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Rate coefficients of the reaction ) + HCI in the temperature range 1093197 K were determined using

a diaphragmless shock tube. O atoms in the ground electiBrstates were generated either by photolysis

of SO, with a KrF excimer laser at 248 nm or by pyrolysis ofwith the shock wave. Their concentrations
were monitored via atomic resonance absorption excited by emission from a microwave-discharged mixture
of O, and He. Rate coefficients determined in this work show non-Arrhenius behavior, with values consistent
with previously reported measurementsTox 1486 K; they fit well with the equatiok,(T) = (9.27+ 0.03)

x 10724 T 367018 exp[—(10304 160)/T] cm? molecule* s7%; listed errors represent one standard deviation

in fitting. Theoretical calculations at the CCSD(T)/6-31G(d, p) level locate a bedA"” (TS1) and a linear

SA" (TS3) transition state characterized previously. On the basis of the results computed by CCSD(T)/
6-311+G(3df,2p)//CCSD(T)/6-31:G(d,p), the rate coefficients predicted with conventional transition-state
theory, including Eckart-tunneling corrections and with variational transition-state theory including zero- and
small-curvature tunneling corrections, all agree satisfactorily with experimental observations.

reactors and reported rate coefficients with a slight positive
deviation from Arrhenius behavior at high temperature. Com-
bining the then-available data, they reported

ky(T) =
5.6 x 10 2T %% exp[—(17661T)] cm®> molecule* s * (2)

1. Introduction
The reaction

OCP)+ HCl— OH + Cl (1)

is important because it converts stable HCI into reactive CI

iginmbsu;I:iitncsar;tg?rgzlgCe?(!za?:?tr:rﬁ mertf;\htir?ntjhoizeggcr;i; is théOr 350 K =T < 1486 K with an error limit (2) of 23%.
most fundamgntal that involves Cl atng' it ,Ia s an important The title reaction has been subjected to extensive theoretical
X . . ltplay b investigation by many research groups. It is an example of a
role in the combustion of ammonium perchlorate propellants, . . . .
heavy-light—heavy reaction with a small skew angle and is

incineration of toxic waste, inhibition of flames, and formation heref d ifost i ff h
of soot34 therefore expected to manifest important quantum effects. The
Rate. coefficients of reaction 1 were determined in the system, with only one H, one O, and one Cl atom, is simple
11 enough to allow accurate theoretical calculations. Characteriza-
temperature range 291486 K by several groupsi! All ; . .

- . tion of the potential energy surface (PES) of this systeff
measurements below 720 K show, within experimental uncer- d he basis of thi S dicti fth | and
tainties, consistent Arrhenius behavior. Mahmud ét aleter- and, on the basis of this PE , predictions of thermal and state-

. : . . ; specific rate coefficient$3! using various methods have
mined the rate coefficient of reaction 1 in the temperature range;

350-1486 K with two types of high-temperature photochemical |mproyed significantly ano! show satls_factory agreement with
experiments. Excellent reviews of previous theoretical work can

be found in several articl€$§:26:30
Because of the importance of this reaction in combustion,
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kinetic data at higher temperatures are needed. We have
constructed a diaphragmless shock tube and determined rate
coefficients of the title reaction up to 3197 K. Because previous
theoretical predictions ok; are limited to 1000 K, we also
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performed theoretical calculations and found excellent agreement(in units of mhartree) corrected with the zero-point energy (ZPE)
between theory and experiments throughout the temperatureis calculated as follow&?
range of study.

E[(G2M, CC2)]= E,,+ AE(+) + AE(2df) + AE(CC) +

2. Experiments A" + AE(HLC, CC2)+ ZPE (3)

Details of the diaphragmless shock tube apparatus can bewith
found in ref 32. The shock tube, of length 5.9 m and i.d. 7.6

cm, is coupled to a detection system using atomic resonance Epas= E[PMP4/6-311G(d,p)]
absorption. Four pressure sensors were installed at 3, 18, 28,
and 38 cm from the end of the tube to monitor the shock wave. AE(+) = E[PMP4/6-311-G(d,p)] — Ey4s

Three time-frequency counters (Tabor Electronics, model 6010) _
were employed to determine the time intervals for arrival of AB(2df) = E[PMP4/6-311G(2df,p)}- Epas

the shock wave between each sensor; the speed of the shock AE(CC) = E[CCSD(T)/6-311G(d,p)}- Ep .

wave is thus determined. A microwave-discharged lamp with a

flowing gas mixture of~10% O in He served as a lamp for ~ A'=[UMP2/6-311+G(3df,2p)]— E[UMP2/6-311G(2df,p)] -
the atomic absorption of O atoms. Emission of the lamp at E[UMP2/6-31H-G(d,p)]+ E[UMP2/6-311(d,p)]
130.23, 130.49, and 130.60 nm, corresponding to atomic AE(HLC, CC2)= —5.78, — 0.1

transitions of O{S)— O (P, 1, o, passes perpendicularly near ' h ¢

the end of the shock tube and a vacuum UV monochromator . .

