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Thermal rate constants for the Cl+H, and Cl+D, reactions
between 296 and 3000 K

S. S. Kumaran, K. P. Lim, and J. V. Michael®
Chemistry Division, Argonne National Laboratory, Argonne, Illinois 60439

(Received 5 July 1994; accepted 26 August 1994)

Rate constants for the Cl+H, and D, reactions have been measured at room temperature by the laser
photolysis-resonance absorption (LP-RA) technique. Measurements were also performed at higher
temperatures using two shock tube techniques: laser photolysis-shock tube (LP-ST) technique with
Cl-atom atomic resonance absorption spectrometric (ARAS) detection, over the temperature range
699—1224 K; and higher temperature rates were obtained using both Cl-atom and H-atom ARAS
techniques with the thermal decomposition of COCl, as the Cl-atom source. The combined
experimental results are expressed in three parameter form as ky( £ 15%) = 4.78 X 10716
7158 exp(— 1610 K/T) and kp, ( £ 20%) = 9.71 X 1071 7175 exp(—2092 K/T) cm® molecule ! s
for the 2963000 K range. The present results are compared to earlier direct studies which
encompass the temperature ranges 199—1283-(H,) and 255-500 K (D,). These data including the
present are then used to evaluate the rate behavior for each reaction over the entire experimental
temperature range. In these evaluations the present data above 1300 K was given two times more
weight than the earlier determinations. The evaluated rate constants are: kHz( + 14%) = 2.52 X

1071 exp(—2214 K/T) (199=<T<354 K), ky(£17%)=1.57X107'¢ T'%exp(—1544 K/T)
(354<T=2939 K), and kp,(£5%)=2.77x107"¢ T'exp(—2162 K/T) (255<T<3020 K), in
molecular units. The ratio then gives the experimental kinetic isotope effect, KIE = (ky, /kp,).

Using 11 previous models for the potential energy surface (PES), conventional transition state
theoretical {CTST) calculations, with Wigner or Eckart tunneling correction, are compared to
experiment. At this level of theory, the Eckart method agrees better with experiment; however, none
of the previous PES’s reproduce the experimental results. The saddle point properties were then
systematically varied resulting in an excellent model that explains all of the direct data. The
theoretical results can be expressed to within +2% as kjj = 4.59 X 1076 T8 exp(—1682 K/
T) (200<T=2950 K) and -k =9.20X 10716 T'** exp(—2274 K/T) cm® molecule™' s™" (255<T
=3050 K). The KIE predictions are also compared to experiment. The “derived” PES is compared
to a new ab initio calculation, and the differences are discussed. Suggestions are noted for
reconciling the discrepancies in terms of better dynamics models. © 1994 American Institute of
Physics.

INTRODUCTION
As noted by Weston in 1979,! the reaction
Cl+H,—HCI+H (1)

has been of interest to chemical kineticists since the pioneer-
ing work of Nernst.2 This reaction and its isotopic variations
including

Cl+D,—DCI+D (2)

have served as test cases for bimolecular reaction rate
theory,' particularly transition state theory® and the theory of
isotope effects that is derived from it.* The accurate deriva-
tion of a potential energy surface for the interaction has been
a major undertaking, and the success of theory has been
hampered by an inexact knowledge of this surface. Many
surfaces have been derived including those using London—
Eyring—Polanyi and/or Sato (LEP and/or LEPS), and various
versions of diatomics in molecules (DIM) methods.” Tucker
et al.’ have then calculated thermal rate constants and iso-
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tope effects for 11 different surfaces using both conventional
and variational transition state theory along with separate
procedures for including tunneling factors.

The experimental work that has prompted the substantial
theoretical interest is likewise extensive. The NIST database®
lists 16 prior studies of Reaction (1), 6 of which are direct
determinations.”"!2 The temperature range encompassed by
these studies is 199-500 K; however, this range has been
extended to 1283 K in a recent study by Adusei and
Fontijn.13 The data on Reaction (2) is much less extensive.
Miller and Gordon have reported data between 202—499 K"
and have extensively discussed the kinetic isotope effect for
Reactions (1) and (2) in terms of their own data and theo-
retical models. \

Even though Reaction (1) has some practical interest in
atmospheric chemistry and has been used as a *‘*known™ re-
action in competitive studies, our motivation for the present
work is mostly theoretical. Experimental comparisons of
thermal rate data with theory have been an ongoing theme in
several studies from this laboratory including both the pro-

tonated and deuterated modifications of the H+H,, O+H,,

© 1994 American Institute of Physics 9487
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TABLE L Rate data for Cl+H,—HCI+H and Cl+D,~DCI+D at 296 K.

P,/(Torr) o /57") k(0¥ ems™) 77
Xeoq, = 2.704 X 1074 Xg,= 1.720 X 1077
199.3 i 2199 19.6
241.1 2571 19.0
Xcocl, = 2.832 X 10~* Xy, = 4.106 X 1072

65.3 1282 14.6

65.3 1550 17.7
112.8 2634 174
155.1 3109 15.0
155.1 . 2923 14.1

Ave.=16.8+2.2
Xcoo, = 2.727 X 1074 Xp,=9.809 X 107*

96.9" . 681 2.20
154.8 - 664 1.34
207.9 1247 1.87
237.7 1331 1.75

Ave.=1.79%0.35

0+C,H,, H+H,0, and H+0, reactions.’>"1®

Except for determinations at 296 K, the present results
for Reactions (1) and (2) were obtained using shock tube
methods. Two types of shock tube experiments were em-
ployed, one using the thermal dissociatiori of COCl,'® as a
thermal Cl-atom source at high temperatures, and the other
using the laser photolysis-shock tube (LP-ST) technique. %!’
The photochemical source in these latter experiments was
also COCl,. In both types of studies, Cl atoms were moni-
tored by Cl-atom atomic resonance absorption spectroscopy
(ARAS).**% Including the room temperature results, data
have been obtained for both reactions over the large tempera-
ture range 296 to 3000 K, and these are combined with ear-
lier lower temperature results to give evaluations over the
entire temperature range of the collective experiments,
~200-3000 K. Since this study substantially extends the up-
per temperature range for the title reactions, it places addi-
tional constraints on a successful theoretical description.

