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The potential energy surface, including the geometries and frequencies of the stationary points, of the reaction
HFCO + OH is calculated using the MP2 method with 643&(d,p) basis set, which shows that the direct
hydrogen abstraction route is the most dominating channel with respect to addition and substitution channels.
For the hydrogen abstraction reaction, the single-point energies are refined at the QCISD(T) method with
6-311++G(2df,2pd) basis set. The calculated standard reaction enthalpy and barrier heigtit7ateand

4.9 kcal mot?, respectively, at the QCISD(T)/6-311-G(2df,2pd)//IMP2/6-31+G(d,p) level of theory. The
reaction rate constants within 25@500 K are calculated by the improved canonical variational transition
state theory (ICVT) with small-curvature tunneling (SCT) correction at the QCISD(T)/6-31(2df,2pd)//
MP2/6-31G(d,p) level of theory. The fitted three-parameter formulk #s 2.875 x 10713(T/1000}-8° exp-
(—325.0m) cn® molecule* s%. The results indicate that the calculated ICVT/SCT rate constant is in agreement
with the experimental data, and the tunneling effect in the lower temperature range plays an important role
in computing the reaction rate constants.

1. Introduction 2. Calculational Methods

Due to the adverse impact of chlorofluorocarbons (CFCs) on  2-1. Electronic Structure Calculations.The geometries and
stratospheric 0zone and the greenhouse effect, an internationall €duencies of all stationary points (reactants, products, inter-

agreement has been undertaken to remove CFCs from Iarge_mediates, and the transition states) are optimized at the MP2/

scale industrial production and replace them with environmen- El\sliglll;ai_r(i(lglﬁs),sz&llzOfe:{]ergz:owltjhzegren?rtr?: r;hﬁ.nie%)r;igrder
tally acceptable alternativés3 Hydrofluorocarbons (HFCs) are perturbat Y inimu 9y

one class of potential CEC substituents because they have n ath (MEP}2is calculated using the intrinsic reaction coordinate
P y IRC) theory in mass-weighted Cartesian coordinates with a

potential for ozone depletichin addition, these compounds, gradient step size of 0.03 aMtbohr at the MP2/6-3:G(d,p)

having carborrhydrogen bonds, can be oxidized in the atmo- |, 6| of theory. The force constants and Hessians for the selected
sphere by highly reactive radical species, such as OH radicals. points along the MEP were obtained at the MP2/6-&1d,p)

Therefore, the stugly of the rate constants and dynamic§ of thesgey el of theory. For the title reaction, the QCISD(T)/6-3t£G-
small r_nc_)lecules is _of interest to _both experlmental_|sts and (2df,2pd) was employed to refine the energies of the stationary
theoreticians. Considerable attention has been paid to thepoints and selected points along the MEP. Here QCISD(T) is
reactions of HFCs with OH radicaf’ referred to as the quadratic configuration interaction (CI)
HFCO is one of the main oxidation products of several HFCs, calculation including single and double substitutions with a triple
such as CHFCHF, CHF, and CECFH.* An expected contribution to the energy addé#lAll the above calculations
tropospheric removal route for HFCO is by reaction with OH are performed using the Gaussian 03 system of progtams.
radicals via a hydrogen abstraction mecharfisthe dynamics 2.2. Rate Constant Calculations.The rate constants are
for the reaction HFCOF OH — CFO + H,0 has previously calcu_lated using the cgnventio_nql transition state theory (TST)
been studied experimentally and theoretically. Wallington &t al. @nd improved canonical variational transition state theory
gave the rate constakt= 4 x 10-15 cm® molecule® s1 at (ICVT).Y"The ICVT is used in order to treat the threshold region

298 K by means of a photolysis technique, Atkinson €t al. 2S accurately as in the microcanonical va_riational the_rory.
estimated the upper limit of the rate constant to be kD14 The expression of t_he |r_nproved generalized-transition-state-
cm® molecule! s71 at 298 K, and Franciséaeported the rate theory rate constant is written as

constant to bek = 7.0 x 1076 cm® mol™! s™! with the or 5 o -
PMP4SDTQ/6-31%+G(d,p)//UMP2/6-311G(d,p) method at K= '(T,s) = [h®(T)] fVaGdE e ""NCI(E.)

