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The hydrogen abstraction reactions of {LtHFCH; and CHCH,CH,F with the OH radicals have been studied
theoretically by a dual-level direct dynamics method. The geometries and frequencies of all the stationary
points are optimized by means of the DFT calculation. There are complexes at the reactant side or exit route,
indicating these reactions may proceed via indirect mechanisms. To improve the reaction enthalpy and potential
barrier of each reaction channel, the single point energy calculation is performed by the MC-QCISD/3 method.
The rate constants are evaluated by canonical variational transition state theory (CVT) with the small-curvature
tunneling correction method (SCT) over a wide temperature range 2000 K. The canculated CVT/SCT

rate constants are consistent with available experimental data. The results show that both the variation effect
and the SCT contribution play an important role in the calculation of the rate constants. For reactions CH
CHFCH; and CHCH,CH,F with OH radicals, the channels of H-abstraction frerl@HF— and —CH,—

groups are the major reaction channels, respectively, at lower temperature. Furthermore, to further reveal the
thermodynamics properties, the enthalpies of formation of reactant€@FCH;, CH;CH,CH,F, and the

product radicals CkCFCH;, CH;CHFCH,, CH;CH,CHF, CHCHCH,F, and CHCH,CH,F are studied using
isodesmic reactions.

Introduction constant is obtained as the sum of the contributions from each

Concerning the adverse impact of chlorofluorocarbons (CFCs) €—H bond present in the molecule. The predicted Arrhenius

on stratospheric ozo#e® and global warming;® an interna- par?zmeter over the temperature [an%e_zm Kisk= 3.6 x
tional effort has been made to replace CFCs with environmen- 10~ exp(-632) cm? moleculg s*and the Eati constant
tally acceptable alternatives. Hydrofluorocarbons (HFCs) are &t 298 K isk(298 K) = 4.3 x 107%* cm® molecule™ 5%, which

one class of CFC replacements used in refrigeration and foam@'€ in good agreement with the GC experimental ones. However,
blowing and cleaning applications. They contain neither Cl nor for the reaction 1-fluoropropane with OH radicals, no experi-

Br and, thus, should pose no threat to the stratospheric ozondMental data except empirical prediction by DeMore et al. are
layer? though they may contribute to the greenhouse effect reported. The estlmatgd Arrhenius paragneter over the temper-
because they contain numerous-E bonds. As these HFC  ature range 275425 Kisk = 3.06 x 10~*? exp(~818/T) cm®
molecules have at least one-€ bond, they are therefore ~Molecule™ s™%. To the best of our knowledge, no other
susceptible to attack by OH in the atmosphere. To estimate theth€oretical work has been performed for both reactions. The
atmospheric lifetimes of such species, accurate data for the rate?iM Of present study is to perform a theoretical investigation

constants and their temperature dependences of the reaction witfi®" the title reactions to provide further information of the

OH radicals are needed. In this work, we focus on theoretical "€&ction mechanisms as well as the temperature dependence of

investigation on the kinetics of the reactions 2-fluoropropane the raté constants over a wide temperature range.

(HFC-281ea) and 1-fluoropropane with hydroxyl radicals. There ~ For the molecule CECHFCHs, the hydrogen atom can be

are two kinds of experimental techniqués,e., relative rate  abstracted from-CHF— (denoted as channel 1a) anrtCHs

experiments using infrared spectroscopy and gas chromatogra{denoted as channel 1b) positions, and as a result of the

phy (GC), to measure the rate constants for the reactiontOH asymmetry of CHCHFCH, the three hydrogen atoms lying at

CHsCHFCH. Results from the two measurement techniques the —CHs position are not equivalent; then three distinct

are in good agreement. Note that the GC data are preferablechannels are found for channel 1b (denoted as channel, 1b-

due to the lower random error. Based on the GC experiments, 10, and 1by), i.e.,

the rate constant expression over the temperature range 288

394 K isk = 3.06 x 10712 exp(~503/T) cm?® molecule’ s72, CH;CHFCH; + OH— CH,;CFCH; + H,O  (R1a)

with the value 5.7 10712 cm® molecule’® s™1 at 298 K. In ref

10, DeMore et al. also used a empirical fdléeo predict the — CH,CHFCH, + H,0

rate constant and its temperature dependence for reactign CH (R1bo, R1bf, R1by)

.CHFCF.b *+ OH. According to this method, each reacnve; §|te Note that, strictly speaking, because {LHIFCH; has C;

is considered to be a methane derlyatlve, and the reactivity of symmetry, both Chigroups are not equivalent, and channels

the C—H bonds at that site is determ_lned by the attached groups g1 g R1b4, and R1by should be calculated separately for

that have replaced the H-atoms in methane. The total ratey,q, CH; groups. However, due to the similar structure of the
*Corresponding  authors. Fax: +86-431-88498026. E-mail;  transition states, here the same contribution of each group to