(ARC, VM502, focal length 20 cm, reciprocal linear dispersion in which n, andry are the number of valence electrong,>
4.0 nm mnt?, slit width 500um) before being detected with a Ng-
solar-blind photomultiplier tube (Hamamatsu, R972). Variation
of the signal from the photomultiplier was monitored with a
digital storage oscilloscope and transferred to a computer for
further processing.

When needed, a KrF excimer laser (248 nm) was employed
for photolysis. Light from the laser enters the shock tube from . . )
the%uartzyend-p%te and passes along the tube. A delayed pulsc(é‘arrlecj out W.'th the Gaussllan Yand .MOLPRO 96’ programs.
generator (Stanford Research Systems, DG535) was employed Rate coefficients for various reaction channels were calculated

to trigger the laser about 2Q% after the arrival of the incident m:}z;%ﬂvigpﬁaﬁggﬁlﬁfn;ﬁgater;hfg)r;y (;igugltheicfgrg d
shock wave at the last pressure sensor. g g prog P y employ

. for the reaction @Hs + CH,.42 We employed also the Polyrate
y ?LSEr'(la'oerﬁc'lhheex?eerggggtt,utrr;‘?g)s y(jt:nrgi t\;VZi)pl;Tg%?et;ifr\lg 5'Oprogram of Truhlar et & based on variational TST including

. " zero- or small-curvature tunneling corrections.
(Ps) in the reflected shock regime were calculated from the g

measured velocity of the incident shock, the composition of the Rate coefficients were computed on the basis of results using
rocity ' pos! € the G2M and the CCSD(T)/6-331G(3df,2p)//CCSD(T)/
test gas, the initial pressure, and the temperature using the ide

hock theo} with Mirels' boundary- -311+G(d,p) methods. In the calculation using the latter
30223:’3\?\'6 eory wi Irels boundary-layer Correc- - method, we performed the IRCMax calculatito stimulate

‘We calibrated the concentration of O atoms in the shock tube leifg(d?S)rl\}/ﬁlng{t gl;g%;3%33%%@3222{5%(;]}82('2/
with N2O, assuming a 100% yield of O atoms from the pyrolysis first and second derivatives of the points on the IRC curves for
of N;O. For kmenc_measurements, O atoms were generated froM;er0- or small-curvature tunneling treatments were calculated
the laser photolysis of S(at 248 nm. In some experiments, O at the CCSD(T)/6-31£G(d,p) level.
atoms were generated from the pyrolysis gENor comparison. '
At 248 nm, the absorption cross section of;3€7.7 x 10720 ) _
cn® at 1100 K and 5.3« 10720 cnr? at 2000 K36 4. Results and Discussion

He (99.9995%, AGA Specialty Gases); (39.999%, Scott
Specialty Gases), $©99.98%, Matheson), and HCI (99.999%,
AGA Specialty Gases) were used without further purification.
Mixtures of HCl in Ar (23.4-202 ppm), S@in Ar (292—971
ppm), and NO in Ar (11.6 ppm) were used.

Because the present system is relatively small, we have
also calculated the energies of all species at the CCSD(T)/
6-311++G(3df,2p) level of theory using the B3LYP/6-315-
(3df,2p) optimized geometries. For comparison, we have also
carried out similar calculations using the geometries optimized
at the CCSD(T)/6-311G(d,p) of theory. All calculations were

4.1. Calibration of [O]. Figure 1A shows a typical temporal
profile of the signal intensity of the photomultiplier observed
for the thermal decomposition of ® in the reflected shock
regime. The calibration of [O] using the thermal decomposition
of N,O has become a standard procedure to account for
deviation from the BeerLambert law?® The calibration curve
3. Computational Methods of [O] for our system is shown in Figure 2. Absorbankés

calculated with the equation
The geometry of reactants, intermediates, transition states,

and products of the ©H—CI system were optimized at the A=In(l/l) (4)
B3LYP/6-311G(d,p) level of theory with Becke's three-
parameter nonlocal exchange functidiaind the nonlocal
correlation functional of Lee et &.Energies of all species were
calculated by the G2f? method, which makes a series of
calculations with geometries optimized with the B3LYP method
to approximate the CCSD(T)/6-3115(3df,2p) level of theory, 13 _3 5
including a “higher-level correction” (HLC) based on the [O)/10™ molecule cm” = 4.4233 — 0.0336\" +