299.3 K. The great differences in the above rate constants for

the title reaction prompt us to further study it. In the present h js Planck’s constantPR(T) is the partition function per unit
work, we attempted to perform a dual-level QCISD(T)/6- volume;S = 1/(ksT), wherekg is Boltzmann’s constant/C is
311++G(2df,2pd)//MP2/6-33G(d,p) calculation to obtain  the maximum of the vibrationally adiabatic ground-state po-
more reasonable rate constants and to predict the activationtential energy curve; anNCT(E,s) is the quantized cumulative
energies of the title reaction. reaction probability at enerdy and reaction coordinate The
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Figure 1. Geometric parameters (distances in angstroms and angles in degrees) of the equilibrium and transition state structures fortthe HCFO
OH reaction at the MP2/6-3#1G(d,p) level. Note:3ref 23; bref 24; cref 25; dref 26.

ICVT dividing surface is located to minimize the improved state theory with small-curvature tunneling correction (ICVT/

generalized-transition-state-theory rate constant, i.e.

kIGT T
JlF&mVT(T) 0

The threshold for reaction in the improved canonical variational
theory isV, [n = 0, s = s/CVT(T)].

Furthermore, the ICVT rate constants are corrected with the
small-curvature tunneling (SCT) transmission coefficint?
The SCT transmission coefficients, which include the reaction-

path curvature effect on the transmission probability, are based

on the centrifugal-dominant small-curvature semiclassical adia-
batic ground-state approximation. In particular, the transmission
probability at energ\e is given by

1

P = L exp20(E)]

where6(E) is the imaginary action integral evaluated along the
reaction coordinate

08) = 2 2\ 2u(IIE — V.S 0

in which the integration limitsS;, and S are the reaction
coordinate classical turning points. The effect of the reaction-
path curvature on the tunneling probability is included in the
effective reduced masges.

SCT), respectively. In the present work, all the vibrational modes
are treated as quantum-mechanically separable harmonic oscil-
lators except for the lowest vibrational two. The hindered rotor
approximation of Truhlar and Chuafigs used to calculate the
partition function of the lowest mode. The evaluations of the
rate constants are performed employing the Polyrate 9.4
programg?

3. Results and Discussion

3.1. Stationary Points. Theoretical investigations of the
HCFO + OH reaction suggest that there exist three kinds of
reaction channels:

HCFO+ OH— CFO+H,0 (R1)
HCFO+ OH— HCFOOH (IM)— FCOOH+ H R2)
HCFO+ OH— FCOOH+ H (R3)

namely “direct hydrogen abstraction (R1)”, “hydroxyl addition
(R2)”, and “hydroxyl substitution (R3)” channels. Four transition
states (TSs), TS1 corresponding to the products GFB,0
(R1), TS2 and TS4 to corresponding to FCOGHH (R2),
TS3 corresponding to FCOOH H (R3), and an intermediate
HCFOOH (R2) are located.

Figure 1 shows the optimized geometric parameters of the
stationary points, including the reactants, products, and transition

The rate constants of the title reaction are computed using states as well as the intermediates, at the MP2/6&d,p) level
three levels of theory, namely, the conventional transition state of theory along with the available experimental d&&® It can
theory (TST), the improved canonical varitional transition state be seen that the theoretical geometric parameters of OH, HCFO,
theory (ICVT), and the improved canonical varitioanl transition H,O, CFO, and FCOOH are in good agreement with the
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35 11.0 kcal mot? higher than reactants. However, the elimination
30 TS3 TS is not obtained from the intermediated HCFOOH to the
] products CFO and #D in this work. The barrier heights of the
iTS2 addition and substitution routes are higher than that of the
S hydrogen abstraction pathway by above 7.0 and 18.0 kcalmnol
S OTST E“ respectively. Therefore, for the reaction HCFODH, the direct

