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The reaction of atomic O*P) with CHiCHF, has been studied theoretically using ab initio direct dynamics
methods for the first time. This reaction takes place through two possible channels: H abstraction from the
methyl group (CH) and H abstraction from the methyne group (CH). Two nearly degenerate saddle points

of 3A" and®A’' symmetries have been located for each hydrogen abstraction channel. At the QCISD(T)/
6-311+G(3df,2p)/IMP2/6-311G(d,p) level, the potential barrier of H abstraction from theg@diip is about

5 kcal/mol higher than that of H abstraction from the CH group. Changes of geometries, generalized normal-
mode vibrational frequencies, and potential energies along the reaction paths for all the channels are discussed
and compared. On the basis of the ab initio data, the rate constants of each channel have been deduced by
canonical variational transition-state theory (CVT) with small-curvature tunneling (SCT) correction method
over a wide temperature range of 288000 K. The theoretical results have been compared with available
experimental data. The kinetics calculations show that the variational effect is small, and in the low-temperature
range the small curvature tunneling contribution is important for all the channels. The detailed branching
ratios have been discussed.

1. Introduction theory. (2) The energy profile surfaces have been generated at
, . , _ the QCISD(T)/6-313-G(3df,2p)//MP2/6-311G(d,p) theory level.
The importance of haloalkanes in atmospheric chemistry iS (3) The rate constants have been studied in the temperature range
well-established.® As is well-known, the burning of haloal-  fom 200 to 3000 K using interpolated canonical variational
kanes has the potential to generate products such as phosgeng.,nsition-state theory (CVFJ 19 and the centrifugal-dominant,
which are more hazardous than haloalkanes themselves. Tq;ma)1.curvature tunneling approximation (SG¥ysing infor-
develop a more efficient and less hazardous incineration of mation on the reactants, products, saddle point, and extra points
industrial wastes, it is necessary to understand all aspects Ofalong the minimum energy path obtained from ab initio
this combustion process, in particular the incineration mecha- 5icyjations. (4) The non-Arrhenius expressions have been fitted.

nism. Fundamental knowledge of mechanisms, specific path- 5) The calculated rate constants are compared with the available
ways, and rate constants of important elementary reaCt'O”S’experimental values.

including those haloalkanes, is of key importance to the success

of kinetic modeling of these systems. 2. Computation Methods
Reactions of atomic O%P) with haloalkanes are important

initial steps of haloalkanes combustibExperimentally, the

kinetics of such reactions of GK) with haloalkanes has been !
extensively studie€d3and it continues to receive considerable CHsCHF. In the entire paper, MP2 and QCISD(T) denote the

attention. The extensive experimental work contrasts with the Unrestricted versions, UMP2 and UQCISD(T). The geometrical
lack of theoretical studies. In fact, the development of compu- Parameters of the reactant, saddle points, and products have been
tational power allows now the high-level theoretical study of OPtimized at the MP2/6-311G(d,p) level. The vibrational
chemical reactions being conducted with fairly large systems, frequencies have be_en calcula_lted at the same_level to determine
predicting, for example, the reaction pathways in thin-film the nature of the stationary points, the zero-point energy (ZI_DE),
depositioR* and biological syste# and important chemical and the thermal contributions to the free energy of activation.

properties of nanosized materidfdn this paper, we present a Each saddle point was verified to connect the designated

theoretical study on the reaction of &P with CHCHF» over reactants and products_ by performing an intrinsic reaction
a wide temperature range of 208000 K. We have first coordinate (IRC) analysis. At the MP2/6-311G(d,p) level, the

revealed theoretically the reaction mechanism. It was followed Minimum energy paths (MEP) were constructed, starting from
by kinetics calculations for the reaction of OPJ with the respective saddle point geometries and going downhill to
CHsCHF,. Several important features of this study are as both the asymptotic reactant and product channel with a gradient
follows. (1) The experimentally suggested reaction mechanism Step Size of 0.02 antld Bohr, for all the channels. The force

has been confirmed at high levels of ab initio molecule orbital constant matrixes of the stationary points and selected nonsta-
tionary points near the saddle point along the MEP were also

) - ) calculated to do further kinetics calculations.
* Corresponding author. E-mail: aprgz@cityu.edu.hk. . .
t City University of Hong Kong. AIth_ough satlg.factory g_eometncal parameters and the fre-
* Shandong University. guencies of various species can be determined at the MP2/-

High-level ab initio calculations have been carried out
using Gaussian 98 pack&ddor the reaction of O 3P) with
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6-311G(d,p) level of theory, subsequent kinetics calculations
would require highly accurate energies. Hence, an even higher, 1.