number of paired and unpaired electrons. The total G2M energy 2.57413 (5)

in which the light intensity before and after the production of
O atoms is denoted dgandl, respectively. The concentration
of O atoms is fitted with the equation
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Figure 1. Temporal profiles of photomultiplier signals observed for
the (A) thermal decomposition of J (30 ppm in Ar), (B) laser-
irradiated Ar sample containing $@97 ppm), and (C) laser-irradiated
Ar sample containing S£(697 ppm) and HCI (150 ppm).
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Figure 2. Calibration curve of [O] versus absorbance of O atoms.

4.2. Rate Coefficientk; of the Reaction O+ HCI. Figure
1B shows a typical temporal profile of the signal intensity of
the photomultiplier observed when the gas mixture contained
only S and Ar. The first stepwise decrease in intensity
(upward direction in Figure 1B) corresponds to variation in the
absorbance of SQupon arrival of the incident wave; S@as
a nonnegligible absorption cross sectiondf.1 x 10717 cn?
near 130 nm at 300 K& The second stepwise change is

associated with the arrival of the reflected shock wave, and the

third step is due to the production of O atoms upon laser
irradiation at 248 nm. Figure 1C shows a typical temporal profile
recorded similarly except that the mixture containg 8ad HCI.

Because O atoms reacted with HCI, the light intensity detected

by the photomultiplier increased with time as [O] reacted. The
concentration of O atoms at reaction peripdO];, is derived
according to eqs 4 and 5, with the light intensity before
photolysis taken a$o. Experiments were carried out under
pseudo-first-order conditions with [HCH- [O]. If there were

no interference reaction, the temporal profile of {©juld be

J. Phys. Chem. A, Vol. 106, No. 43, 20010233

fitted to a first-order decay curve to yield a pseudo-first-order
rate coefficientk'. The apparent bimolecular rate coefficient,
ki', is thus derived from

k' = K/[HCI] (6)
At high temperatures, interference from reactions of O atoms

with precursor S@ and with reaction products SO and OH
should be considered,

O+ S0, — SO, (7a)

—S0+0, (7b)
O+ S0—S0, (8)
O+OH—H+0, 9)

with these reported temperature dependences of the rate coef-
ficients:

k,(T) = 1.21 x 10 * exp(3163T) cm® moleculé?s™*
(refd47) (10)

k,(T) = 8.3 x 10 *? exp(—98007) cm® molecule* s+
(ref 48) (11)

ke(T) = 3.3 x 1072°T ~*** cmP molecule®s™*
(ref 49) (12)

ko(T) = 2.41x 10 " exp(—=350/T) cm® molecule* s™*
(ref 50) (13)

Although recent experimental datshow a nearly constant rate
coefficient of (1.544 0.14) x 1071 cm® molecule® s™* for
reaction 9 in the temperature range 1839550 K, we used a
previously recommended value (eq 13) that is about 40% greater
at 3000 K for the worst-case scenario. We modeled an observed
temporal profile of [O] with reactions 1, /9 with the
commercial kinetic modeling program FACSIMIL®iterature
values of rate coefficients of reactions 9 were held constant,
and the bimolecular rate coefficient of the title reactiknwas
varied to yield the best fit. Experimental conditions and values
of k; for 50 measurements in the temperature range 12925

K using mixtures with various concentrations of HCI and,SO
are summarized in Table 1. Values laf obtained with eq 6
from pseudo-first-order decays are slightly greater than
indicating that interference reactions play a minor role; we list
ki/ki' in Table 1 for comparison. For experiments with large
concentrations, [HCIP 1 x 10 molecule cnm® and [SQ] >

6 x 10 molecule cm®, the deviation is as much as 65%.
Detailed modeling shows that reaction 9 is more important than
reaction 7 at low temperatures but vice versa at high temper-
atures.