liyl21@mail.jlu.edu.cn, zeshengli@mail.jlu.edu.cn. rate constants is assumed. For the reactanCEHCH,F, there
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are two stable conformers, $&nd SG. Based on calculations,  energy information, single-point energy calculations for the
SG is only stabler than S{by about 0.24 kcal/mol at the MC-  stationary points and a few extra points along the MEP are
QCISD/3//B3LYP level, so it is likely that these two conforms carried out at the MC-QCISD/3 (multicoefficient correlation
have similar stability and will both contribute to the overall rate  method based on quadratic configuration interaction with single
constant. In S€structure each hydrogen atom is not equivalent, and double excitations version23)level using the B3LYP
and as a result, seven distinguished channels are found accordingeometries. The energy profiles are further refined with
to the different position of these seven H-atoms. These channelsinterpolated single-point energies (ISPE) metfbeyhere 6
are defined as follows: points (ISPE-6) are used for spline interpolation. And the
interpolation is based on the reactant well and product well.
CH,CH,CH,F (SC) + OH — CHCH,CHF (Fy,) + H,0 By means of the POLYRATE-Version 9.3 program, the
(R2ale, R2alp) theoretical rate constant for each reaction channel is calculated
— CH,CH,CH,F (P,,,) + H,O using the conventional transition state theory (TST) and
(R2ble, R2b1#, R2bly) canonical variational transition state theory (C\#T)?” and the
— CH,CHCH,F (P,.,) + H,0 tunneling correction is consldereq by t_he centrifugal-dominant
(R2cla, R2c1A) small-curvature ser_nlcl_assmal adlabqtlc ground-state (C_D-SC-
SAGY®8 method, which is computed with equal segments in the
As for SG with the Cs symmetry, the hydrogen atoms in the Boltzmann and) integrals, and the number of Gaudsgendre
—CH.F and —CH;— groups are equivalent, with the corre- quadrature points is chosen as 40 for computing the Boltzmann
sponding reaction channels R2a2 and R2c2; for the threeaverage. Also, the sixth-order Lagrangian interpolation is used
hydrogens in the-CHj position, two of them are equivalent, to obtain the values of the effective mass for the CD-SCSAG
and the third is different from them, denoted by channels R2b2-  tunneling calculation. The lowest-frequency vibrational mode
and R2b28, respectively. All channels involved in the reaction  of the generalized transition state is treated as the hindered

of SG with OH radicals are shown as follows: rotor293%and all of the other modes are treated by the quantum-

mechanical separable harmonic oscillator approximation. For a

CH,CH,CH,F (SC) + OH — CH,CH,CHF (Py,) + H,0O hindered rotor, we use the RW scheme, where R stands for
(R2a2) applying the rectilinear model for calculating the reduced

— CH,CH,CH,F (P,,,) + H,0O moment of inertialf) of the rotator and the W means using the
(R2b2¢, R2b24) rotational barrier heightW)) from direct ab initio calculation to
— CH,CHCH,F (P, + H,0 estimate the vibrational frequencw;f. The vibrational fre-
3 2 (R22c2) quency can be estimated by

Here, a dual-level (X//Y) direct dynamics metHéd* is w. = (W/21)YMm 1)
. . . . j |

applied to study the kinetic nature of the above reactions. As
usual, X//Y refers to optimizations and frequencies at lower-
level Y with single-point energies calculated at higher-level X.
In this work, we first reported detailed electronic structure
information, including the reaction path information, thermo- . . e .
chemical quantities, barrier heights, and transition state proper-Rz’ respectively. During the kinetic calculations, the Euler

ties for each channel. Second, the kinetic calculations are carriedsmgle'Step integrator with a step size of 0.001 (afiig used

out on the basis of the above information by using the Polyrate _to follow the MEP, and the generalized normal-mode analysis

9.3 progrant® The rate constants are calculated by the is performed every 0.01 (am¥dbohr. In the calculation of the

variational transition state theory (VTST:1 The theoretical electronic partition functions, the two electronic states for OH
. ) ; T 5
and experimental results are compared. Furthermore, the tem__radlcals, with a 140 cnt splitting in the?[1 ground state, are
cluded. The curvature components are calculated using a

perature dependence of the rate constant and the branching ratio! L . e . .
are discussed. quaderatic fit to obtain the derivative of the gradient with respect

In addition, it is known that the knowledge of the enthalpy to the reaction coordinate. The total rate constants are obtained

of formation of the species is important in the thermodynamic from the sum of the individual rate constants.

properties as well as in the kinetics of atmospheric processes. It is well-known that the isodesmic reaction is a relatively
However, the reactants and products radicals involved in theseineéxpensive and accurate method to predict the enthalpy of
reactions have been little studied experimentally. In the presentformation, because the conservation of the number of electron

work, the enthalpies of formation of these species are estimatedPairs in the reactants and products and the similarity of bond

where M is the total number of minima along the torsional
coordinate in the range-®n. Here, the value of\; is 1000
cm!and the values dfl are 2 for reaction R1 and 3 for reaction

theoretically by using the isodesmic reactidhs. type cancel the systematic errors in the calculations. Here, we
predict the enthalpies of the formation of the reactants
Calculation Methods CH3CHFCH; and CHCH.CHyF (SG or SG) and product

radicals CHCFCH;, CH;CHFCH,, CH3;CH,CHF, CHCH,-
CHyF, and CHCHCH,F using the following isodesmic reac-
tions,

