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The hydrogen abstraction reaction of atomic®)(with CHRCI has been studied theoretically for the first

time using ab initio molecular orbital theory. Two nearly degenerate saddle poiths ahd3A’ symmetries

have been located for this hydrogen abstraction reaction from thé Bond. The potential energy surface
information has been obtained at the MP2 level with the 6-311G(2d,p) basis set. Energies along the minimum
energy path have been improved by a series of single-point ab initio QCISD(T)//MP2 calculation. Changes
of geometries, generalized normal-mode vibrational frequencies, and potential energies along the reaction
path are discussed. The kinetics nature is obtained using canonical variational transition state theory (CVT)
with the small-curvature tunneling (SCT) correction method over a wide temperature range~&02U0K.

The result shows that the variational effect is small, and in the lower-temperature range, the SCT effect is
important for the title reaction. The calculated CVT/SCT rate constants exhibit typical non-Arrhenius behavior,
and a three-parameter rate-temperature formula is fitted as follows (in units’*oholacule® s™1): k(T) =

4.75x 107181226 exp(—4318.021). The calculated rate constants are compared with the available experimental
values.

1. Introduction products for this hydrogen abstraction reaction from @EIF

by O @P). In a second step, we have carried out the kinetics
calculation. Several important features of this study are the
be responsible for the depletion of the ozone layer in the following: (1) The reaction mechanism has been revealed at
stratosphere and greenhouse effécisWith low global envi- h|gh levels of ab initio moleculle orbital theory. (2) The energy
ronmental impact, hydrofluorocarbons (HFCs) and hydro- profile surface has been obtained at the Q(_:ISII_)(T)/64331
chlorofluorocarbons (HCFCs) have been proposed as potentiaI(Sdf'Zp)//MP2_/6'3116(2d'p) level. (3) The kinetics nature h"’.ls
replacements for chlorofluorocarbons (CFE€s)The reactions ~ P€€n studied in the temperature range from 200 to 3000 K using
of HFCs and HCFCs with various radicals such as H2B) ( interpolated canonical variational transition-state theory (C¥1®

1D), OH, and Cl have been the active subject of man); studies and_the centrifu_gal-dqmiqant, smz_ill-curvature tunneling approxi-
for a long time®~12 The relevant kinetics data are desirable not mation (S(_:T)l’g including information at the reactants, products,
only to determine the fates of HFCs and HCFCs in the saddle point, and extra points along the minimum energy path.

stratosphere but also to understand the mechanism of fire(4) The non-Arrhenius expression has been fit'te(.j. (5) Thg
suppression. calculated rate constants are compared with the limited experi-

In this paper, we report a theoretical study on the reaction of Mental values.
CHF,Cl with O (3P). The reasons for initiating such a work are
2-fold. First, the reaction proceeds via a direct hydrogen 2. Computation Methods
abstraction mechanism, which is different apparently from the
insertion mechanism for the reaction of CjFwith O (1D).13
Second, the theoretical study on this hydrogen abstraction
reaction is particul_arly challenging because the approach O.f thecalculation including single and double substitutions with a
O (P) to CHRCl with G sy,mmset'r'y proceeds over two potential triples contribution to the energy addé&jenote the unrestricted
energy surfaces (PESS\'+ *A", generated by the pseudo- versions, UMP2 and UQCISD(T). The geometries of the

Jahr’rTeItIetr_ eﬁg:h'?ﬁ,?;d’f foCs S?’mtmet%&&% A'f,ridlic,fle reactant, saddle points, and products have been optimized at
gigl)'r?sen atljon{ d th( ) ;)r reabc ‘;? san ot diabaticall the MP2/6-311G(2d,p) level. The vibrational frequencies have
or products, and theretore, both asymptotes adiabalically j,oq, cajculated at the same level of theory in order to determine

1 AT H
ﬁgr;laé?imé?::glh;:g ;Efﬁeﬁgg fr\n Igr'%ﬁ?eov:ﬁgiri}]izigﬁork the nature of the stationary points, the zero-point energy (ZPE),
P P ! and the thermal contributions to the free energy of activation.

