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The multichannel reactions (1) HO&l F — products and (2) HOB# F — products have been investigated

using the dual-level direct dynamics method. The minimum energy paths (MEPS) are calculated at both the
MPW1K/6-311G(d,p) and QCISD/6-311G(d,p) levels, then the single-point energies are further corrected at
the QCISD(T)/6-311+G(3df,3pd) level of theory. There are hydrogen-bonded complexes with the energies
less than those of the reactants or products located at the entrance or exit channel of both hydrogen abstraction
reactions; while for the halogen abstraction channels only one complex exists at the reactant side in the
bromine abstraction channel. The rate constants are evaluated by the improved canonical variational transition-
state theory (ICVT). The agreement of the rate constants with available experimental values for two reactions
at room temperature is good. Theoretical results indicate that for the reaction-HBClydrogen abstraction
channel leading to the formation of HF CIO will predominate the reaction over the whole temperature
range, and the reaction of HOBr F may proceed mainly through the bromine abstraction channel at the
lower temperature while the contribution of hydrogen abstraction channel will become significant as the
temperature increases. Because of lack of the kinetic data of these reactions, the present theoretical results
are expected to be useful and reasonable to estimate the dynamical properties of these reactions over a wide
temperature range where no experimental value is available.

Introduction HOCI + F and HOBr + F reactions? Are the reaction
mechanisms of R1 and R2 similar to those of the HOCCI

and HOCI+ H reactions? To gain a deep insight into the
mechanisms of the above two reactions (R1 and R2), further
theoretical studies are very desirable. To the best of our
knowledge, little theoretical attention has been paid to the
reactions of F atoms with HOCI and HOBr.

Here, a dual-level approach (X//&)°is employed to study
the kinetic nature of the reactions. In this methodology,
information on the potential energy surface (PES) is obtained
F + HOC|I— HF + CIO (R1a) directly from ab initio or density functional theory (DFT)

. electronic structure calculations. Subsequently, by means of the
CIF + OH (R1b) Polyrate 8.4.1 prografi,the rate constants are calculated using
The total rate constants were determined at room temperature the variational transition-state theory (VTST)' proposed by
On the basis of their study they concluded that the hydrogen Truhlar aqd co-workers. The.companson between theoretical
abstraction channel is the major channel with the ratitygk, ~ and experimental results is discussed.
= 0.76 £ 0.09. For the reaction of F atom with HOBr:

Hypohalous acids (HOCI| and HOBr) are known to be an
important atmospheric reservoir for Gl@nd BrQ, and thus
they act as intermediates promoting ozone depletion in the polar
stratospheré:* Photolysis appears to be the principal means
of their destruction in the stratosphere, while the reactions of
HOCI and HOBr with atmospheric radical species also attract
attention in kinetic modeling study. Vogt and Schinéistudied
the kinetics of the reaction HOCI with F atom:

Calculation Methods
F+ HOBr— HF + BrO (R2a)

The electronic structure calculations are carried out using the
— BrF + OH (R2b) g

Gaussian 98 program. The geometries and frequencies of alll
the stationary points, including reactants, complexes, transition

Mooks et aFf reported the total rate constant of (2£00.7) x ; . .
states (TSs), and products involved in two reactions, are

10711 cm® molecule®! s71 at 298 K; however, the branching imized lovel I dified e
ratios were not given in the literature. Moreover, no Arrhenius 2ptlm|ze at tw(;) Iiveksf’ n'amel\)/qP%OlKl 1e dPer dW"’?”g
expression was reported for both reactions. Recently we haveL-Parameter model for kinetics ( ) and quadratic con-

investigated the mechanisms of the analogous reactions of Hoclfiguration interaction with single and double substitutions
with Cl and H atomg. The calculations show that these two (QCISD) levels with the 6-311G(d,p) basis set (i.e., MPW1K/

reactions proceed practically via Cl-abstraction. Thus, the 8-311G(d.p) and QCISD/6-311G(d,p)). The minimum-energy

questions arise: which is the major abstraction channel for the Path (MEP) is calculated by the intrinsic reaction coordinate
(IRC) theory at above two levels to confirm that the TS really