The electronic structure calculations are carried out by the
Gaussian 03 prograii.The geometries and frequencies of all
the stationary points including reactants, transition states (TSs),
products, and complexes are optimized by Becke's three-
parameter nonlocal-exchange gradient-corrected funconal
with the nonlocal correlational of Lee, Yang, and Parr
(B3LYP) method with the 6-311G(d,p) basis set. The minimum CH,CH,CH,F (SG or SG) + CH, — CH;F +
energy path (MEP) is obtained by the intrinsic reaction CH,CH,CH; (R4)
coordinate (IRC) theory to confirm that the TS really connects
to minima along the reaction path. To obtain more reliable CH,CFCH,; + CH, — CH;F + CH,CHCH;  (R5)

CH,CHFCH, + CH, — CH,F + CH,CH,CH, (R3)



H Abstraction Reactions of GJCHFCH; and CHCH,CH,F
CH,CHFCH, + CH, — CH;F + CH,CH,CH, (R6)
CH,CH,CHF + CH, — CH,F + CH,CH,CH, (R7)
CH,CH,CH,F + CH, — CH,F + CH,CH,CH, (R8)

CH,CHCH,F + CH,— CH,F + CH,CHCH, (R9)
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each group. And the geometric parameters of other stationary
points (including product radicals, other transition states and
the complexes) are displayed in Supporting Information (Figure
S1). From Figure 1 we can see that the reactarg@HFCH;
possesseS; symmetry instead ofs symmetry considering the
effect of the steric hindrance. With respect to the transition states
TSiaand TSy, the breaking &H bond is stretched by 3.8%
and 12.1% compared to the-@&i equilibrium bond length of

Energies of the reactants and product radicals involved in CH;CHFCH; and the forming bond HO is longer than the

reactions R3-R9 are calculated at the MC-QCISD/3 and BMC-
CCSD (a multicoefficient correlation method based on couple
cluster theory with single and double excitations (CCSD)
proposed by Lynch and Truhld#)levels based on B3LYP/6-
311G(d,p) optimized geometries.

Results and Discussion

A. Stationary Points. The geometries of all the stationary
points involved in these two reactions are optimized at the
B3LYP/6-311G(d,p) level. Owing to the similarity, Figure 1

equilibrium bond length in D by 63.3% and 35.9%, respec-
tively. Two stable conformers of G&@H.CH,F, SG, and SG,

are found. Sg F11 lies behind H6 and H7 wit@; symmetry,
and SG, F11 lies between H6 and H7 witis symmetry, as
shown in Figure 1. For the reaction $@ith OH radical, seven
TSs are located according to the different positions of seven
hydrogens, and they are designatedalQ, TSar-p, TSbi-o
TSo01-8, TSob1—y, TSec1-a, @aNd TSe1-5. However, for SGwith

Cs symmetry, four TSs are found and they are labeled 7S
TSob2-o, TSom2-p, and TS Similarly, Figure 1 only shows

only shows the optimized structures of the reactants and the optimized key structural parameters of2diSs, TSb1—y,

transition states involved in reaction channels R1a, R1dmnd
R2a (including channels R2gl-and R2a2), R2b (including
channels R2b3}~ and R2b2e), and R2c (including channels

TSpc1-, and TSaz TSwo—o, and TSea It is easy to see that the
geometries of transition states involved in hydrogen-abstraction
from the same groups of $@nd SG are similar. For example,

R2c1 and R2c2) as the representatives of H-abstraction from in the transition states &3 and TSax
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Figure 1. Optimized geometries parameters (in A and degree) of the reactants and primary transition states (TSs) at the B3LYP/6-311G(d,p) level.
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TABLE 1: Enthaplies of Reactions (AH,4g’in kcal/mol)
Calculated at the MC-QCISD/3//B3LYP/6-311G(d,p) Level

reactions MC-QCISC-3//B3LYP

CH;CHFCH; + OH — CH;CFCH; + H,O —21.81
— Piao+ H0 —16.63

e Plaﬁ/g‘f‘ Hgo —16.65

— Piay + H0 —16.83

CH3CH.CH,F(SG) + OH — Poaro + H20 —20.20
- P2317/3+ Hzo —20.39

- P2b1+ HZO —18.26

- P2017(1+ Hzo —20.24

— Poci-p+ H0 —19.95

CH3CH,CH,F(SG) + OH — Poa2+ H20 —20.60
- P2b2+ Hgo —18.36

- P202+ Hzo —-19.79

corresponding to H-abstraction from th€CH,F group in SG
and SG, the reactive bond €H, which is broken, is elongated
by about 5.8% and 4.5% compared to the equilibrium bond
length of the isolated reactants, and the forming bortCHs
longer than the equilibrium bond length ob® by 54.3% and
59.4%, respectively. For these transition states, the elongation,
of the breaking bond (€H) is much less than the elongation
of the forming bond (H-O), indicating that the transition states
are reactant-like, so these reactions may proceed via “early”
transition states. When hydrogen atom is abstracted from the
—CHs or —CH,— position in CHCH,CH,F, i.e., channels 2b
and 2c, the corresponding transition states have similar “early

Wang et al.