about this reaction was very limited. Only two experimental An intrinsic reaction coordinate (IRC) calculation confirmed

15 i i-
reports are on record:>To our best knowledge, little theoreti that the saddle point connects the designated reactants and

Ca: a:rtlgntlon has bﬁen p?'dt to lth'ls [eg\ctlon. trical " products. At the MP2/6-311G(2d,p) level, the minimum energy
n this paper, we have first calculated geometrical parameters, ) ., (MEP) were constructed for both’ and3A" surfaces

frequencies, and energies of the reactant, saddle points, an ndependently, starting from the respective saddle point geom-
*To whom correspondence should be addressed. E-mail: guojz@ €tries and going downhill to both the asymptotic reactant and
icm.sdu.edu.cn. Fax: 0531-8564464. product channel with a gradient step size of 0.02 ##hohr.
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The importance of haloalkanes in atmospheric chemistry is
well-established: 3 Chlorofluorocarbons (CFCs) are known to

Ab initio calculations have been carried out using Gaussian
94 program&? In the whole paper, MP2 (second-order perturba-
tion Moller—Plesset method) and QCISD(T) (a Quadratic Cl
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TABLE 1: Calculated Vibrational Frequencies (in cm~1) and the Zero-Point Energies (in kcal/mol) for the Reactant, Products,
and Saddle Points Involved in the Reaction of O3P) with CHF,Cl at the MP2/6-311G(2d,p) Levet

species frequencies ZPE
CHF.CI 3196(8) 1410(&) 1362(8) 1168(8) 1137(&) 14.97
813(d) 600(4) 414(8) 370(d)
3025 1345 1312 1178 1116 808 596 421 369
CRCI 1252(&) 1182(8) 778(8) 608(d) 425(a) 6.60
370(&)
1208 1148 761 599
OH 3776 5.40
3735
TSEA") 1214(&) 1188(a) 1106(3) 961 (&) 917(a) 10.62
639(d) 442(4) 376(d) 370(d) 122(&)
93(d) 2663i(d)
TSEA") 1251(8) 1223(&) 1177(8) 1045(&) 892(d) 10.93
650(d) 440(4) 392(4) 370(4) 103(&)
100(8) 2674i(4)
aThe values in italics are the experimental cf&td®
Along these MEPs, the reaction coordinags defined as the Cl
signed distance from the saddle point, wétlr O referring to (1.747) c
the product side. At some points along the MEP, the matrix of 109.7|_(107.0) 1.74‘;,,..-(;\, 1319
force constants was computed in order to do the following 55359‘”(A (1. 090) Cl"l“o'/““ F
calculations of the canonical variational rate constants. AN 4
Although the geometrical parameters and the frequencies of (1059 )
various species can be determined satisfactorily at the MP2/6- () ©.970)
311G(2d,p) level, the energies obtained at this level may not 1014
be accurate enough for the subsequent kinetics calculation.
Therefore, a higher level, QCISD(T), and a more flexible basis F E
set, 6-31#G(3df,2p), were employed to calculate the energies - = oo F = o
of various species. =R 1702 N 179. 8
The initial information obtained from our ab initio calculations 1'%(:'1"?‘6'7'@’{1—9? i} %@“—Lm@—f ‘_"(P
allowed us to calculate the variational transition state rate Clly/l” é 15471065
constant including an estimation of the tunneling effect contri-
bution to reactivity. The canonical variational theory (CVT) rate TS, (A) TS, ()

constant for temperaturg is giver6-18

KYT(T) = min k®(T, 9) (1)
S
where

&r me_VMEP(S)/kBT
h o

where,kCT(T, s) is the generalized transition state theory rate
constant at the dividing surfaseo is the symmetry factor (the
number of equivalent reaction-paths, which were assumed to
be 1 and 2 for the forward and reverse reactions, respectively),
ks is Boltzmann’s constanty is Planck’s constantpR(T) is

the reactant partition function per unit volume, excluding
symmetry numbers for rotation, af@FT(T, s) is the partition
function of a generalized transition statesawith a local zero

of energy alVyep(s) and with all rotational symmetry numbers
set to unity. The kinetics calculation has been carried out using
the POLYRATE 7.8 prograr®® The IVTST-M method was
chosen. The rotational partition functions were calculated

KeT(T,9) = 2)

Figure 1. MP2/6-311G(2d,p) optimized geometries for the stationary
points. Distances are in angstroms, and angles are in degrees. The values
in parentheses are experimental dfata.

