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Ab initio calculations at different levels of theory and using several basis sets have been performed for the
title two-channel hydrogen-abstraction reactions CH3OH + Cl and Br. These calculations have shown that,
similar to CH3OH + F, both reactions proceed via formation of intermediate complexes. Rate constant
calculations for this type of reactions have been performed using the equations developed in Jodkowski, J.
T.; Rayez, M.-T.; Rayez, J.-C.; Berces, T.; Sandor, D.J. Phys. Chem.1998, 102, xxxx. The very low energy
barrier for the hydroxymethyl channel of the CH3OH + Cl reaction obtained at the G2 level explains the
relatively high value of the rate constant for this almost thermoneutral reaction. The very weak negative
temperature dependence of the rate constant leading to CH2OH + HCl observed experimentally is also well
reproduced by the calculations. For the CH3OH + Br reaction, both channels are endothermic, which explains
the low values of the rate constants. A good agreement is obtained with experimental results and the
temperature dependence of the rate constants. A temperature fit of the rate constants allows us to express
them in a convenient way for chemical modeling studies:k(CH2OH) ) 4.8× 10-12 (T/300)2.6 exp(-2975/T)
cm3 molecule-1 s-1 andk(CH3O) ) 2.7 × 10-12 (T/300)1.9 exp(-9825/T) cm3 molecule-1 s-1. In chlorine
and bromine reactions, the channel leading to CH3O is inactive at least for temperatures below 1000 K. The
calculated potential energy surfaces have also allowed the determination of the rate constants for the reverse
reactions CH2OH + HCl and HBr which agree well with available experiments.

1. Introduction

The kinetic modeling studies of the pyrolysis and oxidation
of methanol have been of great interest for chemists in the last
several years,1 in as much as methanol could be considered as
an alternative, more environmental friendly fuel or fuel additive
to gasoline. The hydrogen abstraction from methanol by atoms
and radicals yields as products either hydroxymethyl or methoxy
radicals in competing reaction channels according to the
nonequivalent hydrogens of the methyl or hydroxyl group of
CH3OH. The efficiency of the product formation is described
by its branching ratio, which is defined as the ratio of the rate
constant for a given reaction channel divided by the sum of the
rate constants of all parallel reaction channels. The reactive
species formed in competing reaction channels may interfere
each other or initiate different subsequent reactions. Therefore,
knowledge of the branching ratios and their temperature
dependence is of major importance for the chemical modeling
studies. Despite their practical and theoretical importance, the
kinetics of the H-abstraction from methanol by halogen atoms
is not very well-known. Especially the branching ratio values
at higher temperatures are reported with relatively large
uncertainties.

The reaction of methanol with chlorine atom has been studied
experimentally using either indirect2 or direct3 methods. The

results of measurements of the branching ratios for the channels

show a significant dominance of the hydroxymethyl reaction
channel R2. The branching ratio for this latter channel has been
found experimentally close to unity, 0.95.3f This is in agreement
with what could be expected by comparing the heat of reaction
of each channel. The hydroxymethyl reaction channel R2
should be favored as it is indeed weakly exothermic with a
reaction enthalpy of-6.2 kcal/mol at room temperature, while
the methoxy channel R1 is endothermic by 1.9 kcal/mol.
Moreover, the presence of three equivalent hydrogens on the
methyl group leads to three reaction possibilities for R2. It was
also found experimentally that the possible competing reaction
related to the abstraction of OH group of methanol is negligible
in comparison to abstraction of the methyl group hydrogen.
Values of the overall rate constant (R1+ R2) obtained using
direct techniques3 are all in the range (5.3-6.3) × 10-11 cm3

molecule-1 s-1. Recent measurements by Do´bé et al.3e using
the fast flow technique with LMR and EPR detections led to
the rate constant of 6.1× 10-11 cm3 molecule-1 s-1 at room
temperature. This value, compared with the rate constants for
H-abstraction from methanol by other atoms and radicals, is
about factor of 2 lower than the one related to the analogous
reaction of CH3 with fluorine3f (1.1 × 10-10 cm3 molecule-1
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s-1). However, due to the strength of the HF bond, both reaction
channels for CH3OH + F are highly exothermic. On the other
hand, the nearly thermoneutral reaction CH3OH + Cl has a rate
constant 1 order of magnitude greater than the one observed in
the case of the considerably more exothermic (∆Hr,298 ) -22.3
kcal/mol for the hydroxymethyl reaction channel) reaction of
methanol with OH (k ) 9.1 × 10-13 cm3 molecule-1 s-1 at
298 K).3f The high value of the overall rate constant for the
CH3OH + Cl reaction suggests that only a small or negligible
energy barrier should be expected at least for the dominant
reaction channel.

Kinetics and mechanism of the reaction of methanol with
bromine is not well-known. Both overall rate constants or the
branching ratios for the competing reaction channels

were obtained with unsatisfactory precision using indirect
methods. One of the first investigations of CH3OH + Br was
carried out by Buckley and Whittle,4aand Amphett and Whittle4b

using conventional static or low flow photolysis. The reaction
order and the corresponding overall rate constant determined
experimentally were found to depend either on the chemical
composition or on the pressure of the system. This was
explained by a change in the nature of the termination reaction
involving bromine atoms (hetero- and homogeneous recombina-
tion with other radicals). The Arrhenius parameters obtained
for the temperature range 349-408 K lead, by extrapolation to
room temperature, to a low value of the rate constant of 2.4×
10-17 cm3 molecule-1 s-1 for the hydroxymethyl reaction
channel R4. Some information on the kinetics of the CH3OH
+ Br can be obtained from the direct study of the reverse
reaction CH2OH + HBr f CH3OH + Br. However, the
estimated value of the corresponding rate constant via equilib-
rium constant is not certain due to discrepancies of the order of
(1 kcal/mol in the enthalpy of formation of the hydroxymethyl.

Very recently, Do´béet al.5 studied the CH3OH + Br reaction
using excimer laser photolysis coupled with Br-atom resonance
fluorescence detection over the temperature range 439-713 K.
Results of this investigation lead to values of the rate constant
larger than the ones estimated previously. Extrapolation of the
rate constant from derived Arrhenius parameters leads to a value
of 1.1 × 10-16 cm3 molecule-1 s-1 at room temperature for
R4. The branching ratio for hydroxymethyl formation was
found close to unity, and the efficiency of the methoxy reaction
channel was negligible even at the highest temperature of that
investigation. Relatively low values of the rate constant for
methanol reaction with bromine suggests high energy barriers
for both reaction channels. A comparison of the branching ratio
values for H-abstraction from methanol shows significant
differences when the electronegative free radical reactant
changes from F, Cl, and Br. At relatively low temperatures,
practically all bromine3f and almost all chlorine3f are consumed
by the hydroxymethyl reaction channel (R2 and R4) while the
methoxy radical yield is higher than 50% in the CH3OH + F
reaction.3f

In part 1,6 it has been shown that the hydrogen abstraction
from methanol by fluorine atoms proceeds via a complex
mechanism. A similar reaction mechanism is also expected for
the reaction of methanol with halogens, such as chlorine and
bromine, with formation, in the first step of loosely bound
intermediate complexes preceding the respective transition states.
In this study, the theoretical analysis of the mechanism and

kinetics of the reactions under investigation is presented. This
analysis concerns the ab initio search of the bound complexes
and transition states of each reaction, and their structural
(geometries and vibrational frequencies) analysis. Results of
ab initio calculations allow the evaluation of the site-specific
reaction rate constant and the branching ratios using computa-
tional methods of reaction rate theory.

2. Molecular Structure Calculation

2.1. Details of Calculation. Ab initio calculation were
performed using the GAUSSIAN 92 and 94 program packages.7

Restricted Hartree-Fock (RHF) self-consistent field (SCF) wave
functions were used for closed shell molecules (CH3OH, HCl,
and HBr) and unrestricted Hartree-Fock (UHF) SCF wave
functions for the other open-shell species.8 The electron
correlation energy was estimated by Møller-Plesset perturbation
theory9 at the second (MP2) and up to fourth orders including
all single, double, triple, and quadruple excitations (MP4SDTQ)
and using the ‘frozen core’ approximation (the inner shells are
excluded from the correlation energy calculation).7,10 All
equilibrium and transition states structures were fully optimized
using the analytical gradients at SCF and MP2 levels with the
6-31G* and 6-311G** basis sets. For open-shell structures the
spin contamination has been taken into account in the calculation
of the energies by a projection method included in the Gaussian
program and are noted in results as PMP2 and PMP4. Energies
were also improved by using G1 and G2 levels of theory.11 This
approach is a composite procedure in which the geometries
optimized at the MP2/6-31G* level are used as reference in
additional total energy calculations at MP4/6-311G**, MP4/6-
311+G**, MP4/6-311G(2df,p), MP2/6-311+G(3df,2p), and
QCISD(T)/6-311G** in order to improve the calculated total
energy. Temperature corrections to relative energies are
obtained by using the calculated vibrational frequencies scaled
by 0.8929 to take into account their overestimation at the (U)-
HF/6-31G* level.

