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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;GH + Cl and Br. These calculations have shown that,
similar to CHOH + 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)JPhys. Chenml998 102 xxxx. The very low energy

barrier for the hydroxymethyl channel of the gbH + CI 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 $©8BH HCI observed experimentally is also well
reproduced by the calculations. For the {OH + 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 studi€€H,OH) = 4.8 x 1012 (T/300%¢ exp(—29751)

cm® molecule! st andk(CHzO) = 2.7 x 10712 (T/300)-° exp(—9825/T) cm? molecule® s™*. In chlorine

and bromine reactions, the channel leading ta@li$ 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 CHOH + HCI and HBr which agree well with available experiments.

1. Introduction results of measurements of the branching ratios for the channels
The kinetic modeling studies of the pyrolysis and oxidation CH.OH + Cl — CH.O + HClI (R1)

of methanol have been of great interest for chemists in the last 3 3

several years,in as much as methanol could be considered as — CH,OH + HClI (R2)

an alternative, more environmental friendly fuel or fuel additive

to gasoline. The hydrogen abstraction from methanol by atoms show a significant dominance of the hydroxymethyl reaction
and radicals yields as products either hydroxymethyl or methoxy channel R2. The branching ratio for this latter channel has been
radicals in competing reaction channels according to the found experimentally close to unity, 0.95This is in agreement
nonequivalent hydrogens of the methyl or hydroxyl group of with what could be expected by comparing the heat of reaction
CHsOH. The efficiency of the product formation is described of each channel. The hydroxymethyl reaction channel R2
by its branching ratio, which is defined as the ratio of the rate should be favored as it is indeed weakly exothermic with a
constant for a given reaction channel divided by the sum of the reaction enthalpy of-6.2 kcal/mol at room temperature, while
rate constants of all parallel reaction channels. The reactivethe methoxy channel R1 is endothermic by 1.9 kcal/mol.
species formed in competing reaction channels may interfere Moreover, the presence of three equivalent hydrogens on the
each other or initiate d|fferept subsgquent reactlpns. Therefore,methyl group leads to three reaction possibilities for R2. It was
knowledge of the branching ratios and their temperature also found experimentally that the possible competing reaction
dependence is of major importance for the chemical modeling related to the abstraction of OH group of methanol is negligible
studies. Despite their practical and theoretical importance, theijn comparison to abstraction of the methyl group hydrogen.
kinetics of the H-abstraction from methanol by halogen atoms vajues of the overall rate constant (R1R2) obtained using
is not very well-known. Especially the branching ratio values direct techniquesare all in the range (5:36.3) x 107! cm?
at higher temperatures are reported with relatively large molecule s'1. Recent measurements by tikoet al3¢ using
uncertainties. _ . ~the fast flow technique with LMR and EPR detections led to
The reaction of methanol with chlorine atom has been studied the rate constant of 6.% 10~ cm?® molecule’? s~ at room
experimentally using either indirécor direcé methods. The  temperature. This value, compared with the rate constants for
*To whom correspondence should be addressed H-abstraction from methanol by other atoms and radicals, is
t Permanent address: Department of Physical Chemistry, Wroclaw @bout factor of 2 lower than the one related to the analogous
University of Medicine, PI. Nankiera 1, 50-140 Wroclaw, Poland. reaction of CH with fluorine® (1.1 x 10719 cm® molecule?
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s™1). However, due to the strength of the HF bond, both reaction kinetics of the reactions under investigation is presented. This
channels for CHOH + F are highly exothermic. On the other analysis concerns the ab initio search of the bound complexes
hand, the nearly thermoneutral reaction4OH + Cl has a rate and transition states of each reaction, and their structural
constant 1 order of magnitude greater than the one observed in([geometries and vibrational frequencies) analysis. Results of

the case of the considerably more exothermitl(,9s = —22.3 ab initio calculations allow the evaluation of the site-specific
kcal/mol for the hydroxymethyl reaction channel) reaction of reaction rate constant and the branching ratios using computa-
methanol with OH kK = 9.1 x 10713 cm® molecule® s at tional methods of reaction rate theory.

298 K)3' The high value of the overall rate constant for the
CH30OH + Cl reaction suggests that only a small or negligible 2. Molecular Structure Calculation

energy barrier should be expected at least for the dominant . . I .
reaction channel. 2.1. Details of Calculation. Ab initio calculation were

Kinetics and mechanism of the reaction of methanol with performed using the GAUSSIAN 92 anc_i 94 program packéges.
bromine is not well-known. Both overall rate constants or the Restricted HartreeFock (RHF) self-consistent field (SCF) wave

branching ratios for the competing reaction channels functions were used fo_r closed shell molecules {0OH, HCI,
and HBr) and unrestricted Hartre€ock (UHF) SCF wave
CH,OH + Br — CH,O + HBr (R3) functions for the other open-shell specfesThe electron
correlation energy was estimated by Mgh&lesset perturbation
— CH,OH + HBr (R4) theory at the second (MP2) and up to fourth orders including

all single, double, triple, and quadruple excitations (MP4SDTQ)

were obtained with unsatisfactory precision using indirect and using the ‘frozen core’ approximation (the inner shells are
methods. One of the first investigations of @bH + Brwas  excluded from the correlation energy calculatiof). All
carried out by Buckley and Whitt#8.and Amphett and Whittfé eq_umbrlum and transition states structures were fully optmzed
using conventional static or low flow photolysis. The reaction Using the analytical gradients at SCF and MP2 levels with the
order and the corresponding overall rate constant determined6-31G* and 6-311G** basis sets. For open-shell structures the
experimentally were found to depend either on the chemical SPin contamination has been taken into account in the calculation
composition or on the pressure of the system. This was of the energies byapro!ectlon method included in the Gausswfm
explained by a change in the nature of the termination reaction Program and are noted in results as PMP2 and PMP4. Energies
involving bromine atoms (hetero- and homogeneous recombina-Were also improved by using G1 and G2 levels of thédifhis
tion with other radicals). The Arrhenius parameters obtained @PProach is a composite procedure in which the geometries
for the temperature range 34808 K lead, by extrapolationto ~ Optimized at the MP2/6-31G* level are used as reference in
room temperature, to a low value of the rate constant of2.4 additional total energy calculations at MP4/6-311G**, MP4/6-
1017 cm® molecule® st for the hydroxymethyl reaction — 311+G**, MP4/6-311G(2df,p), MP2/6-31+G(3df,2p), and
channel R4. Some information on the kinetics of the;OH QCISD(T)/6-311G** in order to improve the calculated total
+ Br can be obtained from the direct study of the reverse €nergy. Temperature corrections to relative energies are
reaction CHOH + HBr — CH;OH + Br. However, the obtained by using the calculated vibrational frequencies scaled
estimated value of the corresponding rate constant via equilib- Py 0-8929 to take into account their overestimation at the (U)-
rium constant is not certain due to discrepancies of the order of HF/6-31G* level.
+1 kcal/mol in the enthalpy of formation of the hydroxymethyl. ~ 2.2. Geometries and Vibrational Levels. CH;OH + Cl

