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A detailed computational study is performed on the radicablecule reaction between the vinyl radical
(C,H3) and formaldehyde (MCO), for which only the direct hydrogen abstraction channel has been considered
by previous and very recent theoretical studies. At the Gaussian-3//B3LYP/6-31G(d) and CBS-QB3 levels,
the direct H-abstraction forming,8, + HCO has barriers of 3.9 and 4.7 kcal/mol, respectively. The addition
barrier to form HCCHCH,O has barriers of 2.8 and 2.3 kcal/mol, respectively. Subsequently, there are two
highly competitive dissociation pathways fobBICHCH,O: One is the formation of the direct H-extrusion
product HCCHCHO + H, and the other is the formation of,8, + HCO via the intermediate }CCH,-

CHO. Surely, the released energy is large enough to drive the secondary dissociation of HCOG®H
Because the involved transition states and intermediates of A6E€EHCHO evolution all lie energetically
lower than the entrance addition transition state, the addidimination is more competitive than the direct
H-transfer for the @Hs + H,CO reaction, in contrast to previous expectation. The present results can be
useful for future experimental investigation on the title reaction.

1. Introduction method) 1! and one very recent (from QCISD(T)/cc-pVTZ//
MP2/cc-pVDZ)3 have investigated the title reaction. Yet, they
only considered the direct hydrogen-abstraction process and
calculated the rate constants. This seems to be reasonable,
because for most of the previously studied radidédCO
reactions, direct H-abstraction is more competitive than addi-
tion—elimination. However, we are aware that the addition
elimination process for the R H,CO reaction is actually very
complex. The kinetics of both the entrance and further dis-
sociation or isomerization processes of the addition isomer
RCH,O cooperatively determine the overall mechanism. There-
fore, it is quite desirable to carry out a detailed mechanistic
study on the experimentally unknowntds + H,CO reaction

at a more reliable computational level than previously applied.
Such a study is reported in the present paper. It will be shown
that, contrary to the previous expectation of the direct H-
abstraction process for the title reaction, theHg&+ H,CO
reaction favors an additierelimination mechanism.

The vinyl radical (GHs) is a reactive intermediate formed
during oxidation of hydrocarbons and plays an important role
in atmospheric and combustion chemistry? It is of great
significance to learn the behavior of the;H3 radical for
environmental protection. Up to now, a number of theoretical
and experimental investigations have been performed on the
C,H3 with atoms, radicals, and molecules such as O, NG;,CH
H,, C:Hy, CHa, CO, Oy, Ho,CO, and so forth 13

As a prototypical aldehyde molecule, formaldehydeGB)
is ubiquitous in the environment and is commonly found in air,
water, and industrial products. Because of the importance and
the simplicity, the HCO molecule has long been the subject of
extensive spectroscopie,photochemical® and theoretical
investigations. Unfortunately, the compound is known to be
mutagenic and carcinogenic. How to remove or prevent the
formation of this pollutant molecule has become one of the most
important environmental issues. FurthermoreCB has been
detected in spac¥.Knowledge of its reactions is important to 2. Computational Methods
understand its abundance, depletion mechanism, and potential A|l calculations were performed with th€aussian 98
role in SyntheSiZing new interstellar molecules. Up to now, many program packag@ Geometries were |n|t|a”y Optimized at the

radica-H,CO reactions such as H, D, ®), F, Cl, Br, CH, B3LYP/6-31G(d) level. Harmonic vibrational frequencies were
NH;, OH, HO,, BrO, CN, NQ, and GHs have been studied  calculated to check whether the obtained species is a minimum
by experimentalists and theoreticigis?® isomer (with all real frequencies) or a transition state (with one