2.2. Geometries and Vibrational Levels. CH3OH + Cl
Reaction. Calculated optimized geometries and vibrational
frequencies obtained at the MP2/6-311G** levels of theory are
given in Tables 1a and 1b and shown in Figure 1. In Table 1S
of the Supporting Information these properties are given at the
MP2/6-31G* level.

Transition state CH3O‚‚‚H‚‚‚Cl (TS1). This transition state
corresponds to the abstraction of the hydrogen atom from the
hydroxyl group of methanol. The structural parameters depend
only slightly on the level of theory as well as on the basis set
used. The length of the breaking O‚‚‚Ho bond is 20% longer
than the O-H bond in methanol. The formed Ho‚‚‚Cl bond is
also about 20% longer than in isolated HCl (1.46 and 1.44 Å
with the 6-31G* and 6-311G** basis set). Attack of the Cl-
atom is far from collinear, as the O-Ho-Cl angle is about 160°
in the TS1 structure. Except in the MP2/6-31G* calculation, a
Cs symmetry of methanol is found for theTS1 structure. The
vibrational frequency values are weakly sensitive to the level
of theory used. On the contrary, the value of the imaginary
frequency obtained at the MP2 level is lower with the 6-31G*
basis set (2579i cm-1) than using the 6-311G** basis set (2379i
cm-1)

Molecular complex CH3O‚‚‚HCl (MC1). The optimized
structural parameters of this molecular complex where the
methoxy radical is far from the hydrogen chlorine are shown
on Figure 1. The shortest distance between CH3O and HCl is
the distance O-Ho. This distance depends on the level of theory
used. It changes from 2.12 Å (UHF/6-311G**) to 1.95 Å (MP2/

CH3OH + Br f CH3O + HBr (R3)

f CH2OH + HBr (R4)
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6-311G**). MC1 is significantly looser than the corresponding
structure for CH3OH + F reaction. The geometries of CH3O

and HCl are very close to those of the isolated species. The
O-Ho-Cl bond angle is close to 170°.

Figure 1. Geometrical structures of the intermediate structures and transition states found for the CH3OH + Cl reaction.

TABLE 1: Optimized Structures of Stationary Points and Vibrational Frequences of the Potential Energy Surface for the
CH3OH + Cl Reaction System Obtained at MP2/6-311G** Levela

TS1 MC1 TS2 MC2a TS2a MC2 MC3

(a) Vibrational Frequencies
CO 1.3958 1.3816 1.3881 1.3595 1.3663 1.3748 1.4257
OHo 1.1829 1.9480 0.9598 0.9602 0.9601 0.9603 0.9603
CHa 1.0990 1.0944 1.0896 1.0816 1.0806 1.0799 1.0889
CHb 1.0935 1.1023 1.1556 2.1615 2.3900 2.8546 1.0947
CHc 1.0935 1.0952 1.0955 1.0862 1.0844 1.0838 1.0950
HoCl 1.4435 1.2866
HbCl 1.7907 1.2896 1.2796 1.2865
ClO 2.5417
COHo 112.2242 110.0499 107.5167 108.0962 108.0532 108.3660 107.0450
OCHa 103.8946 111.7716 108.8076 112.7860 112.8914 112.6026 106.5154
OCHb 112.2628 104.7156 111.3634 102.0031 77.5636 35.8986 111.9639
OCHc 112.2628 112.6651
OHoCl 114.6205 118.4964 118.5675 117.4521
CHbCl 111.2336
COCl 161.3798 168.7357 172.8238 172.9235 166.2090 154.5132 108.0029
HoOCHa 180.0000 -152.4453 173.4724 172.5488 171.4501 177.1085 177.5424
HoOCHb 63.0690 91.3791 -70.9845 -79.9302 -88.1932 -140.0875 58.8972
HoOCHc -63.0690 -25.5179 48.1714 26.1430 23.2656 30.6573 -63.9958
ClHoOC 0.0000 1.9327
ClHbCO 113.6368 71.8380 97.4682 178.9775
ClOCHa 69.5753

(b) Optimized Structures
ν1 172 55 64 37 61 54 98
ν2 196 83 166 107 108 88 133
ν3 516 157 440 129 172 150 172
ν4 660 424 1088 393 350 422 454
ν5 1030 500 1111 438 499 474 1076
ν6 1087 980 1147 538 757 550 1099
ν7 1201 1054 1309 830 1088 738 1196
ν8 1202 1130 1357 1096 1233 1090 1388
ν9 1435 1422 1428 1249 1395 1211 1510
ν10 1447 1437 1515 1401 1526 1388 1519
ν11 1540 1548 1954 1528 3001 1519 1532
ν12 3043 2898 3092 2828 3181 2908 3067
ν13 3131 3018 3205 3167 3330 3188 3144
ν14 3167 3108 3905 3316 3908 3340 3205
ν15 2379i 3154 251i 3907 154i 3809 3899

a Bond lengths in angstroms, valence and dihedral angles in degrees,νi in cm-1.
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Transition State Cl‚‚‚H‚‚‚CH2OH (TS2). The TS2 structure
is more reactant-like than TS1, and attack of the chlorine atom
is nearly collinear at any level of theory used. However, values
of the other parameters depend significantly on the level of
calculation as well as on the basis set used. The most sensitive
structural parameters are the length of the breaking C‚‚‚Hb bond,
which changes from 1.36 Å (UHF/6-31G*) to 1.16 Å (MP2/
6-311G**) and the forming Hb‚‚‚Cl bond which goes from 1.52
to 1.79 Å, showing that the increase of the level of theory leads
to a more reactant-like transition state. As a consequence of
the larger Hb-Cl forming bond, the imaginary frequency has a
very small value at the MP2/6-311G** level of (251i cm-1).
The use of a mode-walking algorithm13 confirms that this loose
structure is a genuine transition state.

Molecular Complexes ClH‚‚‚CH2OH. ClH‚‚‚CH2OH de-
noted byMC2 and MC2a have been found as intermediates
for the hydroxymethyl reaction channel. Both molecular
complexes, which correspond to H-Cl at large distances from
the hydroxyl radical, are very loose and formed due to hydrogen
bonding. The optimized structure of MC2a (Table 1) is similar
to the transition state TS2 with an almost collinear angle, CHb-
Cl, but the distance C‚‚‚Hb is somewhat larger (2.2 Å at MP2
level) and the Hb-Cl distance is almost the same as in the H-Cl
molecule. This complex is slightly less stable than the molecular
complex of hydroxymethyl with hydrogen chlorine, MC2, which
is, in fact, the most stable structure in the CH3OH + Cl reaction
system. In Figure 1, it is shown that this complex is stabilized
by a weak hydrogen bond, O‚‚‚Hb. The OHoCl bond angle is
nearly 180° and the structural parameters of the CH2OH part
of MC2 are very close to those obtained for the isolated
hydroxymethyl radical.

Transition state TS2a. TS2a is a transition state for the
isomerization MC2af MC2 where the hydrogen chlorine part
of MC2a is shifted in the direction of the oxygen of the
hydroxymethyl. It leads to an elongation of the C‚‚‚Hb distance
and a disappearance of the linearity of the C‚‚‚Hb-Cl atom
system. Small values of the imaginary frequency of 30i (SCF)
and 150-170i (MP2) show that the energy barrier for the MC2a
f MC2 isomerization is broad.

Molecular Complex MC3. This molecular complex has a
structure similar to the one found for the CH3OH + F reaction
system. MC3 is a very loose molecular complex. The distances
between Cl and CH3OH are long (Cl‚‚‚O ) 2.5 Å, and Cl‚‚‚H
is longer than 3 Å at MP2level). Other structural parameters
have the same values as in the isolated methanol molecule. The
set of vibrational frequencies of MC3 is formed of two parts,
one part where the frequencies are almost identical to their
corresponding values in methanol, and the three additional
frequencies which are due to the Cl interaction and are less than
200 cm-1.

CH3OH + Br Reaction. The optimized structures and
vibrational frequencies of the characteristic points of the
potential energy surface for the CH3OH + Br reaction are given
in Tables 2a and 2b. Calculations with the 6-311G** basis set
had computational problems both for bound complexes and
transition states. Preset SCF convergence in energy could not
be achieved despite the use of all convergent procedures
included in the Gaussian 94 package. Similar difficulties with
SCF convergence in the 6-311G** basis set were previously
reported by Chen and Tschuikow-Roux14 both for a molecular
complex and the transition state in the analogous calculation
for H-abstraction reaction from ethane by bromine atoms.
Hence, the electron correlation corrections were carried out only
with the 6-31G* basis set, and G2MP2, G2MP3, G1, and G2
energies11 are available only for reactants and products mol-
ecules.

