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Ab initio calculations at different levels of theory have been performed for the title H-abstraction reactions.
Total energies at stationary points of the potential energy surfaces for the reaction systems were obtained at
MP2 and MP4 levels and improved by using Gaussian-2 (G2) methodology. The calculated G2 heats of
reaction agree well with the experimental ones for both methoxy (product resulting from hydroxyl-side attack)
and hydroxymethyl (product resulting from methyl-side attack) reaction channels. Calculations of the potential
energy surfaces for the reaction systems show that H-abstraction from methanol bys,Han@HOH (for
methoxy reaction channel) proceeds by simple metathesis. The mechanism of the hydroxymethyl channel of
reaction CHOH + OH appears to be more complex, and it may consist of two consecutive processes. The
reaction rate is determined by the energy barrier of the first process. Differences in the heights of the calculated
energy barriers explain the differences in the reactivity of Hz,Gidd OH toward methanol. The calculated
barriers indicate a significant dominance of the hydroxymethyl formation channel for te@KCH H and

CHs;OH + OH reaction systems. Rationalization of the derived energy barriers has been made in terms of the
polar effect. The calculated rate constants are in very good agreement with experiment and allow a description
of the kinetics of the reactions under investigation in a wide temperature range with the precision that is
required by practical applications such as modeling of the chemistry of methanol combustion.

1. Introduction condition? The kinetics of the CDH + H reaction is not very

) ) well-known. Only limited information is available from the study
Methanol is one of the simplest oxygenated hydrocarbon of methanol pyrolysis and direct experimefitd. The results

compounds. lIts combustion_ produces significantly less air gptained at lower temperature are not in line with the high-
pollutants than that of gasoline. Therefore, methanol may be temperature expression derived from shock tube measure-
considered as a promlsmg.alternatlve fuéls a consequence  mentslo Calculated from Tsang’s equatirthe overall rate

of the presence _of two different types of hydroge_n atoms, constant is 2.8 10-15 cm? molecule? s~L. This value is about
hydrogen abstraction from methanol yields the isomeric radicals 4 orgers of magnitude lower than that of the analogous, very
CHsO and CHOH which are characterized by different ther-  eyothermic, reaction of methanol with fluorine atdfand
mochemistry and reactivity. Recently, reliable results became 5oyt 2 orders of magnitude lower than that of the almost
available for the heats of formation of G& and CHOH thermoneutral reaction with chloriié!2 This may indicate an
radicals vv_hlch indicate that the C_QGH-formlng channel is more important role of the polar effect in the mechanism of the
exothermic than the C¥0H-forming reaction by 9.1 kcal/mél. . ghstraction by halogen atoms from methanol. The experi-

The relative efficiencies of the two product channels may be mental values of the branching ratio for the reaction channels
characterized by the branching ratios. These are of fundamental

importance in combustion and atmospheric modeling. Therefore, CH,OH+H—CH,0+H, (R1)

the reactions of H-abstraction from methanol by atoms and

radicals are of interest both from theoretical and from experi- — CH,OH + H, (R2)
mental points of view. Elementary reactions of this type have

been surveyed in the data compilation of Tsaagd in a critical are uncertain and contradictory. On the basis of the thermo-
review of Grotheer et dl. chemistry (1.2 kcal/mol is the reaction enthalpy for R1 compared

The reaction with hydrogen atom plays an important role in With —7.9 kcal/mol for R2, at room temperature), the hy-
methanol combustion. About 53% of methanol consumption is droxymethyl channel is expected to be dominant, but the

due to the reaction with hydrogen atoms under fuel-rich Pranching ratio should depend on temperature. A recent
theoretical study of Lendvay et & has revealed that the GH

OH formation is the dominant reaction channel, contributing
* To whom correspondence should be adressed. . N
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Both reaction channels were studied experimentally for the complexes) are then used with theoretical reaction rate models
reaction of methanol with methyl radicat to evaluate the rate constants for both reaction channels in a

wide temperature range.
CH;OH+ CH; — CH,0+ CH, (R3)

— CH,OH + CH, (R4)

2. Molecular Structure Calculations

2.1. Computational Details.Ab intio MO calculations were
. . ._performed using the Gaussian 92 and 94 packages of computer
T'.E Le%ctlon enthalglgskartla/verly gg;%f thlloselffor tgg re"’él(:t'oncodesz.g The geometries of reactants, products, and transition
with hydrogen, 1.€., U.o Kcalimol andc.© keal/mol for RS an states were first optimized at the restricted HartrEeck (RHF)

R4, respectively. The reaction channel which leads to the ; "
. C . self-consistent field (SCF) level for GBH, H,, CH4, and HO
formation of the hydroxymethyl radical is dominant, but the molecules and at the unrestricted Hartré@ck (UHF) level

corresponding branching ratio decreases with a lowering of thefor the open-shell species with the 6-31G* and 6-311G** basis

4 i . ,
ter_r(ljperatufré. thow temperaturef r;']eabsutrerr;_eﬁtsh_d nﬁt f|nd| R3 sets?® The SCF geometries were then refined using the Mgller
evidence lor the occurrence of H-abstraction via channe " Plesset many-body perturbation the®mnyf second order (MP2)

F%Ies;JIts of experiments car:Le(zom;t N ;olldhn’éethanql usk;n? thte nd up to fourth orders including all single, double, triple, and
€lectron spin resonance method snow that hydrogen 1S abstrac e@luadruple excitations (MP4SDTQ) in single-point calculations.

mbamly V';Sr:?gt?'o; tc;]hagnelljl'«’f. At_ver%/ large lstﬁtopel effect v;as The geometries of all stationary point structures on the potential
observea: € R-abstraction from methanol proceeds energy surfaces were fully optimized using analytical gradients

ca. llOO? tim?sihfast.ertthan Df-?rl?stracticin fr?m 3O||.) : Arf1f ¢ at the SCF and MP2 level with both 6-31G* and 6-311G**
expiana I(')dn g this, mb f_er_rps Ot del;quz_irn ”r:‘_"k unnef{ga?rﬁ €CL basis sets. Electron correlation corrections were evaluated at
was provided in an ab initio study by tachikawa etalhe ., \pg jevel based on the geometries optimized at the MP2/
reaction of methanol with methyl radicals proceeds slowly with 6-311G** level in the “frozen core’ approximation. Total

20 1g1 .
the overall rate constahof 3.7 x 1020 cm® molecule™ s~ at energies for open-shell systems were calculated with a projection

:Itq)omt:]erpfpert?qture, V\llh'Ch IS abo?t o OFSheLS gf magnl':g%ealower method included in the Gaussian program and denoted by PMPn.
an that for In€ analogous réaction with hydrogen a The expectation values a¥Cwere for UHF functions lower

reaction enthalpies for C:'*EDH + Chs _and CHOH + H. are  than 0.78, indicating minor spin contamination.
very close for the corresponding reaction channels. This implies As in our preceding studiéd, the total energies were

cqn3|derably h|gher energy barriers for the reaction oGH improved using G2 (or its less sophisticated versions, G2ZMP2,

W|t|?_ me_thyl rfac::caIHs. b ion f hanol by hvd | G2MP3 and G1) formalisr Vibrational frequencies obtained

a dig?;l(\:/\?ag s';[ugi éa;ilit?rgcetlzgnstic\)glynll((a)tthak?yoexgerir%werr?t)gll at the (U)HF/6-31G* level and scaled by 0.8929 were used in
- ) . . the calculation of the ideal-gas thermodynamic functions of

and theoretical methods. The greater interest in the OH radical reactants and transition states

reaction is due to the importance of this reaction in lean and ", "\ 1acular Structures. O.ptimized geometries and vi-

moderately rich methanol flames. A recent flame modeling study brational frequencies of intermediate structures obtained at the

of Grothf_er et a?ll [t)rzd;ctsththat %bijtos;—?% Oft. met_tll_z;nol MP2/6-311G** level are given in Table 1 and shown in Figure
consumption is related to the G reaction. The 1. At all levels of theory, the search for the possible existence

detailed direct kinetic measurements in a wide temperature range ¢ intermediate complexes and transition states was made
by Hess and Tull¥Y lead to results very close to those

S . . independently.
recon"lnlm ert1ded bythtaﬁgfn IEIS g?_tl_a gﬁgﬁ'on retgardlrég tthhe CH3OH + H Reaction SystenTwo transition states have
°Verf.‘ raf CO”IS ant ot the sOR reaction. Bo been found, CED-++H-+-H (TS1) and H--H---CH,OH (TS2)
reaction channets (Figure 1), depending on the H atom in the methanol which

CH,OH + OH— CH,0 + H,0 (R5) will be abstracted. The optimized structure of the transition state
for the hydroxyl-side hydrogen abstraction (TS1) retaingGhe
— CH,OH + H,0 (R6) symmetry of methanol, and conserves the geometrical param-
eters of the OCHlpart of the isolated C¥OH. The H-attack
are exothermic; the heats of reaction ar£3.9 and—23.0 kcal/ on the OH group shows a nearly collinear structure in TS1,
mol for the R5 and R6 channels, respectively. However, the with the O--H---H angle of 168—173 depending on the
overall rate constafibf 9.1 x 10713 cm?® molecule® s~ is more method of calculation. The elongation of the-®i, bond by

than that 1 order of magnitude lower than that for the less almost 0.3 A (MP2 level) corresponds to a relative increase of
exothermic reaction of methanol with chloriteThe branching 31% in TS1 compared to the-€H, bond length in isolated
ratio measured at low temperature in several stddéesubject CH30H molecule. Moreover, the forming-HH bond length

to considerable uncertainty. A compromise value of 0.1 seemsin TS1 is 30% longer in comparison with theHH bond in H

to be a reasonable estimate for the room-temperature branchingnolecule. This is consistent with the fact that the reaction is

ratio of CHO formation in the OH+ CHsOH reaction. A nearly thermoneutral. As a result of the rotation of the methyl
definite increase in methoxy yield occltfrom the room- group of methanol, only one +H---CH,OH (TS2) transition
temperature value up to a ratio of 8:2.3 at 600 K. Hgele et state structure was found for H-attack either on the antihydrogen
al?? reported an even more significant increase. of CHs; (toward OH orientation) or on the synhydrogens. At all
An explanation of the relative differences in H, gkHand levels of theory, the H-attack on the methyl side is found almost