* Corresponding author. Fax-+86-431-8498026. E-mail: liyl21@  connects with minima along the reaction path. To yield more
mail.jlu.edu.cn; liujyl21@163.com. reliable reaction energies and barrier heights, single-point

10.1021/jp050916y CCC: $30.25 © 2005 American Chemical Society
Published on Web 09/16/2005



9124 J. Phys. Chem. A, Vol. 109, No. 40, 2005 Wang et al.

calculations for the stationary points are carried out at the
quadratic configuration interaction with single and double

o _ o ! . 1.59 0.96
substitutions and perturbative inclusion of connected triple 1763 (0.97)
substitutions with the more flexible basis set, 6-3#1G(3df,- @_{m@ @[o,_n;?]@
3pd), using the QCISD and MPW1K optimized geometries. On

the basis of initial information, the rate constant for each reaction
channel is calculated using the improved canonical variational

s . 91
transition-state theory (ICVT¥ The 2Py, and 2Pz, electronic (3_91 ) .64
states of the fluorine atom, with a 404 chsplitting due to the W @m@

spin—orbit coupling, are used in the calculation of the electronic
partition functions. Finally, the total rate constant is obtained 1.74

S 1.77
from the sum of the individual rate constant. @ﬁ @ ([1;2 (O]
0.96

Results and Discussion

1. Stationary Points. The geometric parameters of all the
stationary points (reactants, complexes, transition states, and
products) optimized at the MPW1K/6-311G(d,p) and QCISD/
6-311G(d,p) levels are given in Figure 1 together with the

available experimental valués:?> The geometries of the CR,,

reactants and products are in reasonable agreement with the

experimental values to within the maximum errors of 1% and 1.00

4% at the MPW1K and QCISD levels, respectively. For e 1.93

hydrogen abstraction channel Rla (or R2a), there are two  (1.34) \ "?'569 ‘

hydrogen-bonded complexes GR(CRz5) and CR; (CP:y) ]37'30(]132'.|8°} e A g 96
(135.4%) (80.5°)  (96.5%) 0.97)

located at the reactant and product sides, respectively, in which
hydrogen bonds are formed between F atom and H atom of
HOCI and between H atom of HF and O atom of CIO, with the

TSla TS1b

H—F and H-O bond distances being 2.25 and 1.85 A, 1.82 7290
respectively, and other bond distances are similar to those of 1.87) AQ (74.5%)

the reactant (HOCI) or the products (HF and CIO). The other @ 104.4° 0.96 " @
two complexes (CR and CR,) present the similar description. (102.4°) (0.96) é‘_lj)
While for the halogen abstraction channels (R1b and R2b), only o

one complex is found at the entrance in reaction R2b. In the
transition state structures of two hydrogen abstraction reactions,
i.e., TSla and TS2a, the breaking bonds®are both elongated
by 4% compared to the HO regular bond lengths in isolated
HOCI and HOBr at the MPW1K level; and the forming bonds
H—F are both stretched by 53% with respect to the equilibrium
bond lengths of the molecule HF. The elongation of the forming
bond is greater than that of the breaking bond, indicating that
both transition states are reactant-like. On the contrary, two
transition states (TS1b and TS2b) of halogen abstraction 2150
reactions (R1b and R2b) are product-like, since the stretching 2275 (7929
of the breaking bond (14 and 13%) is greater than that of the 99.7° 7 0.96
forming bond (7 and 3%). The similar character can be @
concluded from the geometrical structures optimized at the CRyp TS2b
QCISD/6-311G(d,p) level. Figure 1. Optimized geometries of HOCI, HOBr, HF, OH, CIO, CIF,
The harmonic vibrational frequencies are calculated at the Efmi@'lﬁ/%&sff&fRf%&&?ﬁ?&’aﬁli E?]Ufat::r’:tsrizggssgﬁgssabare
above two levels tq characterize the nature pf each critical pomt brackets are those obir;ine d at the QCISD /6_2 11G(d.p) level an% the
a_nd make Zero-p0|n_t energy (ZPE) C_orrectlons_. The harmqnlc experimental valueX; 2?2 respectively. Bond lengths are in angstroms,
vibrational frequencies of all the stationary points along with gnq angles are in degrees.
the available experimental daté®23-2” are shown in Table 1.
The frequencies are in good accordance with the available The reaction enthalpieaH,9s°) of HOCI + F and HOBr+
experimental values with the maximum error within 9.7% at F calculated at several levels are listed in Table 2. The calculated
MPW1K level. And most of the values obtained at the QCISD/ enthalpies for the four reaction channels aréd1.21 (R1a),
6-311G(d,p) level match well with the experimental results —5.30 (R1b),—38.52 (R2a), and-9.44 (R2b) kcal moi! at
except that for the product radical BrO. The QCISD frequency the QCISD(T)//MPW1K level, respectively, and they are
of BrO is 655 cnt?l, which slightly underestimates the experi- —40.48,—5.05,—37.94, and—-9.24 kcal mot*! at the QCISD-
mental one, 779 cmt.2” The complexes, which are located at (T)/QCISD level. As can be seen from the four reactions, the
the entrance or exit channels, have all real frequencies. All of enthalpies calculated at the two higher levels agree mutually
the transition states are confirmed by normal-mode analysis towell. Moreover, theAH,gg® values of reactions R1a, R1b, and
have one and only one imaginary frequency, which take the R2a are in good accordance with the experimental values of
values of 109§TS1a), 104§TS1b), 107§TS2a), and 55QTS2b) —41.74+ 3.3, —4.25+ 3.1, and—40.14 £+ 4.3 kcal mot?,
at the MPW1K level, respectively, and the corresponding values which are derived from the experimental standard heats of
are 1266, 1043, 1203, and 598 at QCISD level. formation (HOCI,—18 £ 3 kcal mol?; F, 19.04+ 0.1 kcal