Both GH; and HCO may coexist during the photochemical and only one imaginary frequency). For each transition state,
oxidation or combustion of methane and other hydrocarbons the intrinsic reaction coordinate (IRC) calculations were per-
and have also been found in space, so the reactionttf @ith formed to guarantee its correct connection to the designated
H2CO might influence the decay rate of theHz radical and  jsomers. Finally, to obtain more reliable energetics, the Gauss-
might further have an effect on the other chain reactions jan-3 calculations using the B3LYP/6-31G(d)-optimized geom-
considered in combustion processes. Despite their importanceetries and frequencies (denoted as G3B3) were carrie?f &tt.
in combustion and atmospheric chemistry, the reaction of the For the important transition states, the CBS-&B8 method
C,H3 radical with HCO has not been experimentally studied s also used.
to the best of our knowledge. Theoretically, three groups . )
including two early (from bond energy and bond order 3- Results and Discussion
For the title GH3 + H,CO reaction, Figure 1 depicts the

* E-mail: yhdd@mail.jlu.edu.cn. Fax:86-431-8498889. structures of the most important reactants, products, isomers,
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Figure 1. Optimized geometries of important isomers, interconversion
transition states, and products for theHg + H,CO reaction at the
B3LYP/6-31G(d) level. Bond lengths are in angstroms and angles in
degrees.
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molecule may have five possible entrance ways: (i) C-addition
leading to HCCHCH,O L10 (—37.2); (ii) H-abstraction leading

to P2 C;H,4 + HCO (—21.6); (iii) O-addition leading to bt
CCHOCH; L8 (—21.9); (iv) H-donation leading t87 C,H, +
H,COH (6.7); and (v) 2+ 2 cycloaddition leading to cCH
CHOCH, C8 (—17.7). The values in parentheses are relative
energies in kilocalories per mole with reference Ro The
corresponding barriers are 2.8 visR/L10, 4.7 viaTsR/P2,
14.3 viaTsR/L8, 33.5 viaTsR/P7, and 70.7 kcal/mol vidsR/

C8. Surely, the two former entrance channels are of most interest
for combustion and atmospheric relevance. Particularly, the
addition process forming10 is thermodynamically and kineti-
cally more favorable than the direct H-abstraction, similar to
the CH + H,CO reactiorf? We were unable to locate the
transition states for the directL 2 cycloaddition forming HC—
cCOCH, C5 (—17.2) and direct 2+ 2 cycloaddition forming
cCH,CHCH,O C3 (—11.6). Here, the symbd&l means chainlike
structures, and the symb@l means cyclic structures.

B. Isomerization and Dissociation.Starting from the addi-
tion product HCCHCH,O L10, which is the most favorable
entrance channel, there are six possible reaction pathways: (i)
ring closure leading to ¥C—cCOCH, C5 (—17.2); (ii) H-
extrusion leading t¢®?1 H,CCHCHO+ H (—7.5); (iii) 1,2-H-
shift forming HLCCH,CHO L3 (—37.2); (iv) 1,2-H-shift forming
H,CCHCHOHL2 (—43.1); (v) 1,4-H-shift leading to HCCHCH
OHL7 (—13.7); and (vi) ring closure leading to cQEHCH,O
C3 (—11.6). The corresponding transition states for the six
channels ar@sL10/C5 (—11.9),TsL10/P1(—1.5), TsL10/L3
(—0.9),TsL10/L2 (4.1), TsL10/L7 (5.3), andTsL10/C3(10.3).
Because the latter thre€Ss lie higher in energy than the
entranceTsR/L10 (2.8), channels (ivy(vi) can be excluded.
Moreover, although formation of the three-membered ring
isomer HC—cCOCH, C5in channel (i) has the lowest barrier,
its further conversions are unfavorable, i.e., the chain isomer
H,CCHOCH, L8 (—21.9) formed fronC5 via TsC5/L8 (—4.5)
would rather isomerize back 165 instead of rearranging to
HCCHOCH; via TsL8/L6 (8.9) or to cCHCHOCH, C8 (17.7)
via TsL8/C8 (15.79). Therefore, channel (i) is expected to have
little contribution to the final fragmentation.