1. It is shown that all the individual reactions are exothermic
reactions and the calculated enthalpies of reactidis,{;’ in
kcal/mol) are decreased by about®kcal/mol when the higher
MC-QCISD/3//B3LYP method is used. Table 1 also shows that
the values ofAH,y’ for reaction channels involved in H-
abstraction from the same group are very closed; for example,
the values ofAH,yg’° for channels R1lle, R1b$, and Rlby
are—16.33,—16.65, and-16.83 kcal/mol. Thus, it is reasonable

to choose the lowest-energy radicals as representative for
estimating the enthalpies of formation and the bond energies.

Except for reactant C€CHFCH;, there are no available
experimental enthalpies of formationK; ,4g) for other spe-
cies involved in the title reactions. Thus, in the present study,
their AH; o5’ values are estimated by using isodesmic reac-
tions R3-R9. The geometrical parameters and harmonic
vibrational frequencies of all species involved in reactions-R3
R9 are calculated at the B3LYP/6-311G(d,p) level, and the
single point energies are calculated at the MC-QCISD/3 level.
Because the energies of productsR, Piap, and Ra, are
very close, here we select,, which possesses the lowest
energies among them, to calculate the enthalpies of the formation
of
CH3CHFCH.. Similarly, the energies of product radicalsPg,

Pop1, and Bci—q are chosen to estimate the enthalpies of the
formation of CHCH,CHF, CHCH,CH,F, and CHCHCH,F,

character, as shown in Figure 1 and Figure S1, as expected forespectively. Then, the calculated reaction enthalpies of reactions

exothermic reactions. Also, due to the high electronegativity
of the fluorine atom, hydrogen bonds are formed in the transition
states T and TSy, with F11-H13 bond distances of 2.59
and 2.35 A. The analogous six-membered ring structure in
TSip-, makes it have a lower energy and more steady than
TSip-« and TSp-p. In addition, owing to the high electrone-
gativity of the oxygen atom or fluorine atom, hydrogen-bonded
complexes are formed at the entrance or exit channels of
reactions R1 and R2. The optimized geometries are shown in
Figure S1.

The harmonic vibrational frequencies of all the stationary
points are calculated at the B3LYP/6-311G(d,p) level to confirm
the stationary nature and to make zero-point energy (ZPE), as
well as thermal corrections. The number of imaginary frequen-
cies (0 or 1) indicates whether a minimum or a transition state
has been located. All of the minima including reactants,
products, and complexes correspond to all real frequencies, bu
the transition states are confirmed to have one and only one
imaginary frequency. In the Supporting Information, Table
Sla-c displays the calculated harmonic vibrational frequencies
of all the stationary points, as well as the available experimental
values of OH and LD.

The reaction enthalpiesAf,qg) at 298 K for the two
reactions at the MC-QCISD/3//B3LYP level are listed in Table

t

R3—R9 are combined with the known standard enthalpies of
formatior?? (CHsF, —56.03 kcal/mol; CH, —17.90 kcal/mol;
CH3CH,CHs, —25.04+ 0.12 kcal/mol; CHCHCH;s, 21.52+

0.48 kcal/mol; CHCH,CH,, 23.91+ 0.48 kcal/mol) to estimate

the AH; ,4¢° values of these species. To testify the reliability,
the BMC-CCSD method is also used to refine the energies based
on B3LYP geometries. The calculated results at two higher
levels are listed in Table 2, along with the experimental
values®3-36 |t is seen that the estimated enthalpies of formation
of all the species at the MC-QCISD/3//B3LYP level are very
close to the results obtained at the BMC-CCSD//B3LYP level,
and both of them are in good agreement with the experimental
ones, with the error 1.4%2.4%. Because of the good agreement
between theoretical and experimental values, it is reasonable
to believe that the present predictédH; ,og’values for these
species are reliable.

Schematic potential energy profiles of each reaction with zero-
point energy (ZPE) corrections are plotted in Figure 2a, 2b-1,
and 2b-2. From Figure 2a, we can see that the barrier height of
reaction channel R1a is lower by about-2+3&3 kcal/mol than
the ones of reaction channel R1b (including channels &1b-
R1b#, and R1by) and channel Rla is more exothermic by
about 5 kcal/mol than channel R1b. Thus, we infer that for

TABLE 2: Enthalpies of Formation (in kcal/mol) for the Reactants CH3CHFCH 3, CH3CH,CH,F, and Product Radicals
CH3CFCH3, CH3CHFCH ,, CH3CH,CHF, CH,CH,CH,F, and CH3;CHCH ;F at the B3LYP/6-311G(d,p), MC-QCISD/3//B3LYP/