80.0°  100.0° WO097)
(i) (79.0°) (97.5°) &



Reactions of F Atom with HOCI and HOBr

J. Phys. Chem. A, Vol. 109, No. 40, 2008125

TABLE 1: Calculated and Available Experimental Frequencies (in cnt?) of the Stationary Points at the MPW1K/6-311G(d,p)

and QCISD/6-311G(d,p) Levels

MPW1K/6-311G(d,p) QCISD/6-311G(d,p) exptl
HOCI 781, 1285, 3959 702, 1242, 3872 724, 1239, 3609
HF 4309 4250 4138
clo 848 770 85¢%
OH 3886 3789 3738
CIF 811 721
HOBr 665,1212, 3965 603, 1183, 3873 620, 1163, 3615
BrO 711 655 779
BrF 704 633
CRu 86, 218, 285, 788, 1273, 3936 55, 110, 184, 704, 1236, 3858
CPra 60, 204, 419, 583, 877, 4123 59, 192, 437, 585, 792, 4127
CRea 72,228,297, 671, 1194, 3948 51, 123, 206, 603, 1173, 3860
CPas 53, 209, 450, 604, 733, 4089 51,199, 471, 611, 673, 4096
CRap 224,277, 357, 674, 1265, 3817 203, 210, 327, 595, 1239, 3766
Tsla 109§ 146, 328, 808, 1233, 2797 126642, 305, 733, 1231, 2374
Ts1b 1049, 190, 364, 519, 1046, 3909 104334, 335, 501, 1003, 3799
TS2a 1076 122, 325, 681, 1166, 2833 120322, 315, 613, 1184, 2439
TS2b 550, 176, 314, 552, 982, 3917 59359, 306, 517, 961, 3803

aFrom ref 23.> From ref 24.¢ From ref 19.9 From ref 17.¢ From refs 25 and 26.From ref 27.

TABLE 2: Enthalpies (in kcal mol ~) Calculated at Various Levels and Available Experimental Values

levels HOCHH F—HF + CIO HOCI+ F— CIF + OH HOBr+ F— HF + BrO HOBr+ F— BrF + OH
MPW1K —31.66 0.30 —29.46 —4.54
QCISD(T)/IMPW1K —41.21 —5.30 —38.52 —9.44
QCISD —32.65 —0.59 —31.12 —4.93
QCISD(T)/IQCISD —40.48 —5.05 —37.94 —9.24
exptP —41.74+ 3.3 —4.25+3.1 —40.14+ 4.3

aFrom refs 17 and 28.

