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Abstract The radical–molecule reaction mechanism
of CH2Cl with NO2 has been explored theoretically at
the B3LYP/6–311G(d,p) and MC–QCISD (single-point)
levels of theory. Our results indicate that the title reac-
tion proceeds mostly through singlet pathways, less go
through triplet pathways. The initial association between
CH2Cl and NO2 is found to be the carbon-to-nitrogen
attack forming the adduct a H2ClCNO2 with no bar-
rier, followed by isomerization to b1 H2ClCONO-trans
which can easily convert to b2 H2ClCONO-cis. Subse-
quently, the most feasible pathway is the C–Cl and O–N
bonds cleavage along with the N–Cl bond formation of
b (b1, b2) leading to product P1 CH2O + ClNO, which
can further dissociate to give P5 CH2O + Cl + NO. The
second competitive pathway is the 1,3-H-shift associated
with O–N bond rupture of b1 to form P2 CHClO+HNO.
Because the intermediates and transition states involved
in the above two favorable channels all lie below the
reactants, the CH2Cl + NO2 reaction is expected to be
rapid, as is confirmed by experiment. The present results
can lead us to understand deeply the mechanism of the
title reaction and may be helpful for further experimen-
tal investigation of the reaction.
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1 Introduction

Nitrogen oxides, known to be the major atmospheric
pollutants released by combustion process, have attra-
cted extensive attentions both experimentally and
theoretically. In order to minimize the harmful effects
before their release in the atmosphere, one effective
way is to reduce them chemically by their reactions with
other species [1–7]. Chlorinated hydrocarbon species
such as CH2Cl, CHCl2, and CCl3 radicals are impor-
tant intermediates in combustion processes, especially
during incineration of hazardous waste [8]. In addition,
the chlorinated hydrocarbons increase soot formation in
fuel-rich oxidation [9]. These species can be formed in
unimolecular decomposition reactions of stable chlori-
nated hydrocarbon molecules under combustion condi-
tions. Bond-breaking reactions for the stable chlorinated
compounds occur uniformly at lower temperatures than
for the hydrocarbons of similar size. Radical–radical
cross-combination reactions constitute an integral part
of the overall mechanisms of oxidation and pyrolysis of
hydrocarbons [10,11]. Reactions of chlorinated methyl
radicals with other radicals are important in the com-
bustion of chlorinated hydrocarbons. Kinetic stability
of the methyl radical increases in the combustion envi-
ronment as one or more hydrogen atoms in the radi-
cal are substituted by chlorine atoms, because peroxy
adducts formed via radical addition to O2 increasingly
favor decomposition back to the radical and O2 as chlo-
rine substitution increases [12]. This is due to the weaker
C–O bond in the chlorinated peroxy adducts than in
their hydrocarbon counterparts, thus increasing the
importance of reactions of chlorinated methyl radicals
with species other than molecular oxygen. Reactions
with NO2 can be expected to be important during the
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oxidation of chlorinated compounds at low tempera-
tures, because traces of nitrogen oxides are also often
present [13]. Hence, reliable information on the kinet-
ics of these chlorinated methyl radical reactions is of
importance for the modeling of NOx-involved reaction
processes.

The direct kinetic studies of the substituted methyl
radical reactions with NO2 is few. Very recently,
Timonen et al. [14] reported for the first time the direct
kinetic studies of CH2Cl + NO2 reaction over temper-
ature ranges (220–360 K) using a tubular flow reactor
coupled with a photoionization mass spectrometer and
derived the rate constant expression as (2.16 ± 0.08) ×
10−11 (T/300 K)−1.12±0.24 cm3 molecule−1 s−1, which
indicate that the reaction of CH2Cl with NO2 is very
rapid and may play an important role in the fate of nitro-
gen dioxide pollutants. The observed major product was
CH2O. In addition, a weak signal for the NO formation
has also been detected for this reaction [14]. However,
the available information on product channels, prod-
uct distributions, and reaction mechanism were not fur-
ther provided though this information may be important
in the NO2-involved sequential chain processes. To our
best knowledge, no report is found about the theoret-
ical study on the title reaction. In view of the poten-
tial importance and the rather limited information, we
carry out a detailed theoretical study on the potential
energy surface (PES) of the CH2Cl + NO2 reaction to
(1) provide the elaborated isomerization and dissocia-
tion channels on the H2ClCNO2 PES; (2) investigate the
products of the title reaction to assist in further exper-
imental identification; (3) give a deep insight into the
mechanism of the reaction of chloromethyl with nitro-
gen dioxide.