EXPERIMENT

The experimental method, apparatus, and techniques that
are used in the present study have been completely described
elsewhere.!%!” Therefore a few pertinent additional com-
ments will suffice.

Apparatus

The shock tube equipment used here is comprised of a
driver chamber and a 7 m 304 stainless-steel tube (i.d. 9.74
cm) section, the inside surface of which has been polished to
be quite passive. These two sections are separated by a thin
aluminum diaphragm (4 mil, unscored 1100-H18). This is
mounted between vacuum flanges that are attached to the
ends of the driver and driven sections. The tube was rou-
tinely pumped by an Edwards Vacuum Products Model
CR100 P fore-pump diffusion-pump combination to <1078
Torr before loading the test gas. Reaction mixtures were pre-
pared manometrically with an MKS Baratron capacitance
manometer. Initial reactant loading pressures were also mea-
sured with the manometer. Shock waves were produced by
rapidly cutting a 2.25 in. square in the diaphragm. Except for

the room temperature experiments of Table I, all other ex-
periments were carried out in the reflected shock wave re-
gime. The average incident shock velocity for each experi-
ment was obfained with fast piezoelectric transducers (PCB
Piezotronics, Inc., Model 1132 A) at eight different stations
that are equally spaced well downstream from the dia-
phragm. The thermodynamic properties shown in Tables IT
and IIT were calculated from these velocities with appropriate
Mirels’ boundary layer corrections as described earlier,'621-%2
As in previous studies,'®1%?2% the photometer system was
radially located 6 cm from the end plate, and the optical path
length was 9.94 cm. As shown in the tables, the experiments
were performed with varying mixture compositions. The CI-
atom ARAS technique was used to measure rate constants
for Reactions (1) and (2). Additionally, the H-atom ARAS
method was used to measure total [H] yields from Reaction
(1). In both types of experiments, transmiitances from the
resonance lamps were measured with a solar blind EMR G14
photomultiplier tube, and the signals were recorded and
stored for kinetics analyses with a Nicolet 4094C digital os-
cilloscope.

H-atom ARAS detection

The application of the ARAS technique for measuring
[H] is well established,?*~%" and the photometer system used
here has been completely characterized”” and used in earlier
shock tube investigations. 2% Ly, radiation was generated
in the resonance lamp with a microwave discharge operating
at 40 W in prepurified grade He Howing at a total pressure of
2 Torr. There are sufficient H atom containing impurities in
this grade of He to give an easily measurable Ly, signal.
Under these conditions line reversal is negligible.”’ Before
each experiment the fraction of non-Ly,, light was measured
through an O, (1 atm of dry air) gas filter using an atomic
filter section that was essentially a fast flow system in which
a large H-atom concentration could be generated with a sec-
ond microwave discharge located upstream from the optical
path.

In a recent study from this laboratory on the methyl-
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TABLE II. High-temperature rate data for Cl1+H,—HCI+H and Cl+D,—DCl+D.

P,/(Torr) M@ ps/(1018 cm™3)° THK)® k(1071 em? s™Y° Ko
Xcocl, = 6.624 X 1078 . Xp,=7.511X 1077
15.98 T 2839 3.399 1957 3.05 1.68
15.89 2724 3.285 1809 2.50 1.97
1591 2,978 3.503 2136 4,50 1.73
15.92 3.033 3.548 2209 5.30 1.72
15.95 3.044 3.563 2222 5.00 1.73
15.91 3.123 3.613 2330 6.10 1.81
15.90 3.402 3.795 2728 7.00 :
15.95 3.159 3.648 2379 7.00 1.37
15.88 3.122 3.606 2328 5.80 1.66
10.93 2.684 2.237 1784 2.30 1.24
10.92 2.962 2431 2135 3.60 1.38
10.97 2.996 2.454 2189 : 5.50 121
10.91 3.127 2.517 2373 5.80 1.34
10.88 3.396 2.647 2772 7.30
10.95 3.198 2.565 2474 6.35 1.40
10.94 3.052 2481 2267 5.50 1.59
10.91 2914 2.391 2079 4.30 1.52
10.89 2.861 2352 2009 4.00 1.49
10.95 2,764 2.299 1884 3.00 1.57
Xeoay, = 1.995 X 107° Xy, =7.535X 107°
15.90 2.820 . 3.378 1927 3.20 1.25
15.90 3.169 3.657 2386 6.20 137
15.96 2992 ° 3.537 2147 5.20 1.20
15.95 3.007 3.534 2173 4,70 1.19
10.98 3.115 2.535 2347 4.50 1.01
10.94 2.992 2.454 ) 2176 3.70 0.98
10.96 2.816 2.345. 1944 2.70 0.87
10.92 2.779 2311 1896 2.30 1.00
Xcoar, = 6.602 X 107° Xy, =7.680 X 1073
15.92 © 2714 3.249 1816 270 1.89
15.97 2.822 3.360 1949 3.05 2.09
15.88 2.810 ‘ 3.300 , 1934 330 ' 2.11
15.86 2.851 3.362 1985 345 1.73
15.88 3.528 3.836 2939 9.00
15.96 2.839 3.373 1971 3.55 1.90
15.89 2.833 3.352 1962 3.55 2.08
15.94 2.845 3.373 . 1978 3.30 1.93
15.90 2.692 , 3.224 1790 : 2.30 1.58
15.98 2.835 3.373 1965 , 2.90 1.87
1592 2,675 3211 1769 2.00 1.94
15.92 2,755 3.288 1866 2.50 1.81
15.83 2.742 3.257 ‘ 1850 2.53 1.83
15.87 2732 3.256 1838 2.53 1.85
15.88 3.024 3.508 2211 5.10 2.00
15.92 2.685 3.231 1775 2.50 1.20
Xeoa, = 1.290 X 1077 Xy, = 8.400'% 1073
15.88 © 2805 : 3.337 1921 2.95 1.30
15.86 2.831 : 3.356 1954 . 3.10 1.40
15.90 2.959 3473 . 2118 3.90 1.50
1591 2.994 3.504 2164 4.50 1.37
15.90 2.986 ‘ 3.495 2153 4.15 1.37
15.88 3.312 3.722 2605 £.10 1.39
15.89 3.449 : 3.808._ 2808 8.10
10.89 3.073 2.482 2296 . 5.10 1.43
10.92 2.999 2,446 . 2194 4,50 1.52
10.90 2.963 , . 2419 2144 435 1.54
1091 2.847 2.347 1990 3.45 1.70
10.94 2.796 2319 1925 3.15 1.65
10.91 2,737 2272 1850 2.30 - 129
5.93 3.064 1.349 2283 ' 5.20 1.65
591 2.889 1.282 2052 , 3.70 1.29
591 3.070 1.341 2299 4.85 1.65
5.88 3.163 1.363 2432 5.80 2.00
593 3.188 1.381 2468 597 © 149
5.89 3.088 1.342 - 2324 5.13 171