The remaining two channels (ii) and (iii) (1,2-H-shift) have
close barriers vial'sL10/P1 (—1.54) andTsL10/L3 (—0.9).
Channel (i) is very simple and is associated with the direct
H-extrusion forming propenal #£CHCHO, which has been
recently identified in interstellar spaé&However, channel (iii)
is very complicated, as shown in Figure 2b. The low-lying
intermediate HCCH,CHO L3 formed in channel (iii) has
various evolution possibilities. We first can exclude the
processes3 — O—cCHCH,CH, C4, L3 — cCH,CHOCH, C8,

L3 — CH,CHCHOHL2, andL3 — CH,CH,COHLO, because

and transition states. The schematic potential energy surfacethe first one has almost zero reverse barrier and the latter three

(PES) of the GH3z + H,CO reaction at the G3B3 level is
presented in Figure 2a,b. The total energy of the readgant
C,Hs3 + HoCO is set as zero. The energetic data (G3B3) of the

have higher-energy transition states above that of the reactant
R. The following processes including fragmentation could be
of interest. Their pathways are schematically written as follows:

most important products, isomers, and transition states are listed (a) L3 — P2 C,H, + HCO.

in Table 1. The energetic information for the H-abstraction

process including the reaction energies, the reaction enthalpies,
and the forward and reverse classical potential barrier heights

at the G3B3 and CBS-QB3 levels of theory are listed in Table
2 along with the available experimentally deduced thermo-
chemical dat& and very recent theoretical déafa.

A. Entrance Channels.We first discuss the results based
on the G3B3 PES. The attack of theH3 radical on the HCO

(b) L3 — CHsCHCHOL5 — P1 H,CCHCHO+ H.
(c) L3 — CH3CHCHO L5 — CH3CH,CO L1 — P3 CHy-
CHs + CO.
(d) L3 — P1 H,CCHCHO+ H.
(e) L3 — CH3CH,CO L1 — P3 CHCHs; + CO.
The direct C-C ruptureTSL3/P2 (—14.2) ofL3 in path (a)
is energetically much lower than the rate-determining transition
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Figure 2. (a) Schematic potential energy surface of thelG- H,CO reaction at the Gaussian-3//B3LYP/6-31G(d) level showing various entrance

conversion pathways of isomer @EH,CHO L3.

state in paths (b), (c), (d) and (e) by 6.7, 7.2, 9.9 and 12.1 kcal/

channels and some conversion pathways starting from isomgZi@EH,0 L10. The CBS-QB3 relative energies for some structures are also given
in parentheses. (b) Schematic potential energy surface ofe-£H,CO reaction at the Gaussian-3//B3LYP/6-31G(d) level showing the relevant

C. Reaction Mechanism and Implicationsln summary, the

G3B3 level can be written as follows

respectively. Surely, the most competitive pathway is the former relevant pathways for the)l@; + H,CO reaction at the

mol, i .
formation ofP2 C,H,4 + HCO. This process is also very simple
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TABLE 1: Total (au) and Relative (kcal/mol, in parentheses) Energies of the Reactant, Important Products, Intermediate

Isomers, and Transition States at the G3B3 Level

species G3B3 species G3B3
R CHz+ H.CO —192.26895 (0.) TsR/P2 —192.26153 (4.7)
—192.087120.0)2 —192.080973.9
L3 CH,CH,CHO —192.32824 {37.2) TsR/L10 —192.26447 (2.8)
—192.083452.3
L10 CH,CHCHO —192.30060 ¢ 37.2) TsL10/L3 —192.27037{0.9)
—192.09104—-2.5
P2 CHCH, + CHO —192.30339(21.6) TsL10/P1 —192.27136 {1.5)

P1 CHCHCHO+ H —192.28085 {-7.5)
2The italic values are at the CBS-QB3 level.