2 Computational methods

All calculations are carried out using the GAUSSIAN03
program packages [15]. The geometries of all the reac-
tants, products, intermediates, and transition states are
optimized using the hybrid density functional B3LYP
method (Becke’s three parameter hybrid functional with
the nonlocal correlation functional of Lee–Yang–Par)
with 6–311G(d,p) basis set. The stationary nature of
structures is confirmed by harmonic vibrational
frequency calculations; i.e., equilibrium species possess
all real frequencies, whereas transition states possess
one and only one imaginary frequency. The zero-point
energy (ZPE) corrections are obtained at the same level
of theory. In order to obtain more reliable energetic
data, higher level single-point energy calculations are
performed at the multi-coefficient correlation method

based on quadratic configuration interaction with sin-
gle and double excitations (MC–QCISD) [16] by using
the B3LYP/6–311G(d,p) optimized geometries. To con-
firm that the transition states connect designated iso-
mers or products, intrinsic reaction coordinate (IRC)
calculation is carried out at the B3LYP/6–311G(d,p)
level. Moreover, unless otherwise specified, the MC–
QCISD single-point energies with ZPE corrections are
used in the following discussions. Meanwhile, for the
purpose of comparison, we employed the higher level
G2(B3LYP/MP2/CC) [17] (a modification of the
Gaussian-2 approach using density functional theory) to
calculate the single-point energy based on the B3LYP/6–
311G(d,p) geometries. The total G2(B3LYP/MP2/CC)
energy with ZPE correction is calculated as follows [17]:

E[G2(B3LYP/MP2/CC)]
= E[CCSD(T)/6–311G(d,p)] + E[MP2/6–311

+G(3df,2p)] − E[MP2/6–311G(d,p)]
+HLC + ZPE[B3LYP/6–311G(d,p)] × 0.98,

where HLC = −0.00451nβ − 0.00019nα, and nα and
nβ denote the numbers of α and β valence electrons,
respectively.

3 Results and discussion

The optimized structures of important stationary points
as well as the corresponding experimental data [18,19]
are depicted in Fig. 1. Note that the calculated geom-
etries are in good agreement with experimental results
with the largest deviation less than 7 at the B3LYP/6–
311G(d,p) level. Table 1 displays the relative energies
including ZPE corrections of the important stationary
points. For our discussion easier, the energy of reactants
R is set to be zero for reference. For the title reaction,
both reactant molecules are doublet and the spin con-
tamination is not severe; i.e., the 〈S2〉 values of CH2Cl
and NO2 are less than 0.76, very close to the expected
value of the pure double state 0.75. To clarify the reac-
tion mechanism, the relevant pathways of the singlet
PES for CH2Cl + NO2 reaction are depicted in Fig. 2.

3.1 Initial association

Both singlet and triplet CH2ClNO2 PES may be obtained
for the radical–molecule reaction of CH2Cl
(C2v, 2B1) + NO2(C2v, 2A1). On the singlet PES, the
carbon-to-nitrogen approach is rather attractive to form
structure a H2ClCNO2(Cs, 1A′) without any encoun-
ter barrier. The association is expected to be fast and
to play a significant role in the reaction kinetics. For
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Fig. 1 The
B3LYP/6–311G(d,p)
optimized geometries of
reactants, some important
products, isomers, and
transition states for
CH2Cl + NO2 reaction. The
values in italics are for the
triplet species. Bond distances
are in angstroms and angles
are in degrees. The values in
parentheses are the
experimental values ([18] for
NO2, CH2O, [19] for CH2Cl,
ClNO, HNO). In the
transition states the direction
of the imaginary frequency is
indicated by “�”

the carbon-to-oxygen approach, we cannot obtain any
transition state, linking the reactants R to the isomers
b1 H2ClCONO-trans and b2 H2ClCONO-cis despite a
lot of attempts. Yet, we except that considerable bar-
rier is needed to activate the short N = O double bond
(1.195 Å) in NO2 to form the long N–O weak bond in b
(1.500 Å in b1, 1.494 Å in b2). Instead, b1 H2ClCONO-
trans can be barrierlessly formed from R via the inter-
mediate a, as shown in Fig. 2. On the other hand, the
carbon-to-nitrogen approach on the triplet PES can lead
to the triplet isomer 3a H2ClCNO2 (13.4 kcal/mol) via

