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The possible reaction mechanism of CH radical with;OH is investigated theoretically by a detailed potential
energy surface calculation at the B3LYP/6-311G(d,p) and CCSD(T)/6-31d,p) (single-point) levels. Various
possible reaction paths including three kinds of insertion reaction and two kinds of H-abstraction reactions
are considered. Among them, the most feasible pathway should be a CH radical attacking on the lone pair of
the oxygen atom in CkDH to form the anti GO complexa;, followed by a CH inserting into the ©H

bond to form the low-lying methoxymethyl radical. Starting fromas, the most competitive reaction pathway

is the direct C-O single bond fission leading to the prodirit CH,O + CHs. The other reaction pathways

are less competitive due to thermodynamical or kinetic factors. Furthermore, our calculation results show
that, in terms of potential energy surface, the title reaction involves all the main features of bethHz@

and CH+ CH, reactions; however, the reaction mechanism of CH with@H may be more similar to that

of CH + H,0. Our results may be helpful for understanding the mechanism of a CH radical insertion reaction.

1. Introduction

As one of the most reactive radicals, methylidyne (CH) is

important in combustion and planetary atmospheric chemistry.
The reactions of the CH radical with numerous small molecules

have been studied experimentally and theoretidalty For the
reactions of CH with Ch NHjz; H,O, and HF, several

theoretical studies have shown that the insertion reaction

pathway is the dominant channel, whereas the direct H-
abstraction reactions are less comp
endothermicity’. ® The calculated results are in agreement with
kinetic experiment$®-12 Particularly, it should be pointed out
that, as there was no lone pair in the carbon atom of, @hé
mechanism for the CH- CH, insertion reaction was found to
be different from that of the other three insertion reactions, but
somewhat similar to that of the GH- CH, insertion reactior.
Note that methanol has dual features of bothy@Hd HO, so

the reaction of CH with CEDH may proceed via the follow-
ing: (1) the direct H-abstraction leading to @& + CH;
(similar to the abstraction reaction of CH with,®)); (2) the
direct H-abstraction to form CIH + CH, (similar to the
abstraction reaction of CH with G} (3) forming an intermedi-
ate C-C complex and then a CH radical inserting into thekC
bond in CHOH (similar to the insertion reaction of CH with
CH,). (4) CH radical attacking on the lone pair of the oxygen
in CH30H to form an initial C-O complex followed by CH
inserting into the G-H (similar to the insertion reaction of CH
with H,0), or CH inserting into the €0 bond in CHOH. Thus,

photolysis/laser-induced fluorescence, as a function of temper-
ature (298-753 K) and pressure (16600 Torr helium)t®> The

rate constant of the title reaction was measured th ¢2.52

+ 0.12) x 10719 cm® molecule’! s at 298 K, which was
independent of total pressure. In the experiment, the possibility
of the CH radical inserting into a-€H bond in CHOH was
excluded considering the absence of any significant isotope
effect. It was found that the title reaction proceeds via an initial

etitive due to the Weakcomplex with the subsequent insertion of CH into either the

O—H or the G-0O bond?® Since the CH radical may insert into
the C-0O or O—H bond, which pathway is more favorable? In
addition, though in the experiment some products are assumed
based on the thermodynamic data, such an intuitive guess needs
to be confirmed, just as Johnson et al. stated that “Further
analysis is hindered by a lack of knowledge of the transition
states for such barrierless insertion reactions” for the4CEHs-

OH reactiont> To our best knowledge, there is not any
theoretical study on this important reaction up to now. Therefore,
in this paper, a detailed theoretical investigation on the whole
potential energy surface of the title reaction is performed, and
the results may be helpful to resolve the puzzle mentioned
above.