\ 1.503
109.4 W

level of theory, QCISD(T), and a more flexible basis set,
6-311+G(3df,2p), were employed for this purpose.

Ab initio calculations provide essential information to cal-
culate the variational rate constant with the inclusion of
tunneling effect contribution. The canonical variational theory
(CVT) rate constaAt1° for temperaturel is given by

KVY(T, 5 = min kK€(T, 9) (1)
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where,kCT(T, ) is the rate constant in generalized transition-
state theory at the dividing surfasewith o being the symmetry
factor accounting for the possibility of more than one symmetry-
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related reaction pathkg the Boltzmann’s constarti,the Planck’s g 1498 (7, / s

R L. . . o) 345 1y, 344
constant®R(T) the reactant partition function per unit volume o5 e\ g <, &/\ "y p
(excluding symmetry numbers for rotation), a@87(T, s) the 18
partition function of a generalized transition statesatith a H F .
local zero of energy afuep(s) and with all rotational symmetry (TS;,3A") (TS,.3A")
numbers set to unity. All the kinetics calculations were carried
out using the POLYRATE 7.8 prografi. The rotational
partition functions were calculated classically, while the vibra- E F
tional modes were treated quantum mechanically as separable Hq0%§ S
harmonic oscillators. Spirorbit splitting of O €P), 3Py, 3Py, o S138 —oor

. . . s 109.6 :
and3P, was considered in calculating electron partition func- .
1145

tions. A correction method considering the centrifugal-dominant
small-curvature tunneling effé€twas used in the rate constant
calculation. Methods for large curvature c&8egere not used

in this work, as they require more information about the PES
beyond the scope of this work.

Figure 1. Geometries optimized at MP2/6-311G(d,p) level of theory
for the stationary points. Distances are in angstroms, and angles are in
' degrees.

resulting in a structure witles symmetry. It means that the O
(3P) atom approaches one of H atoms in thes@kbup inCg

The optimized geometries of the reactant, saddle points, andsymmetry. This reaction can therefore proceed on two potential
products are shown in Figure 1 for the reaction of®B) (with energy surface®d” and °A’, because of the splitting of a
CH3CHF,. The vibrational frequencies of the reactant, products, degenerate O3%P) state in theCs symmetry. Both PESs
and saddle points are listed in Table 1. The calculated classicaladiabatically correlate with the products stat@$ and A’
potential barriersAE and the reaction enthalpieAH are Indeed, forCs symmetry the irreducible representatiorfAs+
summarized in Table 2. Figure 2-{&) shows the classical 3A"(2) for reactants angA’ + 3A” + 1A’ + A" for products,
potential energy \{vep) and vibrationally adiabatic potential and therefore, both asymptotes adiabatically correlate through
energy V.°) curves as functions of distance along the reac- the PESSA’ and®A" in Cs.
tion coordinates at the QCISD(T)/6-311G(3df,2p)//MP2/ At the MP2/6-311G(d,p) level, two saddle points with'"
6-311G(d,p) level. The calculated TST, CVT, and CVT/SCT and3A’ symmetries were located for the channel of H abstraction
rate constants along with the experimental values are pre-from the CH group, whose geometrical structures are shown
sented in Table 3 and Figure 3 over the temperature range ofin Figure 1. The saddle points 8A" and3A’'symmetries are
200~3000 K. denoted as TSand TS, respectively. At the QCISD(T)/