the transition state 3TSRa with the much higher bar-
rier of 35.3 kcal/mol and there is a substantial barrier of
21.0 kcal/mol for the carbon-to-oxygen attack to form
isomer 3b1 H2ClONO-trans (0.4 kcal/mol). In view of
the much higher entrance barriers, the triplet pathways
may contribute less to the CH2Cl + NO2 reaction com-
pared with the singlet pathways, and thus will not be
further discussed. As a result, the carbon -to-nitrogen
approach forming isomer a H2ClCNO2 on the singlet
PES is just the initial adduct step of all the calculated
pathways in our work. In the following, we mainly
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Fig. 1 continued

discuss the formation pathways of various products pro-
ceeding via isomer a.

3.2 Isomerization and dissociation pathways

As shown in Fig. 2, the chainlike isomer a H2ClCNO2
may prefer undergoing the C–O1 bond formation along
with the C–N bond rupture via Tsab1 (Cs, 1A′) leading
to another chainlike intermediate b1 H2ClCONO-trans,

which can easily convert to b2 H2ClCONO-cis. A barrier
of 48.2 kcal/mol is needed to overcome for the conver-
sion from a → b1. As shown in Fig. 1, the transition
state TSab1 has a loose CNO1 three-membered ring
structure, in which the distance of C–O1 is surprisingly
long as 2.381 Å, while the C–N bond that will be broken
is 1.535 Å . Subsequently, isomer b (b1, b2) can dissoci-
ate to give product P1 CH2O(C2v, 2A1)+ClNO(Cs, 1A′)
via C–Cl and O1–N bonds cleavage accompanied by the
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Fig. 1 continued

N–Cl bond formation through transition states TSb1P1
and TSb2P1. The dissociation barriers are 23.9 and 24.5
kcal/mol for b1 → P1 and b2 → P1, respectively. Both
TSb1P1 and TSb2P1 present a loose ClCO1N four-
membered ring structure, which is nonplanar. The
forming Cl–N bond lengths are 2.609 and 2.617 Å,
respectively, while the breaking C–Cl and O1–N dis-
tances are 2.296 and 1.956 Å (in TSb1P1), 2.249 and
1.942 Å (in TSb2P1). Alternatively, the isomer b1 can
take a 1,3-H-shift and O1–N bond rupture leading to
P2 CHClO(Cs, 1A′)+HNO(Cs, 1A′) via TSb1P2 with the
barrier height 35.9 kcal/mol. The loose H2CO1N four-
membered ring, which is slightly nonplanar is found in
TSb1P2. The migrating hydrogen is 1.321 Å away from
the origin (C atom) and 1.475 Å away from the migrat-
ing terminus (N atom), and the O1–N bond that will
be broken is surprisingly long as 2.081 Å . In addition,
the primary product P1 can further dissociate to give

P5 CH2O(C2v, 2A1) + Cl + NO(C∞v, 2 ∏
) via the di-

rect N–Cl single bond rupture. These processes can be
described as

Path1 : R → a → b(b1, b2)→ P1CH2O + ClNO → P5
CH2O + Cl + NO

Path2 : R → a → b1→P2CHClO + HNO.

As shown in Fig. 2, in terms of adiabatic potential energy,
all the transition states and isomers in Path 1 and Path 2
lie below the reactants R. As a result, Paths 1 and 2 are
favorable at normal temperature and the title reaction
will occur barrierlessly with respect to the reactants.

Now, we turn our attention to the other isomerization
and dissociation channels of the isomers a and b2. First,
a 1,3 H-shift from C-atom to O2-atom associated with a
concert twist of a can form d1 or d2. Isomers d1, d2, and
d3 are cis–trans species for the HClCN(O)OH (Cs, 1A′)
structure in terms of C-bound chlorine or O-bound
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Table 1 The relative energies (kcal/mol) [with inclusion
of the B3LYP/6–311G(d,p) zero-point energy (ZPE) correc-
tions] of reactants, some important products, isomers, and
transition states at the MC–QCISD//B3LYP/6–311G(d,p) and
G2(B3LYP/MP2/CC)//B3LYP/6–311G(d,p) levels