J. Chem. Phys., Vol. 101, No. 11, 1 December 1994
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TABLE 1. (Continued.)

P,/(Torr) M3 ps/(10'® cm™3)P TS/(K)® k(1071 cm?® s71)° Ko
Xcocy, = 6.648 X 107° Xp,=7.621% 107
10.92 3.033 2.465 2239 3.30 1.23
10.81 3.139 2.500 2389 3.80 1.52
10.91 3.476 2.691 2897 5.00 1.72
1091 3.243 2.579 2540 3.85 153 .
11.00 3.014 2.481 2207 2.80 1.57
10.85 . 292 2.387 2086 2.35 1.28
10.89 2.838 2.336 1978 2.00 1.31
10.94 2.824 2.346 1954 2.00 1.14
15.96 2.930 3.462 2080 3.00 1.25
15.92 2.937 3.459 2089 2.70 1.50
1596 2.808 3.356 1925 2.00 1.13
15.94 3.180 3.648 2416 3.80 1.30
15.88 3.244 3.678 2508 3.98 1.50
15.94 3.171 3.642 2404 4.80 0.98
15.99 3.248 3.706 2513 430 1.51
15.96 2.750 3.302 1853 160 1.66
15.98 2.608 3.165 1684 1.20 1.40
Xeoc, = 1.539 X 10773 Xp, =9.928 x 1075
1091 T 3.064 2.482 T 2283 2.30 0.65
10.98 3.405 2.676 2786 4.00 1.10
10.88 2711 2.247 1817 1.31 0.51
10.88 2.857 2.347 2003 1.64 0.67
10.92 3.012 2.445 2219 2.50 0.80
5.96 3.547 1.482 3020 5.00 135
5.97 3.005 1.334 2209 2.86 0.71
5.98 3.206 1.399 2495 3.47 092
5.97 3.089 1357 2334 3.35 0.98
5.94 2.982 1.316 2184 297 . 1.04
5.93 2.855 1.270 2015 222 0.83

*The error in measuring the Mach number M, is typically 0.5%-1.0% at the one standard deviation level.
Quantities with the subscript 5 refer to the thermodynamic state of the gas in the reflected shock region.

“The rate constants are derived as described in the text.

radical dissociative-recombination reaction,36 H-atom cali-
bration experiments were reported. Line absorption caleula-
tions for a Doppler broadened and slightly reversed source at
a lamp temperature of 480 K> were carried out using the
known oscillator strength for the 2P3,2'1,2<—2S1,2 H-atom
transition. It was shown that the H-atom yield from C,H,l
pyrolysis experiments was within 20% of that inferred from
the calculations. Also, calibration experiments using Reac-
tion (1) were reported.36 In these experiments, various load-
ing pressures of a mixture with mole fractions, Xcocy,
= 1.718 X 1077 and Xy, = 1.986 X 107* in Kr, were
shock heated between 1784-2381 K, and
(ABS)y=—In(I/1,) was measured as a function of time.
These values were converted to an [H], profile through a line
absorption calculation for the experimental temperature. It
was necessary to fit these profiles with the chemical
mechanism>~* shown in Table IV. We concentrated on the
long time H-atom yields from these experiments. For the
high-temperature conditions here, the yield was independent
of the COC], dissociation rate (i.e., dissociation was effec-
tively instantaneous on the experimental time scale) and thus
depended only on [COCL,],. The only two reactions that are
important under these low [COCl,], conditions are Reaction
(1) and the thermal dissociation of H,, the third reaction in
Table IV. In earlier work from this laboratory,19 we found

that COCl, gives 1.808 Cl atoms for every molecule decom-
posed with the molecular channel, COCl,—CO+Cl,, con-
tributing the remaining 9.6% to the depletion. Therefore,
[Cl]; in the chemical simulations using Table IV was taken
as 1.808 [COCl,],. The simulated H-atom profiles were then
compared to those from measured absorbances converted to
[H], through the line absorption calculations,”’ and the re-
sults are presented in Fig. 1. The line shown in the figure has
the slope (0.99+0.03) indicating complete consistency be-
tween [H] from line absorption calculations and that derived
from known [COCl,], (and therefore [Cl],) through Reaction
(1). Finally, since the determination of the Cl-atom yield as a
function of [COCL], in our earlier work!® required a knowl-
edge of the Cl-atom curve of growth,**? the present results
for H-atom yields are entirely consistent, within experimen-
tal error, to those for Cl-atom yields, and, therefore, the rela-
tive relationship between the H-atom and Cl-atom curves of
growth can now be considered to be known through the de-
scribed calibration procedure.

