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The mechanism for the reaction has been investigated with hybrid density functionalC6H5 ] CH2O
quantum-chemical and statistical theory calculations. The results reveal three possible reaction channels : (1)
The abstraction reaction producing (2) addition to the C atom yielding and (3)C6H6 ] HCO; C6H5CH2O
addition to the O atom giving The barriers for these 3 reactions, calculated at theC6H5OCH2 .
B3LYP/aug-cc-pvtz level of theory using the geometry optimized with B3LYP/cc-pvdz are 0.8, 1.4 and 9.1 kcal
mol~1, respectively. The radical can fragment to form with a barrier of 19.4 kcalC6H5CH2O C6H5CHO] H
mol~1. It can also undergo isomerization reactions via two cyclic epoxy intermediates to give withC6H5OCH2
a maximum barrier of 20.4 kcal mol~1. Transition-state theory calculations using the predicted energy barriers
and structures for the rate constants of the abstraction reaction (1) lead to very good agreement with our
recently measured values, while the result of RRKM calculations for the isomerization/decomposition of

to also agrees quantitatively with available experimental data.C6H5OCH2 C6H5CHO] H

1. Introduction

Formaldehyde and phenyl radicals may co-exist in hydrocar-
bon combustion under sooting conditions. The rate constant
for the reaction has been measured recently inC6H5] CH2Oour laboratory1 by cavity ringdown spectrometry (CRDS)2
and by pulsed laser photolysis-mass spectrometry (PLP-MS)3
over the temperature range 297È1083 K. The activation
energy measured in the low-temperature region (297È600 K),
1.3 kcal mol~1, could be attributed primarily to the direct H-
abstraction reaction :

C6H5 ] CH2O ] C6H6 ] HCO (1)

In principle, two additional reaction channels are also
allowed, similar to the reaction of alkyl radicals with CH2O:4

C6H5] CH2O ] C6H5CH2O (2)

C6H5] CH2O ] C6H5OCH2 (3)

The radical adducts formed in the above addition reactions
may undergo further fragmentation or isomerization reac-
tions. The phenyl methoxy radical formed in reaction (2) can
decompose rapidly to give benzaldehyde and H; whereas the
phenoxy methyl radical produced in reaction (3) may undergo
isomerization to phenyl methoxy as has been shown experi-
mentally.5,6

The objective of this paper is to elucidate the mechanism for
the reaction by fully characterizing the sub-C6H5 ] CH2Osequent unimolecular reactions of the isomeric adducts using
a density functional theoretical method.

¤ Electronic Supplementary Information available. See http : //
www.rsc.org/suppdata/cp/b0/b006857h
” Permanent address : State Key Laboratory for Physical Chemistry
of Solid Surface, Institute of Physical Chemistry and Department of
Chemistry, Xiamen University, Xiamen, 361005, PeopleÏs Republic of
China.

II. Method of computation
The geometry of the reactants, products, van der Waals com-
plexes, and transition states have been optimized at the hybrid
density functional B3LYP method7,8 with the correlation-
consistent, polarized valence double zeta (cc-pVDZ)9 and the
polarized, triple split valence Gaussian 6-311G(d,p) basis
sets.10 Vibrational frequencies calculated at the same level of
theory were employed to characterize stationary points and
zero-point energy (ZPE) corrections. All the stationary points
have been positively identiÐed for local minima with the
number of imaginary frequencies NIMAG\ 0 and for tran-
sition states with NIMAG \ 1. In order to conÐrm that a spe-
ciÐc transition state connects with the designated local
minima, we also performed intrinsic reaction coordinate (IRC)
calculations11 at the B3LYP/cc-pvdz and 6-311G(d,p) level of
theory. To improve the energy prediction, calculations with a
larger, augmented triple zeta (aug-cc-pVTZ)9 basis set were
carried out. All calculations were performed with the GAUSS-
IAN 94 program.12

III. Results and discussion
The geometries of all species have been optimized at the
B3LYP/cc-pVTZ and B3LYP/6-311G(d,p) level of theory ; the
results are very similar and those obtained with cc-pVTZ
basis set are given in Fig. 1. The predicted energies with both
basis sets, summarized in Table 1, are also very close, particu-
larly after additional single point calculations with the aug-cc-
pVTZ basis set. The molecular parameters (moment of inertia
and vibrational frequencies) calculated with the cc-pVDZ
basis set have been provided as Electronic Supplementary
Information.¤ The following discussions, will be based on the
results of the calculations at the B3LYP/aug-cc-pVTZ//
B3LYP/cc-pVDZ level of theory.

