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The elementary reaction of CH2 Cl+O2 in gas phase was investigated by time-resolved FTIR emission spectroscopy. Vibrationally excited products CO (v≤4), and CO2 (ν3 , v≤7) were observed. The yield ratio
of CO/CO2 (ν3 ) was 72.2±7. The reaction pathways were studied theoretically at QCISD//UB3LYP/6311++G(d,p) level. In the beginning of the reaction, CH2 Cl radical associated with O2 to form CH2 ClOO,
followed by removal of the Cl atom to yield another intermediate dioxirane CH2 OO. Subsequently, a series
of isomerization and decomposition of the CH2 OO took place, yielding the final products of CO and CO2 .
The calculated result was in consistent with the experimental observation.
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in the literatures as far. In the present work, the
CH2 Cl+O2 reaction was investigated both experimentally and theoretically. The time-resolved Fourier transform infrared (TR-FTIR) emission spectroscopy was
used to determine the reaction products and reaction
channels. Vibrationally excited reaction products CO,
CO2 were found for the first time. Vibrational energy disposals in CO2 and CO were obtained by spectral simulations. Quantum chemistry calculations were
also performed to investigate reaction pathways at the
QCISD//UB3LYP/6-311++G(d,p) level. The reaction
mechanism of CH2 Cl+O2 has been clarified.

I. INTRODUCTION

Chlorine containing radicals play a significant role
in atmospheric chemistry, such as stratospheric ozone
depletion, incineration, and high-temperature pyrolysis of chlorocarbon polymers [1-3]. High-temperature
pyrolysis is used as the primary means of disposal
of large quantities of polymeric waste. Inevitably, a
large number of halogenated alkyl radicals are generated through pyrolysis or complex chain reactions.
The halogenated alkyl radicals are toxic and relevant
to environmental issues such as stratospheric ozone depletion [2,3]. Therefore, the reactions of halogenated
radicals have received considerable interest in recent
years. Among those, the oxidations of the halogenated
methyl radicals by oxygen are very important [4]. Previous reports on the reaction of the chlorinated methyl
radicals (CCl3 , CHCl2 , CH2 Cl) with oxygen are concentrated on the kinetic studies [5-13]. The reaction dynamics between the partially substituted species
CH2 Cl and O2 was studied. To our knowledge, very
few investigations have been carried out on the reaction so far. The rate constant was determined as
(2.9±0.2)×10−12 (T /300)−1.2±0.4 cm3 /(molecule s) over
the high-pressure range of 2.67 kPa to 101 kPa and as
(1.88±0.05)×10−30 (T /300)−3.2±0.2 cm6 /(molecule2 s)
over the low-pressure range of 133 Pa to 1.33 kPa in
nitrogen by Fenter and co-workers [13]. Enthalpy value
(∆H ◦ 298 =121.7±10.4 kJ/mol) for the addition reaction CH2 Cl+O2 →CH2 ClO2 is obtained in the third-law
treatment by Knyazev and Slagle [14].

II. EXPERIMENTAL AND THEORETICAL METHODS

The experimental apparatus was described in detail
elsewhere [15]. Briefly, the apparatus consists of a KrF
Laser (∼150 mJ/pulse, Lambda Physik-305i), a stainless reaction chamber, and a TR-FTIR spectroscope
(Nicolet, Nexus 870). CH2 Cl radical was produced via
laser photolysis of CH2 ClBr at 248 nm [16]. The laser
beam was led into the reaction chamber. A mixed gas
of precursor CH2 ClBr and oxygen flowed through the
reaction chamber. The partial pressures of CH2 ClBr
and O2 were maintained at 20 and 90 Pa, respectively.
The infrared emission was collected by a pair of goldcoated spherical mirrors and was detected and recorded
by an InSb (77 K) detector, which is sensitive in the region of 1800-6000 cm−1 . The time resolution of the
transient recorder is 10 µs, and the spectral resolution
of the spectroscope is set at 16 cm−1 . The CH2 ClBr
(Aldrich, 97%) was used without purification.
The detailed reaction mechanism was theoretically
explored by DFT method in Gaussian 03 program package [17]. UB3LYP/6-311++G(d,p) were employed to
locate all the stationary points along the reaction pathways. Full optimisation and vibrational analysis were
done for the stationary points on the reaction profile.

Unfortunately, it is lack of the knowledge of products, pathway and mechanism of the titled reaction
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In order to explicitly establish the relevant species, connections of the transition states between designated reactants and products were confirmed by intrinsic reaction coordinate (IRC) calculations at the same level
[18]. It was beyond our present computational feasible to perform higher full optimisation calculations
for all stationary points, so to yield more accurate energetic information, only higher level single-point energy calculations were performed based on quadratic
configuration interaction with single and double excitations (QCISD) using the UB3LYP/6-311++G(d,p) optimized geometries. The zero point energy obtained at
UB3LYP/6-311++G(d,p) was included for QCISD /6311++G(d,p) energy calculations without scaling.