OH reactivities toward methanol was a major aim of the present collinear. The G-H; bond length in TS2 is longer by ca. 0.3 A
investigation. For the better understanding of the kinetics of compared to that in methanol, which corresponds to a relative
the H-abstraction in the G®H + H, CHs, OH reaction increase of 25%. The ++H; bond length in TS2 is about 25%
systems, we carried out calculations using ab initio molecular longer than that in the isolatedlrolecule. A little shortening
orbital theory in order to find the characteristic points of the of the G-0 bond length of 0.03 A is also observed in the TS2
potential energy surface. Basic properties of these stationarystructure, but the ©H, bond length remains almost the same
points (reactants, products, transition states, and intermediateas in methanol. Except for the imaginary frequency, which
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TABLE 1: Optimized Structures and Vibrational Frequencies of Stationary Points of the Potential Energy Surface Obtained at
the MP2/6-311G** LeveP

TS1 TS2 TS3 TS4 TS5 TS6 MC6
C:0: 1.4031 1.3827 1.4011 1.3970 1.4181 1.4005 1.3584
O:1Ho 1.2554 0.9595 1.2479 0.9592 1.0733 0.9590 0.9682
CiH; 1.0955 1.3399 1.0965 1.2864 1.0933 1.1814
CiH> 1.0955 1.0945 1.0974 1.0894 1.0951 1.0920 1.0816
CiH3 1.0961 1.0879 1.0974 1.0965 1.0928 1.0920 1.0869
HoH 0.8450
HiH 0.9326
COy 2.4677
C,C 2.6748
OH, 1.2348 1.8407
OH,; 1.3644 0.9595
OH 0.9656 0.9670 0.9592
CH, 1.0883 1.0877
CHs 1.0884 1.0875
CHs 1.0882 1.0882
C,0:H, 106.3998 107.3530 105.8648 106.8231 107.5153 106.0863 106.5702
0:CiH, 112.8418 110.6831 105.4599 110.0370 112.0351 110.4052
0:CiH> 112.8418 115.5884 112.8917 108.8586 111.9761 111.2935 113.8206
0:CiH3 104.6083 109.8492 112.9746 114.5448 105.8531 111.2935 118.0065
OHH 166.6427
CHH 178.4665
C,0,C 101.6593
OC,C 107.8477
O:CH, 108.3346
O:CHs 102.7745
O:CHg 106.5264
C,CH, 107.3137
C,CHs 102.0269
C,CHs 105.2299
O;H,0 146.6521 167.9034
H,OH 100.3257 118.2587
OH,C, 155.0730
HOH; 92.8907
H10H, 112.5797
Ho01C1H; 62.7171 71.6533 178.2716 67.6905 —61.5420 67.9727
Ho0:1C1H» —62.7171 —45.0511 60.7648 —177.2176 61.5420 —49.6323 25.4202
HoO01C1H3 180.0000 —174.7780 —64.0885 —-51.1778 180.0000 —174.4223 172.4379
HH,0:Cy 0.0000
HH1C,01 —13.1104
H,C,0,C 178.7318
C,0,CH, 151.5627
C,0,CHs 32.1975
C,0,CHgs —86.6916
H,01C,C 68.3317
0:,C:CH,4 167.6680
0:C,CH;s 47.7546
0:C,CH;s —71.0926
OH,0:C, 70.5342 2.0367
HOH,O, 47.3044 —70.3824
OH;C,04 —1.5100
HOH;C, 37.2184
H;0H,0 50.8034
2 226 299 26 45 131 126 103
Vo 424 388 162 86 220 161 105
V3 660 572 185 260 253 274 152
Va 1022 1102 362 395 447 446 221
Vs 1070 1122 579 508 863 752 272
Ve 1195 1172 673 589 1069 942 328
V7 1200 1286 1089 690 1148 1079 718
Vg 1468 1298 1165 1110 1198 1169 826
Vg 1471 1411 1196 1149 1320 1324 1135
V10 1543 1520 1201 1171 1486 1361 1260
Y11 2232 1608 1264 1220 1503 1421 1476
V12 3047 3093 1409 1398 1531 1509 1526
V13 3136 3227 1468 1430 1583 1612 1651
Vi 3139 3909 1471 1441 3064 3107 3155
V15 2246 i 1827 1476 1475 3150 3197 3304
V16 1499 1484 3171 3844 3752
V17 1541 1519 3870 3916 3892
V1s 3031 3072 2808 i 1599 4001
V19 3110 3108
V2o 3110 3203
Vo1 3127 3256
Vo2 3251 3262
Vo3 3254 3911

aBond lengths in A, valence and dihedral angles in degrees, vibrational frequenciestin cm
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Hg

Hg

He

CH30..H..H (TS1)  H..H..CH20H (TS2) CH30..H..CH3 (TS3) H3C..H..CH20H (TS4)

CH30..H..OH (TS5) HO..H..CH20H (TS6) CH20H..H20 (MC6)

Figure 1. Configurations of the intermediate structures.

describes the move of the hydrogen of the methyl group betweenA comparison of the imaginary frequencies of the two transition
C and the H attacking atom, the other frequencies of TS2 are states indicates that considerably higher tunneling probability
indeed similar to those of the isolated methanol. can be expected for the methoxy reaction channel. Values of
CH30H + CHs3 Reaction SystenThe optimized structural  the imaginary frequencies depend significantly on the level of
parameters for the G§@---H---CHjs (TS3) transition state only theory used. The inclusion of electron correlation at the MP2
slightly depend either on the level of calculation or the basis level decreases the imaginary frequency by about 30% and 25%
set used. The structural parameters of TS3 are close to thoseompared to those obtained in SCF calculation for TS3 and TS4,
obtained by Tachikawa et #using the MP2/6-31G calculation.  respectively.
The attack of the methyl radical carbon on the hydroxylic =~ CHs;OH + OH Reaction SysteriThe length of the breaking
H-atom leads to an almost collinear arrangement of thei® bond, Q—Ho,, the bond distance for the forming-GH, bond,
--C sequence in the TS3 structure. Except for MP2/6-311G** and the @—H,—O angle are the revealing geometrical param-
results, aCs symmetry of methanol is found for the optimized eters of the ChHO---H---:OH (TS5) transition state. The attack
structure of TS3. The symmetry plane@C disappears inthe  of the hydroxyl radical on the hydrogen of the hydroxyl group
MP2/6-311G** structure, and the attacking methyl group is in methanol is not collinear. The ©H,—0O angle is of 146-
distorted by about 30from the ideal trans configuration. The 145, depending on the level of calculations. The SCF calcula-
breaking Q:-H, bond length is elongated by 0.29 A (29%) tion leads to a €H bond distance which is longer by 0.05 A
compared to its length in the isolated methanol molecule. A and an G-H, bond distance which is shorter by 0.05 A than
relative elongation of 25% of the-€H, bond compared to its  those obtained in MP2 calculations. On the other hand, the O
value in methane is obtained. Values of the other structural --O distance in TS5 is very close at any level of theory. As
parameters of TS3 are close for all the methods used. Theobtained at MP2/6-311G** level, the bond length-H, =
optimized structure of gC---H---CH,OH (TS4) shows that the 1.073 A and the ©H, distance equals 1.235 A, corresponding
attack of the methyl radical on the hydrogen atom from the to elongations of 12% and 30%, respectively, in comparison
methyl side of methanol is nearly collinear. The bond lengths with the O—-H bond lengths in isolated G&H and HO
are close to those derived by Tachikawa et@hyit the valence molecules. This transition state is therefore reactant-like, which
and dihedral angles cannot be compared becaG@ssymmetry is consistent with the fact that the reaction is very exothermic.
was imposed in their calculation. The bond distance for the The optimized structure of HOH---CH,OH (TS6) describes
forming C--H; bond is the same for all methods used, i.e., 1.39 the attack of the hydroxyl radical on the methyl side of methanol.
A. It corresponds to an elongation of 30% compared to methane. Similar to TS5, the MP2 calculation leads to an optimized TS6
There is no substantial difference in the values of the other structure where the ©-H; breaking bond is shorter by 0.1 A
structural parameters of TS3 obtained at different levels of and the forming ®-H; bond is longer by 0.1 A than those
theory. The normal modes having the imaginary frequency are obtained in SCF calculation. The angle—8;—C of 155
the O—H,:--C asymmetric stretching for TS3 and the-H;- obtained in the MP2 calculation increases to ca.°1d0the
--C asymmetric stretching for TS4 correspond to the reaction SCF level. The imaginary frequency of TS6 is significantly
coordinates. The magnitude of the imaginary frequency is lower than that of TS5.
inversely correlated to the thickness of the potential barrier in A weakly bonded molecular complex8---HOCH, (MC6)
the vicinity of the transition state along the reaction coordinate. has also been found in the exit channel leading to the
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TABLE 2: Relative Energies, with Respect to Reactants Energy of Stationary Points of the Potential Energy Surface @ K for
CH30H + H, CHj;, and OH Reaction Systems at Different Levels of Theo®y

