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An ab initio study was performed of the reactions of formyl and isoformyl cations with singlet methylene
1[:CH2], which plays an important role in the ionic mechanisms for the formation of soot in flames. The
corresponding potential energy surface (PES) was studied at the MP2/6-311++G(d,p) level of theory, and
single-point calculations on the MP2 geometries were carried out at the CCSD(T)/6-311++G(d,p) and MP2/
6-311++G(3df,3pd) levels. According to our results, the interaction of1[:CH2] with both HCO+ and COH+

cations directly leads to two C2H3O+ cyclic intermediates, about 83 and 22 kcal/mol, respectively, more
stable than methylene and the formyl cation. A linear CH2COH+ structure may also be formed from the
interaction between1[:CH2] and COH+ fragments that is 133 kcal/mol more stable than the reactants. Different
transition structures for the 1,2-H or 1,2-CH3

+ shift and/or ring-opening of these intermediates were located,
thus allowing us to predict that open-chain structures such as CH3CO+ and CH3

+‚‚‚OC (∼138 and 85 kcal/
mol more stable than reactants, respectively) may dissociate into the CO+ CH3

+ products. Proton-transfer
mechanisms are also possible for this process through hydrogen-bonded CH2-H‚‚‚CO and CH2-H‚‚‚OC
complexes characterized as minima on the PES. The transition structures for the H-shift corresponding to
the isomerization of the CHO+ moiety from formyl into isoformyl are considerably stabilized by the attachment
of 1[:CH2] to the π CO bond compared with the transition structures for the uncatalyzed process HCO+ f
COH+.

Introduction

Many chemical mechanisms have been proposed for the
formation of soot in flames.1,2 Ions may participate in the forma-
tion of soot in fuel-rich flames at three stages: nucleation; co-
agulation of large aromatic ions; coagulation of soot particles.
It has been proposed that the ionic mechanism3-5 may compete
with free radical mechanisms especially in two of the stages
where charged species may be important: formation of the initial
soot precursor species leading to incipient soot; coagulation of
small soot particles. In the nucleation steps leading to large
molecular species the ionic mechanism may compete with free
radical mechanisms because the rate coefficients of ion-mole-
cule reactions are greater than those for free radical reactions,
thus compensating for the lower concentrations of ions. The
rate of coagulation of large ions or charged particles is enhanced
over that of neutral species because of electrostatic effects.

The propargylium ion, C3H3
+, is the dominant ion in fuel-

rich and sooting flames6-8 and has been proposed as a precursor
of soot. It has been demonstrated, in modeling studies6 of fuel-
rich systems, that when the CH radical is electronically excited,
the chemiionization reaction

is responsible for ionization in very rich hydrocarbon flames.

Under these conditions an important source of C3H3
+ has been

confirmed to be the following reactions:

and/or

In the present work, the mechanisms through which the singlet
methylene reacts with the CHO+ cation, eq 2, will be investi-
gated using the ab initio molecular orbital method to characterize
the corresponding potential energy surface (PES). A detailed
study of the most significant stable structures and transition
structures (TSs) connecting them on the PES seems valuable
to get a deeper knowledge of the features determining their
dynamical behavior.

Methods of Calculation

Ab initio calculations were carried out with the Gaussian 94
series of programs.9 Stable species were fully optimized and
TSs located using Schlegel’s algorithm10 at the MP2/6-311++G-
(d,p) theory level.11 All the critical points were further charac-
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CH + O f CHO+ + e- (1)

CH2 + CHO+ f CH3
+ + CO (2)

CH3
+ + C2H2 f C3H3

+ + H2 (3)

CHO+ + H2O f CO + H3O
+ (4)

H3O
+ + C3H2 f C3H3

+ + H2O (5)
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terized, and the zero-point vibrational energy (ZPVE) was
evaluated by analytical MP2/6-311++G(d,p) computations of
harmonic frequencies. In addition, CCSD(T)/6-311++G(d,p)
single-point calculations were carried out on the MP2/
6-311++G(d,p) geometries in order to estimate the effect of
more elaboratedN-electron treatments on the calculated relative
energies.12 Similarly, the influence of large basis sets on the
relative energies of the MP2/6-311++G(d,p) optimized struc-
tures was estimated by means of single-point MP2 calculations
using the 6-311++G(3df,3pd) basis set. The frozen core
approximation was used in all the calculations.