Transition State CH3O‚‚‚H‚‚‚Br (TS3). This transition state
shown in Figure 2 and described in Table 2 describes the attack
of a bromine atom on the hydrogen atom of the hydroxyl group
of CH3OH. In this structure, the bromine atom is about 60°
out of the COHo plane. The breaking O-Ho bond length found
by MP2/6-31G* calculations is 1.28 Å. This corresponds to a
relative elongation of 30% with respect to the OH bond length
in the methanol molecule. On the contrary, the forming
Ho‚‚‚Br bond distance is found at 1.57 Å as having a reactant-
like character. As in the case of TS1, the value of the imaginary
frequency is around 1900 cm-1 in the MP2 calculation.

Molecular Complex CH3O‚‚‚HBr (MC4). Structural pa-
rameters of the complex of methoxy radical with HBr are close

Figure 2. Geometrical structures of the intermediate and transition states found for the CH3OH + Br reaction.
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to each other at both levels of theory used. Indeed only the
O-Ho bond distance depends on the type of calculation (2.0 Å
at MP2). At both MP2 and SCF levels, the highest vibrational
frequency corresponding to the O-Ho stretch is significantly
lowered (by 800 cm-1 for SCF and 600 cm-1 for MP2) in
comparison to the O-H stretch in methanol.

Transition State Br‚‚‚H‚‚‚CH2OH (TS4). For this structure
(Table 2), the attack of the bromine atom on the H atom of the
methyl part of methanol is nearly collinear. Structural param-
eters depend only slightly on the level of calculation. The length
of the breaking C-Hb bond obtained at MP2 level is 1.59 Å,
which corresponds to a relative elongation of the C-H bond
of 45% compared to parent methanol. On the other hand, the
formed Hb‚‚‚Br bond distance of 1.54 Å at MP2 level is only
10% larger than the bond length of isolated HBr molecule. These
characteristics correspond to a product-like transition state.

Molecular Complex BrH ‚‚‚CH2OH (MC5 and MC5a).
Similar to the analogous structures for the CH3OH + Cl reaction
system, molecular complexes of hydroxymethyl with hydrogen
bromine are in a fact formed by weak hydrogen bonding. The
optimized geometry of MC5a significantly depends on the
method used. The contact distance for C‚‚‚Hb of 2.5 Å found
in MP2 calculation is almost 1.5 Å shorter than that obtained
at the SCF level. The MP2 value of 124° for the C‚‚‚Hb‚‚‚Br
bond angle is very different from the almost collinear atom
system C‚‚‚Hb‚‚‚Cl in the corresponding molecular complex
MC2a. The complex MC5 is also a loose structure, with

O‚‚‚Hb distances of ca. 2.8 Å at the MP2 level. Values of other
structural parameters both bond lengths or valence and dihedral
angles are close for both methods used. The vibrational
frequencies larger thanν6 are very close to their corresponding
counterparts in hydroxymethyl.

Transition State TS4ais a saddle point for the isomerization
MC5af MC5. Its structure presented in Figure 2 shows some
similarity to TS2a; however, Hb atom is farther away from the
C-O bond of hydroxymethyl. TS4a is very loose, with contact
distances C‚‚‚Hb of 3.0-4.2 Å and O‚‚‚Hb of 2.6-3.0 Å
depending on the method used. The imaginary frequency is
close to that of TS2a (113i at MP2 level).

Molecular complex MC6. The structure of this complex is
very close to analogous complexes which are formed by fluorine
and chlorine with methanol. MC6 is the most stable structure
for CH3OH + Br reaction system. Contact distances between
bromine, oxygen, and hydrogen atoms of CH3 and OH groups
of methanol are greater than 3.0 Å. Geometrical parameters of
both SCF and MP2 optimized structures are close. Vibrational
frequencies obtained at SCF and MP2 levels are also close to
each other, and (as for MC5) the conserved frequencies are
almost identical to those of the methanol molecule.

2.3. Energetics and Mechanism of the CH3OH + Cl and
CH3OH + Br Reactions. In Tables 3-4 are given the relative
energies (including respective zero-point vibrational energy
corrections) of characteristic points of the potential energy
surface at different levels of theory with respect to the reactants

TABLE 2: Optimized Structures of Stationary Points and Vibrational Frequencies of the Potential Energy Surface for the
CH3OH + Br Reaction System Obtained at the MP2/6-31G* Levela

TS3 MC4 TS4 MC5a TS4a MC5 MC6

(a) Optimized Structures
CO 1.4039 1.3932 1.3596 1.3682 1.3760 1.3832 1.4354
OHo 1.2825 1.9795 0.9735 0.9736 0.9725 0.9724 0.9730
CHa 1.0998 1.0944 1.0847 1.0813 1.0809 1.0800 1.0886
CHb 1.0925 1.1013 1.5885 2.4672 3.0451 2.7798 1.0940
CHc 1.0934 1.0946 1.0900 1.0873 1.0853 1.0843 1.0947
HoBr 1.5690 1.4500
HbBr 1.5445 1.4438 1.4376 1.4511
BrO 2.6241
COHo 112.9450 102.9303 109.4006 108.5581 108.3771 108.9915 107.9219
OCHa 102.3192 111.1539 111.6155 112.2605 112.2917 112.0661 105.9142
OCHb 112.8591 104.5512 106.8149 88.8163 59.4887 39.8263 111.7193
OCHc 112.1817 112.3113 117.7597 118.1448 118.0758 117.3422 110.9302
OHoBr 142.5809 158.7805
CHbBr 172.0199 124.8775 111.5777 149.2771
COBr 106.2697
HoOCHa 161.0833 -147.9738 173.5334 178.9869 173.4116 178.3245 177.0090
HoOCHb 43.5123 95.7808 -76.0900 -47.2657 -70.0566 -127.6865 58.3948
HoOCHc -83.3639 -21.6113 32.9116 34.4755 28.0865 33.3002 -64.5182
BrHoOC 59.2477 6.5317
BrHbCO 54.7071 49.0949 88.2283 175.5978
BrOCHa 73.9037

(b) Vibrational Frequencies
ν1 160 79 65 86 59 40 108
ν2 187 97 236 106 108 86 131
ν3 302 160 538 137 135 137 170
ν4 725 372 760 260 247 392 455
ν5 1032 485 854 366 560 459 1063
ν6 1203 982 982 563 787 544 1096
ν7 1265 1078 1119 854 1104 779 1201
ν8 1305 1135 1254 1115 1224 1098 1399
ν9 1481 1457 1318 1240 1413 1202 1527
ν10 1488 1489 1413 1418 1545 1393 1561
ν11 1577 1573 1546 1548 2666 1538 1569
ν12 3070 2513 3167 2589 3207 2504 3101
ν13 3165 3051 3315 3191 3356 3218 3183
ν14 3209 3146 3763 3346 3774 3372 3245
ν15 1900i 3192 331i 3757 113i 3781 3767

a Bond lengths in angstroms, valence and dihedral angles in degrees,νi in cm-1.
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energies. These tables also include the calculated reaction
enthalpy values at room-temperature derived from calculated
vibrational frequencies and rotational constants. Experimental
values of reaction enthalpies are obtained using the most recent
estimated enthalpy of formation of reactants and products. The
estimation of the formation enthalpy of both radicals, CH2OH
and CH3O are known with a precision not better than(1 kcal/
mol.5,15 Therefore, possible differences of(2 kcal/mol from
the experimental value can be considered as acceptable.

CH3OH + Cl Reaction. Overall calculated values of
reaction enthalpy for both channels of the CH3OH + Cl reaction
are in very good agreement with the experimental value. The
best values are those obtained at the G2, G2MP2, and G2MP3
levels, showing that G2MP2 is sufficient to obtain good
energetics. The most stable structure for CH3OH + Cl reaction
system is the molecular complex MC2, the stabilization energy
of which is 10 kcal/mol below the reactants at G1, G2, and
MP2 levels. Inclusion of the zero-point energies leads to an
energy of the transition state TS2a lower than the one of the
molecular complex MC2a. Then, the unstable MC2a molecule
undergoes isomerization to MC2 without energy barrier. Thus,
MC2a and TS2a, which seem to appear in the reaction
mechanism, in fact do not play any role in the reaction kinetics.
Thermal stability of the two other complexes (MC1 and MC2)
with respect to the final channel products is estimated at 4 kcal/
mol for any method including electron correlation energy.
Differences are observed for the estimations of energy barrier
heights, i.e., energy of transition states TS1 and TS2. G1 and
G2 methods predict the location of TS1 (methoxy channel) at
about 8 kcal/mol above the reactant energy, whereas at the MP2
and MP4 levels this energy barrier is higher by 3.0 kcal/mol.
Larger

energy differences are obtained for TS2. PMP2 and PMP4
energies are very close to reactant energy, while G1 and G2
methods locate TS2 about 5 kcal/mol below. The molecular
complex MC3 is located 5 kcal/mol below the reactants. A
slightly lower thermal stability of MC3 is predicted by the MP2
and MP4 methods.