molecular system PMP2 MP4° G2MP2 G2MP3 Gl G2 exptl
CH,OH + H; —-5.3 7.4 -8.1 -85 —-7.6 —-8.2
—4.8 —6.8 —-7.5 —-7.9 —-7.0 —7.6 —-79+1.0
H-++H-+-CH;OH (TS2) 10.2 10.1 9.0 8.8 9.6 9.0
CHz0O-++H---H (TS1) 18.5 15.5 14.6 14.0 14.3 14.1
CH3O + H; 5.7 0.0 1.2 0.2 0.8 0.6
6.1 0.4 1.6 0.6 1.2 1.0 1.2+1.0
CH,OH + CHqy —8.2 —8.2 —7.8 —8.0 7.7 —7.8
—-8.4 -84 —-8.1 —8.3 —-8.0 —-8.1 —-8.6+1.0
HsC+++H---CH,OH (TS4) 12.5 13.9 14.1 14.1 13.9 14.0
CHz0O-++H---CH;3 (TS3) 14.1 13.0 14.0 13.8 13.0 13.6
CH;O + CH, 2.8 —-0.8 1.6 0.7 0.6 1.0
2.5 —-1.2 1.1 0.2 0.1 0.5 0.5+1.0
CH,OH + H,O —21.9 —18.3 —22.4 —21.6 —20.9 —21.8
—21.6 —18.0 —22.1 —21.3 —20.6 —21.5 —23.0+ 1.0
H20O:++HOCH, (MC6) —28.9 —-25.1 —26.9 —26.5 —26.0 —26.5
HO-+-H-+-CH,OH (TS6) 3.2 4.4 1.0 1.3 1.0 0.9
CHz0O-++H---OH (TS5) 3.8 51 3.6 3.7 3.2 3.5
CH;0 + HO —10.9 —-10.9 —13.0 —-12.9 —12.5 —13.0
—10.7 —10.7 —-12.9 —-12.8 —12.4 —-12.9 —13.9+ 1.0

a|n kcal/mol; bold italic type (in product rows) shows the reaction enthalpy at 298PKIP2/6-311G**//MP2/6-311G** energy with ZPE
calculated using the unscaled MP2/6-311G** frequenc¢i®P4SDTQ/6-311G**//MP2/6-311G** energy with ZPE calculated using the nonscaled
MP2/6-311G** frequencies! Calculated using the enthalpies of formation from refs 2 and 35.

hydroxymethyl radical. The geometrical parameters of MC6 are

close to those derived for the isolated £HH and HO species. 15 LI .

The contact distance, ©H, of 1.84-1.96 A corresponds to a
double elongation of the ©H bond in the water molecule. The
vibrational levels of MC6, except the lowest ones, are also close
to the corresponding frequencies of hydroxymethyl channel
products. MC6 is a hydrogen bonded complex where the O
Ho--O atoms are almost collinear whatever the level of theory.
Hydrogen bridged complexes between the hydroxymethyl
channel products were also found in the reactions of methanol
with F, Cl, and Br but with different structurés.

2.3. Energetics and MechanismTable 2 shows computa-
tional details of the relative energies with respect to reactant
energies calculated at different levels of theory and with different
basis sets. The mechanism of the H-abstraction from methanol
by H and CH is simple because no intermediate molecular
complexes involving the reactants or products are formed. The -5
branching products are then formed directly. The H-abstraction
in the CHOH + OH reaction system is a more complex process.
The reaction channel which produces methoxy radicals (R5) is
a simple metathesis reaction, but the formation of the hy-
droxymethyl radical (channel (R6)) may involve the formation
of a hydrogen bonded complex. A comparison of the calculated Reaction coordinate

energies of the stationary points at 0 |_<’ as _weII as the reaction Figure 2. Schematic energy profile of the potential energy surface
enthalpies at room temperature are given in Table 2. for the CHOH + H reaction obtained at the G2 level.

CH3OH + H Reaction SystemThe calculated reaction
enthalpies, for H-abstraction from methanol by hydrogen atoms, theoretical study of Lendvay et al. obtained by using G2 and
obtained at the MP4/6-311G** level and using the G2 meth- BAC-MP4% (bond additivity correction of MP4 calculations)
odology, are close to the experimental values (derived on the methods. The energy profile for the @@H + H reaction
basis of the enthalpy of formation of reactants and products) system obtained at the G2 level is shown in Figure 2. According
for both reaction channels. Indeed, the simplified G2 procedures, to the relative difference in energy between TS5 and TS6, one
G2MP2, G2MP3, and G1, yield energies very close to the can expect a dominance of the hydroxymethyl reaction channel
“exact” G2 energy, which confirms that the use of the G2MP2 (R2) over the methoxy formation (R1) at least in the low-
method is the most economic way for improvement of reaction temperature range.
energetics. The G2 method predicts the lowest energy barriers CHzOH + CH; Reaction SystemAll the methods which
for both reaction channels, which are more than 1 kcal/mol lower include the correlation energy lead to correct values of calculated
than those obtained with the MP4/6-311G** approach. The reaction enthalpy for the hydroxymethyl reaction channel. The
calculations show that the reaction between H and;@H best heat of reaction for the methoxy channel was reached at
occurs through sizable energy barriers giving rise to low rate G1 and G2 levels. Except for the MP2/6-311G** results, the
constants for both C#D and CHOH reaction channels. Itisin  calculations show that the lower energy barrier corresponds to
line with the results of kinetic measuremenémd of a recent  the methoxy formation (R3). The best values of the energy

.6
CH,O +H,

E (kcalmol ™)

0.0
CH,OH+H

-8.2
CH,OH +H,
-10 + B
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Figure 3. Schematic energy profile of the potential energy surface Figure 4. Schematic energy profile of the potential energy surface
for the CHOH + CHs reaction obtained at the G2 level. for the CHOH + OH reaction obtained at the G2 level.

barriers, 13.6 kcal/mol for R3 reaction and 14.0 kcal/mol for identified by the calculations and designated by TS6, is a
R4 reaction, obtained by the most sophisticated G2 method, characteristic structure of a simple metathesis reaction. This
seem to be the most realistic values for further rate constantsuggests that the direct H atom abstraction from the methyl
calculations. These values can be compared with energy barriergyroup occurs in the C¥0H + OH system. However, a second
of 14.7 (R3) and 18.6 kcal/mol (R4) derived by Tachikawa et reaction path may also exist which leads to the;GH + H,0

all® at the MP4/6-31G**//MP2/6-31G level. However, the products via a weakly bonded molecular complex, MC6. The
significant difference in the energy barriers is due to the fact formation of the complex is the rate-determining process in the
that Tachikawa et df have assumed &s symmetry for the two-step mechanism of (R6) in the @BH + OH reaction
transition states. Our calculations show that the difference in system. The molecular complex, MCB6, is located on the energy
the energies of the transition states, TS3 and TS4, is definitely scale (at G2 level) at 4.7 kcal/mol below the channel products.
smaller when symmetry restrictions are released in the saddleThe back reaction of the complex formation (i.e., ME6
point searching procedure. The energy profile obtained at the reactants) can only be competitive with respect to the forward
G2 level is shown in Figure 3. The high energy barriers, which reaction (i.e., MC6— products) at very high temperature. At
are only slightly different for the two reaction channels, imply low temperatures, the reverse process is negligible because the

lower overall rate constants compared to thesOH + H dominant part of MC6 undergoes decomposition to the final
reaction system. Statistical considerations suggest a 3:1 domi-channel products. The small energy barriers calculated for both
nance of the hydroxymethyl channel (R4). (R5) and (R6) reaction channels make probable the assumption

CH3s0OH + OH Reaction SystenfAs shown in Table 2, the  that the CHOH + OH reaction should proceed fast with a quite
use of the G2 methodology allows a significant improvement high overall rate constant, a few orders of magnitude higher
in the reaction energetics. This is especially evident for the than those for methanol reactions with hydrogen and methyl.
methoxy reaction channel. The use of the G2 method leads toThe very low energy barrier for the hydroxymethyl channel
1 kcal/mol difference between calculated reaction enthalpy and suggests the dominance of this reaction channel.
experiment for this reaction channel. Both reaction channels 2.4. Electronic Structures and Polar Effects.The heights
are strongly exothermic. The heights of the reaction barriers of the energy barriers are clearly the major factors in determining
are relatively low, and they depend significantly on the method the radicat-methanol reactivity. To gain some insight into the
of calculation. At any level of theory the barrier for the reaction reasons responsible for the differences in the energy barriers,
channel (R6), which leads to the formation of the hydroxymethyl and therefore in the rate constants, the change of the electronic
radical, is lower than that for the methoxy channel (R5). The distribution between reactants and the transition states has been
lowest energy barriers are those calculated in the G2 approachcarefully analyzed for the reactions studied. Table 3 contains
Moreover, at this highest level of theory, the greatest difference the electronic net charge distribution on the selected atoms in
in the energy barriers is observed for the two competing reactionthe reactants and in the transition states obtained at the MP2/
channels. The heights of energy barriers at the G2 level are 3.56-311G** level using Mulliken population analysis. It can
and 0.9 kcal/mol for R5 and R6, respectively. In Figure 4 is provide some help in the description of changes of the electronic
shown the potential energy profilé @ K obtained with the G2 structure during the reaction.
methodology in the total energy calculation. On the basis of The methanol molecule and the transition states of the
this potential energy profile, the mechanism of the reaction reactions studied are polar structures. The polarity of the
channel leading to the formation of hydroxymethyl radicals is breaking CG-H and O-H bonds is determined by the net charges
expected to be rather complex. The transition state structure,on the C and O atoms (of the methanol part of the structure),



3756 J. Phys. Chem. A, Vol. 103, No. 19, 1999 Jodkowski et al.

TABLE 3: Net Charge Distribution on the Selected Atoms in Reactants and Transition States
net charge distribution on the atoms of

molecule atom reactants TS1 TS2 TS3 TS4 TS5 TS6

CH;OH C 0.003852 —0.022161 0.032338 —0.029413 0.012359 0.008370 —0.040451
(0] —0.471367 —0.310914  —0.430691 —0.334930 —0.452316 —0.491874 —0.468533