3.1 Reaction Mechanism.The reactions of O3%pP) with 6-311+G(3df,2p)//IMP2/6-311G(d,p) level, the barrier heights
haloalkanes are the prototype of simple metathesis reactionsare 12.63 and 12.74 kcal/mol on tRA" and 3A’ potential
in which a hydrogen atom is transferred via an apparent barrier surfaces, reactively. Therefore, the energy difference between
in the reaction coordinate. For the reaction of ®)(with TS, and TS is only 0.32 kcal/mol. Population analysis shows
CH3CHF,, two primary processes have been identified: that the half-filled p-orbital of théA"” symmetry is in CCHO
plane and the half-filled p-orbital of théA’ symmetry is
perpendicular to this plane. The @Pj atom abstracts one of
the H atoms from the Cigroup either from thérans-position
of the other C atom via TSon the3A" surface or fromcis-
position via TS on the3A’ surface. The breaking-€H bonds
are elongated by 18.70% and 19.07%, while the formirgHO
bonds are longer than the equilibrium value of 0.967 A in OH
radical by 20.79% and 20.58% for the saddle pointsAsf
and3A’ symmetries. This result indicates that the barrier of the

3. Results and Discussion

CH,CHF, + O — CH,CHF, + OH

H abstraction from the Cfgroup
CH,CHF, + O — CH,CF, + OH

H abstraction from the CH group

(a) H Abstraction from the CkGroup. At first, we located
a saddle point under the assumption @f symmetry, but
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TABLE 1: The Calculated Vibrational Frequencies (in cm~) for the Reactant, Products, and Saddle Points Involved in the
Reaction of O ¢P) with CH3;CHF, at the MP2/6-311G(d,p) Levet

species frequencies
CH;3;CHR, 3207 3205 3150 3103 1509 1507 1471 1441 1410 1189 1185
1178 978 893 577 475 389 258
3016 3001 2975 2959 1457 1451 1413 1364 1360 1171 1145
1135 942 869 570 471 391 221
CH,CHF, 3362 3233 3107 1486 1436 1409 1188 1181 1008 936 654
502 427 400 140
CH:CR, 3220 3180 3078 1498 1498 1438 1303 1278 1119 998 886
554 474 380 209
TS 3261 3164 3121 1478 1439 1419 1250 1240 1179 1173 1045
971 883 593 569 488 484 375 85 b75  2241i
TS, 3266 3165 3122 1479 1439 1419 1287 1211 1176 1138 1090
961 904 621 581 488 415 367 99 %69  2256i
TS 3209 3207 3103 1500 1492 1437 1339 1301 1217 1189 1147
995 894 660 498 405 385 242 101 b61  2421i
TS 3211 3205 3102 1502 1501 1438 1351 1280 1218 1177 1169
1000 897 659 501 406 387 242 145 817  2419i
OH 3852
3735

2The values in italics are the experimental cfit&. The lowest-frequency vibrations of the saddle points are considered as internal rétations.

hydrogen abstraction from the G}group is almost Centra"y TABLE 2: The Calculated Classical Potential Barriers AE

. . (in kcal/mol) and the Reaction EnthalpiesAH (in kcal/mol)
located, as expected for a weakly endothermic reaction. at the QCISD(T)/6-311+G(3df,2p)//MP2/6-311G(d,p) Level

Each saddle point is identified with one negative eigenvalue o Al the Channels Involved in the Reaction of O ¢P) with
of the respective Hessian matrix and therefore, one imaginary CHs;CHF,

frequency. Since the imaginary frequency governs the width of

! - ; . energy CH-attack CHattack
the classical potential energy barrier along the MEP, it plays AE CA 274 72
an important role in the tunneling calculations, especially when AE EaA”)) 1263 1710