As in the case of the CH3OH + F reaction, the mechanism
of the hydrogen abstraction from methanol by chlorine atoms
is quite complex. The energy profile obtained at the G2 level
is shown in Figure 3. In the first elementary step, attack of the
chlorine atom either on the methyl side or on the hydroxyl side
of CH3OH leads to the formation of a loose molecular complex,
MC3, which may yield both R1 and R2 channel products. Due
to the lack of thermal stability of MC2a, the next elementary
step for the R2 reaction channel leads, via TS2 (with a very
low energy barrier of 0.1 kcal/mol), directly to the molecular
complex MC2, which dissociates to the final channel products.
The reaction pathway, which yields the methoxy channel
products (R1) first forms a molecular complex, MC3, goes
through a transition state TS1 toward another molecular
complex, MC1, which finally dissociates into the methoxy
radical and HCl. There is a possibility for another pathway
concerning the hydroxyl side attack of chlorine atom, which,
starting directly from completely separated reactants, leads, via
transition state TS1 to MC1 and next to the methoxy products.
Optimized structure of this saddle point is very close to the
TS1 optimized structure (except for conservation of aCs

symmetry) and its Hessian matrix possesses two negative
eigenvalues with both eigenvectors corresponding to a motion
of the hydrogen atom between oxygen and chlorine atoms.

TABLE 3: Relative Energies, with Respect to Reactant Energy, of Stationary Points of the Potential Energy Surface at 0 K for
CH3OH + Cl Reaction System Calculated at Different Levels of Theorya

molecular system PMP2b MP4c G2MP2 G2MP3 G1 G2 exptld

CH2OH + HCl -5.7 -4.6 -7.2 -6.8 -5.3 -6.4
-5.1 -4.0 -6.6 -6.2 -4.7 -5.8 -6.8( 1.0

ClH‚‚‚CH2OH (MC2) -10.1 -8.7 -10.9 -10.5 -9.5 -10.0
TS2a -8.2 -6.9
MC2a -7.9 -6.7
Cl‚‚‚H‚‚‚CH2OH (TS2) -0.5 0.3 -5.6 -5.2 -4.5 -5.0
MC3 -4.2 -2.7 -5.1 -5.0 -5.2 -5.1
CH3O‚‚‚H‚‚‚Cl (TS1) 11.3 11.0 7.7 7.9 8.0 8.1
CH3O‚‚‚HCl (MC1) 1.4 -0.9 -1.8 -2.0 -0.7 -1.4
CH3O + HCl 5.3 2.8 2.1 1.9 3.1 2.4

5.7 3.2 2.5 2.3 3.5 2.8 2.3( 1.0
a In kcal/mol; bold type (in product rows) shows the reaction enthalpy at 298 K.b PMP2/6-311G**//MP2/6-311G** energy with ZPE calculated

using the unscaled MP2/6-311G** frequencies.c MP4SDTQ/6-311G**//MP2/6-311G** energy with ZPE calculated using the unscaled MP2/6-
311G** frequencies.d Calculated using the enthalpies of formation from refs 5 and 15.

TABLE 4: Relative Energies, with Respect to Reactant Energy, of Stationary Points of the Potential Energy Surface at 0 K for
CH3OH + Br Reaction System Calculated at Different Levels of Theorya

molecular system PMP2b MP4c G2MP2 G2MP3 G1 G2 exptld

CH2OH + HBr 9.9 (10.1) 10.3 (10.4) 6.4 6.5 6.8 6.7
10.5 (10.6) 10.8 (11.0) 7.0 7.1 7.4 7.3 8.8( 1.0

BrH‚‚‚CH2OH (MC5) 5.3 (5.1) 6.2 (6.0)
TS4a 6.6 (5.5) 7.2 (6.1)
MC5a 6.7 (6.3) 7.2 (6.8)
Br‚‚‚H‚‚‚CH2OH (TS4) 6.7 (6.5) 8.7 (8.5)
MC6 -6.5 (-6.8) -6.3 (-6.6)
CH3O‚‚‚H‚‚‚Br (TS3) 19.9 (19.0) 18.1 (17.3)
CH3O‚‚‚HBr (MC4) 11.8 (11.6) 8.5 (8.3)
CH3O + HBr 16.2 (16.4) 12.5 (12.7) 15.8 15.2 15.2 15.5

16.6 (16.8) 12.9 (13.1) 16.2 15.6 15.6 15.9 17.9( 1.0
a In kcal/mol; bold type (in product rows) shows the reaction enthalpy at 298 K.b PMP2/6-31G*//MP2/6-31G* energy with ZPE calculated

using either the unscaled MP2/6-31G* frequencies (first column) or the (U)HF/6-31G* frequencies scaled by 0.8929 (second column in brackets).
c MP4SDTQ/6-31G*//MP2/6-31G* energy with ZPE as above.d Calculated using the enthalpies of formation from refs 5 and 15.
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Therefore formation of the methoxy channel products may
proceed by two possible ways.

CH3OH + Br Reaction. Owing to the difficulties with SCF
convergence using the 6-311G** basis set, the results are those
calculated at MP2 and MP4 levels using 6-31G* basis set.
Hopefully, even with this basis set the calculated reaction
enthalpies, especially those derived from MP2 calculations, are
in quite satisfactory agreement with experimental ones. It is
interesting to note that reaction enthalpies calculated at the G2
level are worse than PMP2 ones for both reaction channels. As
the PMP2 results give the best agreement with experimental
enthalpies, we have chosen this result as reference for the next
rate constant calculation. The MC6 molecular complex lies 6.8
kcal/mol below the reactants at PMP2 and PMP4 levels. Good
agreement between PMP2 and PMP4 results was also reached
for TS4 and almost as good for TS3. However, differences in
thermal stability of molecular complexes, MC4 and MC5,
obtained at both levels of theory are greater (ca. 2 kcal/mol
between PMP2 and PMP4). Thermal stability of MC4 with
respect to the methoxy channel products is estimated to be
around 4.8 kcal/mol at PMP2 and PMP4 levels. At the MP2
and MP4 levels the molecular complex MC5 is located 5.0 kcal/
mol below the hydroxymethyl channel products. The heights
of energy barrier of 6.5 and 19.0 kcal/mol for TS4 and TS3,
respectively, suggest that formation of hydroxymethyl should
be the dominant reaction channel. The molecular complex
MC5a is unstable after including the zero-point vibrational
energy. Its total energy is slightly higher than TS4a so that
both structures, MC5a and TS4a only seemingly take part in
the reaction kinetics. This is in line with the unstable molecular
complex MC2a found in the CH3OH + Cl reaction system. The
energy profile for the CH3OH + Br reaction system is shown
in Figure 4. Both transition states TS3 and TS4 are located
significantly above reactant energy. As for the reaction CH3-
OH + Cl, occurrence of bound complexes implies a complex
mechanism for the kinetics of the reaction of methanol with
bromine. Indeed, for any reaction channel there are two possible
pathways: with and without formation of MC6 as the first
elementary step. For instance, formation of hydroxymethyl
radicals (channel R4) may proceed by the following pathway:
CH3OH + Br T MC6 T MC5 f CH2OH + HBr and CH3OH

+ HBr T MC5 f CH2OH + HBr, whereas methoxy radicals
(channel R3) are formed in the reactions CH3OH + Br T MC6
T MC4 f CH3O + HBr and CH3OH + Br T MC4 f CH3O
+ HBr. Rate constants for both reaction channels can be
evaluated on the basis of a RRKM-like method.

3. Calculation of Rate Constants

3.1. Method Used. In part 16 we derived a general
expression for a rate constant in the case of a bimolecular
reaction in which two intermediate complexes are formed.
Accordingly, the rate constant for the formation of hydroxy-
methyl (channel R2) by CH3OH + Cl reaction system can be
written as

where (i)QA andQB are the partition functions of CH3OH and
Cl with the center of mass translational partition function
factored out of the productQAQB, and included inz. (ii)
Wi(E,J,K)denotes the sum of states at energy less than or equal
to E, and at angular momentum quantum numbersJ andK, for
transition states(denoted by a* ) and “activated complexes”
for unimolecular dissociation of the respective molecular
complexes. Indexi labels transition states (TSi) and molecular
complexes (MCi) according to the notation in Figure 3. (iii)
The bottom limit of the integral is given by the threshold energy
of the reaction. It is equal to zero for the hydroxymethyl
formation R2 because all characteristic points of the potential
energy surface for this reaction channel (MC3, TS2, MC2, and
products) are located below the reactant energy level (see Figure
3). If Vi(0) denotes the potential energy of the transition state/
activated complex at the angular momentumJ ) 0, andUi(J,K)

Figure 3. Schematic energy profile for CH3OH + Cl reaction. The
energies are calculated at the G2 level including zero-point energy
corrections.