R R hydrogen abstraction is the most favorable channel, while the
y T : addition and substitution routes are much less competitive than
M the direct hydrogen abstraction route. The R1 energetics
-5 information including the reaction energQ[), the reaction
104 enthalpy AH.es «°), the forward classical potential barriar,
5] P1 e and the vibrationallly adiabatic ground-state potential barrier
20.] — (Vo) are listed in Table 1. It can be seen that the predicted
. reaction enthalpy £17.1 kcal mot?) at the QCISD(T)/6-
0 12 311++G(2df,2pd)/MP2/6-31G(d,p) level of theory is about

s ((amu) = bohr) 2.2 kcal r$no’r1 Igrg)er than the ex(peei)mental vaﬁ]é—{gs kcal

Figure 2. Schematic pathways for the HCFDOH reaction. Relative mol~1), but it is much closer to the Francisco re8ui17.4
energies (in kcal/mol) are calculated at the MP2/6-Gi(d,p) + ZPE kcal molY). The obtained forward classical potential barrier
level. height V* (4.9 kcal motl) and the vibrationally adiabatic

. . o . A
corresponding experimental values. The largest deviation of the ground-state potential barrieV,>* (3.2 kcal mof?) at the

bond length is 0.016 A of &F3 in HFCO, and that of the ~ QCISD(T)/6-31}%+G(2df,2pd)//MP2/6-3+G(d,p) level of
bond angles is 0990f H4—05—HS in H,0. For the transition theory are much lower than the predicted corresponding values
state (TS1), the bond*&H4, which will be broken, is elongated ~ (84 kcal mot* and 6.0 kcal mol') by Francisco at the

by 0.130 A with respect to the equilibrium bond length in PMP4SDTQ/6-313+G(d,p)//UMP2/6-311G(d,p) level of theory.
HFCO: the distance of the®+0° bond, which will be formed, In order to compare our theoretical values with the Francisco
is 0.299 A longer than that in the free;®. This means that  results, the QCISD(T)/6-31i+G(2df,2pd)//QCISD/6-3+G-

the transition state structure is more reactant-like, and the (d,p) and CCSD(T)/6-3t+G(2df,2pd)//CCSD/6-3+G(d,p)
reaction will proceed via an early transition state. This is the computations were perf?rmed. The obtainefare-17.1 aTd
expected behavior of Hammond's postulate for exothermic —16.8 kcal mot; AHzeg® are —16.8 and—16.5 kcal mot™;

E (kcal/mol)

reactions. V¥ are 4.8 and 5.2 kcal mo}; and V,&* are 2.9 and 3.2 kcal

A schematic potential energy surface of the CHFOOH mol~1, respectively, at above two levels. These results show
reaction is plotted in Figure 2 at the MP2/6-8%(d,p) level. that our theoretical values should be available for the reaction
As shown in Figure 2, the addition of OH to HCFO produces ©f HFCO with OH.
HCFOOH radical, which lies about 12.0 kcal mbbelow the The harmonic vibrational frequencies and zero-point energies

reactants in energy. HCFOOH can decompose to yield H atom of the reactants, transition states, intermediates, and products
and FCOOH molecule via TS4, and it is found that TS4 is over of the HCFO+ OH reaction are listed in Table 2 at the MP2/

TABLE 1: Reaction Energetic Parameters (kcal mof?) of the Reaction HCFO + OH — CFO + H,0 at Different Levels of
Theory

methods AE VF A AHaog®
QCISD(T)/6-31H+G(2df,2dp)//MP2/6-3+G(d,p) -17.3 4.9 3.2 -17.1
QCISD(T)/6-311+G(2df,2dp)//QCISD/6-3+G(d,p) -17.1 438 2.9 -16.8
CCSD(T)/6-311+G(2df,2dp)//CC/6-3+G(d,p) -16.8 5.2 3.2 -16.5
exptk -19.3

a Reference 27.

TABLE 2: Harmonic Vibrational Frequencies (cm 1) and Zero-Point Energies (kcal mof!) of Reactants, Intermediate,
Transition States, and Products of the Reaction of HCFO with OH at the MP2/6-3+G(d,p) Level of Theory

frequencies (cm')

species ZPE

HFCO theor 3224, 1852, 1396, 1053, 1031, 643 13.2
exptk 2981, 1837, 1343, 1065, 1013, 663

OH theor 3825 5.5
exptP 3570

CFO theor 1995, 1038, 612 5.2
exptF 1862, 1026, 628

H,O theor 4013, 3886, 1623 13.6
exptP 3765, 3651, 1595

FCOOH theor 3835, 1901, 1388, 1203, 949, 769, 602, 579, 552 16.8
exptF 3618, 1866

HCFOOH theor 3845, 3173, 1406, 1328, 1291, 1137, 1022, 956, 592, 518, 272, 194 225

TS1 theor 3806, 2001, 1516, 1051, 978, 845, 686, 473, 227, 134, 124, 2628i 16.9

TS2 theor 3739, 3225, 1682, 1397, 1159, 1073, 928, 666, 529, 370, 304, 923i 21.6

TS3 theor 3808, 3373, 2273, 1334, 1119, 1005, 922, 673, 530, 504, 358, 658i 22.7

TS4 theor 3850, 1839, 1304, 1178, 971, 847, 776, 746, 534, 521, 443, 1789i 18.6

aReference 282 Reference 29 Reference 30¢ Reference 26.