Complementary experiments at high temperatures were
carried out with O atoms produced from the thermal decomposi-
tion of N»O. Under such conditions, reaction 14 replaces
reactions 7 and 8 in the kinetic model

O+ N,O0—NO+ NO
—N,+0,

(14a)
(14b)

with a temperature-dependent rate coefficiert®ef

ki, T) = 1.52 x 10 *° exp(—13930T) cm® molecule_l(s_l)
15

ky4iT) = 6.13x 10" exp(~8020M) cm’ molecule* S(7116)
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TABLE 1: Experimental Conditions and Rate Coefficient k;
for the Reaction O + HCl2

Pr Py Ts  [SO]

[O] [HCI] ke ke

[Torr [Torr Ms /K /10% /108 /10 /10712 Ik
707 ppm SQ, 202 ppm HCI
80.31 2000 2.06 1093 8.30 3.06 23.7 0.42P.031 0.53
70.49 2000 2.15 1176 7.69 3.34 22.0 0.496.026 0.55
60.23 2000 2.25 1281 6.69 2.86 19.9 0.848€.030 0.72
50.85 2000 2.29 1319 599 274 171 188.04 0.83
50.45 2000 2.39 1429 6.24 3.87 178 18D.03 0.81
697 ppm SQ, 150 ppm HCI
60.55 2000 2.30 1334 7.05 2.63 152 1#44€.06 0.75
50.80 2000 2.42 1457 6.23 3.24 134 180.04 0.78
40.27 2000 2.55 1594 520 357 11.2 2#40.04 0.85
35.21 2000 2.63 1700 4.71 346 10.1 258.04 0.85
30.19 2000 2.67 1726 4.12 3.34 8.87 328.05 0.84
699 ppm SQ@, 99.7 ppm HCI
30.21 2000 2.66 1729 4.09 3.04 5.83 3#44€.08 0.86
30.16 2000 2.75 1860 4.21 3.67 6.00 3#D.06 0.83
30.05 2150 2.78 1895 4.24 464 6.04 3#D.07 0381
30.13 2250 2.82 1945 4.10 4.77 6.13 5#8.08 0.87
30.22 2375 2.92 2069 4.43 557 4.77 75€®.14 0.83
30.11 2500 2.97 2167 4.48 472 326 7HD.14 0.77
292 ppm SQ, 97.5 ppm HCI
60.06 2000 2.22 1256 2.83 1.27 9.45 0.968.06 0.82
50.26 2000 2.36 1398 253 1.29 845 15905 0381
50.24 2000 2.41 1445 258 1.22 8.62 189.04 0.83
40.24 2000 2.51 1556 2.16 1.37 7.20 20D.06 0.89
35.13 2000 2.57 1625 193 135 6.43 24#49.05 0.84
30.11 2000 2.64 1725 1.84 119 573 224.09 0.84
25.12 2000 2.69 1787 158 1.06 4.82 3HD.13 0.87
25.10 2000 2.85 1989 151 1.58 5.03 4#9.11 0.88
20.16 2000 2.95 2149 124 126 4.15 984€.26 0091
20.06 2000 2.98 2177 125 1.17 4.15 16D30 0.94
971 ppm SG, 97.4 ppm HCI
60.13 2000 2.19 1212 9.22 255 9.25 0.648.05 0.35
40.28 2000 2.48 1519 7.08 258 7.11 160.06 0.65
40.20 2000 2.52 1576 7.19 3.75 7.22 2:5DP.08 0.68
35.11 2000 2.58 1644 6.43 3.27 6.45 2640.07 0.70
30.19 2000 2.68 1754 572 323 573 34909 0.79
25.10 2000 2.79 1909 4.92 3.18 494 4B8¥.11 0.73
25.08 2000 2.84 1985 499 295 501 54#D.15 0.84
20.07 2000 2.91 2079 4.07 257 4.09 8H54€.03 0.83
702 ppm S@, 70.0 ppm HCI
30.16 1750 2.61 1672 4.03 1.60 4.02 3#49.11 0.84
30.33 2000 2.74 1830 4.22 250 4.21 450.11 0.83
30.19 2000 2.79 1887 4.28 2.73 427 428820 0.85
20.12 1750 2.85 1980 290 2.22 289 8#4®.20 0.90
20.61 2250 2.92 2076 3.00 1.79 299 1864 0.92
20.11 2375 2.99 2171 3.00 2.83 3.00 1+».3 0.89
20.25 2375 3.02 2205 3.05 2.68 3.06 124€.3 0.88
20.27 2375 3.05 2242 3.06 3.67 384 15D4 0.89
20.35 2500 3.17 2420 3.17 221 314 1£8.7 0.90
20.11 2500 3.20 2468 3.19 230 3.16 2671.0 0.88
700 ppm S@, 50.9 ppm HCI
30.80 2500 2.93 2065 4.53 3.81 3.29 69D.30 0.80
30.23 2500 2.97 2123 449 562 327 1684 0.82
27.62 2500 3.00 2184 4.14 395 3.01 1&®5 0.82
25.16 2500 3.08 2294 384 471 279 1886 0.77
22.63 2500 3.16 2410 352 3.16 256 1666 0.85
20.25 2500 3.24 2525 3.20 2.67 233 2621 0.90
11.6 ppm NO, 23.4 ppm HCI
30.48 2500 2.97 2115 751 659 748.04 0.89
25.12 2500 3.10 2323 6.39 561 2@0.1 0.93
20.14 2500 3.26 2549 530 4.65 2&0.2 094
20.02 2500 3.29 2574 529 464 2801 094
15.14 2500 3.36 2683 406 356 448.3 0.95
10.22 2500 3.56 3062 284 249 5339 097
10.63 2600 3.65 3197 299 262 645 097
aP;: pressure of reactant gas mixtuf®; pressure of driver gas;