Figure 4. Schematic energy profile for CH3OH + Br reaction. The
energies are calculated at the PMP2/6-31G* level including zero-point
energy corrections.

kR2 )
z

hQAQB

∫0

∞
dE∑

J)0

Jm

∑
K)0

Km

W3(E,J,K) ×

W2
/(E,J,K)

W3(E,J,K) + W2
/(E,J,K) + W1

/(E,J,K)
×

W2(E,J,K)

W2(E,J,K) + W2
/(E,J,K)

exp(-E/RT) (1)
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is its rotational energy corresponding to angular momentum
quantum numbersJ andK, then the upper limitJm at givenE
is given by following conditions:

whereJi is the highest integer satisfying the inequality

and index i runs through all the transition states/activated
complexes for the reaction pathway under investigation. At
fixed E andJ, the upper limit ofK, Km is determined by

with Ki given by the conditions:

The sum of statesW(E,J,K) is calculated using the classical
harmonic-oscillator and rigid-rotor approximation. Rotational
energy at given angular momentum (J,K) is derived for an
assumed prolate symmetry top system. We also assume that
the geometry of the transition states does not depend on energy
and angular momentum. The simplified version of the statistical
adiabatic channel model (SSACM) developed by Troe16 is used
to derive structural parameters of activated complex, i.e., the
centrifugal energy barriers, and quanta of the “disappearing”
and “conserved” oscillators. The sum of the vibrational states
necessary for calculation ofW(E,J,K)has been evaluated by
inverse Laplace transformation of respective partition functions
using the steepest descent method.17 All computational details
related to calculation of rate constant and the method used for
description of unimolecular processes are discussed in our part
1.6

3.2. Rate constants for CH3OH + Cl Reaction. As is
shown in Figure 3, the reaction pathway which leads to the
formation of hydroxymethyl is characterized by the very small
(below 0.1 kcal/mol) energy barrier of TS2. The structural
parameters at the G2 level (scaled by 0.8929 vibrational
frequencies obtained in SCF/6-31G* calculation and rotational
constants from MP2/6-31G* optimized geometry) were used
for molecules which participate in the reaction. It was shown
in part I that calculation of the sum of states for activated
complexes in the SSACM approach requires the evaluation of
two empirical parameters: the “looseness” parameterR and the
Morse parameterâ, which describes the potential energy along
the dissociation path.16 The value of the Morse parameterâ is
usually derived from the energy of the vibrational modeεRC,
corresponding to the bond which will break and which is often
called the “reaction coordinate”, as

with D the dissociation energy andµ the reduced mass of the
fragments. The “looseness” parameterR is in general consid-
ered as a fitted parameter, the value of which is chosen to get
the best agreement with experiment. However, comparative
studies for a wide group of unimolecular reactions show that
optimal choice of theR value should correspond to the ratio of
R/â close to 0.5 (the value of 0.46( 0.07 is recommended by
Cobos and Troe,18 and this ratio is used in our calculation for
the estimation ofR for all unimolecular processes). As in the

case of the CH3OH + F reaction, the energyεRC of the oscillator
corresponding to the reaction coordinate is related toν3, the
vibrational frequency of all the intermediate complexes (MC1,
MC2, and MC3). Then, the separation of vibrational modes of
molecular complexes into two classes, the “disappearing” and
“conserved” oscillators, was easily carried out. The complexes
are very loose, and it is apparent from the tables concerning
the structural parameters that the frequencies higher thanν4 (in
MC3) andν6 (in MC1, MC2) are indeed identical or very close
to the vibrational modes of isolated CH3OH, CH2OH, CH3O,
and HCl molecules. All internal parameters of the SSACM
method used were determined by the molecular parameters
derived from ab initio calculation, and there is no fitting or
adjustable parameter.

A choice of the G2 molecular parameters for the rate constant
calculation, however significantly overestimates both the value
of the calculated rate constant and its dependence on temper-
ature. For the hydroxymethyl channel R2, we obtained values
of the rate constant of 1.2× 10-10 and 2.5× 10-10 cm3

molecule-1 s-1 at 300 and 500 K, respectively. Our room
temperature value is then almost two times greater than the one
estimated experimentally3 (5.1-6.3) × 10-11 cm3 molecule-1

s-1. There are no direct experimental data at higher temperature,
but some information can be extracted from available direct
measurements for the reverse reaction CH2OH + HCl f
CH3OH + Cl. Results of Do´béet al.3e lead via the equilibrium
constant to a value of the rate constant for the R2 channel of
6.6 × 10-11 cm3 molecule-1 s-1 at 500 K. It is considerably
less than our value even if the possible uncertainties in
equilibrium constant related to value of the enthalpy of formation
for hydroxymethyl radical are taken into account. On the other
hand, unimolecular recombination is usually characterized by
activation energy close to zero, which implies only weak
temperature dependence of rate constants. The estimated rate
constant for the first elementary step CH3OH + Cl f MC3
also depends strongly on temperature. Troe’s method applied
to this type of reactions usually gives reasonable results.
Possible explanation of the anomalous temperature dependence
of the calculated rate constant is due to uncertainties in the
molecular parameters used. This was previously observed for
the rate constant calculation in the CH3OH + F reaction system.
A critical molecular structure for the rate constant calculation
is, of course, the molecular complex MC3. It is a very loose
complex with distances between chlorine atom and the nearest
contact atoms greater than 2.5 Å at MP2/6-31G* level and
therefore this leads to very low values for the three lowest
vibrational frequencies. The most sensitive model parameters
are the lowest frequencies, because they correspond to the three
disappearing oscillators. Among them, one is representative
of the vibration of the reaction coordinate and therefore gives
the value of the Morse parameterâ. The lowest frequencies
obtained at the MP2/6-31G* level are considerably more
realistic, and if they are used in the calculation of the rate
constants of CH3OH + Cl reaction, they allow a satisfactory
description of its kinetics. On the other hand, the scaled SCF/
6-31G* frequencies used in G2 approach give a correct
estimation of the zero-point energy, so that the calculated total
energies at 0 K are probably well estimated and should be
conserved. Therefore, for each molecular structure, we have
used the individual scaling factor, which reproduces best the
ZPE value as in standard G2 calculations. Indeed, all scaling
factors derived in this way are close to 0.94 ((0.015).

Use of the scaled MP2/6-31G* frequencies leads to an
increase in the values of the Morse parametersâ, and lowers

Jm(E) ) min
i

{Ji} (2)

Vi(0) + Ui(Ji,0) e E (3)

Km(E,J) ) min
i

{Ki} (4)

Vi(0) + Ui(J,Ki) e E and Ki e J (5)

â ) π
h
εRCx2µ

D
(6)
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the rate constants by a factor of almost 2. Results of calculation
of the rate constants for hydroxymethyl reaction channel are
given in Table 5. Value of calculatedkR2 at room temperature
is of 7.1× 10-11 cm3 molecule-1 s-1, and a very weak negative
dependence on temperature is derived. This was expected, as
the potential energy surface presents an association reaction
followed by an almost zero energy barrier for decomposition.
The calculated rate constant for the formation of hydroxymethyl
radicalskCl(CH2OH) can be expressed in the temperature range
300-1000 K as

Results of direct measurements3 of kR2 are (5.3-6.3) × 10-11

cm3 molecule-1 s-1 at room temperature. Our calculated value
should be considered as very close to the experimental estima-
tion. It is important to note that unimolecular processes were
analyzed in the high-pressure limit approach, so that values of
the calculated rate constant can be higher than observed in
intermediate pressure range. However, a possible pressure-
dependence of the rate constant was neither considered nor
analyzed experimentally.

A comparison of the rate constant,kR2 calculated from
molecular parameters obtained at different levels of theory are
shown in Figure 5. The height of the energy barrier at the
second elementary step determines the values of rate constants
and their dependence on temperature. Therefore, using the
molecular properties of the structures obtained at MP2/6-31G*,

MP2/6-311G**, and MP4/6-311G**//MP2/6-311G** levels
leads to markedly lower values of the rate constants compared
to those obtained at the G2 level. On the other hand, results
derived from G2 molecular parameters show that the values of
rate constants are quite sensitive to the choice of the vibrational
frequencies used in the calculations. Using the set of MP2
frequencies (scaled by 0.94 for both basis sets) leads to rate
constants which reproduce very well the available experimental
findings. A good quantitative agreement between values of
experimental and calculated rate constants calculated using this
approach was also achieved for the CH3OH + F reaction system
previously studied.6 Therefore we can conclude that the choice
of molecular parameters based on the G2 energies and scaled
MP2 frequencies enables one to obtain realistic description of
the reacting system.

Results of direct measurements of the reverse reaction CH2-
OH + HCl f CH3OH + Cl leads, via the equilibrium constant,
to kR2 of 6.6 × 10-11 cm3 molecule-1 s-1 at 500 K.3e This
confirms the very weak dependence on temperature ofkR2, and
is in agreement with our theoretical results.