III. RESULTS AND DISCUSSION
A. Reaction products
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ν3 mode (The ν1 , ν2 bands of CO2 are not observable
in the present IR spectrum). Another emission between
1900 and 2250 cm−1 is attributed to the v→v−1 transition of CO. Due to quenching effect, the two emission
bands separate from each other in the spectra at 160 µs.
Tzeng et al. reported that the photodissociation of
CH2 ClBr at 248 nm produced CH2 Cl exclusively [16].
This point is also confirmed by our measurement of the
laser fluence dependence. A linear laser fluence dependence of the CO and CO2 yields was measured in the
experimental work. The total yield at 10 µs increases
gradually with the increasing of laser intensity as shown
in Fig.2. The slope in Fig.2 is 1.0±0.20, which indicates that the products CO and CO2 are yielded from
one-photon photolysis. The one-photon photolysis of
CH2 ClBr can generate CH2 Cl radical merely, but not
CH2 radical which is the two-photon photolytic product. Therefore, the CO and CO2 observed in this experiment are the products of CH2 Cl+O2 reaction.

Laser photolysis of pure CH2 ClBr at 248 nm does not
result in any emission peak in the TR-FTIR spectrum,
so that neat IR emission background is provided for the
spectroscopic investigation of the CH2 Cl+O2 reaction
(Fig.1(a)). Once the gaseous mixture of CH2 ClBr and
O2 is irradiated by the KrF laser, several IR bands appeared in the emission spectrum. Two spectra at 10 and
160 µs after the laser firing were recorded and shown
in Fig.1 (b) and (c). The emission between 2170 and
2400 cm−1 is assigned as the v→v−1 transition of CO2

FIG. 2 Laser intensity dependence of the total yields of CO
and CO2 with the slope of 1.0±0.20.

B. Vibrational energy disposal in CO2 (ν3 ) and CO
1. Spectral simulation method

FIG. 1 Time-resolved IR emission spectra for the reaction
CH2 Cl+O2 . The delay time after the KrF laser firing. The
partial pressures of CH2 ClBr and O2 are 20 and 90 Pa, respectively.
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The vibrational energy disposal of the products can
be analyzed by fitting the IR spectra using a nonlinear fitting program which has been described in detail
elsewhere [19], and only a brief outline of the scheme
was given here. The parameters are determined using the nonlinear least-squares method of LevenberyMarquardt.
The vibrational population was evaluated by the fitting of the simulated spectrum to the experimental one.
The spectral intensity of each rotational line was calculated as
·
¸
2Ce v 4 P.Q.R
hc
0 0
0
Iv,J→v0 J 0 =
S
exp
−B
J
(J
+
1)
(1)
Qr J
kTr
where Ce is a constant, v, Qr , Tr , SJP.Q.R are the emission frequency, the rotational partition function, the roc
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TABLE I Populations of the products (CO and CO2 ) of reaction CH2 Cl+O2 at different vibrational levels (10 µs,
CO/CO2 =72.2±7)
Population
CO
CO2 (ν3 )

v=1
252±30
1.20±0.20

v=2
140±15
1.71±0.20

v=3
132±11
1.14±0.12

tational temperature and the Honl-London factor, respectively. For a specific rovibrational state, 2Ce v 4 /Qr
is approximately a constant. Therefore, the intensity is dependent mainly upon SJP.Q.R exp[−B 0 J 0 (J 0 +
1)hc/kTr ].
In addition, an instrumental function ∆sinc2 (πv∆)
has been used as instrumental line shape (ILS) to
broaden the rovibrational line in the fitting, where ∆
is the largest difference of the optical path length. For
a specific vibrational transition v→v−1, the emission
intensity function fv (v) can be obtained by convoluting
the rovibonic lines with the ILS function. The overall
simulated spectrum In (v) is the sum of the individual
vibrational bands weighted by the population Nv over
all frequencies.
In (v) = Σv Nv Av vv fv

(2)

Av is the Einstein spontaneous radiation coefficient for
the transition of v→v−1 transition. vv is the frequency
for v→v−1 transition.
The A(v, J) values for CO are calculated by the formula [20]
A(s−1 ) =

4

64π 3 |m|
v
hvJ|m|v 0 J 0 i2
3h
2J 0 + 1

(3)

Where the hvJ|m|v 0 J 0 i is the dipole transition matrix
elements in Debye; m is equal to J+1 for the R lines
and to J for the P lines.
For CO2 molecules, the A(v, J) coefficients are calculated by the formula [21]
A(s−1 ) =

64π 4 3 |m|
v
|Rv30 →v3 |2 F (m)
3h
2J 0 + 1

(4)