422 J. Phys. Chem. A, Vol. 112, No. 3, 2008 Wang and Li

25

2.0
~ 204
g
g 1.8 15 ZPE G
172 I V
o)) | C H“ -:(\ a
= OH © 104
< 1.6- g
~ —
@ r g °
S 1.4 CF =
=1 = 0
8 53
-é’ 1.2 T'eor -5+ VMEP
o] -10 1
=
3 1.0 Fowe
as] -15-

45 4.0 05 00 0.5 1.0 15 15 40 056 00 05 10 15

12

s ((amu) " bohr) s ((amu)l/z bohr)

Figure 4. Classical potential energyvep, zero-point energy (ZPE),
and ground-state vibrationally adiabatic potential en&§yas functions
of s (@amu’2 bohr) at QCISD(T)/6-31+G(2df,2pd)//MP2/6-33+G(d,p)
level.

Figure 3. Changes of the main bond lengths (in angstroms) as functions
of s (amu’2 bohr) at the MP2/6-31G(d,p) level.

6-31+G(d,p) levels of theory along with the available experi-
mental dat&>28-30 |t could be seen that the calculated harmonic
vibrational frequencies of the reactants and the products were¥ABL|% 3 gtoﬁ[ﬂe_lljﬁ(?k Prz)1pse_[_t)|es dD?termlneg gy the |
consistently larger than the corresponding experimental data., fanstion sState theory and Improved Canonica
The most discrepancies between the theoretical results andcﬁg’ufrl]_lazlg SRLGEIC%XJ ) Methods for the HFCO + OH

experimental data are generally within 7.5%. This shows that

the calculated frequencies are in agreement with the experi- T(K) s (bohr) Ve Va®

mental data, and our theoretical frequencies are smaller than  SP* 0.000 5.0 21.7
Francisco’s reported data. It is well-known that the frequencies ~ 250.0 0.016 4.9 21.7
calculated by the MP2 method are larger than the experimental ggg'g 8'82 j'g ﬁ;
frequencies, and in principle, these theoretical frequencies should 350 g 0.022 48 21.7
be rescaled, i.e., multiplied by a factor of about 0.88 to approach 400.0 0.036 4.8 21.6
the experimental frequencies. Generally, the discrepancies of 500.0 0.052 4.7 21.6
the rescaled theoretical results and experimental data could be ~ 600.0 0.057 4.6 21.5
within 5%. As mentioned above, the discrepancies of our results ;88'8 8'822 j'g %ii
and t.he expenmenta}l data are close to thI'S value..AIso, the 1000.0 0.085 a4 214
transition states obtained here are reactant-like transition states, 1250.0 0.097 4.3 21.3
which means that the structures of the transition states are closer  1500.0 0.105 4.2 21.2
to those of the reactants. It is guessed that, due to the calculated %88-8 8-%; i-i gii
frequencies of both the reactants and transition states not being 9500.0 0.126 40 510