the imaginary frequency is large, and the associated eigenvector A 218 730
has a large component of hydrogenic motion. For the channel
of H abstraction from the C¥group, the imaginary frequencies At the QCISD(T)/6-31%G(3df,2p)//MP2/6-311G(d,p) level,
of TS; and TS are 2241i and 2256i, so we expect that the the potential barrier of H abstraction from the £group is
tunneling effect should be important for the calculation of the about 5 kcal/mol higher than that of the hydrogen abstraction
rate constant. Direct inspection of the saddle point low-frequency from the CH group. Thus, the hydrogen abstraction from the
mode indicates that, in both cases, the mode of the lowestCH group is the dominant channel for the reaction of3B) (
frequency (75 and 69 cm) is a hindered internal rotation  with CH;CHF,. Whereas the hydrogen abstraction from the CH
instead of a small-amplitude vibration. The mode was removed group is an exothermic reactiod = —2.18 kcal/mol), the
from the vibrational partition function for the saddle point and H abstraction from the Ckigroup is an endothermic reaction
the corresponding hindered rotor partition functiQur(T), (AH = 7.30 kcal/mol).
calculated by the method devised by Trulfawas included 3.2 The Kinetics Calculation. For each channel, the rate
in the expression of the rate constant. constants of théA” and3A’ surfaces have been calculated
(b) H Abstraction from the CH Group. The channel of H independently. The two surfaces show similar features and
abstraction from the CH group also proceeds on two potential further discussion in this paper will refer only #" surface.
energy surfaces witPA" and3A’ symmetries, which is similar The minimum energy path (MEP) was calculated at the MP2/
to the channel of the hydrogen abstraction from the; Gidup. 6-311G(d,p) level by the IRC definition. In our kinetics
At the MP2/6-311G(d,p) level, two distinct saddle pointss TS calculation, the MEP is taken as the reaction path. For both
(BA", with half-filled p-orbital in the CCHO plane) and TS  channels, the maximum position of the classical potential energy
(A, with half-filled p-orbital perpendicular to the CCHO plane) Vyep curve at the QCISD(T)/6-31G(3df,2p)//IMP2/6-311G-
were found for the channel of H abstraction from the CH group. (d,p) level corresponds to the saddle point structure at the MP2/
The corresponding barrier heights are calculated to be 12.636-311G(d,p) level. Therefore, the shifting of the maximum
and 12.74 kcal/mol, respectively. Therefore, the energy differ- position for the Vugp curve caused by the computational
ence between TSand TS is only 0.11 kcal/mol. It implies technique (artificial variational effect) is avoided. The changes
that the states are nearly degenerate. The breakirtd Bonds of the classical potential energymer and the ground-state
are elongated by 14.94% and 14.94%, while the formirgHO vibrational adiabatic potential energy,® with the reaction
bonds are longer than the equilibrium value of 0.967 A by coordinates on the3A"" potential surface are shown in Figure
26.37% and 26.27% for the saddle points %’ and 3A’ 2 (a—b) for the two channels of H abstraction from the £H
symmetries. Therefore, these two saddle points are reactantand CH groups. For each channel, Ygp andV.C curves are
like, and hydrogen abstraction from the CH group via early similar in shape, and their maximum positions are almost the
potential barrier. As shown in Table 1, the saddle poinfdf same at the QCISD(T)/6-3%1G(3df,2p)//MP2/ 6-311G(d,p)
and®A’ symmetries have very similar vibrational frequencies, level. The zero-point energy ZPE, which is the difference of
in accordance with their very similar geometrical parameters V,® andVyep, shows little change with the reaction coordinate
and total energies. The similarity of the two saddle points in s, indicating that the variational effect will be small for this
the geometries, frequencies, and energies allows us to assumeeaction.
that the kinetic nature for botPA" and A’ surfaces will be The canonical variational transition-state theory (CVT) with
very similar. a small-curvature tunneling correction (SCT) has been success-
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Figure 3. Arrhenius plot of the rate constants in the temperature range
of 200~3000 K for the channel of H abstraction from the CH group.

fully performed for several analogous reacti@fig’ It is an
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TABLE 3: The Calculated CVT/SCT Rate Constants and
the Branching Ratios along with the Experimental Value$3
for All the Channels Involved in the Reaction of O @P) with
CH3CHF,