Thermodynamic data (700 K, 1 bar) were computed to obtain
results that can be more readily compared with experimental
results within the ideal gas, rigid rotor, and harmonic oscillator
approximations.13

Reaction paths passing through all the TSs located in this
work were studied by MP2/6-311++G(d,p) intrinsic reaction
coordinate (IRC) calculations using the Gonzalez and Schlegel
method14 implemented in Gaussian 94. Atomic charges were
computed by carrying out a natural population analysis15 (NPA)
on the corresponding MP2/6-311++G(d,p) density matrices for

all the structures. In addition, some intermediates were analyzed
by means of a population analysis carried out to expand the
molecular orbitals (MOs) of a complex system in terms of the
MOs of its fragments (using the geometry each fragment has
in the corresponding intermediates), thus allowing a more
detailed characterization of the electronic interactions between
reactants.16 This analysis was performed using a revised version
of the ANACAL program.17

Results and Discussion

We will investigate the reaction of both formyl HCO+ and
isoformyl COH+ cations with singlet methylene1[:CH2] to yield
the methyl cation and carbon monoxide. Figures 1 and 2
display, respectively, the optimized geometry of the minimum
energy structures and the TSs located along the reaction
coordinate for both processes. Table 1 presents the correspond-
ing relative energies at the different theory levels employed in
this work and the thermodynamic data calculated using the MP2/
6-311++G(d,p) analytical frequencies. Figure 3 shows the
resultant energy profiles for both processes. Unless otherwise
stated, the relative energies given in the text were computed

Figure 1. MP2/6-311++G(d,p) optimized geometries of the TSs and intermediates located for the reaction of formyl cation with1[:CH2]. Bond
lengths are given in angstroms. NPA atomic charges are shown in italics. At TSs, hollow arrows sketch the main components of the corresponding
transition vectors.
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using electronic energies approximated in an additive fashion18

as follows:

and including ZPVE corrections from the MP2/6-311++G(d,p)
unscaled frequencies. These electronic energies were also used
to evaluate thermodynamic data.

To calibrate the methodology to be used in the determination
of the energetics as well as the mechanism of the title reaction,
the methylene singlet-triplet energy separation, S-T, was
calculated using the corresponding MP2/6-311++G(d,p) ge-
ometries for the singlet and triplet [:CH2]. Experimental studies
have shown that the triplet is in the ground state with a S-T
gap equal to ca. 9 kcal/mol.19 Our best theoretical estimation is

9.2 kcal/mol, which is in excellent agreement with the experi-
mental value and with theoretical results previously reported.20

According to experimental determinations,21 the formyl
cation, HCO+, is 38.2 kcal/mol more stable than the other
isomeric structure, the isoformyl cation COH+. Our best
theoretical calculations give 36.6 kcal/mol for this energy
difference, differing in only 1.6 kcal/mol from the experimental
value. The 1,2-H-shift TS for the direct isomerization of HCO+

to COH+ has a high energy barrier of 72.0 kcal/mol.
To further assess the reliability of the procedure used in this

work to evaluate relative energies, the S-T 1[:CH2] energy
and the energy profile for the HCO+ f COH+ process were
also calculated at the CCSD(T)/6-311++G(3df,3pd)//MP2/
6-311++G(d,p) level including the MP2/6-311++G(d,p) ZPVE
correction. The obtained S-T gap is 9.6 kcal/mol, while the
corresponding energy barrier and reaction energy for the
isomerization are 72.3 and 37.1 kcal/mol, respectively. These

Figure 2. MP2/6-311++G(d,p) optimized geometries of the TSs and intermediates located for the reaction of isoformyl cation with1[:CH2]. Bond
lengths are given in angstroms. NPA atomic charges are shown in italics. At TSs, hollow arrows sketch the main components of the corresponding
transition vectors.