Very recently, Dbéet al5 studied the CHOH + Br reaction Reaction. Calculated optimized geometries and vibrational
using excimer laser photolysis coupled with Br-atom resonance frequencies obtained at the MP2/6-311G** levels of theory are
fluorescence detection over the temperature range-439 K. given in Tables 1a and 1b and shown in Figure 1. In Table 1S
Results of this investigation lead to values of the rate constant Of the Supporting Information these properties are given at the
larger than the ones estimated previously. Extrapolation of the MP2/6-31G* level.
rate constant from derived Arrhenius parameters leads to a value Transition state CHzO--+H---CI (TS1). This transition state
of 1.1 x 10716 cm® molecule’® s! at room temperature for ~ corresponds to the abstraction of the hydrogen atom from the
R4. The branching ratio for hydroxymethyl formation was hydroxyl group of methanol. The structural parameters depend
found close to unity, and the efficiency of the methoxy reaction only slightly on the level of theory as well as on the basis set
channel was negligible even at the highest temperature of thatused. The length of the breakingH, bond is 20% longer
investigation. Relatively low values of the rate constant for than the G-H bond in methanol. The formed,H-Cl bond is
methanol reaction with bromine suggests high energy barriersalso about 20% longer than in isolated HCI (1.46 and 1.44 A
for both reaction channels. A comparison of the branching ratio with the 6-31G* and 6-311G** basis set). Attack of the CI-
values for H-abstraction from methanol shows significant atom is far from collinear, as the-€H,—Cl angle is about 160
differences when the electronegative free radical reactantin the TS1 structure. Exceptin the MP2/6-31G* calculation, a
changes from F, Cl, and Br. At relatively low temperatures, Cs symmetry of methanol is found for theTS1 structure. The
practically all bromin& and almost all chloriréare consumed  vibrational frequency values are weakly sensitive to the level
by the hydroxymethyl reaction channel (R2 and R4) while the of theory used. On the contrary, the value of the imaginary
methoxy radical yield is higher than 50% in the §€3H + F frequency obtained at the MP2 level is lower with the 6-31G*
reactionsf basis set (257&m™1) than using the 6-311G** basis set (2379

In part 18 it has been shown that the hydrogen abstraction cm™?)
from methanol by fluorine atoms proceeds via a complex  Molecular complex CHzO:--HCI (MC1). The optimized
mechanism. A similar reaction mechanism is also expected for structural parameters of this molecular complex where the
the reaction of methanol with halogens, such as chlorine and methoxy radical is far from the hydrogen chlorine are shown
bromine, with formation, in the first step of loosely bound on Figure 1. The shortest distance between@ldnd HCI is
intermediate complexes preceding the respective transition statesthe distance ©H,. This distance depends on the level of theory
In this study, the theoretical analysis of the mechanism and used. It changes from 2.12 A (UHF/6-311G**) to 1.95 A (MP2/
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MC2a X MC2 TS2a MC3

Figure 1. Geometrical structures of the intermediate structures and transition states found forztbel @HCl reaction.

TABLE 1: Optimized Structures of Stationary Points and Vibrational Frequences of the Potential Energy Surface for the
CH30H + CI Reaction System Obtained at MP2/6-311G** Level

TS1 MC1 TS2 MC2a TS2a MC2 MC3
(a) Vibrational Frequencies
CcO 1.3958 1.3816 1.3881 1.3595 1.3663 1.3748 1.4257
OH, 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
CHy 1.0935 1.1023 1.1556 2.1615 2.3900 2.8546 1.0947
CH. 1.0935 1.0952 1.0955 1.0862 1.0844 1.0838 1.0950
H.Cl 1.4435 1.2866
HyCl 1.7907 1.2896 1.2796 1.2865
Clo 2.5417
COH, 112.2242 110.0499 107.5167 108.0962 108.0532 108.3660 107.0450
OCH, 103.8946 111.7716 108.8076 112.7860 112.8914 112.6026 106.5154
OCH, 112.2628 104.7156 111.3634 102.0031 77.5636 35.8986 111.9639
OCH, 112.2628 112.6651
OH.CI 114.6205 118.4964 118.5675 117.4521
CHyCI 111.2336
COCI 161.3798 168.7357 172.8238 172.9235 166.2090 154.5132 108.0029
H,OCH, 180.0000 —152.4453 173.4724 172.5488 171.4501 177.1085 177.5424
H,OCH, 63.0690 91.3791 —70.9845 —79.9302 —88.1932 —140.0875 58.8972
H,OCH, —63.0690 —25.5179 48.1714 26.1430 23.2656 30.6573  —63.9958
CIH,OC 0.0000 1.9327
CIH,CO 113.6368 71.8380 97.4682 178.9775
CIOCH, 69.5753
(b) Optimized Structures
V1 172 55 64 37 61 54 98
23 196 83 166 107 108 88 133
V3 516 157 440 129 172 150 172
Vs 660 424 1088 393 350 422 454
Vs 1030 500 1111 438 499 474 1076
Ve 1087 980 1147 538 757 550 1099
V7 1201 1054 1309 830 1088 738 1196
vg 1202 1130 1357 1096 1233 1090 1388
Vg 1435 1422 1428 1249 1395 1211 1510
V10 1447 1437 1515 1401 1526 1388 1519
Y11 1540 1548 1954 1528 3001 1519 1532
V12 3043 2898 3092 2828 3181 2908 3067
V13 3131 3018 3205 3167 3330 3188 3144
V1a 3167 3108 3905 3316 3908 3340 3205
V1s 2379i 3154 251i 3907 154 3809 3899

aBond lengths in angstroms, valence and dihedral angles in degréesm™2.

6-311G**). MClL is significantly looser than the corresponding and HCI are very close to those of the isolated species. The
structure for CHOH + F reaction. The geometries of GB O—Ho,—ClI bond angle is close to 170
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Figure 2. Geometrical structures of the intermediate and transition states found for %@HCH Br reaction.

Transition State Cl---H---CH,OH (TS2). The TS2 structure Molecular Complex MC3. This molecular complex has a
is more reactant-like than TS1, and attack of the chlorine atom structure similar to the one found for the gBH + F reaction
is nearly collinear at any level of theory used. However, values system. MC3 is a very loose molecular complex. The distances
of the other parameters depend significantly on the level of between Cl and C¥DH are long (Ci+-O = 2.5 A, and Ci--H
calculation as well as on the basis set used. The most sensitivas longer tha 3 A at MP2level). Other structural parameters
structural parameters are the length of the breakingHs bond, have the same values as in the isolated methanol molecule. The
which changes from 1.36 A (UHF/6-31G*) to 1.16 A (MP2/ set of vibrational frequencies of MC3 is formed of two parts,
6-311G**) and the forming Hb-Cl bond which goes from 1.52  one part where the frequencies are almost identical to their
to 1.79 A, showing that the increase of the level of theory leads corresponding values in methanol, and the three additional
to a more reactant-like transition state. As a consequence offrequencies which are due to the Cl interaction and are less than

the larger H—Cl forming bond, the imaginary frequency has a 200 cnT™.

very small value at the MP2/6-311G** level of (25¢m™2). CH3OH + Br Reaction. The optimized structures and
The use of a mode-walking algorithftonfirms that this loose ~ Vibrational frequencies of the characteristic points of the
structure is a genuine transition state. pOtentIal energy surface for the wH -+ 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-Rdtikoth for a molecular

. . complex and the transition state in the analogous calculation
Cl, but the distance &Hy is somewhat larger (2.2 A at MP2 for H-abstraction reaction from ethane by bromine atoms.

Ievzlel) alnd thi.HbO d:stapcelllshallrr}ost the Elamﬁ as ;]n the(l|5| | Hence, the electron correlation corrections were carried out only
molecule. This complex is slightly less stable than the molecular iy the 6.31G* basis set, and G2MP2, G2MP3, G1, and G2
complex of hydroxymethyl with hydrogen chlorine, MC2, which g nergiedt are available only for reactants and products mol-

is, in fact, the most stable structure in the {CHH 4 Cl reaction ecules.

system. In Figure 1, it is shown that this complex is stabilized Transition State CH3O-+-H-+-Br (TS3). This transition state

by a weak hydrogen bond,-©Hy. The OHCI bond angle is  ghqwn in Figure 2 and described in Table 2 describes the attack

Molecular Complexes ClH--CH,OH. CIH---CH,OH de-
noted byMC2 and MC2a have been found as intermediates
for the hydroxymethyl reaction channel. Both molecular
complexes, which correspond to+LI 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,-CH

nearly 180 and the structural parameters of the Ll part of a bromine atom on the hydrogen atom of the hydroxyl group
of MC2 are very close to those obtained for the isolated of c,0H. In this structure, the bromine atom is abouf 60
hydroxymethyl radical. out of the COH plane. The breaking ©H, bond length found