rescaled, the corresponding discrepancies might be partly
counteracted; therefore, the frequencies are not rescaled in the 2The bottleneck properties of this row are based on conventional
present paper. In addition, it can be also seen that the transitionT ST, and those of other rows are based on CVT.
state possesses only one imaginary frequency with the absolute The curves of the classical potential enerfyér), ground-
value 2628 cm!, and the barrier is narrow; therefore, the state vibrational adiabatic potential ener§%%), and the zero-
tunneling correction in the calculation of the rate constants is point energy (ZPE) along the MEP as functions of the intrinsic
significant. reaction coordinates| of the title reaction are presented in
3.2. Reaction-Path Properties.As analyzed above, the Figure 4 at the QCISD(T)/6-311+G(2df,2pd)//MP2/6-3%+G-
dominant pathway of the HCF® OH reaction is the hydrogen  (d,p) level of theory. As shown in Figure 4, théep(s) and
abstraction by hydroxyl, i.e., HCF® OH— CFO+ H,0 (R1). the V,8(s) energy curves of the reaction are very similar in shape.
In this section, only the reaction-path properties of reaction R1 The position of the transition state does not greatly shift. To
are discussed. further investigate the variational effect in the computation of
Figure 3 shows the change of the bond distances (angstroms)yate constants, the dynamic bottleneck properties of the title
along the minimum energy path as a function of reaction reaction based on the canonical variational transition state
coordinates (amu'2 bohr) at the MP2/6-3tG(d,p) level of approach were calculated and are listed in Table 3. The
theory. It is shown that the lengths of the breaking bode- C  bottleneck properties indicate the positions of the variational
H* and the forming bond H-O° change strongly near the transition state deviated from the saddle poirg &#t0.0 amid/’2
transition stateq = 0), while the other bond lengths remain bohr at various temperatures. It can be seen from Table 3 that
almost unchanged in the course of the reaction. The change ofthe largest deviation in the temperature range-28800 K is
the G—H* bond length remains invariant until the intrinsic at 2500 K, wheres = 0.126 am#&?2 bohr, and the corresponding
reaction coordinate reaches abet@.50 ami/2 bohr, where it Vuep andV,C values are 4.0 and 21.0 kcal mg|respectively.
starts increasing sharply with increasmdvieanwhile, the ¥— Since for the conventional transition state=f 0), Vyep and
O° distance decreases rapidly until the intrinsic reaction V.° take the values 5.0 and 21.7 kcal mblrespectively, the
coordinate reaches 0.75 aHfbohr. During this process, the largest deviationsyyep(s=0.126)— Viep(s=0) = 1.0 kcatmol !
C!'—H* bond breaks and the*H0® bond forms. The geometry  and V,5(0.126) — V,5(s=0.000) = 0.7 kcal mot?, are very
changes mainly take place in the region at®st —0. 50 to+ small. This implies that the configurations of the transition states
0.75 amé'2 bohr. and variational transition states are close, and the effect of
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frequencies as functions af(amu’? bohr) at the MP2/6-3£G(d,p) 250-1600 K.
level.

which is similar to the range of the distance changes of the

variational corrections on the calculation of the rate constant breaking and forming bonds in Figure 3. Therefore, the mode
of the title reaction should not be obvious. In fact, variational »(C'—H*—0?) can be referred to as the “reactive mode”. Most
TST is required to be used for (almost) barrierless reactions. of the other frequencies do not change significantly on going
The corresponding energy gradients around the TS location arefrom the reactants to products.
small, and the structural parameters (and the derived rotational 3.3. Rate Constant CalculationThe TST, ICVT, and ICVT/
constants and low-frequency motions) are changing rapidly in SCT are employed to calculate the rate constants for the HFCO
this region. In the present reaction, the transition state structure+ OH — CFO+ H,0 reaction in the temperature range 250
is more reactant-like, the barrier height is not large, and the 2500 K. The rate constants and the corresponding experimental
reaction will proceed via an early transition state. Here, the values are listed in Table 4. Figure 6 plots both the theoretical
application of the improved canonical variational transition state and experiment&Pf°rate constants versus 100GK 1) for the
theory could make us believe that the computational preexpo-title reaction. From Figure 6, it could be seen that the rate
nential factors are more reliable. constants of ICVT/SCT are close to the experimental data in