Cl-atom ARAS detection

The Cl-atom resonance lamp has been detailed in recent
studies,!%20.234142 The lamp operates at 50 W microwave
power in a 2.0 Torr flowing mixture of X¢y = 1073 in He.

J. Chem. Phys., Vol. 101, No. 11, 1 December 1994
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TABLE III. Rate data for C1+H, and CI+D, by the LP-ST technique.

P\/(Torr) M2 ps/(10'® cm3)° Ts/(K)° ) k/(107"2 em® s71)°
Xeoa, = 1.292 X 1074 Xy, =3.551 % 107*
15.99 2,053 2.468 T1102 4800 5.48
15.86 2.036 2.468 1086 . 5398 6.27
15.90 1.913 2.238 975 3666 4.61
15.96 1.872 2.179 939 3272 423
15.96 1.641 1777 , 751 1185 1.88
15.84 ’ 1.710 1.887 805 2121 3.16
15.90 1.574 1.647 699 1276 2.18
15.98 1.886 2.204 951 3196 4.08
15.80 1.808 2.051 885 2411 3.31
15.90 1.880 2.184 946 3268 4.21
10.97 2.027 1.651 1071 3398 : 5.79
10.90 2.171 1.790 1211 4883 7.68
10.96 1.954 1.679 1097 4553 7.64
10.92 2.006 1.621 1051 2926 5.08
10.89 1.871 1.465 930 2199 4.23
10.98 1.836 1.436 900 2707 5.31
Xcocy, = 6.085 X 107° Xy, = 6.690 X 107*
1591 © 1755 1.973 841 3145 2.38
15.86 1.682 1.839 782 2473 2.01
15.85 1.642 1.766 751 2404 2.04
1579 2.035 2.410 1085 12704 7.88
15.91 1.985 2.353 1039 8693 5.52
15.90 1.904 : 2.223 967 7904 5.31
15.95 , 1.872 2.177 939 6538 4.49
15.96 1.790 2.041 870 3757 2.75
15.84 1.787 2.021 868 5144 3.80
Xcom, = 1.324 X 107% Xy, =3.121 X 107
10.94 T 2143 1.763 1187 5374 9.77
10.93 2.003 1.614 1053 3084 6.12
10.84 , 2180 1.796 1217 4332 7.73
10.97 2.088 1.722 1126 4105 7.64
10.90 1.992 1.603 ‘ 1039 3574 7.14
10.91 1.988 : 1.600 1035 3437 6.88
10.93 1.866 1.464 925 2268 4.96
15.81 2004 2.359 1060 3094 420
15.90 1.850 2.135 921 2223 3.34
15.82 1.794 2.029 873 1679 2.65
Xcocr, = 1.245 x 1074 Xp,=3.130 X 107°
10.90 © 2163 1777 1207 2030 3.65
10.94 2.037 1.658 1081 1303 2.51
10.89 1.916 1.517 970 930 1.96
10.88 1.762 1.329 839 626 1.51
10.84 1.981 1.577 1032 1196 2.42
10.93 2.031 - 1.644 1079 1487 2.89
10.83 2.121 1723 1165 ~ 1857 3.44
10.97 2,184 1.815 1224 1820 3.20
15.82 2.079 2481 1127 2285 2.94
15.85 1.878 2.166 948 1279 1.89
15.91 1.784 2.024 865 485 0.77
15.81 ©L811 2.057 887 1128 175 .
15.95 1.880 2.191 946 , 696 1.01
1597 2.029 2.429 1079 2055 2.70
15.85 2.018 2.394 1069 1495 2.00
Xcoor, = 6.326 X 1073 Xp, =6.346 X 1074
15.84 © 1808 2,049 ” 888 2740 2.11
15.86 1.726 Tl 821 1025 0.85
15.92 1.742 1.946 833 1661 1.35
15.85 1.929 2.248 992 2748 1.93
1591 1.950 2.291 1012 2594 1.78
15.85 1.819 2.075 8§94 . 2355 1.79
30.88 : 1.866 4,088 918 3781 1.46
30.79 1789 3.826 853 _ 2859 1.18
30.57 1.671 3.406 759 1628 0.75
30.77 1.710 3.561 790 ) 1692 0.75

“The error in measuring the Mach number M is typically 0.5%—1.0% at the one standard deviation level.
"Quantities with the subscript 5 refer to the thermodynamic state of the gas in the reflected shock region,
“The rate constants are derived as described in the text.
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FIG. 1. Calibration plot for the H-atom ARAS method. [H], obtained from
converting measured absorbances through line absorption calculations, is
plotted against [H] determined from the Table IV reaction mechanism. The
nearly unit slope indicates consistency with the known oscillator stréngth for
the 2P3,‘2,1,2<-2S 172 transifion in H and also gives the relative relationship
between the H-atom and Cl-atom curves of growth.

As discussed by Clyne and Nip*® and Whytock er al.,* this
resonance lamp gives a multiplet structure that is somewhat
reversed. The resonance radiation was observed through a
BaF, filter without wavelength resolution over the range
133.6—139.6 nm. From pyrolytic studies of CC14,41 this lamp
configuration gives (14*2)% nonresonance radiation, and a
knowledge of this factor then allows (ABS)q to be deter-
mined. Thermal dissociation experiments with a variety of
Cl-atom source molecules have been performed in this
laboratory,>20-234142 and the curve of growth has been de-
termined. Based on near linear behavior for 0=<(ABS)=<0.1,
the effective Cl-atom . absorption cross section is
('2.37i0,08)><10_ls cm?” However, since the curve of
growth becomes highly nonlinear at (ABS)=0.1, a modi-
fied Beer’s law expression has been derived,*

(ABS)q=4.41x107°[CI]>582, (3)

where [Cl] is expressed in atoms cm ™.