Transition state TS2a. TS2a is a transition state for the by MP2/6-31G* calculations is 1.28 A. This corresponds to a
isomerization MC2a— MC2 where the hydrogen chlorine part  relative elongation of 30% with respect to the OH bond length
of MC2a is shifted in the direction of the oxygen of the in the methanol molecule. On the contrary, the forming
hydroxymethyl. It leads to an elongation of the €y, distance Ho+++Br bond distance is found at 1.57 A as having a reactant-
and a disappearance of the linearity of the-B,—CIl atom like character. As in the case of TS1, the value of the imaginary
system. Small values of the imaginary frequency af(@LCF) frequency is around 1900 crhin the MP2 calculation.
and 156-170 (MP2) show that the energy barrier for the MC2a Molecular Complex CH30---HBr (MC4). Structural pa-

— MC2 isomerization is broad. rameters of the complex of methoxy radical with HBr are close
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TABLE 2: Optimized Structures of Stationary Points and Vibrational Frequencies of the Potential Energy Surface for the
CH30H + Br Reaction System Obtained at the MP2/6-31G* Levél

TS3 MC4 TS4 MC5a TS4a MC5 MC6
(a) Optimized Structures
CcoO 1.4039 1.3932 1.3596 1.3682 1.3760 1.3832 1.4354
OH, 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
CH, 1.0925 1.1013 1.5885 2.4672 3.0451 2.7798 1.0940
CH; 1.0934 1.0946 1.0900 1.0873 1.0853 1.0843 1.0947
HoBr 1.5690 1.4500
HpBr 1.5445 1.4438 1.4376 14511
BrO 2.6241
COH, 112.9450 102.9303 109.4006 108.5581 108.3771 108.9915 107.9219
OCH, 102.3192 111.1539 111.6155 112.2605 112.2917 112.0661 105.9142
OCH, 112.8591 104.5512 106.8149 88.8163 59.4887 39.8263 111.7193
OCH. 112.1817 112.3113 117.7597 118.1448 118.0758 117.3422 110.9302
OH,Br 142.5809 158.7805
CHyBr 172.0199 124.8775 111.5777 149.2771
COBr 106.2697
HoOCH, 161.0833 —147.9738 173.5334 178.9869 173.4116 178.3245 177.0090
H,OCH, 43.5123 95.7808 —76.0900 —47.2657 —70.0566 —127.6865 58.3948
H,OCH, —83.3639 —21.6113 32.9116 34.4755 28.0865 33.3002 —64.5182
BrH,OC 59.2477 6.5317
BrH,CO 54.7071 49.0949 88.2283 175.5978
BrOCH, 73.9037
(b) Vibrational Frequencies
V1 160 79 65 86 59 40 108
V2 187 97 236 106 108 86 131
V3 302 160 538 137 135 137 170
Va 725 372 760 260 247 392 455
Vs 1032 485 854 366 560 459 1063
Ve 1203 982 982 563 787 544 1096
V7 1265 1078 1119 854 1104 779 1201
Vg 1305 1135 1254 1115 1224 1098 1399
Vg 1481 1457 1318 1240 1413 1202 1527
V10 1488 1489 1413 1418 1545 1393 1561
V11 1577 1573 1546 1548 2666 1538 1569
V12 3070 2513 3167 2589 3207 2504 3101
V13 3165 3051 3315 3191 3356 3218 3183
V14 3209 3146 3763 3346 3774 3372 3245
Vis 1900i 3192 331 3757 113 3781 3767

aBond lengths in angstroms, valence and dihedral angles in degréessm 2.

to each other at both levels of theory used. Indeed only the O---Hj distances of ca. 2.8 A at the MP2 level. Values of other
O—H, bond distance depends on the type of calculation (2.0 A structural parameters both bond lengths or valence and dihedral
at MP2). At both MP2 and SCF levels, the highest vibrational angles are close for both methods used. The vibrational
frequency corresponding to the—®l, stretch is significantly frequencies larger tharg are very close to their corresponding
lowered (by 800 cm! for SCF and 600 cm' for MP2) in counterparts in hydroxymethyl.
comparison to the ©H stretch in methanol. Transition State TS4ais a saddle point for the isomerization
Transition State Br---H---:CH,OH (TS4). For this structure MC5a— MCS5. Its structure presented in Figure 2 shows some
(Table 2), the attack of the bromine atom on the H atom of the similarity to TS2a; however, Hatom is farther away from the
methyl part of methanol is nearly collinear. Structural param- C—O bond of hydroxymethyl. TS4a is very loose, with contact
eters depend only slightly on the level of calculation. The length distances &-H, of 3.0-4.2 A and Q--H, of 2.6-3.0 A
of the breaking &Hy, bond obtained at MP2 level is 1.59 A,  depending on the method used. The imaginary frequency is
which corresponds to a relative elongation of the Cbond close to that of TS2a (11&t MP2 level).
of 45% compared to parent methanol. On the other hand, the Molecular complex MC6. The structure of this complex is
formed Hy++Br bond distance of 1.54 A at MP2 level is only  very close to analogous complexes which are formed by fluorine
10% larger than the bond length of isolated HBr molecule. These and chlorine with methanol. MC6 is the most stable structure
characteristics correspond to a product-like transition state.  for CH3OH + Br reaction system. Contact distances between
Molecular Complex BrH---CH,OH (MC5 and MC5a). bromine, oxygen, and hydrogen atoms of £2ithd OH groups
Similar to the analogous structures for the O + Cl reaction of methanol are greater than 3.0 A. Geometrical parameters of
system, molecular complexes of hydroxymethyl with hydrogen both SCF and MP2 optimized structures are close. Vibrational
bromine are in a fact formed by weak hydrogen bonding. The frequencies obtained at SCF and MP2 levels are also close to
optimized geometry of MC5a significantly depends on the each other, and (as for MC5) the conserved frequencies are
method used. The contact distance for-8} of 2.5 A found almost identical to those of the methanol molecule.
in MP2 calculation is almost 1.5 A shorter than that obtained ~ 2.3. Energetics and Mechanism of the CEDH + Cl and
at the SCF level. The MP2 value of 12fbr the G--Hy---Br CH30H + Br Reactions. In Tables 3-4 are given the relative
bond angle is very different from the almost collinear atom energies (including respective zero-point vibrational energy
system C--Hy:++Cl in the corresponding molecular complex corrections) of characteristic points of the potential energy
MC2a. The complex MC5 is also a loose structure, with surface at different levels of theory with respect to the reactants
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TABLE 3: Relative Energies, with Respect to Reactant Energy, of Stationary Points of the Potential Energy Surface @ K for
CH30H + Cl Reaction System Calculated at Different Levels of Theory

molecular system PMP2 MP4° G2MP2 G2MP3 Gl G2 exptl
CH,OH + HCI —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
CIH-+-CH,0OH (MC2) -10.1 -8.7 -10.9 -10.5 -95 -10.0
TS2a —-8.2 —6.9
MC2a -7.9 —6.7
Cl+++H---CH,OH (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
CHz0-++H---ClI (TS1) 11.3 11.0 7.7 7.9 8.0 8.1
CH30-+-HCl (MC1) 1.4 —-0.9 —-1.8 —-2.0 —-0.7 —-1.4
CHsO + HCI 5.3 2.8 2.1 1.9 3.1 2.4