E[CCSD(T)/6-311++G(3df,3pd)]≈
E[CCSD(T)/6-311++G(d,p)]+

E[MP2/6-311++G(3df,3pd)]- E[MP2/6-311++G(d,p)]
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results are in close agreement with results from experiment and
the additive theoretical procedure mentioned above.

HCO+ + 1[:CH 2] f CH3
+ + CO. It is well-known that

singlet carbenes readily insert into single C-H bonds of hy-
drocarbons and/or into O-H bonds, even without an activation

barrier.22 In the present process no TS was located for the direct
insertion of1[:CH2] into the H-C bond at the formyl cation.
According to our calculations, the addition of1[:CH2] to theπ
CO bond proceeds in a barrierless mode, rendering a cyclic
intermediate1 82.9 kcal/mol more stable than reactants. In this

TABLE 1: Relative Energies (kcal/mol) of the Chemically Important Structures Located on the1[:CH 2] + CHO+ Ion-Molecule
Reaction in Gas Phase at the Various Theory Levels Used in This Worka

structures
MP2/6-311++

G(d,p) ZPVEb
CCSD(T)/

6-311++G(d,p)
MP2/6-311++

G(3df,3pd) ∆Hc ∆Gc

fragments
1[:CH2] + HCdO+ 0.0 0.0 0.0 0.0 0.0 0.0
3[:CH2] + HCdO+ -17.4 0.4 -12.1 -14.9 -8.7 -9.0
1[:CH2] + CdOH+ 47.4 -2.0 40.2 45.8 38.1 36.0
CO + CH3

+ -69.1 2.3 -67.5 -68.1 -66.0 -65.7
H2CdO + CH+ 65.6 0.3 58.4 66.8 59.0 59.0
H2CdCdO + H+ 56.0 -1.1 64.3 50.8 60.3 66.5

intermediates
CH2CHO+ (cyclic), 1 -90.8 7.7 -86.2 -95.2 -85.4 -59.5
CH3OC+ (linear),2 -89.1 6.7 -89.1 -91.9 -86.5 -64.8
CH3CO+ (linear),3 -151.0 7.4 -143.5 -153.3 -140.4 -115.6
H2CH‚‚‚CO (linear),4 -75.6 3.3 -73.4 -75.3 -67.1 -48.3
CH2COH+ (cyclic), 5 -21.6 5.9 -23.8 -26.2 -24.2 0.1
CH2COH+ (linear),6 -100.6 6.4 -97.9 -105.5 -97.9 -74.0
H2CH‚‚‚OC (linear),7 -72.1 3.0 -71.5 -71.7 -67.5 -49.4

transition structures
CHO+ f COH+ 82.6 -4.2 77.3 81.5 71.2 68.7
CH2CHO+ f CH2CHO+, TS 1f1′ -10.1 4.7 -8.2 -16.4 3.0 12.6
CH2CHO+f CH3OC+, TS 1f2 -27.1 5.0 -26.9 -32.0 -29.7 -6.5
CH2CHO+ f CH3CO+, TS 1f3 -57.2 4.1 -61.0 -63.4 -64.8 -39.0
CH3OC+ f CH3CO+, TS 2f3 -73.9 4.3 -72.9 -75.0 -71.0 -51.5
CH2CHO+ f CH2COH+, TS 1f5 3.3 3.5 4.6 -2.6 -0.2 25.4
CH2CHO+ f CH2COH+, TS 1f6 -43.5 2.8 -37.3 -48.8 -41.5 -17.4
CH2COH+ f CH2COH+, TS 5f6 -5.6 4.2 -7.9 -10.8 -13.2 -7.7
CH2COH+ f CH3

+ + CO,TSE 1.4 3.1 0.2 -3.6 -4.3 -21.6

a Geometries were optimized at the MP2/6-311++G(d,p) theory level.b ZPVE correction from MP2/6-311++G(d,p) frequencies.c At 700 K
and 1.0 bar. Thermal corrections to Gibbs free energy and enthalpy were computed using the MP2/6-311++G(d,p) analytical frequencies, while
electronic energies were calculated in an additive manner (see text for the details).