Species MC–QCISD G2
(B3LYP/MP2/CC)

R CH2Cl 0.0 0.0
(C2v, 2B1) + NO2(C2v, 2A1)

P1 CH2O −50.3 −52.0
(C2v, 2A1) + ClNO(Cs, 1A′)
P2 CHClO −57.5 −57.9
(Cs, 1A′) + HNO(Cs, 1A′)
P5 CH2O(C2v, 2A1) −14.8 −14.4
+Cl + NO(C∞V , 2 ∏

)
a(Cs, 1A′) −53.1 −55.6
b1 −58.0 −59.9
b2 −56.7 −59.0
TSab1(Cs, 1A′) −4.7 −3.1
TSb1b2 −47.5 −49.6
TSb1P1 −34.1 −36.1
TSb2P1 −32.2 −34.7
TSb1P2 −22.1 −25.8

hydrogen. Isomer d1 can readily convert to d3 via N–O2
single bond rotation transition state TSd1d3 with small
barrier of 0.7 kcal/mol, while the conversion of d1→d2 is
a concerted process of C = N double bond and N–O2 sin-
gle bond simultaneous rotations via the transition state
TSd1d2 with the high barrier of 48.4 kcal/mol. Then, the
ring-closure of d2 or d3 may lead to the three-mem-
bered ring isomer e HClC(O)NOH. Moreover, d2 can
dissociate directly to give product P4 ClCNO (Cs, 1A′)+
H2O(C2v, 2A1) via side-H2O cleavage. However, the
conversion transition states TSad1, TSad2, TSd1d2,
TSd2e2, TSd2e4, TSd3e1, TSd3e3, and TSd2P4 involved
in these processes lie 11.0, 5.7, 10.7, 14.7, 15.2, 9.2, 9.7,
and 10.6 kcal/mol higher than the reactants R, respec-
tively. Clearly, the formation of d (d1, d2, d3), e(e1, e2,
e3, e4), and P4 are less competitive than Paths 1 and 2
at room temperature. Furthermore, isomer b2 can take
a concerted H-shift to form isomer c(c1, c2) HClCON-
OH (Cs, 1A′), which can dissociate to product P3CHClO
(Cs, 1A′) + HON(Cs, 1A′). Because TSb2c1, TSb2c2,
TSc1P3 are 3.6, 5.8, and 3.2 kcal/mol higher than R,
respectively, these pathways are also kinetically less fea-
sible at normal temperature and have negligible contri-
butions to the CH2Cl + NO2 reaction compared with the
favorable pathways Paths 1 and 2.

3.3 Reaction mechanism and experimental implications

In the previous sections, we have obtained two impor-
tant reaction channels (Paths 1–2) that are both ther-
modynamically and kinetically accessible for the singlet

PES of CH2Cl + NO2 reaction. The CH2Cl radical can
barrierlessly react with NO2 at the middle-N site to form
the low-lying adduct a H2ClCNO2. Subsequently, iso-
mer a most favorably isomerizes to b1H2ClCONO-trans
that both Path 1 and Path 2 involve. Starting from b1,
Path 1 leading to product P1CH2O + ClNO is more
feasible than Path 2 forming P2 CHClO + HNO be-
cause the transition states TSb1P1(−34.1 kcal/mol) and
TSb2P1(−32.2 kcal/mol) in Path 1 lie 12.0 and 10.1
kcal/mol lower than TSb1P2(−22.1 kcal/mol) in Path 2,
respectively. It should be noted that at low pressure, the
ClNO molecule of P1 can be formed with an excess of
vibrational energy, leading easily to its dissociation to Cl
and NO. Therefore, except for the high-pressure regime,
the system starting from the reactants R has enough
energy to form P5 CH2O + Cl + NO. As a result, re-
flected in the final product distribution, we predict that
the primary P1 CH2O + ClNO is kinetically the most
feasible product at high pressure, while at low pressure,
the secondary product P5 CH2O + Cl + NO may have
predominant yields; P2 CHClO + HNO may be the less
competitive product.