Ms. Mach numberTs: temperature of reaction. Concentrations are in
units of molecule cm?; k; values in cdmolecule® st are fitted with
kinetic modeling, and:’' values are derived from pseudo-first-order
decays; see text.
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Figure 3. Arrhenius plots ok, in the temperature range 1068197
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1.0

At low concentrations of [MO] and [HCI], reactions 9 and 14
have negligible effects oky, as shown in Table 1.

Values ofk; at various temperatures are plotted in Figure 3;
data by Mahmud et & (®) are included for comparison; our
data agree well with theirs in the region of overlapping
temperature, 10931486 K. We extended the temperature range
from 1486 to 3197 K and show clearly the non-Arrhenius
behavior ofk;.

Fitting our results combined with previous data yields the
expression

k, = (9.27+ 0.03)10%* x
T 36028 6y p[— (1030 160)T] cm® molecule*s™* (17)

in which the listed errors represent one standard deviation of
the fit. By comparing with the equation reported by Mahmud
et alt!

k,= 5.6 x 107%'T *®" exp [-(1766/T)] cm® moleculé™* s(_zl)

we find that eq 17 describes the rate coefficients at high
temperature better.

4.3. Potential Energy Surfaces and Reaction Mechanism.
The reaction OF HCI may proceed via the following two paths,
producing OH and CIO, respectively:

OCP) + HCI(*=") — OH(II) + CI(P)
— CIOII) + H(®S)

(1a)
(1b)

However, as will be shown later, reaction 1b plays an
insignificant role even at a temperature as high as 3000 K
because it has a large barrier and is significantly more
endothermic.

The geometries of all of the transition states (TS) and local
minima (van der Waals complexes) identified by searching with
the intrinsic reaction coordinate (IR€at the B3LYP/6-31+G-
(3df,2p) level of theory are presented in Figure 4; potential
energy diagrams for reaction paths l1a and 1b are shown in
Figure 5. Three local minima, LM1, LM2, and LM3, were
found. The linear LM1, OHCIFA""), formed by the association
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TABLE 2: Predicted Enthalpies of Reaction for Two Reaction Paths and ZPE-Corrected Energies of Transition States and

Intermediates Relative to the Energy of the Reaction O+ HCI?

B3LYP/ MP2/ MP4(SDTQ)/ ccsp(T) ccsp(Ty
6-311+G(3df,2p)// 6-311++G(3df,2p)// 6-311++G(3df,2p)// 6-311GH+(3df,2p)// 6-311+G(3df,2p)//
B3LYP/ B3LYP/ B3LYP/ B3LYP/ ccsD(Ty
6-311-G(3df,2p) G2 G2M  6-3114+G(3df2p)  6-3114+-G(3df,2p)  6-311-G(3df,2p)  6-31L-G(d,p)  JANAF
path 1a -1.82 2.21 —0.17 1.28 1.28 1.20 1.01 0.48
path 1b 35.99 38.07 46.95 41.82 43.15 41.46 38.98
TS1 0.56 9.19 11.91 11.51 8.96 9.63
TS2 1.26 11.66 15.01 15.42 10.45
TS3 2.81 11.23 14.10 12.76 11.05 11.54
TS4 4359 53.45 60.15 60.15 53.03
LM1 -1.23 ~1.22 ~1.48 ~1.50 -1.35
LM2 -15.10 ~7.04 -10.23 ~9.46 -7.31 ~7.80
LM3 36.16 42.04 42.45 43.53 41.76

aTotal energies in hartrees for & HCI are B3LYP/6-313%G(3df,2p),

—535.9188519; G2;-535.3222061; G2M;-535.3348626; MP2/

6-311++G(3df,2p),—535.2511837; MP4(SDTQ)/6-31HG(3df,2p),—535.2976216; CCSD(T);535.2993457; and CCSD(T)/6-3t1G(3df,2p),
—535.2993457 based on the geometry and frequencies computed at B3LYR/63tf,2p); CCSD(T)/6-311G(3df,2p)//CCSD(T)/6-311G.(d,p),
—535.2991418" G2M results were calculated according to the G2M(RCC2) mddesing enthalpies of formation listed in the JANAF table