6-311G(d,p), and BMC-CCCSD//B3LYP/6-311G(d,p) Levels

species B3LYP MC-QCISD/3 BMECCCSD exptl

CH3;CHFCH; —75.21+£0.12 —74.38+£0.12 —74.52+£0.12 —75.4+ 0.3
-76.2+ 1.0
—75.%
~75.4

CH;CH,CH,F(SG) —70.56£0.12 —69.47+£0.12 —69.40+£ 0.12

CH3CH.CH.F(SG) —70.11+£0.12 —69.19+ 0.12 —69.37+£0.12

CH3CFCH, —29.90+ 0.48 —28.21+0.48 —28.39+ 0.48

CHs;CHFCH(P1a-) —24.64+ 0.48 —23.63+£ 0.48 —23.73£0.48

CH3CH,CHF (Poat-5) —24.44+ 0.48 —22.27£0.48 —22.53+£0.48

CHCH2CHF (Paby) —21.63+ 0.48 —20.69+ 0.48 —20.87+£0.48

CH3CHCH:F (Paci-a) —22.62+0.48 —21.73£0.48 —21.68+ 0.48

aFrom ref 33.P From ref 34.¢c From ref 35.9 From ref 36.
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Figure 2. Schematic pathways for the reactions: (a)s:CHFCH + OH — products; (bl) CECH,CH.F (SG) + OH — products; (b2)
CH3CHCH,F (SG) + OH — products. Relative energies with ZPE at the MC-QCISD-3//B3LYP/6-311G(d,p) level are in kcal/mol.
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TABLE 3: C —H Bond Strengths (in kcal/mol) Calculated at
the B3LYP/6-311G(d,p), MC-QCISD/3//B3LYP/6-311G(d,p),
and BMC-CCSD//B3LYP/6-311G(d,p) Levels

Wang et al.

and AE(T) represent the potential barrier height, zero point
energy correction, gas constant, temperature, and thermal energy
correction, the estimated activation energies of the major

bond B3LYP MC-QCISD/3  BMC-CCSD reaction channels (Rla, R2¢l-and R2c2) for reactions R1
CH3CHCHs—H 05.33 99.64 99.40 and R2 are 0.72, 0.88, and 0.79 kcal/mol, respectively. Our result
CH.CH,CH3;—H 99.34 102.42 102.12 (0.72 kcal/mol for R1a) is much closer to the experimental value
CH,CFCH—H 94.09 99.24 98.96 of 0.99 kcal/mol, which indicates that the estimated activation
gﬂzg:':ccH"E_: 13%'?? %83'29 igg'gi energies of the other reaction channels are reliable and the MC-
3 2 — . . . . . . .

CH,CHCHF—H 96.71 100.81 100 56 QCISD/3 method is a good choice to refine the energies of these
CH.CH,CHF—H(SC)  99.71 102.79 102.24 systems.

reaction R1, channel R1a (H-abstraction freit@HF— position)

The reactivity based on the barrier heights is in line with the
C—H bond energiesl,qs). The calculated,qg’at the MC-

is kinetic and thermodynamically more favorable than channel QCISD/3//B3LYP and BMC-CCSD//B3LYP levels are given

R1b (H-abstraction from the CHz— position). Also, the barrier
heights of channels R1t; R1b{3, and R1by decrease in the
order AEip-o (4.11 kcal/mol) > AEi,—4 (3.52 kcal/mol) >

in Table 3. It can be seen that the results obtained at the MC-
QCISD/3//B3LYP and BMC-CCSD//B3LYP levels are in good
agreement, with the largest deviation being about 0.6 kcal/mol.

AEi,, (2.47 kcal/mol). By analysis, we find that for channel For CHCHFCH, the bond energies increase in the order
R1b-, the abstracted hydrogen (H4) lies between H6 and F11, D,og(—CHF—) < D,gg(—CHz), and the latter is larger than the
whereas for channels R}band R1by, the abstracted hydrogen  former by about 5 kcal/mol at the MC-QCISD/3//B3LYP level,
(H2 and H3) lies behind H6 and F11, so the steric hindrance which indicates that reaction R1 would proceed mainly via the
for channel R1hx is a little larger than the ones for channels H-abstraction from the fluorinated methyleneGQHF—) posi-
R1b4 and R1lby; thus, channel R1b:-has the highest potential ~ tion. However, for CHCH,CH,F (including two rotamers SC
energy barrier. By comparing channels Rikand Rilby, and SG), we can see that at the MC-QCISD/3//B3LYP
though both of the abstracted hydrogen atoms (H3 and H2) lie level, the bond energied,,(—CH,F—) are almost equal to
behind the H6 and F11, the six-membered ring structure of D,4s(—CH,—) and both of them are about 3 kcal/mol lower
transition state T§-, leads to the decrease of barrier height. thanD,gg(—CHs—). This result suggests that for reaction R2,
Similarly, for reaction CHCH,CH,F with OH radicals, due to channels R2a and R2c are more favorable than channel R2b.
the effect of the analogous ring structure or steric hindrance, Furthermore, to discuss the effect of the position of F atom on
the barrier heights involved in the H-abstraction reaction the reactivity of the H atoms, we calculated the-i& bond
channels from the same groups are slightly different. For energies of CHCH,CHjz, which is the parent of CECHFCH;
example, the correspondingly barriers with ZPE corrections for and CHCH,CH,F; the corresponding results are also listed in
reaction channels R2ai- R2alp, and R2a2, which are the same table. When the-El bond energies are compared
involved in the H-abstraction from theCH,F group, are 2.16, among CHCH,CHs, CH3CHFCHs, and CHCH,CH,F, it is
2.09, and 1.95 kcal/mol, respectively, at the MC-QCISD/3// easily seen that fluorine substitution increases the reactivity of
B3LYP level, as shown in Figure 2b-1,b-2. Comparing the the H linking with fluorine-substituted carbon and decreases
barriers and reaction enthalpies of reaction channels R2c (R2c1the reactivity of other H atoms.