As we described previously, formation of methoxy radicals
may proceed using two competing reaction pathways, with(kR1)
or without (k′R1) formation of molecular complex MC3 at the
first elementary step. The corresponding rate constants are
calculated as follows

with the same meaning for the symbols as in eq 1. At any
energy state labeled by (E,J,K), the expression under integrals
of sums (eqs 8 and 9) is less thanW1

/(E,J,K), so that

TABLE 5: Calculated Rate Constants for the Formation of Hydroxymethyl, kCl (CH2OH), Methoxy Radicals, kR1, k′R1 and
kCl(CH3O), and the Overall Rate Constant,kov for the CH3OH + Cl Reaction

T (K)
kCl (CH2OH)

(cm3 molecule-1 s-1)
kR1

a

(cm3 molecule-1 s-1)
k′R1

b

(cm3 molecule-1 s-1)
kCl (CH3O)c

(cm3 molecule-1 s-1)
kov,calcd

(cm3 molecule-1 s-1)
kov,exptl

(cm3 molecule-1 s-1)

300 7.08× 10-11 4.08× 10-19 6.92× 10-18 7.32× 10-18 7.1× 10-11 (5.3-6.3)× 10-11 d

400 6.99× 10-11 1.83× 10-17 3.01× 10-16 3.19× 10-16 7.0× 10-11

500 6.91× 10-11 2.06× 10-16 3.28× 10-15 3.48× 10-15 6.9× 10-11 6.6× 10-11 e

600 6.83× 10-11 1.13× 10-15 1.75× 10-14 1.87× 10-14 6.8× 10-11

700 6.77× 10-11 4.09× 10-15 6.17× 10-14 6.58× 10-14 6.8× 10-11

1000 6.74× 10-11 5.11× 10-14 7.23× 10-13 7.74× 10-13 6.8× 10-11

a The rate constant for the reaction: CH3OH + Cl / MC3 / MC1 f CH3O + HCl. b The rate constant for the reaction: CH3OH + Cl / MC1
f CH3O + HCl. c kCl (CH3O) ) kR1 + k′R1. d From ref 3.e Estimated value from ref 3f.

Figure 5. The rate constants,kCl(CH2OH) measured experimentally3

(symbols) and calculated at different levels of theory (lines) from
molecular parameters obtained by G2 method with scaled SCF/6-31G*
frequencies (‚ ‚ -), G2 with scaled MP2/6-31G* frequencies (solid
line), G2 with scaled MP2/6-311G** frequencies (dotted line), PMP2/
6-311G** with frequencies as above (‚ -), MP4SDTQ/6-311G**//MP2/
6-311G** with frequencies as above (short dashed line), PMP2/6-31G*
with scaled MP2/6-31G* frequencies (long dashed line).

kCl(CH2OH) ) 6.6× 10-11 exp(23/T) cm3 molecule-1 s-1

(7)
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Evaluation of integral 10 is standard. It is equal to the
partition function of all degrees of freedom included in
W1*(E,J,K) multiplied byRTexp[-V1*(0)/RT]. Then, the right
side of eq 10 is equal to 2kTS1, wherekTS1 is the rate constant
calculated on the basis of transition state theory for TS1 in the
absence of intermediate complexes. Therefore, the upper limit
of the rate constant related to the formation of the methoxy
radical,kCl(CH3O) ) kR1 + k′R1 is given by 2kTS1.

As shown in Table 5 the calculated rate constantkCl(CH3O)
for the formation of methoxy radicals is a few orders of
magnitude lower than for the hydroxymethyl channel. In the
temperature range 300-1000 K, the rate constant,kCl(CH3O)
can be shown as

According to the high energy barrier on the way to formation
of CH3O, kCl(CH3O) strongly depends on temperature. How-
ever, even at 1000 K the hydroxymethyl branching fraction is
close to unity. Values of the overall rate constant,kov decreases
weakly when temperature increases, and from 600 K up are
stabilized with a value of 6.8× 10-11 cm3 molecule-1 s-1. The
calculated branching ratio values for CH2OH formation are in
agreement with the one measured experimentally, if the
experimental error limits are taken into account. However, it
should be noted that there are only small differences in energy
barriers for MC2f CH2OH + HCl and MC2f MC3, at the
last elementary step for hydroxymethyl reaction pathway. At
higher temperatures, an equilibrium concentration of MC2
should be observed. As a consequence, decay of the reactants
does not correspond exactly to the concentration of the formed
hydroxymethyl, because a part orf the reactants which undergoes
reaction is “frozen” as MC2. Therefore, the measurements of
the branching fraction of hydroxymethyl may underestimate the
efficiency of formation of CH2OH. Our theoretical branching
ratio values indicate that hydrogen abstraction from the hydroxyl
site of methanol is nearly inactive at temperature below 1000
K.

The temperature dependence of the rate constant calculated
for the CH3OH + Cl reactions,kCl(CH2OH) and kCl(CH3O)
cannot be examined because of a lack of direct measurements
at temperatures higher than ambient. However, there are
available results of kinetic measurements obtained for the reverse
reaction, CH2OH + HCl f CH3OH + Cl (-R2) in the
temperature range 500-1000 K. Realistic estimation of the
reaction enthalpy for both reaction channels obtained at G2 level
allows an evaluation of the rate constants for reverse reactions
(-R1,-R2) via theoretically derived equilibrium constants. The
rate constants calculated in this way are given in Table 6 for
CH3O + HCl (CH3OH + Cl (-R1) and CH2OH + HCl (CH3-
OH + Cl (-R2) and can be expressed in the form

Calculated values ofk-R1 andk-R2 are determined either by
the heights of energy barriers or reaction energetics. The first
reaction (-R1) is weakly exothermic (-2.4 kcal/mol at 0 K).
The rate constants for H-abstraction from HCl by hydroxymethyl
and methoxy radicals are close to each other, with values at

300 K of 1.6× 10-17 cm3 molecule-1 s-1 and 6.0× 10-17 cm3

molecule-1 s-1 for k-R1 andk-R2, respectively. However, the
rate constant for the CH3O + HCl reaction,k-R1 increases more
thank-R2 when the temperature rises.

In Figure 6 is shown an Arrhenius plot for CH2OH + HCl
f CH3OH + Cl reaction in the temperature range of 500-
1000 K. The values of the rate constantk-R2 derived from eq
12 are in very good agreement with experiments. Only the
experimental point at 1000 K deviates from the theoretical line.
However, its value is significantly underestimated compared to
the other experiments at lower temperatures. The exact value
of k-R2 is not known at room temperature. An approximate
estimation ofk-R2 lower than 5×10-16 cm3 molecule-1 s-1

given by Dóbé et al.3f is in line with our calculated value of 6
×10-17 cm3 molecule-1 s-1 at 300 K. The quantitative
agreement between theoretical and measured values ofk-R2

obtained over a wide range of temperature confirms also the
good representation of the temperature dependence of the rate
constant for the primary reaction CH3OH + Cl f CH2OH +
HCl.

3.3. Rate Constants for the CH3OH + Br Reaction. Due
to the difficulties with the convergence of the SCF process with
the 6-311G** basis set, the optimized geometry of all the
stationary points found on the potential energy surface for the
CH3OH + Br reaction system was derived with the 6-31G*
basis set. Results of MP2 calculations reproduce the reaction
enthalpy values for both reaction channels better than those
obtained at MP4 level. Therefore, these structural parameters

TABLE 6: Calculated Rate Constants for the Reverse
Reactions: CH3O + HCl f CH3OH + Cl (k-R1) and
CH2OH + HCl f CH3OH + Cl (k-R2)

T (K) K1
a

k-R1
b

(cm3

molecule-1 s-1
) K2

c

k-R2
d

(cm3

molecule-1 s-1)

300 4.54× 10-1 1.61× 10-17 1.24× 106 5.69× 10-17

400 1.48 2.16× 10-16 1.13× 105 6.20× 10-16

500 3.04 1.14× 10-15 2.80× 104 2.47× 10-15

600 4.94 3.79× 10-15 1.13× 104 6.04× 10-14

700 6.97 9.44× 10-15 5.98× 103 1.13× 10-14

1000 1.27× 101 6.09× 10-14 1.90× 103 3.54× 10-14

a The equilibrium constant for the reaction: CH3OH + Cl / CH3O
+ HCl. b The rate constant for the reaction: CH3O + HCl f CH3OH
+ Cl. c The equilibrium constant for the reaction: CH3OH + Cl /
CH2OH + HCl. d The rate constant for the reaction: CH2OH + HCl
f CH3OH + Cl.

Figure 6. Arrhenius plot for the CH2OH + HCl f CH3OH + Cl
reaction (-R2) comparing results of this study obtained on the basis
of eq 12b (line) with kinetic measurements (symbols) of Do´béet al.3e

kCl(CH3O) ) 1.5× 10-12 ×
(T/300)2.5 exp(-3665/T) cm3 molecule-1 s-1 (11)

k-R1 ) 2.7× 10-14 × (T/300)2.5 exp(-2230/T)

cm3 molecule-1 s-1 (12a)

k-R2) 5.8× 10-13 exp(-2760/T) cm3 molecule-1 s-1

(12b)
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together with the scaled (by 0.94) MP2/6-31G* frequencies were
used in the calculation of rate constants. The hydroxymethyl
can be formed following two reaction pathways, with(kR4) and
without (k′R4) formation of the intermediate complex MC6.
Basic equations for calculation of the rate constant for total
formation of hydroxymethyl,kBr(CH2OH) ) kR4 + k′R4 are given
by

whereQA andQB denote the partition functions of CH3OH and
Br (with the center of mass translational partition function
factored out),VP(0) is the CH2OH plus HBr channel energy at
J ) 0 with respect to the reactant energy at 0 K, and other
symbols are as in eq 1. As previously shown, the upper limit
of this rate constant is given by 2kTS4, wherekTS4 is the rate
constant, calculated using transition state theory, for the
formation of hydroxymethyl via TS4 in absence of intermediate
complexes MC5 and MC6. The structural parameters necessary
for the calculation of the sum of states for activated complexes
are the molecular data given in Table 2.