In Fig. 2, we have plotted schematically the potential energy
surface (PES) proÐles of the three possible reaction channels
based on the predicted energies.
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Fig. 1 Geometries of various species involved in the reaction optimized at the B3LYP/cc-pvdz level of theory.C6H5] H2CO

1. C
6
H

5
+ H

2
CO Ç C

6
H

6
+ HCO

The bimolecular abstraction reaction was found to take place
via a van der Waals complex (vdw) with a(C5H5)CÈHÈC(H)O
binding energy of 0.3 kcal mol~1. Geometrically, the vdw
looks like a six-membered complex formed by the approach-
ing and with a 135.7¡ angle forC6H5 H2CO

The complex goes over TS1 with a 1.1(C5H5)CÈHÈC(H)O.
kcal mol~1 activation barrier to produce AtC6H6] HCO.
TS1, the angle of becomes 163.0¡, and the(C5H5)CÈHÈC(H)O
forming CÈH bond length, is shortened(C5H5)CÈHC(H)O,
to 1.597 from 2.738 in the vdw. This reaction is exother-A� A�

mic by 24.4 kcal mol~1, which is in close agreement with the
experimental value, 24.6 kcal mol.13,14

2. Formation and decomposition of C
6
H

5
CH

2
O

The addition reaction via TS2 takes place with a 1.4 kcal
mol~1 barrier ; TS2 connects with the reactants.C6H5CH2OIn TS2, the plane of the moiety is almost perpendicularH2CO
to the forming CÉ É ÉC bond with bond length 2.323 TheA� .
reaction is exothermic by 21.6 kcal mol~1. The C6H5CH2Oadduct can decompose to form with a 19.4C6H5CHO] H
kcal mol~1 barrier over TS3. The endothermicity of this
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Table 1 Comparison of the calculated energies for various species and transition states using the B3LYP method with di†erent basis sets. (ZPE
included in all energies in units of kcal mol~1 ; Ig : 6-311G(d,p) ; Ic : cc-PVDZ; IIc : aug-cc-PVTZ)

Optimized at B3LYP/Ig Optimized at B3LYP/Ic

Species ZPE B3LYP/Ig B3LYP/IIc ZPE B3LYP/Ic B3LYP/IIc

C6H5] H2CO 71.2 0.0a 0.0b 71.2 0.0c 0.0d
HCO] C6H6 71.0 [24.9 [24.4 71.0 [25.2 [24.4
C6H5CHO] H 68.7 [8.4 [6.7 68.8 [10.7 [6.7
C6H5CH2O 73.9 [23.1 [21.6 74.0 [25.1 [21.7
C6H5OCH2 74.4 [22.9 [22.3 74.4 [25.1 [22.3
vdw 72.0 [1.8 [0.4 72.1 [2.3 [0.3
cyc1 74.2 [8.1 [8.2 74.2 [10.4 [8.2
cyc2 75.0 [19.7 [16.0 74.9 [21.2 [19.4
TS1 69.2 [0.9 0.3 69.6 [1.9 0.8
TS2 72.2 1.3 1.4 72.2 0.7 1.4
TS3 69.5 [3.3 [2.1 69.3 [5.9 [2.2
TS4 71.6 8.1 9.1 71.6 6.8 9.1
TS5 73.1 [1.5 [1.1 73.1 [3.8 [1.2
TS6 73.8 [8.1 [8.3 73.8 [10.2 [8.4
TS7 74.1 [20.4 [19.7 74.4 [21.7 [19.6

a [346.042 259 au. b [346.084 927 au. c [345.970 270 au. d [346.083 982 au.

process is 14.9 kcal mol~1 and the overall enthalpy change for
is predicted to be [6.7C6H5] CH2O ] C6H5CHO] H

kcal mol~1, somewhat smaller than the experimental exother-
micity, 11.7 kcal mol~1.13,14

3. Formation of C
6
H

5
OCH

2

To reach from the reactants, TS4 with an activa-C6H5OCH2tion barrier of 9.1 kcal mol~1 has to be overcome the barrier
is signiÐcantly higher than those of the other two pathways. In
TS4, the angle is 119.6¡, almost the same as(C5H5)CÈOÈCH2that of the product (119.9¡), and theC6H5OCH2and bond lengths are 2.028(C5H5)CÈOCH2 (C5H5)COÈCH2and 1.240 respectively ; the corresponding bonds in theA� ,
adduct are 1.376 and 1.363 The enthalpy change for thisA� .
reaction is [22.3 kcal mol~1. No experimental data are avail-
able for comparison.