Figure 3. Energy profiles for the possible reaction channels corresponding to the reaction of formyl and isoformyl cations with1[:CH2]. Relative
energies were calculated in an additive manner (see text for the details).
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structure, the carbon atom of the singlet methylene is bound to
both the carbon atom and the oxygen atom of the formyl moiety
with respective bond lengths of 1.434 and 1.622 Å (see Figure
1). As the observed changes in the occupation numbers of the
frontier MOs confirm, bonding in1 occurs through HOMO(1[:
CH2], sp2) f LUMO(HCO+, π) interaction (see Figure 4),
rendering a net NPA charge transfer of 0.455 e. A TS,TS1f1′,
was also located for the isomerization of1 to its mirror image
with an energy barrier of 73.1 kcal/mol.TS1f1′ presents a
quasi linear CH2-O-C-H arrangement in which the CH2
fragment, situated along the molecular axis of the formyl moiety,
is strongly bonded to the oxygen atom with a bond distance of
1.373 Å (see Figure 1).

The stable cyclic structure1 may evolve through a TS for H
shift from the carbon atom of the formyl fragment to the carbon
atom of the methylene moiety (TS1f2 in Figure 1), involving
the simultaneous cleavage of the three-membered ring.TS1f2
is 56.1 kcal/mol above1 and presents a cyclic structure where
the H2C-O distance has decreased to 1.460 Å and the C-C
distance has increased to 1.707 Å while the H atom of the formyl
fragment is being transferred to the C atom of the CH2 moiety.
The corresponding IRC calculations show thatTS1f2 connects
1 with a linear intermediate CH3OC+, 2 in Figure 1, which is

only 2.3 kcal/mol more stable than the cyclic intermediate1. 2
can be described as a Lewis donor-acceptorσ-complex formed
by the methyl cation CH3+ interacting with the oxygen atom of
a CO molecule (H3C‚‚‚OC distance is 1.594 Å). The binding
energy is 21.0 kcal/mol, and the net NPA charge transfer from
CO to CH3

+ is 0.345 e. On the other hand, the cleavage of the
cyclic intermediate1 can also proceed throughTS1f3, which
is 19.8 kcal/mol less stable than1. At TS1f3, the cleavage of
the weak H2C-O bond at1 has already taken place at the start
of the H shift (see Figure 1). It is interesting to note thatTS1f3
resembles a TS for the insertion of1[:CH2] into the C-H bond
at the formyl cation. Nevertheless, the IRC reaction path
confirms thatTS1f3 links the initial CH2CHO+ cyclic inter-
mediate with an acylium ion intermediate (3 in Figure 1). 3 is
138.4 kcal/mol more stable than the reactants and presents a
linear arrangement with the CH3 fragment located along the
CO axis with a H3C-CO distance of 1.441 Å. The calculated
binding energy between the CH3

+ and CO fragments at3
amounts to 74.2 kcal/mol. Given that3 is the most stable
C2H3O+ intermediate located on the MP2/6-311++G(d,p) PES,
our calculations predict this structure as the C2H3O+ ionic
species implied in several reactions representative of a number
of mechanisms going from CHO+ to C3H3

+.3,8

2 and3 are interconnected through a TS for the shift of CH3
+

from C to O,TS2f3, which is 15.5 kcal/mol above2. The
structure ofTS2f3 shown in Figure 1 can be described as a
weakπ-complex between the CH3+ cation and the CO molecule
with a net NPA charge transfer of 0.171 e and a binding energy
of 5.5 kcal/mol. Both2 and 3 intermediates may dissociate
into the products CO+ CH3

+, which are 64.2 kcal/mol more
stable than the reactants, without passing through any saddle
point (this was confirmed by means of reaction coordinate
calculations varying CH3+-OC and CH3

+-CO distances from
2 and 3, respectively). However, a prediction of the most
favored mechanistic route, that is,1[:CH2] + HCO+ f 1 f 2
f CO + CH3