mol~1; OH, 8.85 kcal mot!; CIF, —12.1 kcal mot! CIO 24.4
kcal mol?; HF, —65.14+ 0.2 kcal mot?!; HOBr, —14 + 2
kcal molt; BrO, 30+ 2 kcal mol?).17:28 Due to lack of the

kcal mol for R2b relative to the reactants at the QCISD(T)//
MPW!1K level, implying that the Br-abstraction channel may
have important contribution to the whole rate constant. In

experimental heats of formation for BrF species, it is difficult addition, at the QCISD(T)//QCISD level, the barrier heights of
to make a direct comparison between theory and experimentTSla, TS1b, TS2a, and TS2b aré.43, 12.77, 0.38, and2.30
for the enthalpy of reaction R2b. However, in view of the good kcal mol™2. It can be found that the results obtained from the
agreement obtained above for other three reactions, it is expectedwo higher levels agree well mutually, i.e., H-abstraction will
that the calculated enthalpies of reaction R2b are reliable. be the major channel for reaction R1 and Br-abstraction may
A schematic potential energy surface of the title reactions play an important role for reaction R2. On the basis of the above
with zero-point energy (ZPE) corrections is plotted in Figure calculations, we find that the MPW1K method with much less
2, parts a and b. Note that the energy of reactant R is set tocomputational expense is available and reliable compared with

zero as a reference. For hydrogen abstraction chantie¢HBCl
— HF + CIO (R1a) or H HOBr— HF + BrO (R2a), complex
CRy4 or CRy5 with the relative energy-2.28 or —2.59 kcal

mol~1 at the QCISD(T)//MPW1K level is first formed, then
followed by a reactant-like transition state to form the other

complex CRyor CPy, which is about 4.12 or 4.82 kcal n1dl
more stable than the products HFCIO or HF + BrO. As to

the QCISD method, which is very expensive. Thus, in the
present study, we employ the QCISD(T)/MPW1K method to
refine the potential energy surface and calculate the rate
constants.

2. Dynamics Calculations.Figure 3 depicts the classical
potential energy curveMyer(s)), the vibrationally adiabatic
ground-state potential energy curxg$(s)), and the zero-point

the halogen abstraction channels (R1b and R2b), only one wellenergy (ZPE) curve for channel R1a as a function of the intrinsic

is found at the reactant side of the reactior-FHOBr — OH
+ BrF (R2b). For two channels of the reactionHFHOCI, the
potential barrier heights are0.60 and 22.55 kcal mot at the

reaction coordinats. Note that the maximum of the potential
energy profile at the QCISD(T)//MPW1K level is slightly shifted
in the s direction in Figure 3. The similar feature can be drawn

lower MPWI1K level, respectively; even at the higher QCISD- for other three reaction channels.

(T)/6-311++G(3df,3pd) single-point level, the barrier height The PES information for each reaction obtained at the
of the Cl-abstraction channel is still higher than that of the QCISD(T)/6-311%+G(3df,3pd)//MPW1K/6-311G(d,p) level is
H-abstraction channel nearly 12 kcal mylwhich indicates put into the Polyrate 8.4.1 prograhto calculate the VTS®-14

that the H-abstraction channel (R1a) will dominant the reaction rate constants over the temperature range from 200 to 2000 K.
F + HOCI over the entire temperature range and the Cl- The rate constants for each reaction channel are calculated by
abstraction channel will be negligible. As for the reactior-F  the conventional transition state theory (TST) and the improved
HOBr (R2), the calculated potential energy surface is different canonical variational transition-state theory (ICV¥ ) he total
between two levels. It can be seen from Figure 2b that at the rate constants for the title reaction are obtained from the sum
MPW1K level the barrier height of the H-abstraction channel of the individual rate constants associated with the two channels.
(R2a) is lower than that of the Br-abstraction channel (R2b) Note that it is found that although for all the reactions the
with values of—0.95 and 6.42 kcal mot, respectively. This is dynamical bottleneck actually do not occur at the saddle point,
similar to the potential energy surface of reaction R1. While the locations are very close to the saddle point, with the most
the energies of two saddle points aré&.36 for R2a and-3.28 furthest shift about 0.1(amtj bohr at the QCISD(T)//MPW1K