To further testify the reaction mechanism obtained at
the MC–QCISD//B3LYP level, we performed additional
G2(B3LYP/MP2/CC) single-point energy calculations
for the most relevant species based on the B3LYP/6–
311G(d,p) geometries. As given in Table 1, the G2
(B3LYP/MP2/CC) and MC–QCISD single-point ener-
gies are generally in good agreement with each other.
The largest deviation between the two levels is 3.7
kcal/mol for TSb1P2. However, such a discrepancy will
not affect our discussion on the reaction mechanism. It
is easily found from Table 1 that the features of PES ob-
tained at the G2(B3LYP/MP2/CC)//B3LYP level are in
general consistent with those at the MC–QCISD//B3LYP
level. (1) All the intermediates and transition states in
Paths 1 and 2 lie below the reactants R at the two
levels. So the two pathways are both thermodynam-
ically and kinetically feasible at low temperature. (2)
Most importantly, both the level-based calculations pre-
dict that Path 1 is more competitive than Path 2 be-
cause starting from the common isomer b1, the relative
energies of TSb1P1 and TSb2P1 in Path 1 are lower
than that of TSb1P2 in Path 2. (3) The primary product
P1 (CH2O+ClNO) can further dissociate to the second-
ary product P5 (CH2O+Cl+NO) at both levels. Because
this paper mainly concerned with the reaction mecha-
nism, we except that the present MC–QCISD//B3LYP
results could be reliable for the title reaction.

Our result is in good agreement with kinetic study
results by Timonen et al. [14] that the observed ma-
jor product is CH2O, which can be found as one spe-
cies in the most favorable product P1CH2O + ClNO in
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Fig. 2 Schematic singlet potential energy surface of the relevant reaction pathways for the CH2Cl + NO2 reaction. Relative energies
(Erel) (kcal/mol) are calculated at the MC–QCISD//B3LYP/6–311G(d,p) + ZPE level

our calculations. Formation of NO was also detected,
but because of the production of radicals other than
CH2Cl in the photolysis or in the secondary chemistry
and their possible reactions with NO2 to produce NO,
it was impossible to assign the origin of NO unambigu-
ously to the CH2Cl+NO2 reaction in the experiment of
Timonen et al. While, based on our present calculations,
we make sure that the further dissociation of ClNO in
primary P1 can produce species NO. Because all the in-
volved intermediates and transition states in Path 1 and
Path 2 lie below the reactants R, the CH2Cl + NO2 reac-
tion is expected to be fast even at low temperatures. This
is also consistent with the experimental measurement by
Timonen et al. [14] in which the measured rate con-
stant of this reaction at room temperature was 2.16 ×
10−11 cm3 molecule−1 s−1, and the reaction of CH2Cl +
NO2 is thus expected to contribute to the elimination of
nitrogen dioxide pollutants and may be of significance
in atmospheric chemistry. In fact, Timonen et al. stated

In addition, several other potential products were
searched. The absence of a measurable ion signal
in these cases cannot be taken as a proof of the
insignificance of these possible products in reac-
tion CH2Cl + NO2 because the sensitivity of our
experimental system is not known for these
species.

Therefore, further kinetic investigations are still requ-
ired for the unobserved low-lying products ClNO,

CHClO, and HNO, and to deeply understand the mech-
anism of the title reaction.

4 Conclusions

The detailed mechanistic study on the radical–molecule
reaction CH2Cl + NO2 has been reported at the B3LYP
and MC–QCISD (single-point) levels. (1) This reaction
proceeds most likely through the singlet CH2ClNO2
PES initiated by the carbon-to-nitrogen attack barri-
erlessly leading to adduct a H2ClCNO2 followed by
isomerization to b1H2ClCONO-trans. (2) Starting from
b1, two primary products P1 CH2O + ClNO and P2
CHClO + HNO, and one secondary product P5CH2O +
Cl + NO should be observed, in which P1 is the most
favorable product at high pressure, while at low pres-
sure, P5 may be the most competitive. P2 is the less
feasible product. Our results agree well with the experi-
mental observation for the title reaction. (3) Since all the
involved intermediates and transition states in the feasi-
ble pathways Paths 1 and 2 are lower than the reactants
R in the energy, the CH2Cl+NO2 reaction is expected to
be fast, which is consistent with the experimental mea-
surement, and thus the title reaction may play an impor-
tant part in atmospheric chemistry, which are related to
the prompt NOx-formation and NOx-reduction mecha-
nism [20,21]. The present theoretical studies may pro-
vide useful information on the reaction mechanism and
assist in further laboratory identification of the products
for the title reaction.
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