or R2c2) with channels R2b (R2b1 or R2b2) and R2a (R2al or B. Rate Constants Calculation.Dual-level dynamics cal-
R2a2), we can find that channel R2c possesses the lowest barrieculations of two hydrogen abstraction reactions R1 and R2 are
and is more exothermic, which indicates channel R2c is the carried out with the VTST-ISPE approach. The rate constants
major reaction channel for R2. If we use the formBlgpgs= of each reaction channel are evaluated by the conventional
AE* + nRT= V* + AZPE + AE(T) + nRT as a simple transition state theory (TST) and canonical variation transition
estimation of the activation ener§ywhereV*, AZPE,R, T, state theory (CVT) over a wide temperature region from 200 to

1E-11

)
‘0
5 (CVT/SCT)
8 1E12 \ 12 (TST),,
° Ry
£ -
e SN
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= R €vT),,
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Figure 3. Plots of the TST, CVT, and CVT/SCT rate constants calculated at the MC-QCISD//B3LYP/6-311G(d,p) level vE d&®@en 200
and 2000 K for CHCHFCH; + OH — CH;CFCH; + H,O (R1a).
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TABLE 4: Calculated CVT/SCT Rate Constants (in c® molecule™® s7) in the Temperature Range 200-2000 K at the
MC-QCISD/3//B3LYP/6-311G(d,p) Level of Theory

(a) For the Reaction C#€HFCH; + OH — Products
T(K) Kia Kib—o Kib-p Kib—y Kib ky expl

200 2.27x 10718 2.34x 10716 6.68x 10716 2.47x 10714 2.56x 10714 2.52x 10718

225 2.75x 10718 6.83x 10716 1.56x 10715 2.88x 1014 3.10x 104 3.06x 10718

250 3.28x 10718 1.69x 10715 3.21x 10715 3.36x 1074 3.85x 10714 3.67x 10713

251 3.31x 10718 1.75x 10716 3.30x 10715 3.38x 1074 3.89x 10714 3.70x 10718

275 3.87x 10718 3.67x 1071 5.99x 10715 3.92x 107 4.89x 104 4.36x 10718

288 4.20x 10713 5.27x 10715 8.01x 10715 4.24x 107 5.57x 1074 4.76x 10713 5.33x 10713

298 4.46x 10713 6.84x 10715 9.90x 10715 451x 1074 6.18x 10714 5.08x 10713 4.3x 1071%
5.7 x 107132

300 4.51x 10713 7.19x 10715 1.03x 10714 4.56x 10~ 6.31x 1074 5.14x 10718 5.71x 1071%

314 4.89x 10713 1.01x 107 1.36x 1074 4.96x 1074 7.33x 10714 5.62x 10713

325 5.21x 10718 1.30x 107 1.67x 1074 5.29x 10714 8.26x 10714 6.04x 10718 6.5x 107132

350 5.96x 10718 2.19x 104 2.55x 10714 6.11x 1014 1.09x 10713 7.05x 10718 7.26x 1071%

375 6.77x 10713 3.49x 104 3.74x 10714 7.03x 10714 1.43x 10713 8.19x 10713 7.99x 107132

394 7.43x 10718 4.83x 1074 4.87x 1074 7.80x 10714 1.75x 10713 9.18x 10713 8.52x 10713

400 8.59x 10718 5.33x 10714 7.20x 10714 9.20x 10714 2.42x 10718 1.10x 10712

500 1.18x 10712 2.07x 10718 1.58x 10713 1.34x 10713 4.99x 10718 1.68x 10712

800 3.15x 107%2 1.72x 10712 1.24x 10712 454x 10718 3.41x 10712 6.56x 10712

1000 5.19x 10712 4.74x 10712 2.97x 10712 8.50x 10718 8.56x 10712 1.38x 1071¢

1200 7.90x 10712 1.04x 10°1% 5.88x 10712 1.44x 10712 1.77x 10711 256x 107

1500 1.33x 1071 256x 1071 1.31x 10°1* 2.73x 10712 4.14x 101 547x 1071

1800 2.05x 1071* 5.14x 1071* 2.46x 1071* 4.61x 10712 8.06x 10711 1.01x 1071°

2000 2.64x 10711 7.55% 10711 3.49x 1071* 6.21x 10712 1.17x 10710 1.43x 10710

(b) For the Reaction C¥CH,CH, F+ OH — Products
T (K) kzal kzbl k2c1 k2a2 k2b2 k2c2 k2a kzb k2c I(2