Figure 5 describes the changes of the generalized normal-ref 6, but they are higher than the experimental data in ref 9.
mode vibrational frequencies along the MEP at the MP2/6- Francisco’s reported rate constants are the lowest with respect
31+G(d,p) level. In the negative limit of, the frequencies are  to refs 6 and 9 as well as our theoretical values. This indicates
associated with the reactants, and in the positive limg, dfie that Francisco’s predicted barrier height (8.4 kcal mplvith
frequencies are associated with the products. There are 1lthe PMP4SDTP/6-31t+G(d,p)//UMP2/6-311G(d,p) method
vibrational frequencies in the vicinity of the transition state. For is too high for the title reaction. The difference between the
the vibrational mode(C'—H*—0O?) (solid line), it is connected ~ TST and ICVT rate constants is quite small, which indicates
to the stretching vibrational mode of the breaking-€* bond that the improved canonical variational effect is very small for
whens < 0 amd’? bohr. Whers > 0 amd’? bohr, the vibrational ~ the calculation of the rate constants. At 250 K, the ICVT/SCT
modev(C'—H*—0) is connected to the stretching vibrational rate constant is larger than that of ICVT by a factor of more
mode of the ¥—0° bond. From Figure 5, it can be seen that than 18.0. As the temperature increases, the predicted ICVT
the frequency of the vibrational mod¢C'—H*—0%) changes rate constant becomes consistent with the ICVT/SCT rate
sharply in the range frons = —0.50 to +0.75 amd&? bohr, constant. These indicate that the small-curvature tunneling effect

TABLE 4: Forward Reaction Rate Constants (cn® molecule ! s71) of the HFCO + OH — CFO + H,O Reaction in the
Temperature Range 256-2500 K

T (K) TST ICVT ICVT/ISCT
250.00 7.25< 1076 3.68x 107 6.97x 10715
295.00 1.86x 10715 1.16x 10715 1.09x 10714
298.00 1.96x 1071° 1.24x 1071 1.14x 10714
305.00 2.21x 107 1.43x 10715 1.19x 1071
350.00 4.36x 10715 3.15x 10°% 1.68x 1071°
400.00 7.95¢ 1071 6.15x 10 2.33x 1074
500.00 1.96x 1014 1.59x 1074 3.90x 10
600.00 3.80x 107 3.08x 10+ 5.84x 107+
700.00 6.39% 104 5.08x 104 8.26x 10
800.00 9.79% 10 7.60x 1074 1.10x 10713
1000.00 192 102 1.42x 10713 1.81x 10713
1250.00 3.5% 1013 252x 1071 2.95x 10713
1500.00 5.83% 1013 3.92x 108 4.39x 10°%3
1750.00 8.63% 10°%® 5.61x 10 6.10x 10723
2000.00 1.20«< 1012 7.57x 10713 8.07x 1073
2500.00 2.0 10°%? 1.22x 1072 1.27x 10712

a Experimental values are 1.00 10714 from ref 6 and 4.00x 10725 for ref 9, and the previously computed value is %QL.0-1¢ for ref 8.
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is significant at low temperature. Furthermore, the forward (2) Soloman, SNature199Q 347, 6291, and references therein.

ICVT/SCT rate constants within 25500 K are fitted by the (3) Scientific Assessment of Stratospheric Ozuverld Meteorological
. . . 3 11 Organization Global Ozone Research and Monitoring Project, Report No.
three-parameter expression in units of‘amolecule* st as 20; 1989; p 1.
follows: (4) Wu, J.Chem. Phys. Let2002 369, 504.
(5) Fontanna, GJ. Fluorine Chem2001, 109, 113.
k= 2.875x 10 *(T/1000}-* exp(—325.0M) (6) Atkinson, R.; Baulch, D. L.; Cox, R. A;; Hampson, R. F., Jr.; Kerr,

. . . J. A.; Rossi, M. J.; Troe, Jl. Phys. Chem. Ref. Date997, 26, 521.
In the present work, the discrepancies of the computational  (7) Atkinson, R.J. Phys. Chem. Ref. DatB994 Monograph No. 2.

and realistic reaction rate constants seem to be mainly originated (8 Fralf;_CiSCO, J. 81 Chelm- Phys1992 96, 75$|?7—76'g>1-I

from the errors of the calculated potential energy surface. 14529) Wallington, T. J.; Hurley, M. DEneiron. Scl. Technol1993 27,
Although the curvature and tunneling effects of barrier have  (10) Head-Gordon, M.; Head-Gordon, Them. Phys. Letl994 220,
been partly corrected, the rescaling of frequencies and nonhar-122;J. Chem. Phys1995 103 962.

monic properties of the vibrations are not still taken into 19&11)16?52% M. J.; Head-Gordon, M.; Pople, J. @hem. Phys. Lett.

consideration. (12) Head-Gordon, M.; Pople, J. A.; Frisch, M.Ghem. Phys. Lett.
1988 153 503.
4. Summary (13) Fukui, K.J. Phys. Cheml970Q 74, 4164.
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