9126 J. Phys. Chem. A, Vol. 109, No. 40, 2005 Wang et al.

a A
TS1b 104
12.77°
(25.41)° 1 ZPE
10.07 11.28"“;\ ~ 04
- 7 2SS )
g ' £
L —8 104
: —— TSla <
& -1.43° . Z
< 00+ \
Q g 2800 “ CIF+OH 5 204
N NI4T 113 N o533 5 Ve
Jé TR, 060" 1 (-0.88) = a
5 228 -5.598 = 304
ki [2.41] [0.02° £
- ’ A‘
100 HF+CIO -40 VMEP
-40.76°
(-32.93)¢
4484 2149 .50
. d - T T T T T T T T T T T T T T T
G707 3194 45 40 05 00 05 10 15 20
CPy, 12,
[-‘;g.g};b s (amu) “bohr
) Figure 3. Classical potential energy curve/ep), ground-state
ibrationally adiabatic energy curv¥/'€), and zero-point energy curve
aCalculated at the QCISD(T)/6-311++G(3df, 3pd)/MPW IK/6-311G(d, p) level Vi ! '
bCalculated at the MPW1K/6-311G(d, p) level (ZPE) as functions of (amu}’2 bohr at the QCISD(T)/6-3Ht+G-
cCalculated at the QCISD(TY/6-311++G(3df, 3pd)/QCISD/6-311G(d, p) level (3df,3pd)//IMPW1K/6-311G(d,p) level for theF HOCI— HF + CIO.
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0.9 - A
aCalculated at the QCISD(T)/6-311++G(3df, 3pd)/MPW1K/6-311G(d, p) level )
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Figure 2. Schematic pathways for the reactions (a)fFHOCI and 1 \
(b) F+ HOBr. 0.54
. 044
level. Thus, it is reasonable to calculate the rate constant using - / o
the variational transition state theory. 034 /A/A o
The temperature dependence of thebranching ritifss, kip/ 0.2 R A \o\kZa/kz
ki, kodko, andkop'ks is exhibited in Figure 4, parts a and b. From O
Figure 4a, we find that chloride abstraction channel is negligible *" ] ©
due to the higher barrier height, while the hydrogen abstraction o.o . ; ' : ; '
is the predominant or exclusive channel for reactioh HOCI 0 1 2 3 4 5
over the whole temperature range with the ratidkafk; close 1000/T (K™

to unity. The H-abstraction mechanism we obtain is in accord Figyre 4. Plot of the calculated branching ratio vs 10D@etween
with the experimental result reported by Vogt and Schindller, 200 and 2000 K for the (a) B HOCI and (b) F+ HOBr.

although there is some discrepancy between the calculated and

experimental branching ratio (1.0 vs 769 %). With respect been done to determine the ratio of the reactioit HOBr. It

to the reaction of F- HOBr, Mook et alf assumed that the is seen from Figure 4b that the Br-abstraction leading to the
major products are BrO and HF by analogy with the result for product BrF + OH dominants the reaction at the lower
F + HOCI. However, up to now, no further experiment has temperature, while the contribution of H-abstraction prevails
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Y

TABLE 3: Rate Constants (in cm® molecule™* s™1) for the —o—ky,
Reaction HOX + F (X = Cl or Br) in the Temperature ek
Range 206-2000 K ’ b

A kl

(a) HOCI+ F2 1EA12 o —n—ref5

T(K) kia kap k exptl

200 5.11x 107! 3.54x 10725 5.11x 1071

225 4.64x 10711 9.10x 1024 4.64x 1011

250 4.35x 10711 1.24x 1022 4.35x 10711

275 4.17x 1011 1.06x 1021 4.17x 1011

298 4.06x 10711 558x 1021 4.06x 1011 (4.9+ 0.6)x 10°11b
300 4.05x 101! 6.38x 102! 4.05x 10711

400 3.91x 1011 956x 1071 3.91x 10711

500 4.04x 10711 2.08x 10°Y7 4.04x 1071 N
600 4.30x 1071 1.71x 10716 4.30x 101 .
800 5.02x 10711 2.61x 10715 5.02x 10711