H X2 0.000000 —0.096666 —0.077311

CHs X2 —0.337146 —0.395017 —0.351610

OH xa —0.250684 —0.310382  —0.325977
o(CyP 0.028486 0.008507 —0.044303
o(0O)p 0.160453 0.136437 —0.020507
o(X)P —0.096666 —0.077311 —0.057871  —0.014464 —0.059698 —0.075293
O(C) + 5(X)P —0.048825 —0.005957 —0.119596
0(0) + o(X)® 0.063787 0.078566 —0.080205
A 14.1 9.0 13.6 14.0 35 0.9

aX denotes the attacking atom, i.e., H, C of £tnd O of OH.” Structural parameters defined in section 3.%he energy barrier at 0 K
calculated at G2 level in kcal/mol.

respectively. Let us denote by X the attacking atom or the atom tions obtained from a very limited number of the analyzed
of the attacking radical which forms a new bond with the reactions (three points only) is supported by the fact that the
abstracted hydrogen of methanol, i.e.=H, C of CHs, and O correlation factors are close to unity. In general, the change in
of OH for reaction of methanol with H, G and OH, the net charge distribution expressed in terms of the structural
respectively. The attack of H or Grbn the hydroxyl side of indexes,o(C), 6(0), and 6(X) determines the height of the
methanol causes a significant decrease of the electron densityreaction barrier. Derived structural indexes well explain the
on oxygen at the respective transition state, i.e., the oxygen atomdifferences in relative reactivity of H, Giand OH toward
becomes less negative. This charge shift leads to a decrease ahethanol.

the charge on the abstracted Btom, whereas the attacking In the cases of H and GHeactions, a qualitative interpreta-
atom, X, becomes more negative in TS1 and TS3 structurestion can be made between the comparative heights of TS1 versus
than in isolated reactants, GBIH/H and CHOH/CHs. The TS2 and TS3 versus TS4 according to the hydrogen atom which
attack of an electrophilic OH radical is manifested for the TS5 will be abstracted from methanol. As can be seen from Table
structure by more negative charge on both oxygen atoms (of1, the C-O bond distance is shorter in TS2 than in TS1,
methanol and the attacking OH) with an increase of the positive revealing the beginning of the formation of a double bond and
charge on the abstracted, ltom, of the methanol and on the a possible stabilization of TS2 more important than for TS1.
hydrogen atom of the approaching radical OH. Moreover, as shown in Table 3, the net charg&s) ando(O)

The charge density on the attacking atom X in the transition are both negative in TS1, whereas in TSZ(C) is slightly
states of the hydroxymethyl forming channels (TS2, TS4, and Positive. These observations seem to argue in favor of a larger
TS6) differs considerably from that derived for the isolated H, Stabilization of TS2 with respect to TS1 and are in agreement
CHs, and OH. It is interesting to note that the electronic density With the fact that TS2 is lower in energy. In the case of TS3
on the attacking atom, X, increases for all transition states of @hd TS4, a similar reasoning can be made, but the differences
this channel, significantly in the case of reactions of methanol are not so important and the interpretation is more difficult.
with H (TS2) and OH (TS6) and only slightly for the reaction .
with CHs (TS4). The shift of the electronic density is manifested 3- Raté Constant Calculations
by a change of the net charge distribution on atoms of  The rate constant for the reaction channels{R5) can be
methanol’s methyl group of the transition state structures. The analyzed in terms of conventional transition state theory. The
carbon atom of the breaking-G1 bond becomes more positive  thermochemical formulation of transition state théda}leads
in the H--H--*CHOH (TS2) and HC-+-H---CH,OH (TS4) to the rate constank; rst, given by
structures compared to the isolated methanol and is negative in

HO-+-H---CH,0H (TS6). ke T _

To get a more detailed analysis about the relative importance Kirst= “h expAS /R exp(-AHT/RT) @
of the charge shift caused by the approach of the atom/radical
toward methanol, we have calculated the differen¢a) = whereo is the symmetry factorks and h are the Boltzmann

ars(A) — go(A), which describes the change of the electronic and Planck constants, respectiveltS™ is the activation

net charge on atorA at the transition stateyrs(A) compared entropy, andAH; is the activation enthalpy for the corre-

to the isolated reactantsy(A). In Table 3 are given these sponding reaction, i (= R1-R5). The symmetry factoo is
differences calculated for C and O atoms of methanol and the related to the reaction path degeneracy and was taken to be equal
attacking atom, X. Values af(A) for those atoms seem to be to 3 and 1 for the hydroxymethyl and the methoxy reaction
a sensitive measure of the change in the electronic chargechannels, respectively. Vibrational and rotational contributions
distribution related to the formation of-©H---X and G--H- to the thermodynamic functions in eq 1 were derived by the
--X bonds at transition states and can be used to find a classical harmonic oscillator rigid rotor approximation (no free
correlation with the energy barrier. A linear correlation can be or internal rotation has been consideré&d)The molecular
drawn betweerd(O) + o(X) or 6(C) + 6(X) and the energy  parameters used in the rate constant calculation were those
barrier for the methoxy and hydroxymethyl reaction channels. obtained by the most sophisticated G2 method, i.e., the scaled
These correlations are shown in parts a and b of Figures 5. The(U)HF/6-31G* vibrational frequencies and the rotational con-
energy barrier for the approach toward the hydroxyl side of the stants obtained in the MP2/6-31G* geometry optimization.
methanol is also well correlated with the change of the net A common practice in rate constant calculations for reactions
charge on oxygen atom{O). The credibility of those correla-  with hydrogen transfer is to take into account a tunneling
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Figure 5. (a) Height of the energy barrier¥,, versus the structural
parametersy(O) + 6(X) for the methoxy reaction channels (R1, R2,
and R5). The linear regression equatioryis 67.6% + 8.999, and
the correlation coefficieriR = 0.9921. The insert shows the pM§vs
0(0); y = 60.66« + 4.812,R = 0.9967. (b) Plot of the energy barrier,
Vo, versus the structural parameté(€) + 6(X) for the hydroxymethyl
reaction channels (R2, R4, and R6). Derived linear regression jine:
= 115.% + 14.662, andRk = 1.0000.

effect3® which is usually represented by the tunneling correction
factor, ki, as

k = Kikirst 2
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A general equation for the rate constant calculation in the
case of a bimolecular reaction proceeding through the formation
of intermediate complexes was derived in a preceding paper
(part 1)32 According to this formalism, the rate constant for
the formation of hydroxymethyl (channel R6) in the €3H +
OH reaction system can be written

7 . Jn Km
- ES S WEIK
s hQAQBL‘S ZO»ZO W(EK)
W, (E.JK)

exp-E/RT) (3)
W(E,J.K) + W,(E,JK)

whereQa and Qg are the partition functions of G@®H and
OH, respectively, with the center of mass partition function
factored out of the produdaQg and included inz together
with the partition functions of those inactive degrees of freedom
which are not considered by the sums of the states under the
integral.Wis(E,J,K) andW,(E,J,K) denote the sum of the states
at energy less than or equal # and angular momentum
quantum numberd andK, for the transition state TS6 (ts) and
an “activated complex” (ac) for unimolecular dissociation of
MC6 to channel products, respectively is the threshold
energy for the first elementary step at angular momenium

0. If V; (i = as, t9 denotes the potential energy of the transition
state/activated complex and;(J,K) is its rotational energy
corresponding to angular momentum quantum numbensd

K, then the upper limidy, at givenE is given by the following
conditions:

In(E) = min{ J;} (42)
i

whereJ; is the highest integer number satisfying the inequality
Vi+U(J,0)<E (4b)

At fixed E andJ, the upper limit ofK, Ky, is determined by
K(EJ) = miin{ K} (5a)

with K; given by the conditions:
Vi+UQK)=<E and K =1J (5b)

The sums of the statéd(E,J,K) were calculated in a classical
harmonic oscillator and rigid rotor approximation. Rotational
energy at given angular momentuhK) was derived for an
assumed prolate symmetry top system. The microcanonical
version of the statistical adiabatic channel model (SACM)
developed by Tro€ was used to derive the structural parameters
of the activated complex, i.e., the centrifugal energy barriers,
and the quanta of the “disappearing” and “conserved” oscillators.
The sum of the vibrational states necessary for the calculation
of W(E,J,K) was evaluated by the inverse Laplace transformation
of respective partition functions using the steepest descent

For reactions with high energy barriers, consideration of a method All the internal parameters of the SACM method used

tunneling effect may significantly improve the values of the

were determined by the molecular properties derived in ab initio

calculated rate constants, especially at low temperatures. Acalculation without fitting or adjustable parameters. The com-
reasonable correction of the rate constant may be obtained, eveputational details related to calculation of rate constant and the
in a one-dimensional approximation, using the method describedmethod used for the description of unimolecular processes are

by Johnston et & with the Eckart type of potential. In this

discussed in detail in the par2lof this series of papers.

approach, the unsymmetrical potential is characterized by the 3.1. CH;OH + H Reaction SystemThe energy barriers for
forward and backward barrier heights and the imaginary both reaction channels of GBH + H are high, which implies

frequency of the transition state.

either small values of rate constants or strong dependence on
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TABLE 4: Calculated Rate Constants for Formation of Methoxy, kr; and Hydroxymethyl, kg, Radicals for CH;0OH + H
Reaction System and for the Inverse Reaction¥_gr; and k_g;

le,TST le kle I(RZ,TST kRZ kfRZ
(cm®*molec? (cm® molec™ (cm*molec?  (cm®molec? (cm®* molec™? (cm®*molec?