5.7 3.2 2.5 2.3 3.5 2.8 2:81.0

2 In kcal/mol; bold type (in product rows) shows the reaction enthalpy at 298KIP2/6-311G**//MP2/6-311G** energy with ZPE calculated
using the unscaled MP2/6-311G** frequencieMP4SDTQ/6-311G**//IMP2/6-311G** energy with ZPE calculated using the unscaled MP2/6-
311G** frequencies? 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 @ K for
CH30H + Br Reaction System Calculated at Different Levels of Theor§

molecular system PMP2 MP4e G2MP2 G2MP3 Gl G2 exptl
CH,OH + 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 8:81.0
BrH-+-CH,OH (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++-CH,OH (TS4) 6.7 (6.5) 8.7 (8.5)
MC6 —6.5 6.8  —6.3 (6.6)
CH:0-++H-++Br (TS3) 19.9 (19.0) 18.1 (17.3)
CH;0-++HBr (MC4) 11.8 (11.6) 8.5 (8.3)
CHzO + 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 15.6 156 159 1790

a|n kcal/mol; bold type (in product rows) shows the reaction enthalpy at 298PRIP2/6-31G*//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).
¢ MP4SDTQ/6-31G*//MP2/6-31G* energy with ZPE as aboY€alculated using the enthalpies of formation from refs 5 and 15.

energies. These tables also include the calculated reactionenergy differences are obtained for TS2. PMP2 and PMP4
enthalpy values at room-temperature derived from calculated energies are very close to reactant energy, while G1 and G2
vibrational frequencies and rotational constants. Experimental methods locate TS2 about 5 kcal/mol below. The molecular
values of reaction enthalpies are obtained using the most recentomplex MC3 is located 5 kcal/mol below the reactants. A

estimated enthalpy of formation of reactants and products. Thegjightly lower thermal stability of MC3 is predicted by the MP2
estimation of the formation enthalpy of both radicals, OH and MP4 methods.

and CHO are known with a precision not better thai kcal/

mol 515 Therefore, possible differences &2 kcal/mol from As in the case of the CYDH + F reaction, the mechanism

the experimental value can be considered as acceptable. of the hydrogen abstraction from methanol by chlorine atoms
CH3OH + CI Reaction. Overall calculated values of IS quite complex. The energy profile obtained at the G2 level
reaction enthalpy for both channels of the {O# + Cl reaction ~ is shown in Figure 3. In the first elementary step, attack of the

are in very good agreement with the experimental value. The chlorine atom either on the methyl side or on the hydroxyl side
best values are those obtained at the G2, G2MP2, and G2MP30f CH3OH leads to the formation of a loose molecular complex,
levels, showing that G2MP2 is sufficient to obtain good MC3, which may yield both R1 and R2 channel products. Due
energetics. The most stable structure forsOH + Cl reaction to the lack of thermal stability of MC2a, the next elementary
system is the molecular complex MC2, the stabilization energy step for the R2 reaction channel leads, via TS2 (with a very
of which is 10 kcal/mol below the reactants at G1, G2, and |ow energy barrier of 0.1 kcal/mol), directly to the molecular

MP2 levels. Inclusion of the zero-point energies leads to an complex MC2, which dissociates to the final channel products.
energy of the transition state TS2a lower than the one of the The reaction pathway, which yields the methoxy channel
molecular c.omple>.< M(;Za. Then, the unstable MCZa} molecule products (R1) first forms a molecular complex, MC3, goes
undergoes isomerization to MC2 without energy barrier. Thus, through a transition state TS1 toward another molecular

mgsr?anailgr(rjw Lsfgit dvgr:g? Izeeanrll tr%I:ipnptilaefr(Iar;ciir;i Iiﬁae(;itl:osn complex, MC1, which finally dissociates into the methoxy
' play any " radical and HCI. There is a possibility for another pathway

Thermal stability of the two other complexes (MC1 and MC2) concerning the hydroxyl side attack of chlorine atom, which,

with respect to the final channel products is estimated at 4 kcal/ . . )
mol for any method including electron correlation energy. starting directly from completely separated reactants, leads, via

Differences are observed for the estimations of energy barrier transition state TS1 to MC1 and next to the methoxy products.
heights, i.e., energy of transition states TS1 and TS2. G1 andOptimized structure of this saddle point is very close to the
G2 methods predict the location of TS1 (methoxy channel) at TS1 optimized structure (except for conservation ofCa
about 8 kcal/mol above the reactant energy, whereas at the MP2ymmetry) and its Hessian matrix possesses two negative
and MP4 levels this energy barrier is higher by 3.0 kcal/mol. eigenvalues with both eigenvectors corresponding to a motion
Larger of the hydrogen atom between oxygen and chlorine atoms.
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Figure 3. Schematic energy profile for GA@H + Cl reaction. The Figure 4. Schematic energy profile for G®H + Br reaction. The
energies are calculated at the G2 level including zero-point energy energies are calculated at the PMP2/6-31G* level including zero-point
corrections. energy corrections.

Therefore formation of the methoxy channel products may + HBr < MC5 — CH,OH + HBr, whereas methoxy radicals

proceed by two possible ways. (channel R3) are formed in the reactions{CHi + Br <= MC6
CHs0OH + Br Reaction. Owing to the difficulties with SCF <> MC4 — CH30 + HBr and CHOH + Br < MC4 — CH;O

convergence using the 6-311G** basis set, the results are thoset HBr. Rate constants for both reaction channels can be

calculated at MP2 and MP4 levels using 6-31G* basis set. evaluated on the basis of a RRKM-like method.

Hopefully, even with this basis set the calculated reaction

enthalpies, especially those derived from MP2 calculations, are 3. Calculation of Rate Constants

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 nex

rate constant calculation. The MC6 molecular complex lies 6.8

3.1. Method Used. In part  we derived a general
expression for a rate constant in the case of a bimolecular
reaction in which two intermediate complexes are formed.
fAccordineg, the rate constant for the formation of hydroxy-
methyl (channel R2) by C¥DH + CI reaction system can be

kealimol below the reactants at PMP2 and PMP4 levels. Good V""" 83

agreement between PMP2 and PMP4 results was also reached I K

for TS4 and almost as good for TS3. However, differences in Kep = f°° dE W,(E,J,K) x
thermal stability of molecular complexes, MC4 and MC5, * hQ,Qg”° gm; s

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

WH(E,JK)

X

W,(E,J.K) + WA(E,J K) + WE(E,JK)

and MP4 levels the molecular complex MC5 is located 5.0 kcal/ W,(E,J.K)
mol below the hydroxymethyl channel products. The heights exp—E/RT) (1)
of energy barrier of 6.5 and 19.0 kcal/mol for TS4 and TS3, W,(E,J,K) + W5(E,J K)

respectively, suggest that formation of hydroxymethyl should

be the dominant reaction channel. The molecular complex where (i)Qa andQg are the partition functions of GJ®H and
MC5a is unstable after including the zero-point vibrational CI with the center of mass translational partition function
energy. lIts total energy is slightly higher than TS4a so that factored out of the producQaQg, and included inz. (ii)

both structures, MC5a and TS4a only seemingly take part in W/(E,J,K)denotes the sum of states at energy less than or equal
the reaction kinetics. This is in line with the unstable molecular to E, and at angular momentum quantum numkleasdK, for
complex MC2a found in the C¥#DH + Cl reaction system. The  transition stategdenoted by &) and “activated complexes”
energy profile for the CEDH + Br reaction system is shown  for unimolecular dissociation of the respective molecular
in Figure 4. Both transition states TS3 and TS4 are located complexes. Indeklabels transition states (T)Sand molecular
significantly above reactant energy. As for the reactiorsCH complexes (M@ according to the notation in Figure 3. (iii)
OH + CI, occurrence of bound complexes implies a complex The bottom limit of the integral is given by the threshold energy
mechanism for the kinetics of the reaction of methanol with of the reaction. It is equal to zero for the hydroxymethyl
bromine. Indeed, for any reaction channel there are two possibleformation R2 because all characteristic points of the potential
pathways: with and without formation of MC6 as the first energy surface for this reaction channel (MC3, TS2, MC2, and
elementary step. For instance, formation of hydroxymethyl products) are located below the reactant energy level (see Figure
radicals (channel R4) may proceed by the following pathway: 3). If Vi(0) denotes the potential energy of the transition state/
CH3OH + Br <= MC6 < MC5 — CH,OH + HBr and CHOH activated complex at the angular momentiim 0, andU;(J,K)
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is its rotational energy corresponding to angular momentum case of the CEDH + F reaction, the energskc of the oscillator

guantum numberd andK, then the upper limidy, at givenE corresponding to the reaction coordinate is relateatstathe

is given by following conditions: vibrational frequency of all the intermediate complexes (MC1,

] MC2, and MC3). Then, the separation of vibrational modes of

In(E) = min{ J} 2 molecular complexes into two classes, the “disappearing” and

“conserved” oscillators, was easily carried out. The complexes

whereJ; is the highest integer satisfying the inequality are very loose, and it is apparent from the tables concerning
the structural parameters that the frequencies highenth@n

Vi(0)+ Ui(3,0) < E 3) MC3) andvg (in MC1, MC2) are indeed identical or very close

to the vibrational modes of isolated @BH, CH,OH, CH;O,
and indexi runs through all the transition states/activated and HCI molecules. All internal parameters of the SSACM
complexes for the reaction pathway under investigation. At method used were determined by the molecular parameters
fixed E andJ, the upper limit ofK, Ky, is determined by derived from ab initio calculation, and there is no fitting or
adjustable parameter.