1000 5.88x 1011 1.45x 1074 5.88x 1071 T T T
1200 6.82x 1071 4.78x 1014 6.82x 1071 :
1500 8.32x 101! 1.68x 1013 8.34x 1071 1000T (K)
2000 1.10x 10710 6.54x 10713 1.11x 10710

1E17 e

7
N
J

Rate constant (cm’molecule™s™)

—e—k
C
HOBr + F iy
T(K) kaa kan ko exptl —o—k,
1E-9+
200 9.71x 107! 8.80x 10710 9.77x 10710 /Q —v—ref.6
225 8.03x 10711 4.44x 10710 524x 10710

250 6.98x 101 2.60x 1070 3.30x 10710

275 6.28x 1011 1.69x 10710 2.31x 10710

298 5.83x 10711 1.23x 10720 1.81x 10710 (2.0 0.7) x 10-20d
300 5.80x 10711 1.20x 10710 1.78x 10720

400 4.93x 10711 4,90x 1011 9.83x 1071

500 4.75x 10711 3.08x 1071 7.83x 10711

600 4.82x 10711 2.38x 10711 7.20x 1011

800 5.27x 10711 1.88x 101! 7.15x 1071

1000 5.93x 10711 1.76x 10711 7.69x 10711

1200 6.68x 10711 1.77x 10711 8.45x 1071 12

1500 7.94x 10711 1.89x 1011 9.83x 10710 0 1 3 4 5
2000 1.03x 10710 2.22x 10711 1.25x 10710 1000T (K™

2 kiaandksy represent the ICVT rate constants of reactions R1a, R1b, Figure 5. Plot of the ICVT rate constants calculated at the QCISD-
andk; represents the total rate const&itcalculated from the sum of  (T)/6-311H-+G(3df,3pd)//MPW1K/6-311G(d,p) level and the available
two ICVT rate constants. From ref 5.¢ kya andkay represent the ICVT experimental valuesversus 100®etween 200 and 2000 K for the (a)
rate constants of reactions R2a, R2b, &ndepresents the total rate  F + HOCI and (b) F+ HOBr.
constanfR2 calculated from the sum of two ICVT rate constafitsrom
ref 6. (X = Cl and Br). The rate constant calculations are carried out

using the variational transition-state theory (VTST) at the

over the Br-abstraction and becomes more important above 400
) QCISD(T)/6-311#+G(3df,3pd)//IMPW1K/6-311G(d,p) level over
K. For example, théizifk; ratios are 11% at 200 K, 50% at 400 .y iqe temperature range of 26R000 K. The total rate

E’ and 81%‘;&'[ 15(.)0 K. %onsequehntlz, the H-abstraction ChalnneIconstants of the title reactions agree well with the available
e‘IC'ESFCS\/tT?artT;acj:grngtztnt\ga ali Igngrtrtlir?c?tglr?;ltjéec'onstants experimental values. It is shown that for the-FHOCI reaction,

K al ith th labl & "ib tal valbbare listed | the. reaction occurs excluswely via the hy_drogen e}bstractlo.n,
1aiong wi € available experimental vaiaeare isted in while both hydrogen and bromine abstractions are involved in
Table 3a anﬂ F|g|ure|‘ 5%‘ It can bea f(_)u_nd th‘?jt at the room the F+ HOBr reaction, and the hydrogen abstraction is preferred
te_r':;pet;]ature the ca cutalte rlaéte Zogslﬂt('f Elsn 900 1 g_glrleenrlgnt when the temperature is higher than 400 K. The three-parameter

wi e experimental valde (4. -6) x c expressions (in cAmolecule® s™2) for the title reactions within

molecule’* s™%. Similar conclusion can be drawn for reaction _ 1101
R2 from Table 3b and Figure 5b. At room temperature the ioggzlogolggfgjex:('fggé % T-0%exp(172.4T) andke

calculated rate constant agrees well with the value reported by
Mooks et alf

Finally, to provide estimate for the kinetics of the reactions
in other temperatures where no experimental values are avail-
able, the three-parameter fits for the ICVT rate constants for
the title reactions within 2062000 K give the following
expressions (in cihmolecule? s™):

o

Rate constant (cm’molecule’'s™)
m m
2 =5
1 1

2
1
[}
4
}
|
o
\\\o
A
L \
|
|
[
J

N
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