2. Computational Methods

All computations are carried out with the Gaussian 98
program packag® Full geometry optimization is performed

it seems necessary to determine which pathway is more atthe B3LYP/6-311G(d, p) level along with analytic vibrational

favorable for the title reaction. In addition, the reaction of CH frequency calculations in order to characterize the obtained
with methanol is of practical relevance, for methanol can be structures as minima or as transition states on the potential
used as an alternative fuel, which has lower pollution potential energy surface. Moreover, single-point energies are calculated
and can be produced from biomd344 So the reaction of CH  at the CCSD(T)/6-312G(d,p) level using the B3LYP/6-311G-
with CH3OH is worthy of being studied theoretically. (d,p)-optimized geometries. To test whether the transition state

Recently, the reactions of the CH radical with a variety of corresponds to the right isomers, the intrinsic reaction coordinate
methanol isotopomers were studied by using pulsed laser(IRC) calculations are also performed at the B3LYP/6-311G-
(d, p) level. The CCSD(T) single-point energies are used in the
following discussions unless otherwise noted.

10.1021/jp014602w CCC: $22.00 © 2002 American Chemical Society
Published on Web 03/19/2002

* Author to whom correspondence should be addressed.



Mechanism of the CH- CH30OH Reaction J. Phys. Chem. A, Vol. 106, No. 15, 2002315

in section 3.2, the reaction mechanism after the insertion
reactions is discussed. Finally in section 3.3, we will compare
our calculated results with those of experiments.

3.1. Initial Associations.As mentioned in the Introduction,
the attack of a CH radical on a GBH molecule may have
several possible ways. First, prodiRg CHsO + 3CH, can be
formed via the direct inter-H-shift from the O-atom in gbH
to C-atom in CH. HoweverPg lies 2.0 kcal/mol higher than
the reactant® CH + CHzOH. Therefore, the formation d¥s
s () \ is thermodynamically unfavorable compared with other products.

o~ Second, the inter-H-shift from the C-atom in gbH to the
e C-atom in CH leads to produ@; CH;OH + 3CH,. It should
be pointed out that at the HF/6-311G(d,p) level, we obtain the
transition statélf SRP;, but the attempt to obtain the transition
state at the higher levels of B3LYP/6-311G(d,p) and MP2/6-
311G(d,p) failed. The CCSD(T)/6-3115(d.p) single-point
calculation for the HF-optimized geometry shows th&RP;
lies 0.5 kcal/mol above the reactams Thus the direct inter-
H-shift from the C-atom in CBDH to the C-atom in CH may
be dynamically unfeasible and may play a part role at medium
high temperatures. Third, in an analogous way with the insertion
reaction of CH with CH, the intermediate €C complex pg)

(as shown in Figure 1) is first formed, which is only 3.6 kcal/
mol lower than that of the reactants and involves a very low
vibrational frequency of 48 cm, corresponding to the stretch
of the CG-O bond. This means that the-© complexbg is
unstable. After the formation dfs, the CH radical can insert
into the C-H bond in CHOH to give the anti 2-methoxy radical
(bs). Such a process can be represente® as bg — bs (see
Figure 3). The transition stafESbgbs lies 1.1 kcal/mol below
the reactants and thus such a reaction pathway may be feasible.
It should be noted that this reaction pathway can be determined
> only at the B3LYP/6-31G(d,p) level. At the higher level of
C-C complex (bs, -3.6) B3LYP/6-311G(d,p), our attempt to locate the intermediate
Figure 1. The B3LYP/6-311G(d, p)-optimized geometries of all cqmplex HCCHQH bs and the tranSItIQn stgféSbis fglled.
complexes and isomers. Bond distance is in angstrom and angle inFinally, let us discuss the other two insertion reaction paths.

gauche-2-methoxy radical (bg, -93.6) anti-2-methoxy radical (bs, -94.2)

degree. The values in parentheses are the CCSB(ZPE relative Starting from the reactanfR, by the CH radical attacking on

energies the lone pair of the oxygen, the ant-© complex &;) and the
gauche GO complex &) (as shown in Figure 1) with relative

3. Results and Discussions energies of-11.4 and—11.3 kcal/mol, respectively, can be first

For the present 15O system, three intermediate complexes, formed with no barrier. Then, the CH radicalan inserts into

six intermediate isomers, and seventeen transition states arén€ O~H bond to form the low-lying methoxymethyl radical

obtained. The structures of the complexes and isomers are(@) Via TS&as, while the CH ina; inserts into the €0 bond

depicted in Figure 1, where,gn = 1, 2, 3) and h(n = 1, 2, leading t.o the Iowest'-lymg ethpxy radicdd throughTSale.