In the present study, COCl, was the Cl-atom source in
the shock tube experiments. Depending on the temperature
range, two types of experiments were performed. For tem-
peratures greater than 1769 K, the thermal dissociation of
COCl, supplied 1.808 atoms per dissociated molecule. In
this experiment, the measured absorbances were generally
above 0.1 for most of the temporal change, and therefore,
Eq. (3) was used to derive.the temporal profiles. We also
performed LP-ST experiments using 193 nm ArF excimer
laser light to photodissociate COCl,. These experiments
were carried out below 1224 K in order to inhibit Cl-atom
formation from thermal dissociation. In this experiment, ini-

tial absorbances were limited to <<0.08. Hence, first-order

decay plots could be directly determined from absorbances
since (ABS)c is linearly proportional to [Cl] in this range.
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Gases

The He driver gas (99995%) was obtained from Air
Products and Chemicals, Inc. Scientific grade Ar {99.9999%)
and Kr (99.997%), both from MG Industries, were used as
the diluent gases in the reaction mixtures. Scientific grade H,
(99.9999%) was also obtained from MG Industries whereas
D, was scientific grade (99.99% with only 16.5 ppm nonhy-
drogenous impurities) from Air Products and Chemicals, Inc.
Both were used without further purification. Electronic grade
Cl, (99.999%) from MG Industries, diluted in ultrahigh pu-
rity He (99.999%) from Airco Industrial Gases, was used in
the Cl-atom resonance lamp. COCl, (99.0%) was obtained
from AGA Specialty Gases and was purified by bulb-to-bulb
distillation. The middle third was retained for mixture prepa-
ration.

RESULTS
Room temperature experiments

Rate constant determinations for Reactions (1) and (2)
were carried out in Ar diluent at 296 K using the shock tube
as a static reactor. The single shot laser photolysis-resonance
absorption (LP-RA) method was used for the conditions
shown in Table L. Initial (ABS)q=<x0.09 ensured that Beer’s
law would hold. Since (ABS),=o{[Cl], and [Cl],<[H,] or

[D,], the decay of atoms will be pseudo-first-order; i.e.,

ln(ABS)t=_‘k1[H2]t+C or —kg[Dz]t+C, (4)

Plots of the left-hand side of Eq. (4) against time give the
decay constants kg, in the table, and these yield the bimo-
lecular rate constants k, or k, when divided by [H,] or [D,].
Diffusional loss, which is normally subtracted from the ob-
served decay constants, is not important in the present ex-
periments since the pressures are relatively high and diffu-
sion is slow in comparison to the observed decay constants.
The average values of the 296 K rate constants are included
in the Figs. 2 and 3 Arrhenius plots.

Thermal dissociation experiments

These shock tube experiments were performed with Kr
diluent using the thermal dissociation of COCl, as the source
of Cl atoms. The upper panel of Fig. 4 shows an example of
a raw data signal. It was necessary to use Eq. (3) to convert
the raw data to [CI], since the (ABS), values ranged well into
the nonlinear curve-of-growth region [i.e., up to (ABS)
=().4]. The resulting Cl-atom profile is shown as the bottom

‘panel, and it is obvious from the figure that Reaction (1) or

(2) and their reverse reactions are equilibrating at long times:
This is a direct observation of .the reversibility of the pro-
cesses, and the behavior was noted for all the experiments
shown in Table II.

The question arises as to whether the observed levels of
[C1],, are consistent with known equilibrium constants for the
system. From the data, approximate values for the equilib-
rium constants can be calculated from

o o (ClolCILy
]~ (Cllp—[CIINCLL

(5
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TABLE IV. Reaction mechanism used for deriving the high-temperature rate
constants for C1+H,.* :

1.  Cl+H,—HCI+H ky=to be fitted

2. H+HCl-H,+Cl ky=k /K og=to be fitted

3. Hy(+M)—2H(+M) ky=px8.86x 10710 exp(—48 321 K/T)°
4. HCU+M)—H+CI(+M) k,=px6.97x10"" exp(—40 765 K/T)°
5. H+ClL,—HCI+Cl ks=1.43%10710 exp(—590 K/T)¢

6.  CI+HCI-H+Cl, ke=ks/[2.14 exp(23 532 K/T)

2All rate constants are in molecular units.

*Reference 37.

“Reference 38.

dReference 39.

“Equilibrium constant calculated from data in Ref. 40.

where [Cl];=1.808 [COCl,];. [Cl],, was determined either
with the linear expression for (ABS)=<0.1 or from Eg. (3)
for (ABS)>0.1. However, since other processes can poten-
tially affect [Cl],, (e.g., the thermal decomposition of HCI), it
was necessary to simulate the kinetics with the mechanism
shown in Table IV. The approximate values for K, from Eq.
(5) served as the starting values for these simulations, and
both this quantity and the rate constant for Reaction (1) were
parametrically varied to obtain the best fit to the profile. The
resulting values for K, are reported in Table II and are plot-
ted in Fig. 5 for both Reactions (1) and (2). Between 700-
2700 K, the JANAF Thermodynamic Data Tables* give the
van’t Hoff expressions

K| e=1.689 exp(—450.9 K/T). - (6)
and
Ky q=1.833 exp(—811.9 K/T) (7)
10‘10
e 10—11 .
'_":n
2
g .
S 102
E
g
3
;"‘ i |
10714 : ’ * - . ’

5 100 15 20 25 30 35
10000 K/T

FIG. 2. Arrhenius plot of measured rate constants for the Cl+H,—HCI+H
reaction. The data are as follows: 1769<T<=2939 K are the thermal disso-
ciation experiments, 699<7=1217 K are the LP-ST experiments. The data
at 296 X as given in Table I are also shown. The solid line represents the
three parameter least-squares fit, Eq. (8), over the experimental temperature

range 206<T=2930 K.
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FIG. 3. A plot analogous to Fig. 2 for the isotopic variation,
Cl+D,—DCI+D. Here the data are 1684<7'<3020 K, thermal dissociation
experiments; 759<T=1224 K, the LP-ST experiments; and the rate constant
at 296 as given in Table I are also shown. The solid line is again a least~
squares fit to the data, Eq. (9), over the range 296<7<3020 K.