Kn(EJ) = miln{ K} ) A choice of the G2 molecular parameters for the rate constant
calculation, however significantly overestimates both the value
with K; given by the conditions: of the calculated rate constant and its dependence on temper-
ature. For the hydroxymethyl channel R2, we obtained values
Vi(0)+ UIK) = E and Ki=J ®) of the rate constant of 1.% 10710 and 2.5x 10719 cm?

molecule’® s71 at 300 and 500 K, respectively. Our room
temperature value is then almost two times greater than the one
estimated experimentafly(5.1-6.3) x 10711 cm® molecule’?

The sum of state$V(E,J,K)is calculated using the classical
harmonic-oscillator and rigid-rotor approximation. Rotational

energy gt gl\ietn angulartmczmenturtn,i() |?Nderllved for an " s~1. There are no direct experimental data at higher temperature,
assumed prolate symmetry top system. We also assume thaf, v ome information can be extracted from available direct
the geometry of the transition states does not depend on energ easurements for the reverse reaction,GH + HCl —

and angular momentum. The simplified version of the statistical CH,OH + Cl. Results of Dbéet al3lead via the equilibrium
ad|ab§1t|c channel model (SSACM) de\{eloped by T‘?meused constant to a value of the rate constant for the R2 channel of
to derive structural parameters of activated complex, i.e., the 6.6 x 10-11 cm? molecule? s at 500 K. It is considerably
centrifugal energy barriers, and quanta of the *disappearing” less than our value even if the possible uncertainties in

and *conserved” oscillators. The sum of the vibrational states equilibrium constant related to value of the enthalpy of formation

necessary for calculation CW(E’J'K) has been e‘."'?"“a‘ed by for hydroxymethyl radical are taken into account. On the other
inverse Laplace transformation of respective partition functions hand, unimolecular recombination is usually characterized by

using the steepest descent methbdll computational details activation energy close to zero, which implies only weak

e ot o e e e I emperature dependrce o ate constnts. The esiiated e
16 P P Partonstant for the first elementary step §€»H + Cl — MC3

3.2. Rate constants for CHOH + Cl Reaction. As is also depends strongly on temperature. Troe’s method applied

shown in Figure 3, the reacton pathway which leads 10 the o (26 DPE T (ERERs SO oS CEm e ence
formation of hydroxymethyl is characterized by the very small P P P

(below 0.1 kcal/mol) energy barrier of TS2. The structural of the calculated rate constant is due to uncertainties in the
parameters at the G2 level (scaled by 0.8929 vibrational molecular parameters us_ed._ This was prewous_ly observed for
frequencies obtained in SCF/6-31G* calculation and rotational the rate constant calculation in the &bH + F reaction system.

constants from MP2/6-31G* optimized geometry) were used A critical molecular structure for the rate const_ant calculation
for molecules which participate in the reaction. It was shown s, of course, the molecular complex MCB' Itis a very loose
in part | that calculation of the sum of states for activated complex with distances between chlorine atom ancl the nearest
complexes in the SSACM approach requires the evaluation of contact atoms greater than 2.5 A at MP2/6-31G* level and
two empirical parameters: the “looseness” parametend the therefore this leads to very low values for the three lowest

Morse parametef$, which describes the potential energy along wbrart]lo?al freC}uenues._ Thte)z most sek?smve model garaLnetﬁrs
the dissociation patt. The value of the Morse paramef@is are the lowest frequencies, because they correspond to the three

usually derived from the energy of the vibrational magle, disappearing oscillators. Among them, one is representative

corresponding to the bond which will break and which is often of the vibration of the reaction coordinate and therefore gives
called the “reaction coordinate”. as the value of the Morse parametgr The lowest frequencies

obtained at the MP2/6-31G* level are considerably more
s realistic, and if they are used in the calculation of the rate
p= FERC\/; (6) constants of CkDH + ClI reaction, they allow a satisfactory
description of its kinetics. On the other hand, the scaled SCF/
with D the dissociation energy andthe reduced mass of the ~6-31G* frequencies used in G2 approach give a correct
fragments. The “looseness” parameteis in general consid- ~ €stimation of the zero-point energy, so that the calculated total
ered as a fitted parameter, the value of which is chosen to getenergies &0 K are probably well estimated and should be
the best agreement with experiment. However, comparative conserved. Therefore, for each molecular structure, we have
studies for a wide group of unimolecular reactions show that used the individual scaling factor, which reproduces best the
0ptima| choice of thex value should Correspond to the ratio of ZPE value as in standard G2 calculations. |ndeed, all Scaling
a/p close to 0.5 (the value of 0.46 0.07 is recommended by  factors derived in this way are close to 0.940(015).
Cobos and Troé8 and this ratio is used in our calculation for Use of the scaled MP2/6-31G* frequencies leads to an
the estimation ofx for all unimolecular processes). As inthe increase in the values of the Morse paramefgrand lowers
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TABLE 5: Calculated Rate Constants for the Formation of Hydroxymethyl, k¢, (CH,OH), Methoxy Radicals, kg1, k'r; and
kci(CH30), and the Overall Rate Constant,k,, for the CH3;OH + CI Reaction

I<CI (CHZOH) lea k’Rlb kCI (CH3O)C kov,calcd kov,exptl
T(K) (cm®molecules™) (cm®moleculets™) (cm®molecule?s™) (cm®molecule!s™) (cm®moleculels™) (cm®moleculets™)
300 7.08x 1071* 4.08x 1071° 6.92x 10718 7.32x 10718 7.1x10°% (5.3-6.3) x 107114
400 6.99x 10711 1.83x 10°Y 3.01x 10716 3.19x 10716 7.0x 101
500 6.91x 10°1¢ 2.06x 10716 3.28x 107% 3.48x 1071 6.9x 1071 6.6 x 1071e
600 6.83x 10711 1.13x 1071 1.75x 10 1.87x 10+ 6.8x 101
700 6.77x 10711 4.09x 10715 6.17x 107 6.58x 107 6.8x 10711
1000 6.74x 1071 5.11x 10°* 7.23x 10713 7.74x 10713 6.8x 101

aThe rate constant for the reaction: €dH + Cl*= MC3 = MC1— CHsO + HCI. P The rate constant for the reaction: gbH + Cl= MC1
— CH30 + HCI. ¢kg) (CH30) = kg1 + Kry. ¢ From ref 3.6 Estimated value from ref 3f.

