phys. Chem. 85, 2262 (1981).
141, Barnes, V. Bastian, K. H. Becker, E. H. Fink, and F. Zabel, Atmos.

Environ. 16, 545 (1982).

5K. Lorenz and R. Zellner, Ber. Bunsenges Phys. Chem. 87, 629 (1983).

16K. Lorenz and R. Zellner, 8th International Symposium on Gas Kinetics
(University of Nottingham, Nottingham, 1984).

17 A. Wahner and C. Zetzsch, J. Phys. Chem. 87, 4945 (1983).

M., Rinke and C. Zetzsch, Ber. Bunsenges Phys. Chem. 88, 55 (1984).

9. Ohta and T. Ohyama, Bull. Chem. Soc. Jpn. 58, 3029 (1985).

23, Madronich and W. Felder, J. Phys. Chem. 90, 3251 (1986).

2LE, Witte, E. Urbanik, and C. Zetzsch, J. Phys. Chem. 90, 3251 (1986).

2E. Q. Edney, T. E. Kleindienst, and E. W. Corse, Int. J. Chem, Kinet. 18,
1355 (1986).

23T, J. Wallington, D. M. Neuman, and M. J. Kurylo, Int. J. Chem. Kinet.
19, 725 (1987).

L. M. Dorfman, L. A. Taub, and R. E. Biihler, J. Chem. Phys. 36, 3051
(1962).

3 A. Mantaka, D. G. Marketos, and G. Stein, J. Phys. Chem. 75, 3886
(1971).

B. Fritz, V. Handwerk, M. Preidel, and R. Zellner, Ber. Bunsenges. Phys.
Chem. 89, 343 (1985).

2"R. Zellner, B. Fritz, and M. Preidel, Chem. Phys. Lett. 121, 412 (1985).

8S. W. Benson, Thermal Chemical Kinetics, 2nd ed. (Wiley, New York,
1976), p. 167.

PE. W.-G. Diau and Y.-P. Lee, J. Phys. Chem. 95, 379 (1991).

OF, W.-G. Diau and Y.-P. Lee, J. Phys. Chem. 95, 7726 (1991).

3IE. W.-G. Diau and Y.-P. Lee, J. Chem. Phys. 96, 377 (1992).

321, -H. Lei, Y.-C. Hsu, and Y.-P. Lee, J. Chem. Phys. 97, 3092 (1992).

3W. B. DeMore, S. P. Sander, R. E Hampson, M. I. Kurylo, D. M. Golden,
C. J. Howard, A. R, Ravishankara, and M. J. Molina, Evaluation Number
9, Publication 90-1, Jet Propulsion Laboratory, Pasadena, California,
1990.

M. W. Chase, Jr., C. A. Davies, J. R. Downey, Jr., D. J. Frurip, R. A.
McDonald, and A. N. Syverud, JANAF Thermochemical Tables, 3rd ed. [J.
Phys. Chem. Ref. Data 14, 1248, 660 (1985)].

3D, Stull, E. F. Westrum, and G. C. Sinke, Chemical Thermodynamics of
Organic Compounds (Wiley, New York, 1967).

3W. Tsang, J. Phys. Chem. 90, 1152 (1986).

37s. W. Benson (private communication).

3#R. Knispel, R. Koch, M. Siese, and C. Zetzsch, Ber. Bunsenges. Phys.
Chem. 94, 1375 (1990).

J. Cham. Phys,, Vci. 101, No. 3, 1 August 1294