to within 1%. The lines shown in the figure are calculated
from Egs: (6) and (7). For both reactions, there are system-

0.90

0.80

Transmittance

0.70
0 705 1.0

“Time /ms

4.0 - L T

- 3.0

.20

1.0

[CI] / (10* molecule cm™3)

0 0.25 0.5 0.75
Time /ms

FIG. 4. A typical record from a thermal dissociation experiment. The ex-
perimental - conditions and composition are 75=2194 K, P4=556 Torr,
ps=2.446X10" em ™3, Xoeq, = 12.90 ppm, and Xy, = 84.00 ppm. The
ARAS signal (top panel) shows the Cl-atom depletion following its rapid
formation from the decomposition of COCl,. The absolute [C1] profile (bot-
tom panel) is obtained by converting the raw data {top panel) as described in
the text. The smooth solid line is the model calculation for [CI] using the

Table IV reaction mechanism.,
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FIG. 5. van't Hoff plots of equilibrium constants for Cl+H,=HCI+H (top)
and Cl4+D,=DCI+D (bottom), derived from the mechanism of Table IV.
The solid lines are the respective van’t Hoff expressions derived from the
JANAF tables.

atic differences between the mixtures, with those higher in
COCl, giving slightly lower values. These differences are
not serious since an error of £25% in each determination of
K. can easily be justified through an error propagation
analysis if the following are considered: (i) Probable inaccu-
racies in the H, and HCI thermal decompositions [Reactions
(3) and (4) in Table IV]; (ii) the long extrapolation in T~ for
Reaction (5) in the table; and (iii) the one standard deviation
uncertainty of *8% in the Cl-atom curve of growth.#?45
Therefore, the significant conclusions from these determina-
tions are that they prove reversibility and closely corroborate
the JANAF implied values*® for the Reactions (1) and (2)
equilibrium constants.

As mentioned above, k; or k, was iteratively varied to
best fit the experimental [Cl] profile, with the mechanism of
Table IV. A typical fit is shown in Fig. 4 as the solid line. We
concentrated on the [Cl], decay region between ~1 to
~7x10'% cm ™3 because of the above noted inacciracies in
the secondary chemistry and curve of growth. Under these
conditions, the only important reactions are Reactions (1)
and (2) and their backreactions, and changes of *10% in k,
or k, typically gave worse fits to the profile data. For many
runs, we expanded the mechanism by explicitly including
both channels for the thermal dissociation of COCl, (i.e.,
CO+Cl, and COCI1+Cl with the subsequent fast dissocia-
tion, COC1—>CO+C1).19 For the présent temperature range,
the relative profiles with and without this expansion were
exactly the same, with the decay of [Cl], to [Cl],. simply
being delayed. The reason for this behavior is that the source,
COCl,, had totally reacted well before [Cl], decayed. We
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FIG. 6. A typical LP-ST experimental record. Conditions and composition
are Ts=992 K, P5=231Torr, ps=2.248X10'8 cm™>, X o, = 63.26 ppm,
and Xp, = 634.6 ppm. The top panel shows the Cl-atom transmittance fol-
lowing its formation from photolysis of COCIl,. The bottom panel shows the
corresponding (ABS)c, profile. For (ABS)<0.08, the (ABS)¢; vs [CI] re-

[ationship is linear, and the linear semilog absorption profile then directly

yields the pseudo-first-order decay constant, kg, =2748 s~ .

therefore used [CI],=1.808 [COCl]; and [Cl,],=0.096
[COCL,], for each experiment with its given value of tem-
perature, density, and [H,], or [D,],, as starting conditions in
the simulations used for deriving the rate constants. The final
results are given in Table II and are plotted in Figs. 2 and 3.

LP-ST experiments

These shock tube experiments with Ar diluent were
straightforward and followed procedures described
previously.'®!” The photolyte was COCl,, and its relatively
low absorption cross section at 193 nm* required that rela-
tively high concentrations be used even with a laser energy
of ~250 mJ. At this high concentration, the onset of thermal
decomposition giving Cl atoms then determined the higher
temperature limit (1224 K) for these experiments. The top
panel of Fig. 6 shows a typical raw data record. In all such
experiments, initial (ABS)~ was <0.08. Therefore the pho-
tometer behavior was in the linear portion of the curve of
growth. Hence, the data were analyzed according to Eq. (4).
The Fig. 6 top panel result then yields the semilog decay plot
in the lower panel. The observed first-order decay constants
from the negative slopes of such plots for 35 H, and 25 D,
expériments are given in Table Il along with the derived
values of k; and k5. These LP-ST results are also included in
Figs. 2 and 3. '

Three  parameter  expressions of the form
k=AT" exp(—B/T) have been determined by least-squares

J. Chem. Phys., Vol. 101, No. 11, 1 December 1994



Kumaran, Lim, and Michael: Cl+H, and Cl+D, reactions

methods for the composite sets of data shown in Figs. 2 and
3. The results are

k,=4.78x107 16158
Xexp(—1610 K/T) cm® molecule™!s™! (8)

and

k,=9.71x107177L73
Xexp(—2092 K/T) cm® molecule™!s™L 9

These two expressions are plotted in Figs. 2 and 3, respec-
tively. The data in Fig. 2 deviate from Eq. (8) by *15%
whereas those in Fig. 3 deviate from Eg. (9) by +20%, both
at the one standard deviation level.