3. Result and Discussion

The optimized geometries of the reactant, saddle points, and
products are shown in Figure 1. The vibrational frequencies of
the reactant, products, and saddle points are listed in Table 1.
The potential barrieAE and the reaction enthalgyH calculated
are summarized in Table 2. The-El bond dissociation energy
in CHR.Cl is also depicted in Table 2. Figure 2 depicts energy
profile for the3A’ and3A" potential energy curves with respect
to their minima at the MP2/6-311G(2d,p) level. Figure 3 shows
the classical potential energy\er) and vibrationally adiabatic
potential energy\(g) curves as a function of distance along the
reaction coordinate at the QCISD(T)/6-313G(3df,2p)//MP2/
6-311G(2d,p) level on théA'" surface. Change curves of
generalized normal-mode vibrational frequencies with the
reaction coordinats for the 3A" surface are shown in Figure
4. Figure 5 shows the total reaction path curvature as functions
of s at the MP2 level. The calculated TST, CVT, and CVT/

classically, and the vibrational modes were treated as quantum-SCT rate constants along with the experimental values are

mechanical separable harmonic oscillators. Only the centrifugal-
dominant small-curvature tunneling effect correction method
was used in our calculation of the rate constant. Methods for
the large-curvature cases have been devel&fiaat, they require

more information about the PES than was determined in the

presented in Table 3 and Figures 6 and 7 over the temperature
ranges of 2083000 K and 356-1000 K, respectively.

3.1. Reaction Mechanisma. Geometry and Frequencin
the MP2/6-311G(2d,p) optimization, the values [@&are
always in the range of 0.75@.758 for doublets and in the

present study. Finally, the total rate constants are obtained agange of 2.008.2.046 for triplets. After spin annihilation, the

the sum of the calculated rate constants for A& and 3A"
surfaces.

values off®are 0.750 for doublets and 2.000 for triplets, where
0.750 and 2.000 are the exact values for a pure doublet and for
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TABLE 2: Calculated Potential Barrier AE and Reaction Enthalpy AH and C—H Bond Dissociation Energies &40 K Using the
MP2/6-311G(2d,p) Optimized Geometries and ZPE Correctiorfs

AE

levels 3A’ SA’ AH Do(C—H)
MP2/6-311G(2d,p) 16.57 (20.92) 16.83 (20.87) 3.63 (6.60) 96.35
PMP2/6-311G(2d,p) 13.77 (18.11) 14.02 (18.06) 2.67 (5.64)
MP2/6-311G(3df,2p) 14.79 (19.14) 15.05 (19.09) 0.91 (3.88) 97.49
PMP2/6-311G(3df,2p) 11.97 (16.32) 12.21 (16.25) —0.11 (2.86)
MP2/6-31H1-G(3df,2p) 14.62 (18.96) 14.80 (18.84) —0.68 (2.29) 97.53
PMP2/6-31#G(3df,2p) 11.86 (16.21) 12.04 (16.08) —1.63 (1.33)
QCISD(T)/6-311G(3df,2p) 11.08 (15.43) 11.27 (15.31) 0.10 (3.06) 98.13
Expt. 0.51 98.9

aThe values in parentheses are the values without ZPE correction. The experimental value eHthmi@ dissociation energy is obtained
from ref 27. The values are in kcal/mol.
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Figure 2. Energy profile for thé!A’ and3A" potential energy curves Figure 4. Changes' of the generalized normal-mode vibrational
with respect to the EH—O bending angle at the MP2/6-311G(2d,p) frequencies as functions afat the MP2/6-311G(2d,p) level for the

level. For these calculations, the other internal coordinates were fixed “A” potential energy surface.
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s (amu'’2 bohr) Figure 5. Total reaction path curvature as functionét the MP2
Figure 3. Potential energy\uer) and vibrationally adiabatic potential  '€vel on the®A” potential energy surface.
energy (/aG) curves as functions of at the QCISD(T)//MP2 level for