T (K) s kr1 s Ky s s Kr2 s Ko° s
300 9.64x 1072 (1.6 x 10719¢ (1.9x 10719  1.40x 1077 46.79 6.53x 10716 2.76x 10° 2.36x 1072

400 3.80x 10'® 27.18 1.03x 10 157 6.58x 10! 6.57x 1071° 751 4.94x 10 1.20x10° 4.12x 102
500 1.46x10Y 729 1.07x10% 207 5.14x10%Y 7.15x10% 349 250x10%* 191x10* 1.31x10%®
600 1.75x 106 382 6.70x10® 250 2.68x10% 373x10 237 882x10* 573x10° 154x10Y
700 1.08x 10 2,65 2.86x 10> 2.85 1.00x 105 1.27x 10718 1.88 2.39x 10 245x 1(® 9.78x 10°Y
800 4.37x 10 210 9.19x10% 314 293x10% 331x107 1.63 539« 102 1.30x 10° 4.16x 10°1¢
900 1.33x 1074 1.81 241x10*% 335 7.20x 10 7.16x 1073 1.48 1.06x 102 7.88x 1(* 1.34x 10°%
1000 3.32x 107 162 536x 10 352 152x10%* 1.36x 10%? 138 1.88x 102 5.27x 10 3.57x107°
1500 6.19x 10°'® 127 7.86x 10 3.82 2.06x 10 1.11x 10" 1.15 1.28x 10 1.49x 1(* 8.64x 10°%*
2000 3.16x 1072 117 370x 10 371 9.96x 10 3.73x 104 110 4.12x 10 7.31x 100 5.64x 1073

aThe equilibrium constant for C}#H + H < CH30 + H,. ® The equilibrium constant for C4OH + H <= CH,OH + H,. ¢ Derived from eq 6.
d Derived from eq 8.

TABLE 5: Values of Calculated and Experimental Overall are difficult to compare. In general, an extrapolation of the high-
Rate C?”ﬁtamsakov,calc a“ﬁ rov.exp' and Tﬂeoret;clgl Branching temperature data leads to overestimation of the low-temperature
Ratio of the Hydroxymethyl Reaction Channel,I'(CH,0H) rate constants, which suggests too low values of activation
for CH3OH + H Reaction? . . .

energy derived at high temperatures. The experimental results

T (et kovicalcl - - kovvleprl - [(CLOH given in Table 5 are based on the kinetic data evaluation made
(K)_(cm’ molecs™) (cm® molec™ s ™) (CH:OH) by Tsang? The Tsang equatidrcan be considered as the best
300  65x107%  17x107° (1.2-3.0)x107° 100 compromise between the low- and high-temperature measure-
ggg ggi igl“ i‘s"i igﬂ (i'i;zﬁ)rﬁ 107 1'88 ments and allows a gap of experimental data in the intermediate
600 89x 10 43x 10 (26-2.7)x 102  0.99 temperature range to be filled. However, Tsang’s values seem
700 24x 102 1.1x 102 50x 10713 0.99 to overestimate the rate constant over 1000 K. The temperature
800 55x 101 22x1012 0.98 dependence of the calculated rate constdatsandkg, can be
900 1.1x10* 40x10?% 0.98 expressed, in terms of three-parameters fits of the Al

1000 19x 1012 65x 1012 15x 101 0.97 300) exp(~E/T), as follows:

1500 14x 101 35x 10" (0.9-2.3)x 10°1* 0.94 '

11 11 — 11 _
Akoy = kri + krzy T'(CH,OH) = krolkov. P Derived from Tsany 3 1 1

equation: (3.5 1071 T>1exp(—2450M) (left column), and the range exp(—36407T) cm” molecule “s ~ (6)

of experimental results from refs-8 and 10 (right column). B
kep = (1.9 x 10 %) (T/300)*2 x

temperature. Results of the rate constant calculation for the CH = 3 11
OH + H reaction system are given in Table 4. The rate constants exp(=1755M) e molecule s = (7)
were calculated, using conventional transition state theory, on The above equations allow reproduction of the values of the
the basis of eq 1. Molecular parameters of reactants andtheoretical rate constants given in Table 4 with a precision
transition states used in the calculation were those derived atsufficient for kinetic modeling. The relative errors do not exceed
the G2 level, i.e., G2 total energies, scaled vibrational frequen- 15% forkg1 and 20% forkgz. The fitting parameters are tightly
cies obtained in (U)HF/6-31G* calculation, and rotational correlated so that an Arrhenius activation energy cannot be
constants corresponding to the MP2/6-31G* optimized geom- derived. In such a type of fit, when the functional parameters
etries. The tunneling correction factor depends sensitively on A, n, andE are strongly coupled, even a little change of the
the imaginary frequency used in the calculation. Since very high input k values may lead to identical quality fits but with
imaginary frequencies were obtained in the SCF calculations, considerably different values of fitting parameters. This is
we decided to evaluate the tunneling factors with the more especially important for an analysis of the usually scattered
realistic imaginary frequencies which were obtained at a higher experimental rate constants. Therefore, even with very accurate
level of theory, i.e., the unscaled MP2/6-311G** imaginary experimental measurements, such three-parameter fits should
frequencies. be viewed only as shorthand representations of the kinetic data.
The results of calculations show that the reaction channel Due to the high tunneling correction factor, the valuegf at
which leads to the formation of methoxy radicals (R1) is 300 K was not calculated from eq 2. Extrapolation on the basis
practically inactive in comparison with (R2) at temperatures of eq 6 leads to a value &k, = 1.6 x 1071° cm?® molecule®
below 1000 K. Both rate constants; andkg, are small. The s 1 at 300 K. This is more than 3 orders of magnitude lower
rate constant for the hydroxymethyl chanigh = 6.5 x 10716 than that derived for the hydroxymethyl channel at the same
cm® molecule’® s71is about 5 orders of magnitude lower than temperature. A comparison of the calculated and experimental
that of the analogous reaction channel for the slightly less values of the overall rate constakt, = kr1 + kr2 (Which is
exothermic reaction of methanol with chloriffeDue to the high indeed equal tkg, sincekgs is small) is shown in Figure 6.
energy barriers, the calculated tunneling correction factors are The relatively large value af reflects a non-Arrhenius behavior
very high at low temperatures. Therefore, we did not use the of the theoretically derived rate constants. It is a result of the

artifactly high tunneling correction factor fdg; at 300 K. strong negative dependence on temperature of the derived
Available experimental rate constants were obtained in two tunneling factor. The calculated overall rate constkgt,is in
different ranges of temperature: direct measurerhehis 298- satisfactory agreement with that recommended by Tsang over

630 K and high-temperature data (above 1000 K) from shock the temperature range studied. However, the values calculated
tube experiment® However, those two sets of measurements in this study are systematically lower than those derived from
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Figure 6. Arrhenius plot for the CHOH + H reaction comparing
kinetic measurements (symbols) with data evaluations (lines) in the
functional formATexp(—E/T) of Spindler and Wagné&t(1600-2100
K,R1+ R2: A=5.3x 101, n= 0, E= 2670); Hoyermann et al.
(500-680 K, R1+ R2: 2.2x 107%, 0, 2650); Vandooren and Van
Tiggelerf (1000-2000 K, R1+ R2: 1006-2000 K, 5.6x 1071, 0,
1309); Maegher et &1(300-404 K, R1+ R2: 1.1x 1074 0, 2739);
Ader$ (298-650 K, R1+ R2: 2.2x 107%, 0, 2669); Tsany(300—
2000 K, R1+ R2: 3.52x 107, 2.11, 2450); Warnafz300-2000

K, R1+ R2: 6.6x 1071% 0, 3067); this study eqs 6 and 7.
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converted into CRHOH at 1000, 1500, and 2000 K, respectively.
The values of the hydroxymethyl branching fraction calculated
in this study of 97%, 94%, and 92% at the same temperatures
agree very well with those derived by Lendvay etal.

There are no experimental data available for reverse reactions
related to hydrogen atom abstraction from hydrogen molecule
by methoxy and hydroxymethyl radicals, @&+ H, — CHs-

OH + H (—R1) and CHOH + H; — CH3OH + H (—R2).
Values ofk_r; andk-g» given in Table 4 were derived on the
basis of theoretically calculated equilibrium constants and can
be expressed as

K_gy = (1.7 x 107)(T/300)"° x
exp(=2470m) cm® molecule st (8)

K_g, = (8.8 x 107 ™)(T/300)° x
exp(=5270m) cm® molecule st (9)

Both reactions proceed slowly with rate constants ofsl 8019
cm® molecule? st and 2.4x 10722 cm® molecule® st at
300 K fork-g1 andk-gry, respectively. The almost zero reaction
enthalpy for reactions (R1) and-R1) leads to a value of the
equilibrium constantK,, close to unity, which implies similar
values of the rate constankg; andk_r1. The rate constant for
the reverse reactiork_r1, is however more than 3 orders of
magnitude lower thak-r, and is only of minor importance in
the CH;OH + H reaction system.

3.2. CHsOH + CHj3 Reaction System.The energy profile
for the CHOH + CHs; reaction system shows high energy
barriers for both reaction channels, leading to small values of
the rate constants. As previously, the molecular parameters of

the Tsang equation. The divergence is a factor of 3 at 300 K methanol, methyl, and the two transition states, TS3 and TS4,
and becomes slightly worse in the intermediate temperature obtained at the G2 level (with nonscaled imaginary MP2/6-
range, while it becomes better at high temperatures. In the high-311G** frequencies in the tunneling factor calculation), were
temperature range, our calculategd agrees within a factor of  used in the rate constant calculation. Results of the calculation
2 with Tsang’s recommendation. However, it is worth noting are given in Table 6. As a result of the high barrier heights, the
that values ok, obtained in this study are in better agreement calculated rate constants both for metho¥gs and for

with the high-temperature measuremétft¢han those estimated  hydroxymethyl, kg4, reaction channels strongly depend on
from the Tsang equation. At 2000 K, the calculakggdof 4.5 temperature. The tunneling factors at low temperatures (below
x 10711 cm® molecule? st is 2 times lower than Tsang’s 400 K) are very high, and they were not used in the calculations
recommendation of 9.5 10711 cm® molecule? s71, which of the rate constants. Calculated value&gfare in very good
significantly overestimates the experimental results of 2.4  agreement with those recommended by TSaagd former
10 cm?® molecule® s1 of Spindler and Wagnétand 2.9x evaluations of experimental kinetic data by Kerr and Persdfiage
10~ cm?® molecule’! st of Vandooren and Van Tiggelen.  for the temperature range of 35650 K. There are no
Lower values of the rate constark,, of 3.1 x 10712 cm? experimental data available in the intermediate temperature
molecule! st and 1.4x 10711 cm® molecule’? s71 at 1000 range of 6068-1500 K so that the results of our calculations
and 2000 K, respectively, are also recommended by Wérnatz can be useful in modeling studies. The temperature dependence
in his evaluation of kinetic data. On the other hand, in the of krs can be expressed in the form

intermediate temperature range, our calculated rate constants,

Kov, Of 8.9 x 10714 cm?® molecule! s™t and 2.4x 10713 cm?® key = (1.4 x 10 9)(T/300)*° x

molecule! s71 are about 3 and 2 times lower tha_ln the results exp(—3380M) e moleculel st (10)

of measurements at 600 and 700 K, respectively. Tsang's
equation also yields in this temperature range overestimatedA relatively large value of the parameteis related to the strong
values of the rate constant (of 60% at 600 K and 120% at 700 negative temperature dependence of the tunneling factor, as
K), but well reproduces experimental results in the range-300 observed for the CkOH + H reaction system.