TIK ky ko k kilk  kelk exptl

200 1.81E-26 4.10E-22 4.10E-22 0.00 1.00
250 1.51E-23 4.26E-20 4.26E-20 0.00 1.00
298 1.21E-21 8.96E-19 8.97E-19 0.00 1.00
300 1.42E-21 9.96E-19 9.97E-19 0.00 1.00
350 3.78E-20 9.93E-18 9.97E-18 0.00 1.00
400 4.61E-19 5.79E-17 5.84E-17 0.01 0.99
450 3.33E-18 2.36E-16 2.39E-16 0.01 0.99
500 1.66E-17 7.42E-16 7.59E-16 0.02 0.98
600 1.97E-16 4.39E-15 4.58E-15 0.04 0.96
700 1.22E-15 1.65E-14 1.78E-14 0.07 0.93
800 5.02E-15 4.67E-14 5.17E-14 0.10 0.90
900 1.56E-14 1.08E-13 1.24E-13 0.13 0.87
1000 3.98E-14 2.18E-13 257E-13 0.15 0.85
1100 4.11E-13 9.02E-14 5.01E-13 0.18 0.82 9.53E-13
1150 5.06E-13 1.19E-13 6.25E-13 0.19 0.81 1.30E-12
1200 1.71E-13 6.57E-13 8.28E-13 0.21 0.79 1.87E-12
1250 8.12E-13 2.21E-13 1.03E-12 0.21 0.79 2.60E-12
1300 1.01E-12 2.92E-13 1.30E-12 0.22 0.78 3.53E-12
1340 1.18E-12 3.60E-13 1.54E-12 0.23 0.77 4.44E-12
1400 b5.13E-13 1.52E-12 2.03E-12 0.25 0.75
1600 1.21E-12 3.07E-12 4.28E-12 0.28 0.72
1800 2.44E-12 5.12E-12 7.56E-12 0.32 0.68
2000 4.35E-12 8.35E-12 1.27E-11 0.34 0.66
2200 7.11E-12 1.21E-11 1.92E-11 0.37 0.63
2400 1.09E-11 1.69E-11 2.78E-11 0.39 0.61
2600 1.57E-11 2.28E-11 3.85E-11 0.41 0.59
2800 2.18E-11 295E-11 5.13E-11 042 0.58
3000 2.91E-11 3.76E-11 6.67E-11 0.44 0.56

and the branching ratios of each channel are listed in Table 3.
For the purpose of comparison, the experimental rate constants
are also show in Table 3. The rate constants of each channel
are obtained as the sum of the calculated CVT/SCT rate
constants of the!A” and 3A’ surfaces. The CVT/SCT rate
constants of the channel of H abstraction from the CH group
are noted a&;, while the rate constants of H abstraction from
the CH; group are noted als. The total rate constants of the
reaction of O ¥P) with CHsCHF, are noted ak, with k = k; +

k.. The branching ratios of the channels of H abstraction from
the CH and CHgroups are noted dg/k andkz/k, respectively.

Because of the presence of the smaller potential barrier, H
abstraction from the CH group is the dominant reaction channel
over the whole temperature range. In the temperature range of
200~500 K, the rate constants for attack at thes@toup are
so small that it can be negligible. Thus, the channel of H
abstraction from the CH group is the sole channel. However,
as the temperature increases, H abstraction from theg@ip
becomes a competitive reaction channel. Wihen 500 K, the
rate constank, cannot be considered to be negligible and will
account for some branching ratio to the overall rate constants.
For example, al = 2000 K, ko/k = 0.34.

Over the temperature range of 1100840 K, the total CVT/
SCT rate constants, which is the sum of the CVT/SCT rate
constants for all the channels, are in good agreement with the
experimental value® Therefore, the CVT/SCT rate constants
are taken as the accurate rate constants for each channel.

At low temperature, the rate constants for the reaction of O

efficient method to calculate the rate constant. In this paper, (3P) with CHhCHF, are relatively small. Therefore, this reaction
we used this method to calculate the rate constants for thecannot occur to any significant extent under the atmospheric

reaction of O $P) with CH,CHF, over a wide temperature range

from 200 to 3000 K.

condition. However, the rate constants increase rapidly with
elevation of temperature. At 3000 K, the CVT/SCT rate constant

To calculate the rate constant, 30 points were selected nearof this reaction is 6.67 10711 cm® molecule’® s™%. So the
the saddle point along the MEP, 15 points in the reactant zonereaction should play an important role under high-temperature
and 15 points in the product zone. The CVT/SCT rate constantscombustion conditions.
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To compare further the CVT/SCT rate constants with the TST  (3) The small curvature tunneling contribution plays an
and CVT rate constants of the conventional transition state important role for the calculation of the rate constants over the
theory, Figure 3 shows the calculated TST, CVT, and CVT/ low-temperature range.

SCT rate constants against the reciprocal of the temperature (4) Rate constants were reported over the temperature range
for the channel of H abstraction from the CH group. Several of 200~3000 K. The CVT/SCT overall rate constant is in good
important features of the calculated rate constants are sum-agreement with the experimental values over the temperature

marized as follows.
(1) The values of TST rate constants and those of CVT rate

range of 11061340 K.
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