200 7.27x 1074 1.26x 10724 1.34x 10728 1.44x 1074 1.82x 1071 3.08x 10728 5.20x 107> 8.80x 107> 1.95x 1078 2.56x 10713
275 1.82x 10718 4.02x 10714 2.54x 10718 3.38x 1074 1.39x 107 3.91x 10718 1.24x 10718 2.99x 104 3.07x 1078 4.61x 10713
298 2.31x 10713 5.62x 1014 3.10x 1071 4.22x 10714 2.24x 1014 4.23x 103 1.56x 10°1® 4.26x 104 3.55x 10°1® 553x 1013

1.90x 107132 8.70x 10742 3.00x 107142 5.70x 10713
350 3.71x 10718 1.11x 10718 4.68x 10718 6.60x 1074 5.50x 1074 5.08x 10713 2.44x 10713 8.76x 10* 4.85x 1078 8.16x 10713
375 4.54x 10718 1.48x 10713 5.67x 102 8.00x 10714 7.91x 1014 5,53x 10°%® 2.97x 10°1® 1.19x 10°*® 5.61x 1012 9.77x 1013
400 5.48x 107 1.94x 107 6.81x 10712 9.58x 10714 1.10x 10712 6.03x 10713 3.56x 10713 1.58x 107 6.47x 1071 1.16x 10°%?
425 6.53x 10718 2.49x 1078 8.10x 1071 1.13x 10713 1.48x 10713 6.55x 10713 4.21x 10713 2.05x 1078 7.43x 10713 1.36x 107%?
500 1.05x 10718 4.75x 10718 1.29x 10712 1.79x 10713 3.18x 10713 8.36x 10713 6.64x 10713 4.06x 10718 1.09x 1072 2.16x 10712
800 4.02x 10712 2.80x 10712 5.03x 1012 6.69x 10713 2.30x 10712 1.95x 1012 2.47x 1012 257x 1012 3.61x 10?2 8.64x 1012
1000 7.66x 107 6.16x 10712 9.88x 10712 1.26x 10712 5.31x 10712 3.12x 1072 4.65x 107! 576x 1072 6.70x 1071? 1.71x 10
1200 1.29x 107 1.15x 107 1.71x 1071 2.11x 1072 1.03x 107 4.69x 10712 7.80x 1071* 1.09x 10711 1.12x 107! 3.00x 10
1500 2.45x 10711 2.35x 107 3.34x 101! 3.98x 10712 2.28x 10 7.94x 10°1? 1.47x 1011 231x 101t 2.12x 101 590x 10°1*
1800 4.10x 107 4.23x 107 5.69x 107 6.66x 10712 4.24x 1071t 1.24x 1071t 2.44x 10712 423x 1011 354x 1071t 1.02x 10720
2000 5.50x 107 5.90x 1071* 7.70x 107! 8.96x 10712 6.01x 1071 1.61x 107! 3.27x 1011 5.95x 1071 4.75x 1071 1.40x 107!

aFrom ref 10.

®

2000 K. Tunneling is included by means of the small-curvature (3, and R1by are taken into account. The calculated CVT/SCT
tunneling (SCT) correction. Because reaction channels R1a andrate constants of each reaction channel and the total rate
R1b- are the favorable channels of reactions R1a and R1b andconstants together with the corresponding experimental data are
the other H-abstraction reaction channels are similar to them, gisplayed in Table 4a, and the temperature dependence of the
here, we choose these two reaction channels as representativegya| constant for this reaction is also present in Figure 4a. It is
to analyze the variational and tunneling effects. Figure 3 shows seen that the theoretical rate constants of R1 are in good

the plots of TST, CVT, and CVT/SCT rate constants of the agreement both with the experimental values and the theoretical

above two reaction channels as functions of the reciprocal of estimation by empirical rul€$,and the deviation remains within
the temperature. From them we can find that at lower temper- y emp ’

atures the variational effect plays an important role for each a factor of about 0.91.2. The Arrhenius expressioks= 5.32
H-abstraction reaction. For example, the ratiosk¢EVT)/ x 10712 exp(~701.6T) andk; = 5.63 x 10~*? exp(~715.81)
k(TST) for channels Rl1la and R:bbare 0.77 and 0.54 at 200 cm® molecule’® s71 fitted by the CVT/SCT rate constants in
K, respectively. However, with increasing temperature, the TST the temperature range 28894 and 272425 K are in good
values are almost same as the CVT ones, implying that the accord with the ones obtained by the experimental and empirical
variational effect is negligible at higher temperature. On the rules reported by DeMore et alk; = 3.06 x 10712
other hand, by contrasting the CVT and CVT/SCT, the SCT exp(—503) andk; = 3.6 x 10-12exp(—632/T) cm® molecule™?
correction should be taken into account in the rate constants-i However, in the case of G&H,CH.F, the energy of SC