+ vs 1[:CH2] + HCO+ f 1 f 3 f CO + CH3
+,

may require a detailed dynamical study on the PES.
Besides the ability of singlet methylene to add to double

bonds, it is also a basic compound with a calculated proton
affinity of 208.4 kcal/mol that can abstract a proton from acids
such as HCO+ where the corresponding base has a lower proton
affinity (150 kcal/mol). Figure 1 presents an intermediate4
that corresponds to a complex between CH3

+ and CO with an
equilibrium CH‚‚‚C distance of 2.276 Å.23 This structure is a
minimum on the MP2/6-311++G(d,p) PES, 73.1 kcal/mol more
stable than1[:CH2] + HCO+ and 8.9 kcal/mol more stable than
CH3

+ + CO. A reaction coordinate following calculation
shows that this intermediate is formed by proton transfer from
HCO+ to 1[:CH2] and can dissociate into products without any
energy barrier.

1[:CH 2] + COH+ f CH3
+ + CO. The addition of1[:CH2]

to the CO bond at the isoformyl cation leads to a cyclic
intermediate,5, 59.1 kcal/mol more stable than the initial
fragments1[:CH2] + COH+ (see Figures 2 and 3). In contrast
with the structure of the cyclic intermediate1, all the bond
distances in the three-membered ring of5 are close to typical
single bond values. Thus, in5 the carbon atom of methylene
is bonded to both the carbon and oxygen atoms of the isoformyl
moiety, with bond lengths of 1.467 and 1.516 Å, respectively.
However, the formation of1 from 1[:CH2] + HCO+ is 23.8
kcal/mol more exoergic than the formation of5 from 1[:CH2]
+ COH+. This is consistent with a weaker orbital interaction
in 5 than in1 as observed in Figure 4. In effect, in5 the1[:CH2]
f COH+ charge transfer occurs through both HOMO-NLUMO

Figure 4. Sketch of the main orbital interactions between1[:CH2]
and the HCO+ or COH+ cations leading to the formation of the1,
5, and 6 intermediates. Changes in the population of the frontier
MOs and overlap (s in au) between the corresponding MOs are also
indicated.
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and HOMO-LUMO moderate overlaps whereas in1 there is a
larger HOMO-LUMO overlap. A 1,2-H-shift TS (TS1f5 in
Figure 2) for the isomerization of the CHO+ moiety from
isoformyl to formyl was located on the PES presenting a
moderate energy barrier of 24.7 kcal/mol with respect to5 and
connecting this intermediate with1.

According to our calculations, the ring opening of the
C-C-O triangle at5 may proceed to a linear intermediate6
through a low-energy barrier TS (TS5f6 in Figure 2) in which
the H2C-O bond has elongated to 1.754 Å whereas the C-O
bond length has diminished to 1.396 Å. This TS,TS5f6, has
an activation energy of only 13.6 kcal/mol and therefore con-
stitutes the most favorable route for the evolution of the5
intermediate.6 is a ketene molecule protonated at the oxygen
atom and is 133.0 kcal/mol more stable than the methylene and
the isoformyl cation. MP2/6-311++G(d,p) reaction coordinate
calculations varying the C-C distance show that the formation
of the 6 intermediate may also proceed through the direct
attachment of1[:CH2] to the C atom of COH+. These cal-
culations indicated that initially aπ-approach between fragments
is slightly more favorable than the corresponding linearσ-ap-
proach. Owing to the null HOMO-LUMO overlap between
fragments in6, the resultant bonding is explained in terms of
pseudoexcitation orbital interactions24 controlled by HOMO-
HOMO and/or LUMO-LUMO overlaps (see Figure 4) that
render the HOMO of the supermolecule a linear combination
of mainly the LUMOs of the fragments.6 in turn may dissociate
into the final products through a TS,TSE, for the 1,2-elimination
of CH3

+ with a high-energy barrier of 94.7 kcal/mol. This TS
shows a nearly planar arrangement of the reactive bonds and
has a transition vector very similar to that of the corresponding
TS for the 1,2-H2 elimination from protonated formaldehyde.25

However, another competitive route for the evolution of6 was
located on the PES through a TS (TS1f6 in Figure 2) with an
energy barrier of 56.6 kcal/mol, 38.1 kcal/mol more stable than
TSE. TS1f6 presents the C-C-O atoms in a collinear
arrangement, and its transition vector is dominated by the 1,2
H-shift between C and O atoms. The IRC reaction path
confirms that this TS connects the linear intermediate6 with
the cyclic intermediate1.