! agreements give us confidence that the MP2/6-311G(2d,p)
the 3A" potential energy surface.

theory level is adequate to optimize the geometries and calculate
a pure triplet. Thus, spin contamination is not severe for the the frequencies.

studied system. Figure 1 and Table 1 show the geometric Next, we consider the saddle points, for which we performed
parameters and frequencies of the equilibrium and saddle pointsa more detailed analysis. As mentioned above, the hydrogen
at the MP2/6-311G(2d,p) level along with the available experi- abstraction reaction of GR) with CHFR,CI can proceed over
mental data. It can be seen from Figure 1 that the geometrictwo potential energy surfaces (PES# + A", generated by
parameters of CHEI and OH optimized are in good agreement the pseudo-JahsTeller effect. This kind of situation has been
with the experimental values. From this result, it might be studied previously for the reaction of GP) with CH,,28-2°
inferred that the same accuracy could be expected for thewhere, because of the higher symmetry, it is a true Jdmaller
calculated saddle point geometries, but such an inference wouldeffect. At the MP2/6-311G(2d,p) level, two saddle points with
be unjustified because saddle points are much harder toSA” and %A’ symmetries were located, whose geometrical
calculate. The vibrational frequencies of Ci@F, CF,Cl, and structures are shown in Figure 1. The saddle poinfftfand

OH agree well with the experimentally observed fundamentals, 2A’ symmetries are denoted asT&hd TS, respectively. For
and the maximum relative error is less than 6.0%. These goodboth3A’" and3A’ saddle points, the GR) atom attacks the H
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TABLE 3: Calculated TST, CVT, and CVT/SCT Rate Constants along with the Experimental Values

T/IK TST CVT CVT/SCT expt

200 3.12x 10°%® 2.97x 1028 2.92x 102

250 1.52x 10724 1.45x 107 4.02x 10720

298 3.52x 1022 3.35x 10722 1.02x 10718

300 4.25x 10722 4.05x 1022 1.14x 10718 9.67x 107
350 2.33x 102 2.22x 10720 1.28x 107V 7.14x 1071
400 4.67x 10°1° 4.45x%x 10°%° 8.06x 1077 2.83x 107 3.20x 107
450 4.78x 10718 4.55x 10718 3.44x 10716 9.15x 107 1.03x 1071*®
500 3.08x 107 2.93x 1077 1.12x 10°%° 2.34x 107t 2.61x 107
550 1.41x 1076 1.34x 10716 2.99x 10715 5.05x 1071 5.61x 1071
600 5.02x 10716 4.78x 10716 6.90x 1071 9.58x 107t 1.06x 107%
620 7.89x 10716 7.52x 10716 9.31x 10715 1.20x 107

700 3.73x 1015 3.55x 10715 2.66x 10 2.88x 10714

800 1.71x 104 1.63x 10714 7.69x 1074 6.10x 10 1%

900 5.64x 10714 5.37x 1074 1.82x 10713 1.09x 10°1*

1000 1.48x 10718 1.41x 10713 3.72x 10718 1.74x 107%®

1200 6.55x 10713 6.23x 10713 1.16x 10712

1400 1.96x 10712 1.87x 10712 2.80x 1072

1600 4.57x 10712 4.35x 1012 5.66x 1012

1800 9.01x 1012 8.58x 10712 1.01x 107!
2000 1.58x 107! 1.51x 101! 1.65x 107!
2200 2.54x 1071 242x 1071 2.51x 101
2400 3.82x 107! 3.63x 1071 3.62x 101
2600 5.43x 1071 5.17x 10711 5.00x 10
2800 7.42x 1071 7.07x 10711 6.67x 1011
3000 9.78x 1071 9.32x 10711 8.62x 101

a2The values are in cimolecule® s™%. P The values are obtained from ref 14The values are obtained from ref 15.
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Figure 6. Arrhenius plot of the rate constants in the temperature range
of 200~3000 K for the whole reaction of GR) with CHRCI. B and
O are the experimental valués!®
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Figure 7. Arrhenius plot of the rate constants in the temperature range
of 350~1000 K for the whole reaction of GR) with CHRCI. B and