..., 6) are the corresponding labels, a and b are used to represerﬁzompa_“”g the relgat!ve energies of thg two transition states as

COC and CCO skeletons, respectively. Figure 2 shows the shown in Table 3, it is foun(_i thatSa1§3 is 2.5 kcal/mol Igwer

structures of the transition states, in which the synitfky is than the reactants, contrarilySab; is 23.8 kcal/mol higher

used to denote a transition stateandy are the corresponding than the reactants. So the reaction pathway of CH inserting into

isomers or products. The values in parentheses of Figure 1 andgn€ O-H bond R — & — &) is more feasible, whereas CH

Figure 2 are the CCSD(F)ZPE relative energies. The energetic insertion into the €0 bond R — & — by) is kinetically

data of various products, complexes and isomers, and transitionunfavorable. In_terestmgly, _from our ca_llculat|ons itis found that

states are listed in Table 1, Table 2, and Table 3, respectively.P1 can be obtained froras via the H-shift succeeding the GH

It should be noted that the energy of GHCH;OH is set at  Shift process. Such a reaction pathway can be writteR as

zero as a reference for other species. As shown in Table 1, ourd — @ — b2 — ba. As shown in Figure 3, all transition states

calculated relative energies for the products are in agreementin this pathway lie below the reactants, wher&as> a, — by

with the experimental reaction heats of the prodé@&g.means ~ involves a high-lying transition stafSagh; (23.8 kcal/mol).

of the interrelation among the reactants, isomers, transition S0,R — a1 — as — bz — by is more feasible thaR — a, —

states, and products as well as the corresponding relativeb:-

energies, the schematic profiles of the potential energy surface As discussed above, only two attack ways of CH are

are depicted as shown in Figure 3, where the values in kinetically feasible for the reaction of CH with GBH, i.e.,

parentheses are the CCSD(¥)ZPE relative energies. the CH radical inserting into the -€H bond to give the anti
The following discussions are organized as follows. In section 2-methoxy radicallfs) (R — bs — bs) or inserting into the ©H

3.1, five possible association pathways of CH attacking og-CH bond to form methoxymethyl radicak (R — a; — az). Now

OH are compared and the most feasible one is determined. Theret us compare the feasibility of the two pathways. Energetically,
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Figure 2. The B3LYP/6-311G(d, p)-optimized geometries of all transition states. Bond distance is in angstrom and angle in degree. The values in
parentheses are the CCSD(¥)ZPE relative energies

TABLE 1: Zero-Point, Total (a.u.), and Relative Energies in Parentheses (kcal/mol) as Well as Those Including Zero-Point
Vibration Energies (kcal/mol) of the Reactant and Products for the CHOH + CH Reaction

experimental

species ZPE B3LYP CCSD(T) CCSD(¥H ZPE reaction heats
R CH;OH + CH 0.057504 —154.229371 (0.0) —153.868254 (0.0) 0.0
P, CH,O + CH;s 0.056054 —154.390098+100.9) —153.999982(82.7) —83.6 —85.1
P, CH;CHO + H 0.055211 —154.37901793.9) —153.991654(77.4) —78.9 —81.7
P; CH.CH + H,0 0.057640 —154.37448091.1) —153.98975976.2) —76.2
P4 CH.CH,+ OH 0.059240 —154.36850587.3) —153.981754(71.2) —70.1 —72.2
Ps CH,CHOH + H 0.056506 —154.36184683.1) —153.972975+65.7) —66.3
Ps CHsCH; + O 0.058938 —154.269021(24.9) —153.886289(11.3) -10.4 -5.9
P; CH,OH + 3CH, 0.053274 —154.25955918.9) —153.8725222.6) -53
PsCH3O + 3CH, 0.053439 —154.25093 ¢ 13.5) —153.861021 (4.5) 2.0 3.6