500 K. Therefore, our calculated rate constants allow a quite  Calculated rate constants for the methoxy reaction channel
satisfactory description of G¥®H + H kinetics, especially in (R3) are systematically greater than those recommended by
the high-temperature range. Calculated branching ratios indicateTsang and Kerr and Personad&However, the discrepancy
dominance of the hydroxymethyl channel at any temperature with Tsang's values does not exceed a factor of 2 in the

studied, and the formation of methoxy radicals is negligible at
temperatures below 1000 K. This is in line with the recent
theoretical results of Lendvay et El.which show that the

formation of hydroxymethyl radicals is the dominant route and
96%, 93% and 90% of methanol reacting with H atoms is

experimentally most investigated temperature range of~350
550 K. If one takes into account that Tsang’s recommended
values for temperatures below 600 K are given with an
uncertainty factor of 1.4, the agreement can be considered quite
good. The temperature dependence obtained in this study for
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TABLE 6: Calculated Rate Constants for Formation of Methoxy, krs and Hydroxymethyl, kg4 Radicals for CH3OH + CH3
Reaction System and for the Inverse Reactionk_rz and K_rq4

kR3,TST kR3 k7R3 kR4,TST kR4 k7R4
(cm® molec (cm® molect (cm®molec? (cm® molec (cm®* molec™ (cm® molec™

T(K) s krs s Ks? s s Kra s Kb sY
300 9.07x 1072 (1.7 x 10-20¢ (1.7x 10719 2.13x 1022 (1.8 x 10720 (7.9 x 1029
350 2.44x 10°% (1.4 x 10-19¢ (1.4x 1078 6.46x 102 (1.9 x 10°19)¢ (6.0 x 10724

400 2.98x 1020 29.03 8.66x 10 9.67x 102 8.95x 10 8.68x 102° 14.07 1.22x 108 7.38x 10° 1.65x 1022
450 2.15x 101° 13.24 2.84x 10 9.94x 102 2.86x 10 6.77x 10 726 491x108 234x10° 2.10x 102
500 1.07x 108 7.75 8.27x 10 1.00x 10! 8.23x 10 3.61x 10 470 1.70x 10 9.25x 10? 1.83x 102
550 4.06x 10*® 530 2.15x10% 1.00x 10! 2.14x 10 146x10% 349 508x10Y 4.32x1® 1.18x107'°
600 1.26x 107 4.01 5.05x 107 9.96x 102 5.07x 1016 476x 1017 281 1.34x10'® 2.28x 10? 5.85x 10
700 7.84x 10Y 276 2.16x 10 9.72x 102 2.22x10'® 3.24x 10 210 6.79x 10 8.34x 10' 8.14x 1018
800 3.27x 101 218 7.11x 10 9.44x 102 7.53x 10 145x 10 1.77 256x 10'® 3.90x 100 6.56x 1077
900 1.04x 10* 1.85 1.92x10% 9.17x 102 2.09x 10* 4.85x10% 156 7.58x10%® 215x 10" 3.52x 1071¢
1000 2.71x 10'® 166 4.49x 10°*® 8.93x 102 5.03x 10** 1.33x 10 145 1.92x10* 1.34x 10* 1.43x 10°'°
1500 6.55x 10 1.27 8.30x 104 8.14x 102 1.02x 102 3.68x 10 120 4.42x10* 3.16 1.40x 10713
2000 4.30x 10'® 1.16 4.98x 10'® 7.77x 102 6.41x 102 258x 10 1.13 291x 107 1.53 1.90x 10712

aThe equilibrium constant for C¥H + CH; <= CH;O + CH,.  The equilibrium constant for CG}©H + CHz <= CH,OH + CH,. ¢ Derived
from eq 11.9 Derived from eq 12¢ Derived from eq 10f Derived from eq 13.

krs is expressed by -10 - . ;

® Spindler and Wagner (1982)
O Kerr and Parsonage (1976)

kns = (2.7 x 10 9)(T/300)" x N\ Tsang (1967)

—— This study

exp(-2910m) cm® molecule*s * (11)

Values of the calculated branching ratios change significantly

with temperature. The slightly lower energy barrier for the 47
methoxy reaction channel of 0.4 kcal/mol (at G2 level) enfeebles
the statistically favored H-abstraction from the methyl group
at low temperature. It leads to almost the same methoxy and -16 -

hydroxymethyl fractions at room temperature. However, the fact
that there are three possibilities of abstracting a hydrogen from
the methyl group and only one from the hydroxyl group of the sl
methanol leads to the dominance of the hydroxymethyl reaction
channel when the temperature raises. Calculated branching ratios
agree fairly well with the “experimental” values of Ts&rand
Kerr and Personagtfor temperatures higher than 500 K. Our 1 2 3
calculated branching ratio of hydroxymethyl formation of 0.7 1000K/T
at 550 K is in excellent agreement with 0.71 and 0.77 derived Figyre 7. Arrhenius plot for the CHOH + CH; reaction comparing
on the basis of Kerr and Personage’s and Tsang's equationskinetic measurements (symbols) with data evaluations (lines) in the
respectively. The overall rate constaky, = krz 1+ krs, is also functional formAT" exp(—E/T) of Spindler and Wagnét(1600-2100
very close to that recommended by Tsang for temperatures*éS%?i;rS'g“lé AR§ 1-158< 1%;11,?0:2-8%4: ‘}5140%; ;zrflé(lﬁ?gpgrsé%%%ﬁe
it i i , . 0)¢ , U, ) .o , U, )
below 600 K. However, as itis shovyn in Figure 7 and Table 7, Srsané (3002000 K, R3: 2.4x 102 3.1, 3490; R4: 5.3¢ 1023?
our koy shows a stronger increase with temperature. At 2000 K, 3.17, 3609); this stud 10 and 11
So X : . 17, ; y egs 10 and 11.

kov calculated in this study is 1 order of magnitude higher than
that predicted by Tsang but matches well the results of the high-as final products in the reaction of methanol with methyl
temperature measurements of Spindler and Wakn@&he radicals. The attack of methyl radicals on methanol is less
quantitative agreement which was reached between theoreticaselective compared to the GBIH + H reaction which yields
kov Values and results of low- and high-temperature experimentspractically only hydroxymethyl channel products.
proves the high quality of the rate constakisandkg4 obtained The inverse reactions of H-abstraction from methane by
in this study. Equations 10 and 11 describe successfully the methoxy, CHO + CH; — CH;OH + CHz (—RS3), and
kinetics of H-abstraction for the GH + CHs reaction system.  hydroxymethyl, CHOH + CH; — CH3OH + CHz (—R4), have

It is interesting to compare the results obtained for;OH not been investigated experimentally. The calculdteg and
+ CHz and for the analogous GBH + H reaction. Both k_r4 values are listed in Table 6. In the temperature range of
reaction systems are characterized by similar reaction enthalpies300—-2000 K, these rate constants can be written in the following
for the corresponding reaction channels. However, the overall form:
rate constant for the G®H + CHs reaction is a few orders of _
magnitude lower than that for the reaction of methanol with K-rs= (2.5x 10 )(T/300§
hydrogen atoms. The calculated branching ratio for H-abstrac- exp(=28101) cm® molecule*s ™t (12)
tion by methyl radicals depends sensitively on temperature. The
increase of temperature leads to the dominance of the hy-k_g,= (5.2 x 10" *%)(T/300)° x
droxymethyl reaction channel. However, the methoxy radicals 3 1 1
are formed with an efficiency not less than 15% at the highest exp(=7475Mcnt molecule™s = (13)
temperature of this study (2000 K). Therefore, both methoxy  Similar to the direct reactions, the reverse onedk8) and
and hydroxymethyl radicals should be observed experimentally (—R4), are slow processes. At 300 K, the rate of those processes

3 11
logkg,,gr/cm molec’s
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TABLE 7: Values of Calculated and Experimental Overall
Rate Constants,Koy,caic and Kovexp @and Theoretical Branching
Ratio of the Hydroxymethyl Reaction Channel,I'(CH,OH),
for CH3OH + CHj3; Reactior?

kov,calc kov,ex b F(C HZOH)
T(K) (cm®molec?ts™?) (cm® molects™) calcd expt
300 3.4x 1072 4.2x 107 0.52 0.76
350 3.3x 107%° 3.6x 10°% 0.58 0.76
400 2.1x 10718 1.9x 1018 0.59 0.76
450 7.8x 10718 7.3x 10718 0.63 0.76
500 2.5x 1077 22x 10 0.67 0.77
550 7.2x 1077 5.7x 1077 0.70 0.77
600 1.8x 1076 1.3x 10716 0.73 0.77
700 9.0x 10716 4.8x 10716 0.76 0.77
800 3.3x 10715 1.4x 101 0.78 0.77
900 9.5x 10715 3.2x 1071 0.80 0.78
1000 2.4x 10714 6.6 x 1071 0.81 0.78
1500 5.3x 10718 7.6x 10 56x 10 0.84 0.78
2000 3.4x 10712 34x 108 13x10* 0.85 0.79

2 Koy = krs + krs; [(CH,OH) = kra/kov. ® From Tsang equatiofis
(2.4 x 1073 T31exp(—3490M) + (5.3 x 10-X)T32exp(—3609M) (left
column) and from measurements of Spindler and Wa@neight
column).

is described by the rate constants of £.6071° cm? molecule®
s1and 6.5x 10726 cm® molecule s~1 for the —R3 and—R4
reactions, respectively. However, reactiofiR3 is the fastest

process in the COH + CHjz reaction system. The rate constant,
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kre

kRG,TST

o dn ke W, (E,J,K)

1. dEJZ)ZOWtS(E,J,K) exp(—E/RT)
s e W,(E,JK) + W,(E,J,K)

In Km

LW dE ZOKZOWE(E,J,K) exp(E/RT)
~1 (14)

because the microcanonical branching fraction in the upper
integral is close to unity. A lowering dg relative to its upper
limit given by krstst can be expected only at very high
temperatures as the result of an increase of importance of the
reverse process, MC6 reactants. For comparison, both egs 1
and 3 were used in the calculation of the rate constant for the
hydroxymethyl reaction channel (R6).