and the revised value of CB
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Figure 4. Optimized geometries of four transition states and three local
minima of the G-H—CI system. Listed bond lengths are in A, and
bond angles are in degrees.
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Figure 5. Potential energy diagram for reaction paths l1a and 1b
based on energies calculated with CCSD(T)/6-BG13df,2p)//
B3LYP/6-31H-G(3df,2p) and CCSD(T)/6-3HG(3df,2p)//CCSD(T)/
6-3114+-G(d,p) (listed in parentheses). Listed energies are in kcatmol

of reactants is not connected with any TS according to IRC
analysis. A nonlinear LM2 witiJOHCI = 63.3, a complex
of products OH and ClI, connects with the reactants- ®IClI
via TS1 and TS2. In contrast, TS3 connects directly with
products OH+ CI according to IRC and IRCMax analyses.
Both TS1 and TS2 belong t8éA"” symmetry, whereas TS3
belongs t6?A’ symmetry. For reaction path 1b, LM3 is a linear
complex of products H and CIO; it connects with the reactants
via a linear transition state TS4.

Our search for transition states at the B3LYP/6-8GE
(3df,2p) level of theory located an additional transition state

TS2 with a nearly linear structure 8" symmetry and energy
between TS1 and TS3 (see Table 2 and Figure 5); it was not
confirmed by the CCSD(T)/6-3#1G(d,p) calculation. Similarly,
Ramachandran et.# also failed to identify such a transition
state at the MR-CFQ/cc-pVTZ level of theory. Koizumi et df
identified a stationary point (with two imaginary frequencies)
with an energy~0.08 kcal mot! above their TS1; this stationary
point may be compared with our TS2. The disappearance of
TS2 at higher levels of theory may result from differences in
dynamic correlations at varied levels of theory.

Predicted enthalpies of reaction for two reaction paths and
enthalpies of formation of various species at various levels of
theory are tabulated in Table 2. For reaction path l1a leading to
products OH+ ClI, barriers of 8.96, 10.45, and 11.05 kcal migl
respectively, for TS1, TS2, and TS3 were predicted at the
CCSD(T)/6-31%+G(3df,2p) level of theory on the basis of
geometries optimized with the B3LYP/6-3tG(3df,2p) method.
These values agree withinl kcal mol! with those predicted
by the G2M method that employs a series of corrections to
expand the basis set from 6-311G(d,p) to 6-8¥15(3df,2p)
as previously mentioned. Although TS2 was not confirmed at
the CCSD(T)/6-31+G(d,p) level of theory, the energies
computed for TS1 and TS3 with CCSD(T)/6-31G(3df,2p)
using the geometry obtained at CCSD(T)/6-313(d,p) are
in good accord with those predicted with the G2M and the
CCSD(T)/6-311#G(3df,2p)//B3LYP/6-311G(3df,2p) methods,
as shown in Table 2.

TS1 has been studied the most extensively; our predicted
structure agrees with those predicted by Koizumi €€ aind
Ramachandran et df,except that our value oflOHCI =
139.5 is greater than these earlier predictions by about 6 and
8°, respectively. Our predicted barrier of 9.63 kcal midior
TS1 by CCSD(T)/6-311G(3df,2p)//CCSD(T)/6-31+G(d,p) is
about 1.1 kcal moi' greater than a barrier (KSG) fitted by
Koizumi et al. on the basis of MP2/6-31G(d,p) calculations
but is about 0.2 kcal mol smaller than the scaled (S4) barrier
of Ramachandran et al. that is based on calculations with
MR-CI+Q/cc-pVTZ. Significant tunneling effects preclude
direct comparison of the predicted barrier @ K with the
experimental activation energy8.7 kcal mot™.