In our experimental paper,1 we reported the kinetically
measured results for the reaction by CRDSC6H5] CH2O

and PLP-MS at the temperatures T \ 298È1083 K. Our
results suggest that the abstraction channel (1) dominates with
a small contribution from channel (2) at higher temperatures.
The measured rate constant could be quantitatively accounted
for by the predicted transition state energy and molecular
parameters by means of a canonical variational transition-
state theory (CVTST) calculation, as will be discussed later.

4. Isomerization of toC
6
H

5
OCH

2
C

6
H

5
CH

2
O

As shown by the PES in Fig. 2, the enthalpy change from
to is 0.7 kcal mol~1 ; the isomer-C6H5OCH2 C6H5CH2Oization of to involves three tran-C6H5OCH2 C6H5CH2Osition states, TS5, TS6 and TS7, with TS5 leading to cyc1

having the highest activation barrier, 21.1 kcal mol~1 above
the phenoxy methyl radical. TS6 and TS7 have negligibly
small activation barriers above cyc1 and cyc2, respectively.
The reaction is, therefore, controlled by C6H5OCH2 ]
TS5] cyc1.

Fig. 2 PES proÐle of the system including the 3 separate reaction pathways (the numbers in brackets are the energies withoutC6H5] H2CO
ZPE corrections).

5568 Phys. Chem. Chem. Phys., 2000, 2, 5566È5570
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Fig. 3 Spin densities (the numbers in brackets) and charge populations for the isomers of the radical.C6H5OCH2

It is interesting to examine the spin densities and charge
populations of various isomers, shown in Fig. 3.C6H5OCH2As expected, the radical site in based on the spinC6H5OCH2 ,
density and charge population analysis, is mostly localized at
the C atom in the moiety ; whereas in cyc1 it migratesH2CO
to the phenyl ring as the C atom approaches the ring and the
atomic valence in the fragment reaches saturation. ForH2CO
example, the spin density of the C atom in is 0.887 inH2CO

0.627 in TS5, and in cyc1 it decreases to 0.207.C6H5OCH2 ,
Correspondingly, the spin density of the C atoms in the
phenyl ring is increasing from to TS5 to cyc1.C6H5OCH2After cyc1, the radical properties move onto the O atom of the

moiety from cyc1 to TS6, to cyc2, to TS7 and Ðnally toH2CO
as the O atom is moving farther away from theC6H5CH2O,

phenyl ring. In addition, all epoxy species have a larger O
atomic charge population than other non-epoxy species.

Comparing the decomposition reaction of withC6H5CH2Oits isomerization, the PES shown in Fig. 2 indicates that
decomposition barrier (19.4 kcal mol~1) is far greater than the
isomerization barriers to cyc2 (2.0 kcal mol~1), and to cyc1
(13.2 kcal mol~1). However, the tighter TS5 and its slightly
higher barrier (20.4 kcal mol~1) than TS3, result in a much
slower rate for the isomerization than the decomposition reac-
tion producing C6H5CHO] H.

5. Rate constant calculations

We have calculated the bimolecular rate constants for the
abstraction process as men-C6H5] CH2O ] C6H6] CHO

tioned above and for the addition/decomposition and the
addition/isomerization reactions. The predicted rate constants
are summarized in Fig. 4 and 5. As shown in Fig. 4 for reac-
tion (1), our recently measured total rate constant by CRDS
based on the decay of and that for the production ofC6H5(solely by the abstraction process) agrees reasonablyC6H6with the predicted value by the conventional TST15 assuming
a Ðxed transition state (TS1) with the barrier of 0.8 kcal
mol~1, including Eckart-tunneling corrections, particularly at
T O 500 K (see the dashed curve). In order to achieve a better
agreement for T [ 500 K, a CVTST calculation based on the
maximum free energy criterion16 has been made ; such a calcu-
lation led to signiÐcantly better agreement at higher tem-

Fig. 4 Comparison of the measured rate constant by CRDS and(L)
PLP-MS with the predicted values. For reaction (1) : prediction(K)
by CTST (solid curve), CVTST (dotted curve) ; for addition reactions
by RRKM calculations on formation of (dashedC6H5CHO ] H
curve), (dash-dotted curve) and (dash-doubleC6H5CH2O C6H5OCH2dotted curve) at 3 Torr He bu†er gas (ref. 1).