The rate constant calculations corresponding to the methoxy
reaction channel were performed on the basis of eq 1 using the
transition state theory. As for the previously discussed reactions,
CH30H with H and CH, the molecular parameters of reactants
TS5, TS6, and MC6, derived at G2 level, were used in the rate
constants calculation. Calculated rate const&ggsndkge, as
well as values of the overall rate constégtand the branching
fraction for hydroxymethyl formation, are given in Tables 8

k_rsis 10 times greater than the rate constants of reactions R3and 9. The tunneling factor used in the calculatiorkgfwas

and R4 at 300 K. Therefore, the @Bl + CHs — CH3OH +

derived using the unsymmetrical Eckart poteffiand the

CHs reaction should be taken into account in modeling and unscaled imaginary frequency of TS5 obtained at the MP2/6-

experimental investigations of the @BIH + CHs; reaction

311G** level. At any temperature of this study, the rate constant

system. The methoxy radicals formed in reaction R3 are quickly for the formation of the hydroxymethyl radicadks, is signifi-

converted back to the reactants in the reverse proe&s It

cantly greater than that for the competing (R5) reaction channel.

may explain why the methoxy radicals are not observed Values ofkrg rstderived on the basis of eq 1 are very close to
experimentally as products of the reaction of methyl radicals the “exact” krs Obtained from eq 3. The difference does not

with methanol.
3.3. CH;OH + OH Reaction System.The energy profile

exceed 15% at the highest temperature studied (3000 K). At
low temperatures (below 1000 K) there is practically no

for the CHOH + OH reaction obtained at the G2 level shows difference in values of the rate constants calculated for the
only a small energy barrier for the hydroxymethyl formation, complex, CHOH + OH <~ MC6 — CH,OH + H,0 (krg) and
which implies a high value of the rate constant for the R6 the one-step CsOH + OH— CH,OH + H20 (kge ts7) reaction
reaction channel and a weak temperature dependence. This isnechanism. An increase of the importance of the reverse process
in line with the results of measurements. The kinetic data (MC6 — reactants) at high temperatures is manifested by slightly
evaluation of Tsangand the recent experiments of Hess and lower values ofkgre compared tdre 1st Calculated values of
Tully?” for the CHOH + OH reaction suggest a description of kze may be compared with recent results of the ab initio
the kinetics by a three-parameter expression of the Aypexp- calculations of Pardo et &.who studied this reaction channel
(—E/T), with a negative exponential parameté&;, which is (R6) at the MP4/6-311G**//IMP2/6-31G* level. The values
usually observed for reactions proceeding with the formation obtained in their calculation, i.ekrg = 4.1 x 10713, 1.4 x

of intermediate complexes. A similar mechanism was suggested10-12, and 2.9x 102 cm?® molecule’® s™1 at 300, 600, and

by theoretical considerations for H-abstraction from methanol 800 K, are however considerably lower than those derived in
by halogen atoms, F, Cl, and B¥.A hydrogen bonding this study, i.e., 7.2x 10713, 3.5 x 10712 and 7.3x 102 cm?3
molecular complex, MC6, has been found for the hydroxymethyl molecule® s71, respectively. Despite the high tunneling factors
reaction channel so that the rate constant calculation for this used in their calculation, the results of Pardo et®are also
reaction channel should be performed on the basis of eq 3.lower than the most credible experimental results of Hess and
However, contrary to reactions of methanol with chlorine and Tully.?” It is a consequence of the 5.5 kcal/mol higher energy
bromine atoms$? the energy barrier found for the reverse barrier which was found by Pardo et?for the hydroxymethyl
reaction is, at the G2 level, 22.7 kcal/mol higher than the energy reaction channel. The valueslgf, obtained in this study are in
barrier for the dissociation of MC6 toward the products. very good agreement with the experimental measurements below
Therefore, at a given enerdy, the density of states of the 600 K. Our calculated valuég, = 7.6 x 10712 cm?® molecule™?
activated complex for the reaction MC8 products is consider-  s71, at 300 K is in line with (0.8-1.1) x 10-12cm® molecule!

ably greater compared to the density of states of TS6. The rates™* from measurements of Meier et &h24 Hagele et al2?
constant for the first elementary stekgstst (from eq 1), Ravishankara and Davi8Overend and Paraskevopoufésind
corresponds to the rate constant for the hydroxymethyl formation Campbell et at? The considerably smaller value of 9610714
channel when the simple, one-step mechanism of this channelcm?® molecule’? st of Osif et al’® is obviously in error. At

is assumed, C¥OH + OH — CH,OH + H»0O. The ks 1sT higher temperatures, our results overestimate the vallg, of
should be a very good approximation for the “exact” (for the by a factor of 2 in comparison with the results of Hess and
two-step reaction mechanism) rate constégg,(from eq 3) Tully?” and those recommended by Ts&nghe temperature
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TABLE 8: Calculated Rate Constants for Formation of Methoxy, krs, and Hydroxymethyl, kre, Radicals for CH;OH + OH

Reaction System and for the Inverse Reaction¥k_rs and k_rg

I(RS,TST kRS kfRB kRsb kfRG
(cm® molec?t (cm® molec? (cm®*molec?  (cm®molec? (cm® molec?

T(K) s Krs s Ks? s s Kre/krs TsT ke® s
300 1.91x 10715 27.52 5.25x 107 8.31x 10° 6.32x 1074 7.05x 10718 1.00 2.28x 106  3.09x 1072
350 4.77x 10715 14.20 6.77x 1074 3.73x 10° 1.81x 1022 9.90x 1013 1.00 1.31x 10  7.54x 10°%
400 9.82x 10715 8.84 8.68x 10°*  3.64x 10/ 2.39x 102 1.34x 10712 1.00 2.78x 102  4.81x 10°%
450 1.78x 1014 6.21 1.10x 10  5.93x 10° 1.86x 10720 1.75%x 10712 1.00 1.39x 10  1.26x 1072
500 2.94x 10714 4.74 1.39x 10713 1.39x 1C° 1.00x 10710 2.24x 10712 1.00 1.28x 10° 1.75x 1072
550 453%x 10714 3.84 1.74x 108 422x10°  4.12x 10°%° 2.82x 10712 1.00 1.82x 1¢° 4.71x 10724
600 6.63x 10714 3.24 2.15x 1013 1.56x 10° 1.37x 10718 3.49x 10712 1.00 3.58x 108 1.55x 102
650 9.31x 10714 2.82 2.63x 108  6.72x 10¢ 3.91x 10718 4.26x 10712 1.00 9.06x 107 9.75x 10720
700 1.27x 10718 2.52 3.19x 10718 3.26x 10¢ 9.79x 10718 5.15x 10712 1.00 2.79x 107 1.84x 10719
750 1.68x 10713 2.29 3.84x 10713 1.74x 10¢ 2.21x 1017 6.16x 10712 1.00 1.01x 10’ 6.12x 10719
800 2.17x 10713 2.11 4.58x 10713 9.99x 10° 4.58x 10717 7.30x 10712 1.00 4.13x 10° 1.77x 10718
850 2.75x 10713 1.97 5.43x 108  6.13x 10° 8.86x 10717 8.58x 10712 1.00 1.88x 10° 457x 10718
900 3.43x 10713 1.86 6.38x 1018  3.96x 10° 1.61x 10716 1.00x 1011 1.00 9.30x 1P 1.07x 1077
950 4.22x 10713 1.77 7.46x 1018 2.68x 10° 2.78x 10716 1.16x 10712 1.00 4.96x 10° 2.33x 10°Y7
1000 5.13x 10713 1.69 8.66x 10713 1.88x 10® 4.60x 10716 1.33x 1012 1.00 2.82x 1P 4.72x 10717
1500 2.24x 10712 1.32 2.95x 10712 1.94x 1% 1.52x 1074 4.06x 10711 0.98 7.54x 10° 5.38x 10715
2000 6.02x 10712 1.19 7.16x 10712 598x 10* 1.20x 10713 8.81x 1011 0.95 1.18x 1C° 7.49x 10714
3000 2.25x 1071t 1.10 2.47x 10711 1.74x 10* 1.42x 10712 2.46x 10710 0.85 1.72x 1% 1.43x 10712

2The equilibrium constant for CG40H + OH <> CHzO + H,0. ® From eq 3.° The equilibrium constant for C0H + OH < CH,OH + H0.

TABLE 9: Values of Calculated and Experimental Overall
Rate Constants,Koy caic aNd Kovexp @nd Theoretical Branching
Ratio of the Hydroxymethyl Reaction Channel,T'(CH,OH)
for CH3;OH + OH Reactior?