C—C complexbg is only 3.6 kcal/mol lower than the reactants directly dissociate to high-lying produ@; CH,OH + 3CH,
R, thus it is readily dissociated to the reactants, whereas the(2.0 kcal/mol) through the €0 single bond cleavage. For this
anti C-0O complexa; with the relative energy of-11.4 kcal/ process, a well-defined transition state cannot be located. In
mol is more stable. In addition, the CH may attack more easily terms of the total reaction, the formation & requires
on the O-atom than the C-atom in @PH because the O-atom  endothermicity and thus is thermodynamically unfavorable.
with a lone pair strongly attracts the CH radical. As a result, Secondas can isomerize to the ethoxy radidad via a CHs-
the most feasible association way should be the CH radical shift transition statd Sagh,. However, the barrier of 49.6 kcal/
attacking on the lone pair of the oxygen to form the initial anti mol is needed to overcome for this isomerization process. Third,
C—0 complexa; followed by the CH inserting into the ©H the most competitive pathway froes should be G-O bond
bond to formag. In the following discussions, we will mainly  fission leading toP; via the transition statdSasP;. Such a
focus on the reaction pathways starting from the methoxymethyl process only requires surmounting the barrier of 25.4 kcal/mol.
radical as. Furthermore, some products includiRg CH;CHO + H, P

3.2. Reaction MechanismAs shown in Figure 3, there are  CH,CH + H,0, P4 CH,CH, + OH, Ps CH,CHOH + H, and
three possible reaction pathways from isoragrFirst, ag can Ps CH3CH, + O, which play an important role in organic
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Figure 3. The potential energy surface of the CHCHz;OH reaction. The values in parentheses are the CCSB(ZPE relative energies.

TABLE 2: Zero-Point, Total (a.u.), and Relative Energies in Parentheses (kcal/mol) as Well as Those Including Zero-Point
Vibration Energies (kcal/mol) of Complexes and Intermediate Isomers for the CHOH + CH Reaction

species ZPE B3LYP CCSD(T) CCSD(F) ZPE (—15.2)
anti C—O complex (@ 0.063565  —154.282341+{33.2) —153.892467 —-11.4
gauche C-O complex (a) 0.063262  —154.281267(32.6) —153.891992{14.9) -11.3
methoxymethyl (g 0.065516  —154.409427+113.0) —154.015370¢92.3) —-87.3
gauche 1-methoxyethyl {(p  0.065800  —154.429213{125.4) —154.0374124106.1) —100.9
ethoxy () 0.063969  —154.417060¢117.8) —154.0229130+97.0) —-92.7
anti 1-methoxyethyl (¥ 0.065847  —154.428904(125.2) —154.036853¢105.8) —100.6
gauche 2-methoxy ¢p 0.064299  —154.412910<115.2) —154.02424697.9) —93.6
anti 2-methoxy (b 0.065059  —154.415298+116.7) —154.025994 £ 99.0) —94.2
C—C complex (k) 0.059255  —154.2215595 (B3LYP/631 g**) 153.875788 {4.7) -3.6

TABLE 3: Zero-point, Total (a.u.) and Relative Energies in Parentheses (kcal/mol) as Well as Those Including Zero-point
Vibration Energies (kcal/mol) of the Transition States for the CH;OH + CH Reaction

species ZPE B3LYP CCSD(T) CCSD(¥) ZPE
TSaas 0.058642 —154.266967£23.6) —153.87342243.2) —2.5
Tsab; 0.061311 —154.23051240.7) —153.834123 (21.4) 23.8
Tsab, 0.062551 —154.328301£62.1) —153.933423440.9) -37.7
TsaP, 0.060017 —154.369994{88.2) —153.969442{63.5) -61.9
TShib, 0.060736 —154.36583885.6) —153.971769465.0) -62.9
TShib, 0.060970 —154.351503{76.6) —153.958264{56.5) —54.3
TShibs 0.064121 —154.4222184121.0) —154.030731102.0) -97.8
TShP, 0.060759 —154.385483{98.0) —153.990457476.7) ~74.6
TShP, 0.056860 —154.3726804:89.9) —153.980119470.2) ~70.6
TShibs 0.061326 —154.364469{84.8) —153.97033364.1) —61.67
TShibs 0.060509 —154.350654 £ 76.1) —153.956634455.5) -53.6
TShP, 0.056319 —154.369879488.2) —153.97301565.7) —66.5
TSP, 0.060056 —154.4413534133.0) —153.968439462.9) -61.3
TSP, 0.057716 —154.3568774:80.0) —153.962796£59.3) -59.1
TShPs 0.057350 —154.297244442.6) —153.900412420.2) -20.3
TShsbs 0.059192 —154.2182515 (B3LYP/631 g**) —153.87163242.1) -1.1)
TSRP 0.059530 —153.333176 (HF/6311G**) —153.86944040.7) (0.5)