peratures, with a slightly adjusted barrier from 0.8 to 1.1 kcal
mol~1.1

The result of the RRKM15 calculations, shown in Fig. 4, for
the addition/decomposition reaction producing C6H5CHO

or (by collisional stabilization) shows that] H C6H5CH2Othe predicted rate constants cannot compete with that of reac-
tion (1) below 1000 K because of the much tighter TS2 and
TS3. Reaction (3) forming is even slower becauseC6H5OCH2of the considerably higher TS4. At temperatures above 1500
K, all 3 reaction channels become competitive ; however,
because of the instability of and atC6H5OCH2 C6H5CH2Ohigh temperatures, the formation of the pro-C6H5CHO] H
ducts should become dominant.

Although the results obtained for these addition processes
could not be tested experimentally, kinetic data exist for the
isomerization of the radical to andC6H5OCH2 C6H5CH2Oits decomposition products, In Fig. 5, weC6H5CHO] H.5,6
compare the predicted rate constants at 2 and 20 Torr pres-

Phys. Chem. Chem. Phys., 2000, 2, 5566È5570 5569
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Fig. 5 Comparison of experimental rate constants with the predicted
values at 2 and 20 Torr by RRKM calculations for the reaction

The experimental value at 20 TorrC6H5OCH2] C6H5CHO ] H.
has been adjusted as described in the text.

sures in units of s~1 :

kiso(2 Torr) \ 1.07] 1012 exp([21.1 kcal mol~1(RT ))~1,

kiso(20 Torr) \ 1.88] 1012 exp([21.4 kcal mol~1(RT ))~1,

with those obtained experimentally at 1È3 and 10È30 Torr,
respectively :

kisoB 1 ] 1012 exp([21.0 kcal mol~1(RT )~1)

at T \ 453È450 K, P\ 1È3 Torr ;5

kiso\ 3 ] 1012 exp([21.0 kcal mol~1(RT )~1)

at T \ 453È539 K, P\ 10È30 Torr,6

based on the measured decomposition rate relative to that
for the recombination reaction, CH3 ] C6H5OCH2]

The latter expression was obtained byC6H5OCH2CH3 .
assuming the recombination rate constant to be 3 ] 1013 cm3
mol~1 s~1, independent of temperature.
If a smaller, more reasonable recombination rate constant,
say, 1.3] 1013 cm3 mol~1 s~1, similar to that for C6H5recently determined in our laboratory17] CH3 ] C6H5CH3is employed, the A-factor (3] 1012 s~1) given above would
become 1.3] 1012 s~1. The agreement is even better (see Fig.
5).

The rate constant for the unimolecular decomposition of
to in the high-pressure limit isC6H5CH2O C6H5CHO] H

predicted to be

kdec \ 1.27] 1013 exp([20.6 kcal mol~1(RT )~1) s~1.

This result, however, di†ers noticeably from that estimated by
Brezinsky et al.18 based on assumed transition state structure,
thermochemistry and reverse barrier (2 kcal mol~1) :

kdecB 8 ] 1013 exp([17.5 kcal mol~1) s~1.

IV. Conclusion
The mechanism for the reaction has beenC6H5 ] CH2Oinvestigated by quantum-chemical calculations employing the
hybrid density functional theory with DunningÏs correlation-
consistent basis sets, B3LYP//aug-cc-pVTZ/cc-pVDZ, for all
species involved. Three product channels have been identiÐed :
the direct H-atom abstraction by producingC6H5 C6H6the addition of to the C atom of giving] HCO, C6H5 CH2Oand the addition to the O atom ofC6H5CH2O CH2O

forming The H-abstraction reaction was predict-C6H5OCH2 .
ed to be dominant with a 0.8 kcal mol~1 barrier. The barriers
for the formation of and were pre-C6H5CH2O C6H5OCH2dicted to be 1.4 and 9.1 kcal mol~1, respectively, at the same
level of theory.

The rate constants for the abstraction reaction and the
isomerization of to computed with aC6H5OCH2 C6H5CH2OCV TST and RRKM theory, respectively, were found to be in
good agreement with available experimental data. This result
suggests that for the reaction of such a large molecular size
the hybrid DFT approach, computed at the B3LYP/aug-cc-
pVTZ//B3LYP/cc-pVDZ level, appears to provide a reliable
estimate for the energies, frequencies and molecular structures
required for rate constant prediction with appropriate sta-
tistical theories over a wide range of T ,P-conditions for com-
bustion applications.
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