DISCUSSION
Comparison to earlier work

The present results can be compared to previous direct
studies. Our room temperature result for Reaction (1),
k1=(‘1.68i0.22)X10'14 cm?® molecule ™ s7), agrees well
with all earlier studies; ie., (1.34%0.07),] (1.40£0.10),
(1.80=0.20),” (1.50=0.30)," (1.66=0.11),"" (1.46+0.22),"?
and (1.33+0.10)," all in 107 cm® molecule™' s™!. Our
room temperature result for Reaction (2) s
(1.79i0.35)><10_15 and is likewise in agreement with the
room temperature value of Miller and Gordon,*
(1.64+0.07)X 10713, both in molecular units. The present
LP-ST experiments can be directly compared to the only
direct determination at temperatures >500 K, namely that
of Adusei and Fontijn.® These authors give
ky=4.4X%10"" exp(—2568 K/T) for 291=<T=1283 K, and
this is only 28%~47% lower than Eq. (8) over our LP-ST
range. Since their accuracy is =26% and ours is *=15%, this
magnitude of disagreement is therefore not significant.

The data from- all previous direct studies of Reaction
(1)""!3 have been used in an evaluation. Eleven equally
spaced in T~ data points were calculated from the analytical
expressions from each study over the temperature range of
that study, and these were then combined into one database
for the entire experimental temperature range 199-2939 K.
Since there are no earlier values above 1300 K, the present
study was given twice the weight of the earlier studies.” '3
An attempt was made to fit this database to a three parameter
function that is similar to Eq. (8); however, a single equation
was not sufficient for the entire range. Therefore, both
Arrhenius and three parameter expressions were used de-
pending on the temperature range. The final evaluated rate
constant is

k;=2.52x10"H
Xexp(—2214 K/T) cm?’ molecule™! s™! 10

for 199=T=354 K and

9495

ky=1.57x107'6T172
Xexp(— 1544 K/T) cm® molecule™ s™* (11)

for 354=T<2939 K. The evaluation for Reaction (2) only
involved the present work and that of Miller and Gordon.**
The three parameter expression

ky=2.77X 10167162
Xexp(—2162 K/T) cm’ molecule s (12)

over the temperature range 255-3020 K provided an excel-
lent fit. Results for the backreactions H+HCI and D+DCI
can easily be derived by dividing Egs. (10)-(12) by the equi-
librium constants, Egs. (6) and (7).

The data from the individual studies are in good agree-
ment with the Reaction (1) evaluation, Egs. (11) and (12).
The results of Westenberg and de Haas’ are lower by 4%—
13%; those of Watson ez al.’ are higher by 2%-38%; those
of Lee et al.'% are uniformly lower by 2%; those of Miller
and Gordon!! agree to within *14%; those of Kita and
Stedman'? are higher by 0%-30%; those of Adusei and
Fontijn'® are uniformly lower by 26%; and those from the
present study are lower by 0.2%-11% over the respective
temperature ranges. Benson er al.*’ derived k, values from
an indirect method involving a complex chemical mecha-
nism, and they combined their results with earlier
indirect®® and direct’ studies in an evaluation,
7.95x 107 exp(—2647 K/T), for the temperature range,
559-1071 K. This evaluated result from the earlier data is
also in quite good agreement with Eq. (11) being higher by
only 11%-34%. The Reaction (2) evaluation, Eq. (12),
agrees well with both Miller and Gordon™* (—13 to +2%)
and the present Eq. (9) (=9 to +2%), over the respective
temperature ranges.

Theory

Tucker et al.” have reported improved canonical varia-
tional theory with least action ground-state transmission co-
efficient (ICVT-LAG) calculations using 11 different poten-
tial energy surfaces (PES). These results were compared to
the experimental data obtained before 1985. The greatest
success was found by using the Stern—Persky—-Klein (SPK)
PES.®! In the present work we have predicted the thermal
rate behavior for the title reactions from these 11 surfaces
between 200-3000 K. Conventional transition state theory
with both Wigner (CTSTW) and Eckart (CTSTE) tunneling
corrections is the method of choice in these calculations.
With Wigner tunneling, none of these previously described
surfaces® explain the experimental rate behavior over the en-
tire temperature range. This is illustrated in Figs. 7 to 9
where the evaluated expression for k,, Eqs. (10) and (11), is
compared to the predictions from the CTSTW calculations.
Use of the Eckart method improves the results; however, the
quality of the fits of theory to experiment is still not good.
Examination of these 11 surfaces shows that all give nearly
the same value for the protonated transition state moment of
inertia, (1.27+0.06)X 107> g cm?, reflecting relatively little
difference in the predicted saddle point configurations.
Therefore, the differences in thermal rate constant estimates
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FIG. 7. A comparison between experimental and theoretical rate constants.
Four CTSTW theoretical calculations are compared to the experimental
evaluation, Egs. (10) and (11) (the thick solid line), for Cl1+H,. The theo-
retical results are derived from the saddle point properties reported in Table
I of Ref. 5. The calculations are identified in the figure with the PES desig-
nations given in Ref. 5; i.e., (--*) No. 1, (---) SPK, {(——-) GSI, and the thin
solid line is GSIL.

come solely from the electronic energy barrier (V) and the
symmetrical stretching (v;), the degenerate bending (v;,), and
the imaginary (¥;) frequencies, all evaluated at the saddle
point. Using Eckart tunneling, we have iteratively varied
these four quantities in an attempt to fit both the absolute
magnitude and the extent of curvature for both Reactions (1)
and (2). The values derived for the deuterated case are of
course consistent with the force field appropriate to the pro-
tonated case; i.e., the results are in complete accord with the

1010

10711 L

1012 L

107183 L

104 |

kll (cm3molecule"ls‘1)

105 |

10-16
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FIG. 8. A comparison between experimental and theoretical rate constants.
See the caption to Fig. 7. The CTSTW calculations are (-+-) No. 2, (---) No.
3, (——-) DIMS, and the thin solid line is DIMA.
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FIG. 9. A comparison between experimental and theoretical rate constants.
See the caption to Fig. 7. The CTSTW calculations are (---) AL/AB, (---)
DIM3C, and (~—-) V. The thin solid line is a CTSTW calculation using the
saddle point properties from Ref. 59 (see the text).