TABLE 2: The Reaction Energetics Parameters (kcal/mol)
for the H-Abstraction at the Various Levels of Theory

method AE2 AH298,15K \/ftb \/;éc
G3B3 —21.6 —21.7 4.7 26.3
CBS-QB3 —215 —215 3.9 253
PMP4/cc-pVTZ/IMP2/cc-pVDE —24.6 —25.0 5.3 30.8
QCISD(T)/cc-pVTZ/IMP2/cc-pvD? —23.3 —23.8 58 30.1
exptP —225+2

aReaction energy? Forward classical barrier heigttReverse clas-
sical barrier heightd Ref 13.¢ Ref 41.

Path 1i: R C,H3 + H,CO — H,CCHCHO L10 — P1 H,-
CCHCHO+ H.

Path lii: R C;H3 + H,CO— H,CCHCHO L10 — H,CCH,-
CHO L3 — P2 C;Hy + HCO — P9 C;H4 + CO + H.

Path 2 R CyH; + H,CO — P2 C;Hs + HCO — P9 CoHy
+ CO+ H.

Path 1i and Path 1ii belong to the additiorelimination
mechanism, wheredath 2 belongs to the direct H-abstraction
mechanism. IrPath 1i and Path 1ii, the entrance channel is
the rate-determining step. Note that #2C,H, + HCO— P9
C,Hs + CO + H process is associated with the secondary
dissociation, because the latent energyaf —21.6 kcal/mol,
is large enough to overcome the directB rupture barrier
(16.4 kcal/mol) of HCO.

Additionally, at the CBS-QB3 level, the transition staife/
L10, TsR/P2 Tsa/Pl, and TsL10/L3 have the respective
relative energies 2.3, 4.742.5, and—2.0 kcal/mol with respect
to R. The corresponding G3B3 relative energies are 2.8, 3.9,
—1.5, and—0. 9 kcal/mol. Surely, both high-level calculations
definitively predict that the additionelimination process is more
competitive than the direct H-abstraction one.

To guarantee the reliability of the theory used here, it is
worthwhile to compare our results with the available experi-
mentally deduced thermochemical ddtand very recent
theoretical daf® for the H-abstraction process. As can be seen
from Table 2, the predicted reaction enthalpies-&1.7 and
—21.5 kcal/mol for this process at the G3B3 and CBS-QB3
levels, respectively, are closer to the experimental value of
—22.5 £+ 2 than the very recent theoretical values-623.8
and—25.0 kcal/mol at the QCISD(T)/cc-pVTZ/IMP2/cc-pVDZ
and PMP4/cc-pVTZ/IMP2/cc-pVDZ levels, respectively. Thus,

the present more composite G3B3 and CBS-QBS methods aregs33.
expected to provide more reliable results than those previously

applied. Moreover, both the G3B3 and CBS-QB3 methods
predict much lower H-abstraction barriers (4.7 and 3.9 kcal/
mol, respectively) than the QCISD(T)/cc-pVTZ//MP2/cc-pVDZ

and PMP4/cc-pVTZ/IMP2/cc-pVDZ values (5.8 and 5.3 kcal/

—192.09037—2.0)

P9 CHCH; + H+ CO —192.28026 ¢ 7.1)

never been investigated experimentally. This reaction could play
an important role in the burning or oxidation of hydrocarbons.
The three available theoretical studies have only considered the
direct H-abstraction mechanism. The present detailed mecha-
nistic study may thus provide useful information for future
experiments. However, the existence of sizable barriers suggests
that the GH3 + H,CO reaction may be less likely in interstellar
regions where the temperature is usually very low.

4. Conclusions

In contrast to the previous theoretical studies, the present
Gaussian-3//B3LYP/6-31G(d) and CBS-QB3 computational
methods both predict that the additieelimination process is
more competitive than direct H-abstraction. The entrance
addition barriers are 2.8 and 2.3 kcal/mol, respectively, at the
two levels leading to CCHCHO, which can competitively
generate HCCHCHO + H and GH4 + HCO. The direct
H-abstraction barriers are 3.9 and 4.7 kcal/mol, respectively.
The secondary dissociation of HCO totHCO is possible with
the released energy. The present results can provide useful
information for future experimental investigation on the title
reaction.
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