I(ov,calc

T (CTTT3 molec?! I(ov,epr
s (cm®*molects™)

(K)

[(CH,OH)

calcd exptl

300
350
400
450
500
550
600
650
700
750
800
850
900
950
1000
1500
2000
3000

& Kov

(1.1 x 10719 T%53exp(483T) (left column) and range of experimental
results from refs 7 and 187 (right column).c From ref 11 at 482 K.

dFrom

dependence of the rate constants derived in this study can b

7.6x 10713 1.0x 10712
1.1x 10712 1.2x 10712
1.4x 10712 1.4x 10712
1.9x 10712 1.7x 10712
2.4x 10712 2.0x 10712
3.0x 10712 23x 10712
3.7x 10712 2.6x 10712
45x 10712 3.0x 10712
5.5x 10712 35x 10712
6.6x 10712 3.9x 10712
7.8x 10712 45x 10712
9.1x 10712 50x 10712
1.1x 101 56x 10712
1.2x 1071 6.3x 10712
1.4x 10711 6.9x 10712
44% 1071 1.7x 10712
9.5x 10711 3.2x 10712
2.7x 10710 81x 1071

(0.8-1.0) x 1012
(0.9-1.4) x 1012
(1.2-1.8) x 1012
(1.5-2.2) x 10712
(1.8-2.6) x 1012
(2.1-3.0) x 1012
(2.4-3.3) x 1012
(2.7-3.6) x 1012
(2.9-3.9) x 1012
(3.1-4.4) x 1012
(3.3-5.1) x 1012
(4.7-5.8) x 1012
5.0x 10712

5.2x 10712

8.3x 10712

1.8x 101

2.6x 10711

0.93 0.89x 0.03?
0.94

0.94 0.78x 0.072
0.94

0.94 0.85x 0.0%
0.94

0.94 0.7¢

0.94

0.94

0.94

0.94

0.94

0.94

0.94

0.94

0.93

0.92

0.91

= krs + krs; [(CH,OH) = krg/kov. P From Tsang equatién

ref 11 at 612 K.

expressed by the three-parameter nonlinear fits

kns = (7.6 x 107 ")(T/300)** x

exp(575T) cm® molecule* s (15)

ke = (3.5 x 10 ¥(T/300¥° x

with a small negative exponential parameEerfor both reaction
channels. It agrees with the results of Tshagd Hess and
Tully?” who derived similar three-parameter equations for the
temperature dependence lfs. Because of the small energy

exp(210T) cm® molecule* s (16)

The calculated branching ratios indicate a dominance of the R6
reaction channel. This is in line with the experimental results.
However, some increase with temperature of the importance of
the methoxy reaction channel has been repditéd?’ It is
interesting to note that the theoretical branching ratios are indeed
temperature independent, and they indicate that at temperature
below 1500 K about 94% of methanol is converted to hy-
droxymethyl radicals.

An Arrhenius plot of the calculated overall rate constgt,
= krs + krg, is shown in Figure 8, along with results of available
experimental investigations and kinetic data evaluations. In the
low-temperature range (below 600 K), duy agrees well with
experiments. At high temperatures, some measurements show
considerable scatter. Results of Bowriaand Westbrook and
Dryer*® are clearly incompatible with the experiments of
Vandooren and Van Tiggel€érlrhe temperature dependence of
the rate constant given by Tsang’s equatieas derived taking
into account results of Vandooren and Van Tigg€elavhich
also nicely matches a high-temperature extrapolation of the
results of Hess and TulR/. The kinetic data evaluation made
by Warnat? predicts significantly lower values of the rate
constantk,, in this temperature range. However, his analysis
based on the two-parameter Arrhenius-type fit seems to be less
realistic compared with Tsang's recommendation. The temper-
ature dependence of our calculatgglis close to that predicted
by Tsang which is manifested by nearly parallel curves in the

enigh-tempera’rure range. However, our calculated valudsg,of

are slightly higher than those obtained from Tsang’s equation.

Our derived overall rate constaky, is, at room temperature,
a few orders of magnitude higher than the values discussed
previously for the reactions of methanol with hydrogen and
methyl radicals. This can be explained by the greater exother-
micity of the reaction CHOH + OH together with the small
barrier heights found by the calculation. On the other hand, this
reaction proceeds slower than the almost thermoneutral reaction
of methanol with chlorine atom?. The explanation of this
peculiarity is related to the G®H + Cl reaction mechanism.
As was shown in our preceding pagéthe reaction of methanol
with chlorine atoms proceeds in the first elementary step with

barrier for both reaction channels, the temperature dependencehe formation of a weak intermediate complex, and the total
of the rate constants is mainly related to entropic contributions energies of all stationary points (products, transition states, and
and therefore leads to non-Arrhenius behaviokgf and kge.

molecular complexes) for the dominant hydroxymethyl channel
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1 2 3 R6 calculated using different molecular parameters sets: ) results
1000K/T of calculation with MP2/6-31G* energy barriers and vibrational

frequencies scaled by 0.94:+) MP2/6-311G** energy barriers and

F_igurg 8. Arrhenius plot for the Clng + OH reacti_on cor_nparir_lg vibrational frequencies scaled by 0.94; ¢ —) MP4/6-311G**//IMP2/
kinetic measurements (symbols) with data evaluations (lines) in the 6-311G** energy barriers and vibrational frequencies as abovg; (

functional formAT" exp(—E/T) of Hess and Tull§” (294-866 K, R5 ; _ * vibrati i
+R6: A=5.89x 102 n = 0, E = —444); Wallington and Kuryl& G2 energy barriers and the SCF/6-31G* vibrational frequencies scaled

(240-440 K, R5+ R6: 4.8x 1012 0, 480): Greenhilland O'Gragy Y 08929

(260-803 K, R5+ R6: 8.0 x 107%2 0, 664); Meier et at® (300— o . .

1000 K, R5+ R6: 1.1x 1071, 0, 718); H@ele et ap? (295_420 K, However, it is Interestlng to make a comparison of the rate
R5+ R6: 1.2x 1071, 0, 810); Vandooren and Van Tiggelg1000- constants calculated using molecular parameters calculated by
2000 K, R5+ R6: 8.0 x 107, 0, 2266); Westbrook and Dryér other ab initio approaches. The rate constants for reactiofs 2
(1000-2180 K, R5+ R6: 6.6x 10°*2 0, 1006); Bowmah (1545~ as a function of temperature, based on the molecular parameters

ilg%-Kl R75+1ROE:115(')0>;3512_-1-1|1 0, Zgggg_vgg{)%aﬁz(?g;zggp 1K,1R5 obtained at different levels of theory, are shown in Figure 9.
1019 2 SSX 483, thi ); Tsang( ' CEX The height of the energy barrier for the reaction channel R6

, 2.53,— ); this study eqs 15 and 16. . L
depends strongly on the method of calculation. This is reflected

are located below the energy level of reactants. Therefore, by the scattered values of the calculated rate constag{$sr

unimolecular processes play a very important role in the reaction at room temperature, 3.2 10716, 1.2 x 107, 1.5 x 107%°
kinetics and determine the reaction rate. and 7.0x 10713 cm® molecule! Sﬁl, obtained at the MP2/6-

The calculated potential energy surface allows also the 31G*, MP2/6-311G**, MP4/6-311G**, and G2 levels, respec-
evaluation of the rate constants associated with the reversetively. The significant dependence of the calculated rate
reactions CHO + H,O — CH3;OH + OH (—R5) and CHOH constants on the molecular parameters used is also observed
+ H,0 — CHOH + OH (—R6) by using the equilibrium for the reaction R2. Values éko s 1.7 x 10722 1.6 x 10718,
constants obtained theoretically from molecular parameters of 1.7 x 1078 and 1.4x 1077 cm® molecule* s, have been

reactants and products. The rate constaktgs and k_ge, found at 300 K, for the respective levels of theory described
obtained by this way are given in Table 8 and can be expressedabove. On the other hand, the rate constants for theOEH
as CHjs reaction system are considerably less sensitive to the choice
of the ab initio data. The scattering of the values of the rate
K gs= (1.5 x 10 *9)(T/300)® x constants for both reaction channdlgg rst and krs 157 does
3 1 1 not exceed 1 order of magnitude. It is a result of the very close
exp(-5780) cm” molecule s = (17) heights of the energy barriers derived at each level of theory

14 0 for reaction channels, R3 and R4.
K re=(42x10 )(T/3OO)3 x The zero-point energies calculated either using MP2 vibra-
exp(—10440T) cm® molecule* s (18) tional frequencies scaled by 0.94 or scaled SCF frequencies as
in the G2 approach are very close. However, the use of
Both reverse reactions are strongly endothermic and are slownpnscaled MP2 frequencies leads also to very close rate constant
processes with the rate constants at 30k-Ks = 6.4 x 1024 values (less than 10% different) in the temperature range studied.
cm® molecule s andk-rs = 3.3 x 1029 cm® molecule’? Considerably higher change of the rate constant is observed
sL. Therefore, those reactions do not play any role in the when the MP2 frequencies are replaced by their scaled SCF
subsequent fate of the methoxy and hydroxymethyl radicals in counterparts. Results of calculation performed for R2 and R6
the CHOH + OH reaction system. reaction channels show that using scaled SCF frequencies yields

3.4. Comparison of Results Obtained at Different Levels  rate constant values 2 times (R2) and 3 times (R6) higher at
of Theory. The calculated rate constants are mainly determined room temperature.

by the height of the energy barriers. The kinetics of the reactions

under investigation presented in this work was based on the4. Conclusions

molecular parameters obtained in the G2 approach which is Ab initio calculations at different levels of theory and with
known to provide a correct description of the reaction energetics, different basis sets were performed for thedOH + H, CHs-
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OH + CHz and CHOH + OH reaction systems. Derived facilities. Part of the numerical calculations was carried out in
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