O are the experimental valués1s

atom of CHRCI from the trans position of the CI atom.
Population analysis shows that the half-filled p orbital of the
SA" symmetry is in CICHO plane and the half-filled p orbital
of the A’ symmetry is perpendicular to this plane. T’

and3A’ saddle points were almost identical in energy but differ
slightly in the C-H—0O bending angle. The €H—0 angle is
170.2 for the saddle point witRA"” symmetry, whereas this
angle is 179.8for the one with®A’ symmetry. Therefore, the
SA" saddle point is more “bent” than tl&’ one. The breaking
C—H bonds are elongated by 16.7% and 16.7%, whereas the
forming O—H bonds are longer than the equilibrium value of
0.970 A by 23.3% and 23.1% for the saddle point$&t and

SA" symmetries. Therefore, these two saddle points are reactant-
like.

The saddle points were identified with one negative eigen-
value of the respective Hessian matrix and, therefore, one
imaginary frequency. Because the imaginary frequency governs
the width of the classical potential energy barrier along the MEP,
it plays an important role in the tunneling calculations, especially
when the imaginary frequency is large, and the associated
eigenvector has a large component of hydrogenic motion. For
the title reaction, the imaginary frequencies are 2663i and 2674i
for A" and3A’ saddle points, so we expect that the tunneling
effect should be important for the calculation of the rate constant.
It also can be seen from Table 2 that the saddle poinisah8
TS, have very similar vibrational frequencies, in accordance
with their very similar geometrical parameters and energies.

To get a clearer view of théA"” and3A’ surfaces, we have
carried out electron structure calculations at the MP2/6-311G-
(2d,p) level, varying the angle €H—O in relation to its
respective optimized saddle point geometry. Figure 2 shows the
calculations of the PESs i@s symmetry, where energies are
referred to the most stabfA" structure and the internuclear
distancesd(C—H) andd(H—0), are fixed. The calculated PES
is very flat, and in the region of 17018(°, the difference in
energy between th#\" and®A’ electronic PES is less than 0.1
kcal/mol.

To further confirm that these two saddle points®af’ and
SA" symmetries connect the designated reactants and products,
the intrinsic reaction coordinate (IRC) has been calculated at
the MP2/6-311G(2d,p) level from the saddle point to the
reactants and the products. For these two saddle poiri&' 'of
and®A’ symmetries, the profiles of the changing of the bond
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lengths along the reaction path are almost overlapping. The Therefore, in this paper, we choose the energies calculated at

breaking C-H bond is almost unchanged frogn= —c to s= the QCISD(T)/6-311G(3df,2p) level for the following kinetics
—0.5 amid’2 bohr and equals the value in the reactant, and calculation.
stretches aftes = —0.5 amu*2 bohr. The forming H-O bond 3.2. Kinetics Calculation. The reaction kinetics on th#\"