9.5 — . . . MP2/6-311G**, and MP4/6-311G**//MP2/6-311G** levels
L - 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
0.5 - T frequencies used in the calculations. Using the set of MP2
7] frequencies (scaled by 0.94 for both basis sets) leads to rate
1ol . | constants which reproduce very well the available experimental
P findings. A good quantitative agreement between values of
experimental and calculated rate constants calculated using this
/ 7 approach was also achieved for the{OHi + F reaction system
/ previously studied. 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
300 500 700 900 the reacting system.
T(K) Results of direct measurements of the reverse reaction CH
Figure 5. The rate constantsg(CH;OH) measured experimentally ~ OH + HCI — CH3zOH + Cl leads, via the equilibrium constant,
(symbols) and calculated at different levels of theory (lines) from to kg, of 6.6 x 10711 cm® molecule! s71 at 500 K3¢ This

molecular parameters obtained by G2 method with scaled SCF/6-31G* Conﬁrms the Very Weak dependence on temperatul@zohnd
frequencies +(- —), G2 with scaled MP2/6-31G* frequencies (solid ;. : : ;
line), G2 with scaled MP2/6-311G** frequencies (dotted line), PMP2/ Is in agreement with our theoretical results.

-10.0 E

logkp,/cmPmotec’'s™
\
\

-11.5 -

6-311G** with frequencies as above+), MP4SDTQ/6-311G*//MP2/ As we described previously, formation of methoxy radicals
6-311G** with frequencies as above (short dashed line), PMP2/6-31G* may proceed using two competing reaction pathways, iitf)
with scaled MP2/6-31G* frequencies (long dashed line). or without (K'r1) formation of molecular complex MC3 at the

first elementary step. The corresponding rate constants are

the rate constants by a factor of almost 2. Results of calculation calculated as follows

of the rate constants for hydroxymethyl reaction channel are
given in Table 5. Value of calculatdg, at room temperature

is of 7.1x 10~ cm® molecule s, and a very weak negative _ Z o0

dependence on temperature is derived. This was expected, agRl o hQ,Q IW(O)dE;;W3(E’J’K) x
the potential energy surface presents an association reaction AB e

Im K

followed by an almost zero energy barrier for decomposition. W;(E,J.K)
The calculated rate constant for the formation of hydroxymethyl X
radicalske(CH,OH) can be expressed in the temperature range Wy(E,JK) + W5(E,J.K) + W;(E,JK)
300-1000 K as W, (E,J,K)
_ 1 exp(—E/RT) (8)
— 11 3 1.1
ke (CH,OH) = 6.6 x 10 ~~ exp(23T) cm” molecule 5(7) W, (E,J,K) + WA(E,J.K)
Im Km

Results of direct measuremehtsf kg, are (5.3-6.3) x 10711 z »
cm® molecule'? s~ at room temperature. Our calculated value Ky = hQ.Q IW(o)dEZ;M(E’J,K) X
should be considered as very close to the experimental estima- AXB o=

tion. It is important to note that unimolecular processes were Wi (E,JK)
analyzed in the high-pressure limit approach, so that values of 9)
the calculated rate constant can be higher than observed in W, (E,JK) + W;(E,J K)

intermediate pressure range. However, a possible pressure-
dependence of the rate constant was neither considered nofith the same meaning for the symbols as in eq 1. At any
analyzed experimentally. energy state labeled b¥(J,K), the expression under integrals

A comparison of the rate constaritz, calculated from of sums (eqs 8 and 9) is less thej(E,J,K), so that
molecular parameters obtained at different levels of theory are

shown in Figure 5. The height of the energy barrier at the 5 In K

second glementary step determines the values of rate constants Key + Ky < z f°° dE W:(E,J K)exp(—E/RT)
and their dependence on temperature. Therefore, using the hQ,Qs vi0) L L

molecular properties of the structures obtained at MP2/6-31G*, (20)
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Evaluation of integral 10 is standard. It is equal to the
partition function of all degrees of freedom included in
Wi*(E,J,K) multiplied by RTexp[—V1*(0)/RT]. Then, the right
side of eq 10 is equal tokgs;, wherekrs; is the rate constant
calculated on the basis of transition state theory for TS1 in the

absence of intermediate complexes. Therefore, the upper limit T(K)

of the rate constant related to the formation of the methoxy
radical, kci(CHs0) = kg1 + K'r1 is given by Xrsu.

As shown in Table 5 the calculated rate const@i(iCH3O)
for the formation of methoxy radicals is a few orders of
magnitude lower than for the hydroxymethyl channel. In the
temperature range 36000 K, the rate constankc/(CH3O)
can be shown as

ke(CH30) = 1.5 x 10 2 x
(T/300¥° exp(—3665) cm® molecule * s * (11)

According to the high energy barrier on the way to formation
of CH30, k¢|(CH30) strongly depends on temperature. How-
ever, even at 1000 K the hydroxymethyl branching fraction is
close to unity. Values of the overall rate const&gtdecreases

weakly when temperature increases, and from 600 K up are

stabilized with a value of 6.& 10711 cm® molecule'l sL. The
calculated branching ratio values for gbH 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 MC2— CH,OH + HCI and MC2— MCS3, 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

J. Phys. Chem. A, Vol. 102, No. 46, 1998239

TABLE 6: Calculated Rate Constants for the Reverse
Reactions: CHO + HCl — CH3OH + CI (k_g1) and

kleb kfRZd

(cm? (cm?
(K K2 molecule® s} Ka* molecule! s
300 4.54x 10 1.61x 10 1.24x10° 5.69x 1077
400 1.48 2.16< 10°¢ 1.13x 10° 6.20x 10716
500 3.04 1.14x 1071  2.80x 100 2.47x 107%
00 4.94 3.7% 101 1.13x10* 6.04x 104
700 6.97 9.44< 107'* 598x 10° 1.13x 104
1000 1.27x 10 6.09x 107 1.90x 1® 3.54x 10

aThe equilibrium constant for the reaction: @bH + Cl = CH;O
+ HCI. ® The rate constant for the reaction: @b+ HCl — CHsOH
+ Cl. ¢ The equilibrium constant for the reaction: gbH + Cl =
CH,OH + HCI. 4 The rate constant for the reaction: €bH + HCI
— CH30H + CI.

-13.5

-14.0 |

logk ,lcm’molec’’s™

kN

»

o
T

-15.0 L t
1.0 15

1000K/T

2.0

hydroxymethyl, because a part orf the reactants which undergoe%igure 6. Arrhenius plot for the CHOH + HCl — CHsOH + Cl
reaction is “frozen” as MC2. Therefore, the measurements of reaction (-R2) comparing results of this study obtained on the basis

the branching fraction of hydroxymethyl may underestimate the
efficiency of formation of CHOH. 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 calculate

for the CHHOH + ClI reactions,kc(CH,OH) and kei(CHz0)

of eq 12b (line) with kinetic measurements (symbols) ¢bBet al3¢

300 K of 1.6x 10717 cm® molecule! s~ and 6.0x 10717 cm?
molecule® s~ for k_r; andk_gy, respectively. However, the
rate constant for the GJ@ + HCI reaction k_r; increases more

dhank_g, when the temperature rises.

In Figure 6 is shown an Arrhenius plot for GBIH + HCI

cannot be examined because of a lack of direct measurements—. cH,0H + Cl reaction in the temperature range of 500

at temperatures higher than ambient. However, there arej0p0 K. The values of the rate constan, derived from eq
available results of kinetic measurements obtained for the reverse| 2 are in very good agreement with experiments. Only the

reaction, CHOH + HCI — CH3OH + CI (—R2) in the
temperature range 56000 K. Realistic estimation of the

experimental point at 1000 K deviates from the theoretical line.
However, its value is significantly underestimated compared to

reaction enthalpy for both reaction channels obtained at G2 levelthe other experiments at lower temperatures. The exact value
allows an evaluation of the rate constants for reverse reactionspf k g, is not known at room temperature. An approximate

(—R1,—R2) via theoretically derived equilibrium constants. The
rate constants calculated in this way are given in Table 6 for
CH30O + HCI (CH3OH + CI (—R1) and CHOH + HCI (CHs-

OH + CI (—R2) and can be expressed in the form

K_gy = 2.7 x 10" x (T/300}° exp(—2230)

cm® molecule*s™ (12a)

K_g,= 5.8 x 10 > exp(—~27601T) cm’ molecule™ s *
(12b)

Calculated values df_r; andk_r, are determined either by

estimation ofk_g, lower than 5x10716 cm® molecule? s1
given by Ddoe et al3f is in line with our calculated value of 6
x107Y cm® molecule! s at 300 K. The quantitative
agreement between theoretical and measured valuésgof
obtained over a wide range of temperature confirms also the
good representation of the temperature dependence of the rate
constant for the primary reaction GBH + Cl — CH,OH +
HCI.