Teller-Redlich product rule. The successful model at the
CTSTE level of approximation is given in Table V where the
overall exoergicity is adjusted to the JANAF value.”® The
exact results from these calculations have been fitted to three
parameter expressions that are accurate to within +2%:

kf=4.59x 1071671588
Xexb(— 1682 K/T) cm®molecule™!s™!  (13)
for 200=7T=2950 K and
KP=0.20% 101671459
Xexp(—2274 K/T) cm?® molecule™!s™! (14)

for 255=T=3050 K. Graphical comparisons of the theoreti-
cal results to the evaluations, Egs. (10)—(12), are shown in
Figs. 10 and 11, respectively. The Egs. (10)—(12) experimen-
tal and the Egs. (13) by (14) theoretical kinetic isotope ef-
fects, KIE = (kg /kp,), are compared to one another and to

the results of Miller and Gordon'# and Persky and Klein>? in
Fig. 12.

It is clear from Figs. 10-12 that the present calculations
based on the model given in Table V are in complete accord
with all of the direct thermal rate constant data within ex-
perimental error. The question can then be asked as to
whether this is a unique model or not. Since four coupled
parameters have -been parametrically varied in order to get
the fits, we cannot claim complete uniqueness. We do how-
ever suggest that the quantities given in Table V cannot be
much different from those presented and still give the obvi-
ously successful predictions. The data supply severe con-
straints to the choice of the four parameters in four ways,
namely (a) the absolute magnitudes of rate constants and (b)
the values relative to one another (i.e., the shape in 7!
space) for two sets of data.
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FIG. 10. A comparison between experimental and theoretical rate constants
for Cl+H, over the temperature range 199=<7=2939 K. The solid line is the
evaluation [Egs. (10) and (11)] based on the results of Westenberg and de
Haas (Ref. 7), Watson et al. (Ref. 9), Lee etal. (Ref. 10), Miller and Gor-
don (Ref, 11), Kita and Stedman (Ref. 12), Adusei and Fontijn (Ref. 13),
and the present study, as described in the text. The dashed line is calculated
from the CTSTE model of Table V.

Previous thermal rate constant studies from this
Jaboratory'>1828-33 o theoretically important reactions
have served as an impetus for continuing theoretical devel-
opments using the most modern methods.!>>*"5® Clearly,
studies of this type, particularly at high temperatures, supply
the best experimental information available for probing mod-
erately high potential barriers in chemical reactions. The

10-10 - . R
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1082 |
108 L

10714 |

ky/ (cm3molecule“ls"1)

105 L

10—16 | sl 1 :

10000 X/T

FIG. 11. A comparison between experimental and theoretical rate constants
for C1+D, over the temperature range 255<7=<3020 K. The solid line is the
evaluation [Eq. (12)] based on the results from the present study and from
Miller and Gordon (Ref. 14). The dashed line is the Table V CTSTE model
calculation for the deuterated case.
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FIG. 12. Experimental (solid line) and theoretical (dashed line) kinetic iso-
tope effect results for the Cl+H,/Cl+D, system. The data points are from
Miller and Gordon (Ref. 14), @, for 255<T=<498 K, and Persky and Klein
(Ref. 52), ¢, for 273 and 323 K. The error bars were derived from the
corresponding, uncertainties in reported rate constants for Cl+H, and
Cl+D,. o

present study is another example of how thermal rate data
give strong constraints to the theoretical description. In the
present work, the description is not rigorous since we have
used the approximate CTSTE method. Even though a CTST
model for the D+H,*?> and H+D,* reactions gave nearly
identical results as the CEQB® and/or quantum scattering58
methods (indicating that the reactive flux is close to the mini-
mum energy path), the same might not be true for the present
case. Tucker ez al.’ have already shown that variational ef-
fects can be important here. We note that the Table V model
is tighter and has a lower barrier than most of the earlier
calculations would indicate. It is not clear whether the
present “derivation” of the saddle point properties will be
sufficient with a more accurate dynamical theory, and for this
reason we suggest that more extensive theoretical investiga-
tions using variational transition state, CEQB, and, if pos-
sible, quantum scattering calculations be considered. Tunnel-

TABLE V. Reactant, product, and saddle point properties for the reaction
Cl+H,. : .

Separation (A) H, HC1 Saddle
point
r(H-H) 0.7416 0.9102
r{Cl-H) 1.2745 1.4695
Electronic energy 0.0 3.177 6.770
(kcal/mol)
Frequencies (cm™") H, D, H-H--Cl D--+D---Cl
v, 4395.0 3107.8 2050.0 1475.5
v, 782.0(2) 553.8 (2)
v; 1000.0¢ 713.18
Zero-point energy 6.283 4.443 5.167 2.583
(kcal/mol)
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ing corrections with these methods would be far superior to
those used here. Of course, such an effort must start with a
well determined PES. Harding® has performed new CAS
singles and doubles with Davidson correction ab initio elec-
tronic structure calculations, using the cc-pvtz basis set for
determining the potential energy surface. The saddle point
properties for the protonated case are: ry_p=1.002 A,
ruq=1423 A, v,=1334 cm™, »,=501 ecm™!, v;=1408i
cm™', and V¥=9.6 kcal mol™". This clearly should be the
most accurate potential energy calculation on this system to
date. However, its use at the CTSTW level of approximation
gives poor predictions in comparison to experiment as seen
in Fig. 9 (the thin solid line). We believe that the situation
might be reconciled if this new PES, perhaps with slight
energy scaling, were used in the above-mentioned modern
dynamical calculations.>”
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