chemistry and combustion process, also can be obtained via théhigher thanTSagP; in R — a; — ag — P1. SOR —a; — ag is

dissociation of the €C—0 frame isomers (labeled &3. As the most competitive. Consequently, reflected in the final
shown in Figure 3, there are three reaction pathways leading toproduct distribution, we may predict th@t is the most feasible
these isomers, i.eR — a, — by, R — bg— bs, andR — a; — product and the other produd®s—Ps cannot compete witRs.

as — b,. As discussed in section 3.1, the former two reaction  To give a deeper understanding of the reaction mechanism
pathways cannot compete with— a; — as. ForR —a; — a of CH + CHzOH, it is worthwhile to compare the title reaction
— b,, the conversion transition staf&agh, lies 24.2 kcal/mol with two analogous reactions CH H,O and CH+ CH,. The
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two reactions have been extensively studied experimentally andinsertion reaction proceeds, the reaction system immediately
theoretically’12 Theoretical calculations show that they exist enters a deep potential well. Undoubtedly, these features will

in similarity and discrepancy® The similarity of the two
reactions is that the insertion reaction is energetically favorable,
while the H-abstraction reaction cannot compete with it. Such
a conclusion is in good agreement with experimental observa-
tions19-12 The discrepancy lies in the formation of complexes
before the insertion reaction. For CHH,0 reaction, the CH
attacks the lone pair electrons in the O-atom followed by the
formation of a very stable donemacceptor complex. For the
CH + CHjy reaction, only an unstable weak bond complex is
formed. For the title reaction of CH with GH, five possible

make the reaction faster. Therefore, the title reaction is expected
to be very fast. This is qualitatively consistent with the
experimental resuf

4. Conclusion

The theoretical study gives some insights into the mechanism
of the reaction of CH radical with C}DH. Five possible attack
ways are considered in the present study. The most feasible
reaction pathway is the attack of CH on the lone pair of the

attack ways are considered in the present study. The mostO-atom leading to the stable anti-© complexa; followed

feasible reaction pathway is the attack of CH on the lone pair
of the O-atom leading to the stable ant—O complexa;
followed by CH inserting into the ©H bond to form the low-
lying methoxymethyl radicalas, Subsequentlyas directly
dissociates t®; CH; + OCH,. The second competitive attack
way is the formation of the unstable weak bong© complex

be and then CH inserting into the-H bond to form the lowest-
lying anti 2-methoxy radicabs. It is obvious that the reaction
of CH with CHzOH involves all the main features of CHt
H,0O and CH+ CH;y reactions. However, from the discussions
above, it is found that the reaction mechanism of €HCHs-
OH is more similar to that of CH+ H2O.

As an extrapolation, let us give a prediction of the other
similar reaction CH+ CHzOCH; which is not studied both
experimentally and theoretically as yet. In this reaction, three
attack ways may be included: (1) the attack of CH on an O-atom
to form the initial complex followed by inserting into the<©
bond; (2) the formation of the weak bond complex and then
insertion of CH into the €H bond in CHOCH;; (3) the direct
H-abstraction to form CPODCH; + CH,. According to the

by the insertion of CH into the ©H bond to form the low-
lying intermediate methoxymethgk. Subsequentlygs directly
dissociates t®; CH,O + CHs. The second competitive attack
way is the formation of the unstable weak bong € complex
be and then inserting into the-€H bond to form the lowest-
lying anti 2-methoxy radicabs. It is shown that, in terms of
the potential energy surface, the GHCH3;OH reaction involves
all the main features of CH H,O and CH+ CH, reactions.
Furthermore, it is found that the reaction mechanism of-€H
CH3OH is more similar to that of CH- H,0.
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