3.3. Rate Constants for the CHOH + 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

the heights of energy barriers or reaction energetics. The first CH;OH + Br reaction system was derived with the 6-31G*

reaction (R1) is weakly exothermic2.4 kcal/mol at 0 K).
The rate constants for H-abstraction from HCI by hydroxymethyl

basis set. Results of MP2 calculations reproduce the reaction
enthalpy values for both reaction channels better than those

and methoxy radicals are close to each other, with values atobtained at MP4 level. Therefore, these structural parameters
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Figure 7. Arrhenius plot for the CHOH + Br — CH,OH + HBr
reaction comparing kinetic measurements (symbols) dbeDat al®

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*//IMP2/6-31G* with scaled MP2/
6-31G* frequencies-(- —), MP4SDTQ/6-31G*//MP2/6-31G* with
scaled SCF/6-31G* frequencies (dotted line). The solid line denotes
recommendedtrss (see text for definition).

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, wikas) and
without (kK'rs) formation of the intermediate complex MC6.
Basic equations for calculation of the rate constant for total
formation of hydroxymethyke(CH,OH) = kra + K'rq are given

by
In Km

z 00
Keeg = Y fvp(o)dEZOKZOWG(E,J,K) x
W;(E,J,K)

X
W,(E,J.K) + WE(E,JK) + WE(E,JK)

Wi(E.J.K)

exp(—E/RT) (13)
W;(E,J,K) + W,(E,J,K)

I Km

Z e
K s = ho0s I8 P(o)dEZO}ZO\NZ(E,J,K) x
Wy(E,JK)

(14)
W(E,J,K) + W,(E,JK)

whereQa andQg denote the partition functions of GBH and

Br (with the center of mass translational partition function
factored out)Vp(0) is the CHOH 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 byk#.s wherekrsa is the rate
constant, calculated using transition state theory, for the
formation of hydroxymethyl via TS4 in absence of intermediate
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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 constd®ics related to overall
formation of molecular complex MC5 in G@H + Br < MC6
— MC5 and CHOH + Br — 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 by;(0). The rate constants
calculated for the formation of hydroxymethyl are significantly
lower than estimated experimentally by Ifoet al> At 400
K, our calculated value dfg;(CH,OH) = kga + k'ra is almost
8 times lower than the experimental one. When the temperature
increases, the calculated valuekgf(CH,OH) approaches the
experimental one; but at 700 K the derivieg( CH,OH) is still
two times less than estimated experimentally. The values of
kmcs given in the last column, are considerably larger than either
ksr(CH,OH) 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 @BIH + HBr especially at
lower temperatures, and therefore leads to small values of
ksr(CH,OH). A comparison okycs with ks (CH,OH) shows
that only 1% and less than 30% of MCS5 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,
krs4 (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 &CH,OH) is given
by 2krs4, and values okycs 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 C¥OH + Cl and CHOH + 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 @BH + 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

complexes MC5 and MC6. The structural parameters necessanthe hydroxymethyl channel products should lead to the branch-

for the calculation of the sum of states for activated complexes
are the molecular data given in Table 2.

The rate constantks(CH,OH) calculated from molecular
parameters obtained at different levels of theory are shown in

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 &t ial.a

Figure 7. In general the calculated rate constants are markedlysimilar calculation of the rate constants for hydrogen abstraction
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TABLE 7: Calculated Rate Constants for the Formation of Hydroxymethyl Radicals krs4, k'rs4, @and kg,(CH,OH) and the Rate
Constantskrss and kycs (definitions below the Table) for the CH;OH + Br Reaction

K|:z4el (Cnﬁ |('R4b (Crl"l3 |(E>,r(CHon)C (CI"I'T3 kBr(CHon) exptF |('|'s4e (CI']"I3 kosf (CI"I'T3
T (K) molecule* s™1) molecule* s™1) molecule* s™%) (cm® molecule s™1) molecule*s™) molecule* s™)
300 2.92x 10718 3.04x 10718 5.96x 10718 2.38x 10716 4.54x 10716
400 2.99x 10716 3.17x 10716 6.16x 10716 4.8x 10715 5.95x 10°%® 1.15x 10+
500 5.09x 10715 5.55x 1071 1.06x 1074 46x 107 4.63x 107 8.96x 107
600 3.48x 10714 3.93x 104 7.41x 104 21x 108 1.99x 1013 3.80x 10713
700 1.39x 10713 1.64x 10718 3.03x 10718 6.2x 10713 5.98x 10718 1.12x 10788
1000 1.70x 10712 2.40x 10712 4.10x 10712 5.33x 10°%? 9.25x 10712

2The rate constant for the reaction: €bH + Br = MC6 = MC5 — CH,OH + HBr. ? The rate constant for the reaction: ¢€bH + Br =
MC5 — CH,OH + HBtr. € kg (CH,OH) = krs + K'ra. 9 From ref 5.6 The rate constant calculated on the base of transition state theory for TS4
neglecting intermediate complexes MC4 and MCBhe overall rate constant calculated for the formation of MC5 in the reactionsOBH- Br
— MC5 and CHOH + Br <> MC6 — MC5.

from hydrocarbons by halogen atoms. However, in our case, TABLE 8: Calculated Rate Constants for the Formation of
this fitting procedure must lead to values of the rate constant, Methoxy Radicals kgs, K'rs and ke;(CH3O) for the CH;OH +

ker(CH;OH) close to the one derived fderss which is in B Reaction
excellent agreement with experiment. Therefore, we consider Krd? (cm?® Kre (cr® ker(CH30)°
krss as the best approximation tkg(CH,OH), which is T(K) molecule*s™) molecule*s™)  (cm®molecules™)
equivalent to assumption of the branching ratio value (expressed 300 6.35x 10°%7 9.70x 10°% 1.61x 10726
by the sum of states in egs 13 and 14) of 0.5 for the dissociation 400  3.87x 1072 6.21x 10°% 1.01x 1072
of MC5 to hydroxymethyl products at any enerfly The 7.81x 107 1.33x 1072 2.11x107%
temperature dependence of the rate constant derived by this way 0 2.82x 107 5121077 7:94x 1075

. 700 3.77x 10718 7.33x 10718 1.11x 107
for the formation of hydroxymethyl channel produditg(CHy- 1000  4.37x 1016 1.05% 10-15 1.49x 10°15
?(;-('))O_Kk;? can be expressed in the temperature range-300 aThe rate constant for the reaction: @dH + Br = MC6 = MC4

— CH30 + HBr.  The rate constant for the reaction: ¢bH + Br

= MC4 — CH3O + HBr. ¢ kBr(CH;;O) = kR3 + k'R3.