The rate constantskBr(CH2OH) calculated from molecular
parameters obtained at different levels of theory are shown in
Figure 7. In general the calculated rate constants are markedly

lower than the ones obtained experimentally, especially at low
temperatures. Due to the fact that the MP4 energy barrier is
higher by 2 kcal/mol than the MP2 one, the MP4 rate constants
are significantly smaller than MP2 ones. It can also be noticed
that the use of scaled SCF frequencies leads to systematically
larger values of rate constants compared to those obtained on
the basis of scaled MP2 frequencies. However, the largest
calculated rate constants approaches those experimentally
estimated only when temperature exceeds 700 K.

The values of the calculated rate constants from molecular
parameters obtained at MP2/6-31G* level are listed in Table 7.
A column with values of the rate constantkMC5 related to overall
formation of molecular complex MC5 in CH3OH + Br T MC6
f MC5 and CH3OH + Br f MC5 reactions have been added
in the table. This rate constant can be derived from eqs 13 and
14 if the last fraction in the integral is replaced by unity and
the lower limit of the integral byV4

/(0). The rate constants
calculated for the formation of hydroxymethyl are significantly
lower than estimated experimentally by Do´bé et al.5 At 400
K, our calculated value ofkBr(CH2OH) ) kR4 + k′R4 is almost
8 times lower than the experimental one. When the temperature
increases, the calculated value ofkBr(CH2OH) approaches the
experimental one; but at 700 K the derivedkBr(CH2OH) is still
two times less than estimated experimentally. The values of
kMC5 given in the last column, are considerably larger than either
kBr(CH2OH) or the experimental ones. This is a consequence
of the small barrier for the back reaction of the last elementary
step. This barrier of 1.4 kcal/mol is 3.6 kcal/mol lower than
the relative stability energy of MC5 with respect to hydroxy-
methyl channel products. As a consequence, only a small part
of MC5 undergoes dissociation to CH2OH + HBr especially at
lower temperatures, and therefore leads to small values of
kBr(CH2OH). A comparison ofkMC5 with kBr(CH2OH) shows
that only 1% and less than 30% of MC5 yields the hydroxy-
methyl radicals, at 300 and 1000 K, respectively. On the other
hand, it is important to note that values of the rate constant,
kTS4 (denoted by the solid line in Figure 7) are very close to
those estimated experimentally. In the temperature range of
500-700 K the greatest difference does not exceed 10%. As
was shown previously, the upper limit ofk(CH2OH) is given
by 2kTS4, and values ofkMC5 are close to that at any temperature.
This fact suggests that, as obtained at MP2/6-31G* level, total
energies of MC5 and/or the channel products can be overesti-
mated. Unfortunately, we could not examine the total energy
of MC5 by G2 method. The thermal stability of MC5, 5.0 kcal/
mol with respect to the channel products at PMP2 level is very
close to values obtained using the G2 method for corresponding
structures of the CH3OH + Cl and CH3OH + F reaction
systems. This suggests that probably total energies of both MC5
and products are overestimated and should be lowered. Results
of G2 calculation (for reactants and products, only) also support
this conclusion. The reaction enthalpy for this reaction channel
was estimated at the G2 level as being about 3 kcal/mol less
than PMP2 value, and close to the energy barrier related to TS4.
As shown in Figure 2, the products CH2OH + HBr are the most
thermodynamically unstable molecular systems among the
stationary point systems for the hydroxymethyl reaction channel.
A shift down by 2 kcal/mol of the energy levels of MC5 and
the hydroxymethyl channel products should lead to the branch-
ing ratio close to 0.5 for the formation of hydroxymethyl at the
last elementary step. It may be obtained by systematic lowering
of the products energy levels to get the best agreement with
experiment. That approach was applied by Chen et al.19 in a
similar calculation of the rate constants for hydrogen abstraction

Figure 7. Arrhenius plot for the CH3OH + Br f CH2OH + HBr
reaction comparing kinetic measurements (symbols) of Do´bé et al.5

with theoretical results derived on the basis of molecular parameters
obtained from calculation: PMP2/6-31G* with scaled MP2/6-31G*
frequencies (dashed line), PMP2/6-31G* with scaled SCF/6-31G*
frequencies (‚ -), MP4SDTQ/6-31G*//MP2/6-31G* with scaled MP2/
6-31G* frequencies (‚ ‚ -), MP4SDTQ/6-31G*//MP2/6-31G* with
scaled SCF/6-31G* frequencies (dotted line). The solid line denotes
recommendedkTS4 (see text for definition).
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from hydrocarbons by halogen atoms. However, in our case,
this fitting procedure must lead to values of the rate constant,
kBr(CH2OH) close to the one derived forkTS4, which is in
excellent agreement with experiment. Therefore, we consider
kTS4 as the best approximation tokBr(CH2OH), which is
equivalent to assumption of the branching ratio value (expressed
by the sum of states in eqs 13 and 14) of 0.5 for the dissociation
of MC5 to hydroxymethyl products at any energyE. The
temperature dependence of the rate constant derived by this way
for the formation of hydroxymethyl channel products,kBr(CH2-
OH) ) kTS4, can be expressed in the temperature range 300-
1000 K as

Figure 7 shows a good agreement between the calculated values
kBr(CH2OH) and the experimental results of Do´bé et al.5

The rate constant calculation for CH3O reaction channel was
carried out on the basis of the expressions given below forkR3

andk′R3

Results of this calculation are given in Table 8, and they show
that the efficiency of the formation of methoxy radicals given
by the rate constantkBr(CH3O) ) kR3 + k′R3 can be considered
as negligible. In the temperature range of 300-1000 K, this
rate constant can be expressed analytically as follows

According to the very high energy barrier, the rate constant
kBr(CH3O) depends strongly on temperature, However, the

formation of CH3O does not give a contribution to the overall
rate constant even at 1000 K. This is in agreement with
experiment that only formation of hydroxymethyl radicals is
observed.

The derived potential energy surface permits also the calcula-
tion of the rate constants for the reverse reactions: CH3O +
HBr f CH3OH + Br (-R3) and CH2OH + HBr f CH3OH +
Br (-R4). Evaluation of the rate constants,k-R3 andk-R4 can
be straightforwardly performed via equilibrium constants ob-
tained theoretically from molecular parameters of reactants and
products. A comparison of calculated and experimental rate
constants can be made for CH2OH + HBr reaction since there
are results available for direct measurements ofk-R4 obtained
in the range of 220-473 K by Dóbé et al.5

The previous calculation ofkBr(CH2OH) for H-abstraction
from methanol by Br atoms shows that the total energies of the
hydroxymethyl channel products obtained at PMP2/6-31G* level
are probably overestimated by about 2 kcal/mol. On the other
hand, using the G2 method leads to the reaction enthalpy of
2.1 kcal/mol lower compared to the one estimated on the basis
of heats of formation. Calculation ofk-R4 requires correct
values of equilibrium constants. These equilibrium constants
are very sensitive to reaction energetics, and lead to a systematic
overestimation (PMP2) or underestimation (G2) of the values
of k-R4. An improvement of the total energy of CH2OH + HBr
molecular system is then of major importance for quality of
final results of the calculated rate constant,k-R4. Therefore we
assumed that the “correct” equilibrium constant for CH3OH +
Br (CH2OH + HBr reaction,K4 can be shown in the formK4

) K4,PMP2exp(ε/RT), whereK4,PMP2is the equilibrium constant
calculated for molecular parameters derived from PMP2/6-31G*
calculation (with vibrational frequencies scaled by 0.94) andε

is the shift of the total energy of CH2OH + HBr toward the
value obtained at PMP2/6-31G* level. Value ofε was found
by fitting of the rate constants calculated ask-R4 ) kBr(CH2-
OH)/K4 to experimental results of Do´bé et al.5 The best
agreement was reached forε ) 1.8 kcal/mol. This shift down

TABLE 7: Calculated Rate Constants for the Formation of Hydroxymethyl Radicals kR4, k′R4, and kBr(CH2OH) and the Rate
ConstantskTS4 and kMC5 (definitions below the Table) for the CH3OH + Br Reaction

T (K)
KR4

a (cm3

molecule-1 s-1)
k′R4

b (cm3

molecule-1 s-1)
kBr(CH2OH)c (cm3

molecule-1 s-1)
kBr(CH2OH) exptld

(cm3 molecule-1 s-1)
kTS4

e (cm3

molecule-1 s-1)
kMC5

f (cm3

molecule-1 s-1)