calculation for each reaction at a low-temperature range, with js yery closed to that of SCso they will both contribute to the
K(CVT/SCT)K(CVT) ratios of 1.55 and 69.9 at 200 K for R1a  gyera|l reaction rate constant. The total rate constedtfér

and R1by, respectively. . : . . .
The total rate constants for reaction @HL,FCHs with OH this reaction can be obtained from the following expression:

radicals are obtained from the sum of the individual rate

constants K= kia + kip = kia + Kip-a + kg + Kipy). ko = 01Kso1 T 0oKseo

Because we assume tweCHsz groups are equivalent, the

symmetry factorr = 2 for the reaction channels RIh-R1b- = 01(Koa1 T Kopy T Kocy) T @0p(Koao 1 Kopp 1 Koc))
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Figure 4. Total and each kind of hydrogen-abstraction reaction channel rate constants, as well as available experimental ¥ahodsc(dan'
s™1) as functions of the reciprocal of the temperature (K) over the temperature rang@@D K: (a) for the reaction G €HFCH; + OH —

products; (b) for the reaction GBH,CH,F + OH — products.

where w; and w, are the weight factors of each conformer
calculated from the Bolzmann distribution functid@as, Kaaz

It should be noted that for above rate constant calculations,
the small curvature tunneling (SCT) correction is used, although

kob1, Koba, koci, @andkoco are the separate rate constants of each for a reaction involving the transfer of a light particle between

reaction channel, ankl.; andksc> are the sum rate constant for
the hydrogen abstraction from the S&hd SG isomers of CH-
CH,CH,F. And because SOs Cs symmetry, the symmetry
factoro = 2 for the reaction channels R2a2, R2k2and R2c2

two heavy atoms, the large-curvature tunneling (LCT) prob-
ability may be important, especially at low temperature. It is
known that the LCT correction, which is different from SCT

calculation evaluated with information obtained along the MEP,

is considered in the rate constant calculation. The temperaturecan only be used where an analytic representation of the
dependence of the CVT/SCT rate constants of each channel R2apotential energy surface (PES) for a reaction is avaifébléwus,

R2b, R2c, and the total rate constant are presented in Table 4bwe cannot obtain it directly from our present potential energy
and Figure 4b, as well as the corresponding experimental valuesprofile. Furthermore, to the best of our knowledge, SCT
It can be seen that the agreement between the theoretical rateorrection has been applied successfully for many similar
constants and the ones obtained by empirical rules is consider-H-abstraction reactiori§; 4% and similarly to our current study,
ably good at 298 K; the factor of deviation is only 0.82 for the agreement between the CVT/SCT and the experimental rate
R2a, 0.50 for R2b, 1.18 for R2c, and 0.97 for total reaction R2. constants is good. To further test the validation of the SCT

The fitted expression by the CVT/SCT rate constant in-275
425 K, ko = 9.42 x 10712 exp(—840/T) cm® molecule* s71, is
also in excellent agreement wika = 8.9 x 10712 exp(—818/
T) cm® molecule® s™1 proposed by DeMore et al.

method, the reaction path curvatures of the two reactions were
calculated. The results shows that the curvatures, which are all
less than 5, are not severe; therefore, the SCT correction method
for these system should be suitable.
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The temperature dependence of branching ratios for the twoa
reactions is plotted in Figure 5a,b. For the reactiorsCHFCH; |
+ OH (R1), as shown in Figure 5a, it can be found that, below 0.8 4
700 K, the contribution of channel R1a plays an important role 1
in the total rate constants; for example, the valuek, gk; are |
0.88 and 0.70 at 298 and 500 K, respectively. However, with 0.6
the temperature increasing, channel R1b gradually becomes the |
major reaction channel. With respect to reactionsgCH,CHyF
+ OH (R2), as shown in Figure 5b, we can see that the reaction 04+
channel R2c dominates reaction R2 below 1200 K, and reactions ]
R2a and R2b are competitive at higher temperatures. The values 1
of kagkz, ka/ko, andkadks, are 0.28, 0.08, and 0.64 at 298 K 02+
and 0.23, 0.43, and 0.34 at 2000 K, respectively. 01

Because there are few data available at other temperatures, g T " T y T " T : T
for convenience of future experimental measurements, the three- P
parameter fits based on the CVT/SCT rate constants for the title 1000/T (K™)
reactions within 2062000 K are given as follows (in cin

0.5+

0.3

molecule’® s71): b 0'8_.
0.7 5
kia= 2.05x 10 °T ** exp(201T) 06
ky, = 9.09x 10 2°T %8 exp(375.6T) 05
k, = 3.98x 10 2T *77 exp(528.0T) 04
koo = 1.44 x 107 %°T 28 exp(15.77) 03+
ko, = 4.68 x 1072°T ** exp(—269.31) 021
kye = 1.44 x 10" 2T *1°exp(389.21) o1
k, = 8.63x 1072T >*exp(309.47) R

1000/T (K™)

Figure 5. Calculated branching ratios vs 100®etween 200 and 2000
K: (@) for the reaction CBCHFCH; + OH — products; (b) for the
reaction CHCH,CH,F + OH — products.
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