TS3 is predicted to be linear wifld\' symmetry, lying 11.54
kcal moi~! above the reactants and 1.91 kcal malbove TS1
at the CCSD(T)/6-31:£G(3df,2p)//CCSD(T)/6-312G(d,p) level.
Koizumi et all3 also reported the existence of a similar linear
TS with 3A’ symmetry, which lies 11.9 kcal molabove their
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ground state. Calculated rate coefficients indicate that, at tem-

peratures below 3000 K, contributions from the reaction channel 0

via TS3 are small, as is discussed in the next section. .
The transition state TS4 for reaction path 1b producing H

ClO is predicted to have a linear structure &Ad symmetry H @

(Figure 4); both the G2M(CC2) and CCSD(T)/6-31tG- \

(3df,2p) calculations predict a barrier height-e$3 kcal mot? 1

for this path. This reaction path is therefore unimportant
kinetically, as mentioned previously.
4.4, Calculation of Rate CoefficientsRate coefficients of

the reaction O+ HCI, calculated for the lowest two reaction TS1 T2 TS3 TS4
channels producing OH- CI via TS1 and TS3 on the basis 1%;?{'%_': 1385i cm”! 1503j cm’! 388icm’!
of the energies predicted at the CCSD(T)/6-3G(3df,2p) ChCniAn ISR

level using the molecular parameters computed by CCSD(T)/ Figure 6. Imaginary vibrational wavenumbers and associated displace-
6-311+G(d,p), are illustrated in Figure 7. Fitting results of ment vectors of transition states based on B3LYP/6+33(3df,2p)

calculated rate coefficients from 200 to 3200 K to an analytical "d CCSD(T)/6-31+G(d.p) (in parentheses).

form similar to eq 17 yield s =
174 - 1%
Krst(eckan= (3-60 0.08)10°%° x e § o TSt
T 348014 6y p[—(1390+ 90)/T] cm® molecule* s (18) - 1072 4 -
0 TS3
Krstzen = (3.564 0.04)10*° x 2 g ]
(%]
T 2358006 oy p[— (2430 40)/T] cm* molecule* s™* (19) é - e
— 21 - Ravishankara®.
Krsrsen= (1.66= 0.02)10 " x 5 . R o
T 29%0.08 oy p[- (1550 50)/T] cm® molecule* st (20) <530 sl
16 TST({Eckart)
kTST =(2.36+ 0.01)1015 X L +-—— TsT@EET) 4 .
1 - ] TST(SCT) ~
T 3909 exp[— (41604 50)/T] cm® molecule ' s™ (21) s TR IR T .
i . 3 B‘*I I I ' *I pres@int exptl_
in which ZCT and SCT represent zero- and small-curvature 111 ] TST(Eckart)
tunneling corrections, respectively. In Figure 7A, we compare : —— TST(SCT)
the total rate coefficients for the formation of OH ClI Joi e
calculated by conventional TST, TST with Eckart-tunneling g : —a— Aoiz etal,
corrections’? and variational TST including corrections for zero- "® 4013 el
and small-curvature tunnelinjsvith the existing experimental S 3 i paigs
data of Ravishankara et &lBrown and Smittf, Mahmud et ?E: 1015 ]
al.l! and the present work. Results from these three model o
calculations, although different to some extent at lower tem- 8. i
peratures, all agree satisfactorily with experimental values. < 3
Overall, the variational TST calculation with zero- or small- 1015
curvature tunneling corrections appears to account for experi- 3
mental data above room temperature slightly better. In the inset 1017 ] - ¥
of Figure 7A, contributions from the two low-energy channels 0 y 5 3 4
are compared. The major contribution stems from the channel 1000/, K'

involving TS1 with the smallest barrier, 9.63 kcal mbl It . ) . - S
hould be mentioned that similar calculations with the energies Figure 7. (A) Comparison of predicted rate coefficieiat(solid line:
S 9IS conventional TST calculations including Eckart-tunneling corrections;

predicted by the G2M method based on the molecular param- gashed line: Polyrate program of Truhlar with zero-curvature tunneling
eters computed at the B3LYP/6-3t6G(3df,2p) level under-  corrections; gray line: Polyrate program with small-curvature tunneling
estimated the rate constant at lower temperatures (by aboutcorrections; dotted line: conventional TST calculations) with experi-
40% at room temperature) primarily because of the much lower mental data[: Ravishankara et af.®: Brown and Smittf;” O:

imaginary frequency (946 cnd) and thus the effect of tunneling mmgﬂ g?eaﬁot\,:n Eﬂi?hg?ﬁﬁﬁtrﬁéglgomoﬂr&% cci;fff tehreegrteﬁacz(lzt:gglms
corrections (see Figure 6). . P