300 2.92× 10-18 3.04× 10-18 5.96× 10-18 2.38× 10-16 4.54× 10-16

400 2.99× 10-16 3.17× 10-16 6.16× 10-16 4.8× 10-15 5.95× 10-15 1.15× 10-14

500 5.09× 10-15 5.55× 10-15 1.06× 10-14 4.6× 10-14 4.63× 10-14 8.96× 10-14

600 3.48× 10-14 3.93× 10-14 7.41× 10-14 2.1× 10-13 1.99× 10-13 3.80× 10-13

700 1.39× 10-13 1.64× 10-13 3.03× 10-13 6.2× 10-13 5.98× 10-13 1.12× 10-13

1000 1.70× 10-12 2.40× 10-12 4.10× 10-12 5.33× 10-12 9.25× 10-12

a The rate constant for the reaction: CH3OH + Br / MC6 / MC5 f CH2OH + HBr. b The rate constant for the reaction: CH3OH + Br /
MC5 f CH2OH + HBr. c kBr(CH2OH) ) kR4 + k′R4. d From ref 5.e The rate constant calculated on the base of transition state theory for TS4
neglecting intermediate complexes MC4 and MC6.f The overall rate constant calculated for the formation of MC5 in the reactions: CH3OH + Br
f MC5 and CH3OH + Br T MC6 f MC5.

kBr(CH2OH) ) 4.8× 10-12 × (T/300)2.6 exp(-2975/T)

cm3 molecule-1 s-1 (15)
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∞
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∑
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W3
/(E,J,K) ×
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(17)

kBr(CH3O) ) 2.7× 10-12(T/300)1.9 exp(-9825/T)

cm3 molecule-1 s-1 (18)

TABLE 8: Calculated Rate Constants for the Formation of
Methoxy Radicals kR3, k′R3 and kBr(CH3O) for the CH3OH +
Br Reaction

T (K)
KR3

a (cm3

molecule-1 s-1)
k′R3

b (cm3

molecule-1 s-1)
kBr(CH3O)c

(cm3 molecule-1 s-1)

300 6.35× 10-27 9.70× 10-27 1.61× 10-26

400 3.87× 10-23 6.21× 10-23 1.01× 10-22

500 7.81× 10-21 1.33× 10-20 2.11× 10-20

600 2.82× 10-19 5.12× 10-19 7.94× 10-19

700 3.77× 10-18 7.33× 10-18 1.11× 10-17

1000 4.37× 10-16 1.05× 10-15 1.49× 10-15

a The rate constant for the reaction: CH3OH + Br / MC6 / MC4
f CH3O + HBr. b The rate constant for the reaction: CH3OH + Br
/ MC4 f CH3O + HBr. c kBr(CH3O) ) kR3 + k′R3.
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of the total energy of the CH2OH + HBr system corresponds
to the reaction enthalpy for CH3OH + Br f CH2OH + HBr of
8.8 kcal/mol at 298 K, which is equal to the experimentally
estimated value (8.8( 1.0 kcal/mol).5,15

The calculated rate constants,k-R3 andk-R4 given in Table
9 can be expressed in the form convenient for use in kinetic
modeling

Both reactions of H-abstraction from HBr by hydroxymethyl
and methoxy radicals are exothermic. This is consistent with
the fact that the values of the rate constants,k-R3 andk-R4, are
a few orders of magnitude higher than those of the correspond-
ing primary reactions. At 300 K the resulting values of those
rate constants are 5.3× 10-16 and 9.8× 10-12 cm3 molecule-1

s-1 for CH3O + HBr and CH2OH + HBr reactions, respectively.
A high value of the rate constant for the hydroxymethyl reaction
(-R4) suggests an important role of this reaction for atmosphere
modeling. An Arrhenius plot for CH2OH + HBr reaction is
shown in Figure 8. The complex reaction mechanism leads to
a weak negative temperature dependence of the calculated values
of k-R4, also observed experimentally. Values of the rate
constant,k-R4 calculated using eq 19b, are in very good
agreement with experiments over a wide range of temperature.

An experimenal study has been underway on the kinetics of
the reaction (-R3) in one of our laboratories.20 A significantly
larger rate coefficient value has been determined at room
temperature. This may indicate that the barrier height of TS3
has been overestimated in the calculations.

4. Conclusion

Ab initio calculations at different levels of theory were
performed for the CH3OH + Cl and CH3OH + Br reaction
system. Derived molecular properties (optimized geometries,
barrier heights and vibrational levels) of the characteristic points
of the potential energy surface were used to describe the
mechanism of the kinetics of the reaction under investigation.
Results of calculation show that the mechanism of both CH3-
OH + Cl and CH3OH + Br reactions is complex, and similar
to the CH3OH + F reaction, proceeds via the formation of
intermediate complexes. However, in contrast to the previously
studied CH3OH + F reaction system, all transition states of both
reactions are located above respective molecular complexes
energy levels at all levels of theory.

The energy profile for the CH3OH + Cl reaction obtained at
the G2 level, indicates a very small height for the energy barrier
of the hydroxymethyl reaction channel. This explains the
relatively high value of the rate constant observed experimen-
tally, significantly higher than the one expected for this almost
thermoneutral reaction. The calculated rate constant for the
hydroxymethyl reaction channel,kCl(CH2OH) at 300 K is in
very good agreement with experimental measurements for CH3-
OH + Cl. The very weak negative temperature dependence of
kCl(CH2OH) obtained can be explained in terms of the relative
importance of the MC2f MC3 elementary process with
temperature variation. Calculated branching ratio values indi-
cate that hydrogen abstraction from the hydroxyl-site is negli-
gible for temperatures below 1000 K.

The reaction enthalpies for both reaction channels obtained
at MP2 level for CH3OH + Br are in good agreement with
experimental estimations. However, calculation of the rate
constant for hydroxymethyl reaction channel indicates that the
total energies of the channel products and molecular complex
MC5 are probably overestimated. Unfortunately, the total
energy of MC5 estimated at MP2 level could not be checked
using the G2 method owing to difficulties with convergence of
the SCF process with the 6-311G** basis set. Lowering total
energy of both MC5 and the hydroxymethyl channel products
by about 2 kcal/mol, as suggested by the results of the calculated
reaction enthalpy at G2 level, should lead to the “mean” value
of the branching ratio for dissociation of MC5 close to 0.5. Due
to high energy barriers, this assumption corresponds to the rate
constant for the R4 channel,kBr(CH2OH) replaced by the rate
constant calculated on the basis of conventional transition state
theory via TS4 neglecting the intermediate complexes,kTS4. The
values ofkBr(CH2OH) obtained by this method are in excellent
agreement with experiment. Results of the rate constant
calculation for reaction channel R3 show that this channel is
inactive even at the highest temperature considered in this study.
It is in accordance with the sole experimentally observed
formation of hydroxymethyl radicals.

Analytical expressions obtained in this study allow the
successful description of kinetics of the reactions under inves-
tigation in a wide temperature range. Because of narrow
temperature ranges of the experimental measurements, derived
expressions are of significant importance for the chemical
modeling studies.

TABLE 9: Calculated Rate Constants for the Reverse
Reactions: CH3O + HBr f CH3OH + Br (k-R3) and
CH2OH + HBr f CH3OH + Br (k-R4)

T (K) K3
a

k-R3
b (cm3

molecule-1 s-1)
K4

exp(ε/RT)c
k-R4

d (cm3

molecule-1 s-1)

300 3.08× 10-11 5.23× 10-16 2.44× 10-5 9.75× 10-12

400 3.71× 10-8 2.72× 10-15 1.09× 10-3 5.46× 10-12

500 2.65× 10-6 7.95× 10-15 1.11× 10-2 4.16× 10-12

600 4.59× 10-5 1.73× 10-14 5.35× 10-2 3.72× 10-12

700 3.51× 10-4 3.16× 10-14 1.66× 10-1 3.61× 10-12

1000 1.35× 10-2 1.11× 10-13 1.27 4.19× 10-12

a The equilibrium constant for the reaction: CH3OH + Br / CH3O
+ HBr. b The rate constant for the reaction: CH3O + HBr f CH3OH
+ Br. c The equilibrium constant for the reaction: CH3OH + Br /
CH2OH + HBr (K4) with ε ) 1.8 kcal/mol.d The rate constant for the
reaction: CH2OH + HBr f CH3OH + Br.

Figure 8. Arrhenius plot for the CH2OH + HBr f CH3OH + Br
reaction (-R4) comparing results of this study obtained on the basis
of eq 19b (line) with kinetic measurements (symbols) of Do´bé et al.5

k-R3 ) 4.1× 10-14 × (T/300)1.9 exp(-1305/T)

cm3 molecule-1 s-1 (19a)

k-R4 ) 2.0× 10-12 exp(395/T) cm3 molecule-1 s-1 (19b)
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