Figure 2 shows a hydrogen-bonded complex7 between CH3+

and CO, having an equilibrium CH‚‚‚O distance of 2.178 Å.7
is a minimum on the MP2/6-311++G(d,p) PES, 107.7 kcal/
mol more stable than1[:CH2] + COH+ and 6.9 kcal/mol
more stable than CH3+ + CO. A reaction coordinate shows
that this intermediate is formed by proton transfer from COH+

to 1[:CH2] and can dissociate into products without any energy
barrier.

It is interesting to note thatTS1f5 and TS1f6 are TSs
characterizing the rearrangement of the HCO+ moiety into
COH+. Very recently, the results of the catalytic action of small
neutral molecules attached to the H atom in the rearrange-
ment of HCO+ into COH+ have been reported.26 In general,
the interaction with a neutral molecule leads to a significant
lowering of the barrier for the rearrangement. Compared with
the TS for the uncatalyzed isomerization between the formyl
and isoformyl cations, the proton migration in C2H3O+ structures
takes place through considerably more favorable TSs than the
direct process (see Figure 3).

Besides C2H3O+ f CH3
+ + CO, other fragmentations could

be considered to give CH2O + CH+ or H2CdCdO + H+.
However, the products corresponding to these processes are 59.9
and 58.0 kcal/mol, respectively, less stable than the initial

reactants CH2 + HCO+ and therefore do not constitute competi-
tive alternatives (see Table 1).

Thermodynamic Analysis. To analyze the effect of tem-
perature and entropy on the two processes presented above, we
calculated the Gibbs free energies for all the structures implied
at 700 K. Free energy profiles are qualitatively similar to the
energy profiles in Figure 3 (see Table 1). All the intermediates
and TSs involved in the1[:CH2] + HCO+ f CO + CH3

+

reaction through the different mechanisms remain more stable
than reactants. The acylium cation is considerably more stable
than CO+ CH3

+ in free energy (49.9 kcal/mol), whereas the
entropic contribution makes hydrogen complex4 17.4 kcal/mol
less stable than the products. Concerning the1[:CH2] + COH+

f CO+ CH3
+ process, the free energy profiles also run parallel

to the energy profiles in Figure 3 except for the entropic
destabilization of intermediate7 with respect to products (16.3
kcal/mol).

Conclusions

The energy profile displayed in Figure 3 describes various
possible mechanisms for the reaction1[:CH2] + CHO+ f CH3

+

+ CO. The initial addition of1[:CH2] to the formyl or isoformyl
cations leads to the formation of both cyclic and linear C2H3O+

intermediates. Most of the TSs for proton migration and/or ring
opening of these intermediates are energetically more stable than
reactants, so these intermediates may easily evolve to give open-
chain CH3CO+ or CH3

+‚‚‚OC structures that in turn may readily
dissociate to yield the final products. Two intermediates4 and
7 corresponding to hydrogen-bonded complexes between CH3

+

and CO were also located, characterizing a mechanism through
a simple proton transfer from HCO+ or COH+ to singlet
methylene. Finally, the great relative stability of the acylium
cation3 (about 138 kcal/mol below1[:CH2] + CHO+) allows
us to identify it as the C2H3O+ species implied in several
reactions representative of a number of mechanisms going from
CHO+ to C3H3

+.
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(25) Suárez, D.; Sordo, T. L.J. Phys. Chem. A 1997, 101, 1561.
(26) (a) Chalk, A. J.; Radom, L.J. Am. Chem. Soc.1997, 119, 7573.

(b) Cunje, A.; Rodriguez, C. F.; Bohme, D. K.; Hopkinson, A. C.J. Phys.
Chem. A1998, 102, 478.

9924 J. Phys. Chem. A, Vol. 102, No. 48, 1998 Dı́az et al.