shortens rapidly from reactants and reaches the equilibrium bondand 3A’ surfaces has been calculated independently. The two
length in OH ats = 0.7 amd’? bohr. Other bond lengths are  surfaces show similar features, and further discussion in this
almost unchanged during the reaction process. Therefore, thepaper will refer only to théA" surface.
saddle points oPA” and 3A’ symmetries both connect the a. Reaction Path PropertiesThe minimum energy path
reactants (CHEEI and O) with the products (GEI and OH). (MEP) was calculated at the MP2/6-311G(2d,p) level by the
The geometric change mainly takes place in the region §om |RC definition, and the energies of the MEP were refined by
= —0.5 tos = 0.7 amd’? bohr. This means that the region of  the QCISD(T) //MP2 method. For this reaction, the maximum
the hydrogen abstraction reaction path represents the mainposition of the classical potential energy cuVgep at the
interaction of the reaction process. QCISD(T) //MP2 level corresponds to the saddle point structure
b. Energy.To choose a reliable theory level to calculate the at the MP2/6-311G(2d,p) level. Therefore, the shifting of the
energy, the €H bond dissociation energy was calculated for maximum position for thé/yep curve caused by the compu-
the CHF,CI. The obtained values at various levels along with tational technique is avoided (avoiding artificial variational
the experimental value are depicted in Table 2. The experimenteffect)32-32 The changes of the classical potential enevgyp
gave the spectroscopic dissociation energy, and so the calculateénd the ground-state vibrational adiabatic potential enb@y
dissociation energies were corrected for the ZPE. It can be seenwith the reaction coordinateon the3A” potential surface are
that the MP2 level with 6-311G(2d,p) and 6-31G(3df,2p)  shown in Figure 3. Th&/uer and VS curves are similar in
basis sets underestimates the bond dissociation energy. Thehape, and their maximum positions are almost the same at the
calculated result at the QCISD(T)/6-3tG(3df,2p) level isin  QCISD(T)//MP2 level. It means that the variational effect will
good agreement with the experimental value. Therefore, the be small for this reaction. The zero-point energy ZPE, which is
QCISD(T)/6-311G(3df,2p) level is a good choice to calculate  the difference oS andViep, is also shown in Figure 3. The
accurate energies for the title system. zero-point energy curve is almost unchanged earies except
First, we analyze the reaction enthalpy. We obtained an that only froms = —1.0 to 1.0 ami/? bohr there is a gentle
experimental value of 0.51 kcal/mol from the experimental valley. To analyze this behavior in greater detail, we show the
standard heats of formatiokH; o for O, CHRCI, and OH?S:30 variation of the generalized normal modes vibrational frequen-
together with the calculatetiH; o for CR,CI. The values of 3.63 cies on the’A" potential surface in Figure 4.
and —0.68 kcal/mol calculated at the MP2/6-311G(2d,p) and  In the negative limit of, the frequencies are associated with
MP2/6-31H-G(3df,2p) levels are in great disagreement with the the reactants (CHEI+0), whereas in the positive limit o
experimental value, and similar calculation with the highly the frequencies are associated with the productsGGFOH).
correlated and more computationally demanding QCISD(T)/6- The vibrational mode 1 (reactive mode) that connects the
311+G(3df,2p) level predict the value of 0.10 kcal/mol, in frequency of G-H stretching vibration in CH{EI with the
excellent agreement with the experimental value. This results frequency of the ©H stretching vibration of OH drops
clearly indicated that most of the error in the reaction enthalpy dramatically froms = —1.0 to 1.0 am#2 bohr, and this behavior
computed at the MP2 level can be attributed to the lack of is similar to that found in other hydrogen abstraction reac-
correlation in such a method and not to an improper optimized tions34351f changes in other frequencies were small, this drop

geometry at the MP2/6-311G(2d,p) level. could cause a considerable fall in the zero-point energy near
With respect to the potential barrier, the values are almost the saddle point. The two lowest harmonic vibrational frequen-
identical for the two potential energy surfaces3af’ and3A’ cies (modes 10 and 11, transitional modes) along the reaction

symmetries at the same level. It means the two saddle pointspath correspond to the transformation of free rotations or free
are almost degenerate in energy. However, the values for thetranslations of the reactant limit into real vibrational motions
same potential energy surface have a great discrepancy obtaineth the global system. Their frequencies tend asymptotically to
at the MP2 and QCISD(T) levels. It is well-known that the zero atthe reactant and product limits and reach their maximum
potential barrier may be overestimated at the MP2 level becausein the saddle point zone. Therefore, in the saddle point region,
of the spin contaminatioft The barrier height obtained from  the behavior of these transitional modes partially compensates
the PMP2 energies is thus considered to be more reliable. Inthe fall in the zero-point energy caused by the mode 1. As a
the present case, the potential barriers obtained from the MP2result, the zero-point energy curve shows a gentle drop in the
energies are found to be more than 2.5 kcal/mol higher than saddle point zone.

these obtained from the corresponding PMP2 energies with the Further analyzing the reaction valley, the curvature tedn (
same basis set. The effect of basis set on the potential barrierof the reaction path as function sfs plotted in Figure 5. There
can be observed from our MP2 result with three different basis are two sharp peaks, one before and one after the saddle point.
sets, namely, 6-311G(2d,p), 6-311G(3df,2p), and 6+33@Bdf,- The positions of the peaks are = —0.37 and 0.26 ani?