CH,OH) = 4.8 x 10 *? x (T/300Y-° exp(~2975
r 2
ot molecule* s * (15) formation of CHO does not give a contribution to the overall

rate constant even at 1000 K. This is in agreement with

Figure 7 shows a good agreement between the calculated value§XPeriment that only formation of hydroxymethyl radicals is

ker(CH20OH) and the experimental results of B®et al® observed. _ _
The rate constant calculation for @Bl reaction channel was The derived potential energy surface permits also the calcula-

carried out on the basis of the expressions given belovfer tion of the rate constants for the reverse reactions:s@Ht

andKgrs HBr — CH30H + Br (—R3) and CHOH + HBr — CHzOH +
Br (—R4). Evaluation of the rate constanksgs andk-gr4 can
7 Im Km be straightforwardly performed via equilibrium constants ob-
Kpg=—— “ dE W,(E,J,K) x tained theoretically from molecular parameters of reactants and
3 V5(0) S i i
hQ,Qg =i products. A comparison of calculated and experimental rate
WE(E,JK) constants can be made for gbH + HBr reaction since there
3 1y . . .
% are results available for direct measurement& g obtained
in the range of 226473 K by Dde et al®
Wo(E,JK) + W5(EJK) + Wy(EK) The previous calculation ofg(CH,OH) for H-abstraction
W,(E,J.K) from methanol by Br atoms shows that the total energies of the
exp(-E/RT) (16) hydroxymethyl channel products obtained at PMP2/6-31G* level
W,(E,J,K) + W;(E,J,K) are probably overestimated by about 2 kcal/mol. On the other

hand, using the G2 method leads to the reaction enthalpy of

, z o Jn Ko 2.1 kcal/mol lower compared to the one estimated on the basis
Kre= EIW(O)dEZO;DM(E’J,K) X of heats of formation. Calculation d€_r4 requires correct
AB SR values of equilibrium constants. These equilibrium constants
W, (E,J,K) are very sensitive to reaction energetics, and lead to a systematic
(17) overestimation (PMP2) or underestimation (G2) of the values
W,(E,J K) + W5(E,J K) of k_rs. An improvement of the total energy of GBIH + HBr

) _ _ ) molecular system is then of major importance for quality of
Results of this calculation are given in Table 8, and they show final results of the calculated rate constdnks. Therefore we
that the efficiency of the formation of methoxy radicals given assumed that the “correct” equilibrium constant forZOH +
by the rate constard(CH3O) = krs + K'r3 can be considered  Br (CH,OH + HBr reaction,K4 can be shown in the forri,

as negligible. In the temperature range of 30000 K, this = Ka pmp2€Xp(e/RT), whereK, pup2is the equilibrium constant
rate constant can be expressed analytically as follows calculated for molecular parameters derived from PMP2/6-31G*
1 9 calculation (with vibrational frequencies scaled by 0.94) and
ke (CH30) = 2.7 x 10" *4(T/300)° exp(~9825T) is the shift of the total energy of GE@H + HBr toward the
cmt molecule st (18) value obtained at PMP2/6-31G* level. Value ofvas found

by fitting of the rate constants calculated kags = kg(CH;-
According to the very high energy barrier, the rate constant OH)/K, to experimental results of Th& et al® The best
ks(CH3O) depends strongly on temperature, However, the agreement was reached for= 1.8 kcal/mol. This shift down
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TABLE 9: Calculated Rate Constants for the Reverse An experimenal study has been underway on the kinetics of
Reactions: CHO + HBr — CH3OH + Br (k-rs) and the reaction-£R3) in one of our laboratorie¥. A significantly
CH20H + HBr — CH3OH + Br (k—rq) larger rate coefficient value has been determined at room

k-rd” (cm® Ka k-ra? (cm® temperature. This may indicate that the barrier height of TS3
T(K) Ks* molecule™s™) expE/RT)° molecules™) has been overestimated in the calculations.

300 3.08x 101! 523x 101 244x10° 9.75x 1012
400 3.71x 108 272x10% 1.09x10° 5.46x 1012
500 2.65x 106 7.95x 10 1.11x10? 4.16x 1012
600 4.59x 105 1.73x 10 535x 102 3.72x 10°%2

4., Conclusion

700 3.51x 104 3.16x 10 1.66x 10! 3.61x 10*? Ab initio calculations at different levels of theory were
1000 1.35x 102 1.11x10% 1.27 4.19x 10°% performed for the CDH + Cl and CHOH + Br reaction
aThe equilibrium constant for the reaction: @BH + Br = CHsO system. Derived molecular properties (optimized geometries,
+ HBr. ® The rate constant for the reaction: @M+ HBr — CH;OH barrier heights and vibrational levels) of the characteristic points
+ Br. °The equilibrium constant for the reaction: €BH + Br = of the potential energy surface were used to describe the
CHOH + HBr (Ks) with € = 1.8 kcal/mol.? The rate constant for the  mechanism of the kinetics of the reaction under investigation.
reaction: CHOH + HBr — CH,OH + Br. Results of calculation show that the mechanism of both-CH
108 ' , OH + Cl and CHOH + Br reactions is complex, and similar

to the CHOH + F reaction, proceeds via the formation of
intermediate complexes. However, in contrast to the previously
studied CHOH + 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 C¢OH + 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
A4t 1 hydroxymethyl reaction channekc(CH,OH) at 300 K is in
very good agreement with experimental measurements fgr CH
) " : p OH + CI. The very weak negative temperature dependence of

1000K/T kci(CH,OH) obtained can be explained in terms of the relative
importance of the MC2— MC3 elementary process with

Figure 8. Arrhenius plot for the CHOH + HBr — CH;OH + Br temperature variation. Calculated branching ratio val indi-
reaction (-R4) comparing results of this study obtained on the basis emperature variation. Laiculate anching ratio values

.

-

a

o
T

3 ot
logk ¢ Jem’molec™s
.
L
=
N
T

of eq 19b (line) with kinetic measurements (symbols) 6bBet al® cate that hydrogen abstraction from the hydroxyl-site is negli-
gible for temperatures below 1000 K.
of the total energy of the Ci#DH + HBr system corresponds The reaction enthalpies for both reaction channels obtained

to the reaction enthalpy for G®H + Br — CH,OH + HBr of at MP2 level for CHOH + Br are in good agreement with

8.8 kcal/mol at 298 K, which is equal to the experimentally experimental estimations. However, calculation of the rate

estimated value (8.8 1.0 kcal/mol)>15 constant for hydroxymethyl reaction channel indicates that the
The calculated rate constanksgs andk_g4 given in Table total energies of the channel products and molecular complex

9 can be expressed in the form convenient for use in kinetic MC5 are probably overestimated. Unfortunately, the total
modeling 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

_ —14 9 -
Kopg=4.1x 10 7 x (T/300)1 exp(~1305T) energy of both MC5 and the hydroxymethyl channel products

cm’ molecule* s™ (19a) by about 2 kcal/mol, as suggested by the results of the calculated
1 s P reaction enthalpy at G2 level, should lead to the “mean” value
K_rs=2.0x 10 ““exp(395T) cm’ molecule~s = (19b) of the branching ratio for dissociation of MC5 close to 0.5. Due

to high energy barriers, this assumption corresponds to the rate
Both reactions of H-abstraction from HBr by hydroxymethyl constant for the R4 channéds(CH,OH) replaced by the rate
and methoxy radicals are exothermic. This is consistent with constant calculated on the basis of conventional transition state
the fact that the values of the rate constaktgs andk-rs, are  theory via TS4 neglecting the intermediate complekgs, The
a few orders of magnitude higher than those of the correspond-values ofke(CH,OH) obtained by this method are in excellent
ing primary reactions. At 300 K the resulting values of those agreement with experiment. Results of the rate constant
rate constants are 5531016 and 9.8x 10-12 crm® molecule! calculation for reaction channel R3 show that this channel is
s-1for CHs;0 + HBr and CHOH -+ HBr reactions, respectively.  inactive even at the highest temperature considered in this study.
A high value of the rate constant for the hydroxymethyl reaction It is in accordance with the sole experimentally observed
(—R4) suggests an important role of this reaction for atmosphere formation of hydroxymethyl radicals.
modeling. An Arrhenius plot for CHDH + HBr reaction is Analytical expressions obtained in this study allow the
shown in Figure 8. The complex reaction mechanism leads to successful description of kinetics of the reactions under inves-
a weak negative temperature dependence of the calculated valueigation in a wide temperature range. Because of narrow
of k-rs, also observed experimentally. Values of the rate temperature ranges of the experimental measurements, derived
constant,k_r4 calculated using eq 19b, are in very good expressions are of significant importance for the chemical
agreement with experiments over a wide range of temperature.modeling studies.
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