. . . in this work with those reported previously by Koizumi et 4l.,
In Figure 7B, we compare our predicted results with those Thompson and Mille?-22A0iz et al.26 Skokov et al7 Allison et al.1s

from previous theoretical calculations by Koizumi et %8l.,  and Poiriers

Thompson and Millefl-22Aoiz et al.26 Skokov et al1” Allison

et al.’®> and Poirie?® Koizumi et al!® derived the KSG PES  J-shifting approximations to carry out the thermal rate calcula-
by fitting the MP2/6-31G(d,p) results; they obtained the thermal tions. Furthermore, Ramachandran et’atonstructed the S1,
rate constant from quantum scattering calculations. On the basisS1A, S2, and S4 potential energy surfaces, which were a series
of this PES, Thompson and Mill&r?2 calculated the thermal  of fits to scaled ab inito data, and Allison et'alapplied these

rate constant from the time integral of the fluftux auto- potential energy surfaces to calculate the thermal rate constant
correlation function. Aoiz et a® calculated the quantum by variational TST. Recently, Skokov et’@lemployed the S4
mechanical (QM) and quasi-classical trajectory(QCT) rate potential energy surface and calculated the thermal rate constants
constants, and Poiri€r applied the helicity-conserving and by QCT, TST, and variational TST with the improved canonical
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variational theory (ICVT). As a result, far < 1000 K, quantum (21) Thompson, W. H.; Miller, W. HJ. Chem. Phys1997 106, 142.

mechanical calculatiohs2--26with the J-shifting approximation (22) Thompson, W. H.; Miller, W. HJ. Chem. Phys1997 107, 2164.
(QM/JSPG based on either the KSG or the S4 PES appear to (23) Tolstikhin, O. I.; Nakamura, Hl. Chem. Phys1998 108 8899.
pp (24) Nobusada, K.; Nakamura, H. Phys. Chem. A999 103 6715.

agree with experimental data better than quasi-classical trajectory (25) Poirier, B.J. Chem. Phys1998 108 5216.

resultst”26 A similar observation was reported by Aoiz etal. (26) Aoiz, F. J.; Baares, L.; Castillo, J. F.; Mémelez, M.; Verdasco,
J. E.Phys. Chem. Chem. Phyk999 1, 1149.

. (27) Wang, L.; Kalyanaraman, C.; McCoy, A. B. Chem. Phys1999
5. Conclusions 110, 11221.

s ; ; (28) Matzkies, F.; Manthe, Ul. Chem. Phys1999 110, 88.
Rate coefficients of the reaction ®) + HCI in the (20) Matzkies. F.. Manthe. Ul Chem. Phy=200Q 112 130.

temperature range 1093197. K were determined using a (30) Skokov, S.; Tsuchida, T.; Nanbu, S.; Bowman, J. M.; Gray, S. K.
diaphragmless shock tube with atomic resonance absorptiond. Chem. Phys200Q 113 227.
detection of O atoms. Our results are consistent with previous (31) Ramachandran, B. Chem. Phys200Q 112 3680.

. . . (32) Koshi, M.; Yoshimura, M.; Fukuda, K.; Matsui, H.; Saito, K;
measurements witl < 1486 K but show a steep increase in Watanabe, M : Imamura, A.; Chen, @ Chem. Phys199q 93, 8703,

the rate coefficients folf > 2000 K. Rate coefficients fit (33) Greene, E. F.; Toennies, J.Ghemical Reactions in Shock Vés;
well with the equatiorky(T) = (9.27 4 0.03) x 10247367018 Academic Press: New York, 1964.
exp[—(1030= 160)/T] cm® molecule’? s, in which the listed (34) Michael, J. V.J. Chem. Phys1989 90, 189.

s h ical calculati (35) Michael, J. V.; Sutherland, J. Wt. J. Chem. Kinet1986 18, 409.
errors represent one standard deviation. Theoretical calculations  (3g) Tsuchiya, K.; Yokoyama, K.; Matsui, H.; Oya, M.: Dupre, &.

indicate that the reaction path leading to the formation 6fFH  Phys. Chem1994 98, 8419.
CIO is unimportant and that two channels lead to the formation _ (37) Becke, A. D.J. Chem. Physl993 98, 5648. Becke, A. DJ. Chem.

. ; St Phys.1992 96, 2155. Becke, A. DJ. Chem. Phys1992 97, 9173.
of OH + CI; the major contribution stems from the channel (38) Lee, C.. Yang, W.; Parr, R. ®hys. Re. B 1988 37, 785.

involving TS1 with the smallest barrier, 9.63 kcal mbl (39) Mebel, A. M.: Morokuma, K.; Lin, M. C.J. Chem. Phys1995
Calculated rate coefficients fit well with experimental observa- 103 7414, _
tions throughout the temperature range of investigation. (40) Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Scuseria, G. E.; Robb,

M. A.; Cheeseman, J. R.; Zakrzewski, V. G.; Montgomery, J. A., Jr.;

. Stratmann, R. E.; Burant, J. C.; Dapprich, S.; Millam, J. M.; Daniels, A.
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