2p). The barrier heights decrease by about 2 kcal/mol with the bohr, because of the strong coupling of the reaction coordinate
increase in polarization function (6-311G(2d;p)6-311G(3df,- with the C-H and O-H stretches, respectively. The second
2p)) at the MP2 level for the surfaces A" and 3A’ peak is lower than the first. Notice that the reaction path
symmetries, whereas the barrier heights decrease by only 0.2curvature of this reaction is not severe; therefore, the small-
kcal/mol with the increase in diffuse function (6-311G(3df,- curvature tunneling correction method for calculating the
2p)—6-3114-G(3df,2p)). As we raise the calculation levels reaction rate constants should be suitable.

(MP2—QCISD(T), with the same basis set), the barrier height b. Rate ConstanfThe canonical variational transition state

is lowered drastically. Taking into account the calculated results theory (CVT) with a small-curvature tunneling correction (SCT),
of the C—H bond dissociation energy at these levels, we think which has been successfully performed for several analogous
the QCISD(T)/6-313G(3df,2p) level is the most reliable level. reactions’®~38 is an efficient method to calculate the rate
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constant. In this paper, we used this method to calculate theat 400 K, the CVT/SCT rate constant is 8.66 10717 cm?
rate constants for the reaction of the O atom with GElFover molecule® s, weheras the experimental value is 2:83016
a wide temperature range from 200 to 3000 K. cm® molecule s71. The experimental value is about a factor

To calculate the rate constant, 30 points were selected neaof 3.5 larger than the theoretical rate constant. Certainly, those
the saddle point along the MEP, 15 points in the reactant zone, €arlier experimental results may not be conclusive because in
and 15 points in the product zone. Table 3 and Figure 6 showsthis temperature range the rate constant is so small that it is
the total rate constant, which is obtained as the sum of the Very difficult to obtain an accurate experimental value. The
calculated CVT/SCT rate constants for 8¢’ and3A’ surfaces, observed discrepancy between the theoretical rate constants and
and the experimental values against the reciprocal of the the experimental values at low temperature could also be due
temperature for the reaction of ®P) with CHRCI over the to an underestimate of the tunneling factor, and it is possible
temperature range of 263000 K. For the purpose of com- that a more Sophisticated method for its estimate than that of
parison, the conventional transition state theory (TST) rate the SCT method could reduce the differences. For example, for

constants and the variational transition state theory (CVT) rate the similar CH + O reactior?® rate constants calculated using
constants without the tunneling correction are also shown in the SCT method and an optimized multidimensional method

Table 3 and Figure 6. Several important features of the for tunneling differ by a factor of 18 at 300 K, the later being

(1) It can be seen that the rate constants of TST and CVT (4) It is obvious that the calculated rate constants exhibit
are nearly the same in the whole studied temperature range ogyplcal non-Arlrhenlus behavior. The rate constants of the title
200~3000 K, which enables us to conclude that the variational reaction are fitted by three-parameter_ form_ulas over the tem-
effect is small for the calculation of the rate constant. It is in perlaturcla {arlgl]e 0]]: ﬁ@"BC_’OO K and given in units of cfn
accordance with the above analysis. molecule ™ s - as Tollows:

(2) Reactions involving hydrogen atom transfer are usually _ —~12-0.77 =
characterized significant tunneling effect that must be accountedk(T) =261x10 T exp(-8112.341),
for when computing reaction rate constants. In the present case,
the CVT/SCT rate constants are greater than the CVT ones over, 19077
the temperature range of 200500 K. For example, at 298 K,  K(T) =2.49x 10 %" exp(~8112.351),
the CVT rate constant is 3.3% 10722 cm? molecule’® s71, for CVT rate constants
whereas the CVT/SCT rate constant is 1.8110°18 cm?
molecule’ s, The latter is 4328 times larger than the former. k(T) = 4.75x 10 **T*** exp(~4318.02),

for TST rate constants

At 1000 K, the CVT rate constant is 1.4% 10713 cm? for CVT/SCT rate constants
molecule! s71, whereas the CVT/SCT rate constant is 3:72
10713 cm® molecule s71. The latter is 2.64 times larger than (5) The rate constants are almost the same foP#ieand

the former. The difference between the CVT rate constant and *A’ surfaces, because of the nearly degenerate barrier height.
the CVT/SCT rate constant decreases with the increase inFor example, at 298 K, the CVT/SCT rate constant of*é
temperature. When the temperature is higher than 1500 K, thesurface is 5.36< 10-19 cm® molecule s™%, whereas the value
CVT/SCT rate constants are asymptotic to the rate constants ofis 4.85 x 1071 cm® molecule® s™* for the A" surfaces. At
CVT, which means only in the lower temperature range the 1000 K, the CVT/SCT rate constant of th&" surface is 1.92
small-curvature tunneling correction plays an important role for x 1073 cm® molecule* s, whereas the value is 1.8010°3

the calculation of the rate constant. The contribution of tunneling cm® molecule® s™ for the *A’ surfaces.

becomes progressively less important as the temperature rises. (6) At low temperature, the rate constants for the reaction of
To compare, we calculated the rate constants with zero-curvatureQ (P) with CHRCl are relatively small. Therefore, this reaction
tunneling (ZCT) correction. The CVT/SCT rate constants are cannot occur to any significant extent under the atmospheric
greater than the CVT/ZCT ones over the temperature range ofcondition. However, the rate constants increase rapidly with
200~550 K. For example, at 200 K, the CVT/SCT rate constant €levation of temperature. At 3000 K, the rate constant of the
is 2.92 x 10722 cm® molecule® s, whereas the CVT/ZCT  reaction is 8.62«< 107! cm® molecule’! s™. So the reaction
rate constant is 2.12 10725 cm2 molecule® s 1, The former should play an important role under high-temperature combus-
is 1372 times larger than the latter. When the temperature istion conditions.

higher than 550 K, the CVT/ZCT rate constants are asymptotic )

to the rate constants of CVT/SCT. For example, at 600 K, the 4. Conclusion

CVT/SCT rate constant is 6.99 10~** cm® molecule s, In this paper, we studied the reaction of ®)with CHRCI
whereas the CVT/ZCT rate constant is 5.4610°*° cm® using ab initio and canonical variational transition state theory
moleculet s, (CVT) with small-curvature tunneling effect. Rate constants

(3) To obtain a clearer comparison of the calculated rate were reported over the temperature range of~28000 K.
constants with the experimental values for the title reaction, we Several major conclusions can be drawn from this calculation.
plotted TST rate constants, CVT rate constants, and CVT/SCT 1. This reaction proceeds via a direct hydrogen abstraction
rate constants along with the experimental values over the mechanism.
temperature range of 35000 K in Figure 7. In the temper- 2. For this hydrogen abstraction reaction, the approach of
ature range of 500620 K, the CVT/SCT rate constants deviate the O €P) to CHRCI with Cs symmetry proceeds over two
from the corresponding experimental values by no more than apotential energy surfaces (PES%), + 3A"", generated by the
factor of 2, and the CVT/SCT rate constants are in much better pseudo-JahnaTeller effect.
agreement with the experimental values. In the temperature 3. The calculated rate constants exhibit typical non-Arrhenius
range of 396-500 K, the calculated CVT/SCT rate constants behavior.
are slightly smaller than the values obtained from the experi- 4. In the temperature range of 50620 K, the calculated
mental Arrhenius expression fitted by Gourdain. For example, CVT/SCT rate constants are in good agreement with the



Reaction of Atomic O {P) with CHRCI

experimental values. In the temperature range oh~-3ID K,
the calculated rate constants are slightly smaller than the
experimental values.
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