The vibrational transition moment |Rv30 →v3 |2 =
have a precise approximation of |Rv30 →v3 |2 =
0.1032 Debye2 . The Herman-Wallis factor is F (m)=
(1−1.43×104 m)2 .
Minimizing the square of the difference between the
data of In (v) and the experimental spectral intensity by
adjusting the rotational temperature, the phase error,
the highest rotational quantum number, the highest vibrational quantum number, and so on, the vibrational
population Nv was obtained.
v30 |R1→0 |2

2. Vibrational disposal

Vibrational energy disposal of the products was obtained by simulating the IR spectra of reaction products. The spectra of 10-µs delay was simulated (Fig.3).
DOI:10.1088/1674-0068/20/04/383-387

v=4
51±6
1.18±0.12

v=5
−
1.48±0.15

v=6
−
1.17±0.12

v=7
−
0.04±0.004

FIG. 3 Simulation of the CO and CO2 spectra in the reaction CH2 Cl+O2 at a 10-µs after laser firing. The experimental spectra are shown by the solid line and the dashed contours are the simulated overall spectra. The dotted curves
denote the contributions of the individual v→v−1 transitions. The best-fit rotational temperatures were found to
be 300 K for CO and CO2 .

Table I presents the relative vibrational populations of
CO and CO2 . The best-fitted rotational temperature
was 300 K. This result is reasonable if we consider that
the rotational excitation of the nascent products has almost been quenched at the pressure of 110 Pa within
10 µs. However, vibrational quenching is not significant during this period. The CO2 products are highly
vibrationally excited. The highest vibrational excited
level of product CO2 (ν3 ) is v=7. And the population is
inverse at v=2.
The product CO is also vibrationally excited. The
highest level populated is v=4, which is much lower
than that of product CO2 (ν3 ).
Because the populations are normalized by Einstein
coefficients [20,21], the yields of the products can be
compared. The yield of CO is estimated to be 72 times
greater than the yield of CO2 (ν3 ) (Shown in Table I).
The observation shows that CO is the major product.
The vibrational ground state is not included.
C. Reaction mechanism

To understand the reaction mechanism, we made
quantum chemistry calculations. Figure 4 shows the
potential energy surface (PES) for the CH2 Cl+O2 reaction pathways. The left part of the energy diagram (solid lines) is calculated in this work at the
level of QCISD//UB3LYP/6-311++G(d,p). The right
part of the diagram (dotted lines) is adapted from
c
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TABLE II The energies of species (reactant, intermediates, transition states and products) in kJ/mol at UB3LYP/6311++G(d,p) level
Species
CH2 Cl+O2
IM1
IM2
TS1
IM3+Cl

∆E0
0.0 (−2718.3318)b
−119.21
−114.87
101.23
23.76

Zero point energy
0.0 (0.110117)
21.17
20.16
17.99
15.98

◦
H298
0.0 (−2718.18928)
−104.41
−100.56
112.23
35.97

Relative energya
0.0 (−2714.0450)
−119.30
−115.45
153.10
11.80

a

At QCISD//UB3LYP/6-311++G (d,p) level, including the zero point energy obtained at UB3LYP/6-311++G (d,p)
without scaling.
b
Values in parenthesis are in hartree.

FIG. 4 Energy scheme for the CH2 Cl+O2 reaction. The left portion of the scheme (connected by solid lines) are calculated
at the QCISD//UB3LYP/6-311G++(d,p) levels. The right portion of the scheme (connected by dotted lines) are adapted
from Ref.[19].

Ref.[22], in which the energies were calculated at the
CASSCF/CASPT2 level. The geometries of reactant,
intermediate IM1 and its isomer IM2 and transition
state TS1 are shown in Fig.5.
At the beginning of the reaction, the CH2 Cl radical
associates with O2 to form an intermediate CH2 ClOO
(IM1). It is a barrierless process, happened within
a few collisions. The calculated electronic energy of
the intermediate IM1 is 119.2 kJ/mol lower than that
of the reactants at QCISD//UB3LYP/6-311++G (d,p)
level (See Table II). The calculated value is close to
the enthalpy value (−121.7±10.45 kJ/mol) measured
by Knyazev and Slagle [14].
Later, the isomerization from IM1 to IM2 changes
the dihedral angel Cl−C−O−O from 85.01◦ to 180.00◦ .
The energy difference between the two isomers is less
than 4.2 kJ/mol. The removal of Cl atom from
IM2 leads to IM3 via TS1 and this process is onestep concerted reaction, including Cl-elimination and
COO three-membered ring formation, which is the ratedetermining process of the reaction. The calculation at
UB3LYP/6-311++G (d,p) level gives the corresponding
energy barrier of 101.23 kJ/mol for this TS1, however,
the calculation at QCISD//UB3LYP/6-311++G (d,p)
level gives a higher one of 153.10 kJ/mol. The energetic CH2 Cl fragment, which is a radical and formed
DOI:10.1088/1674-0068/20/04/383-387

in the photolysis of CH2 ClBr, carries the available energy to overcome the energy barrier, yielding the key
intermediate dioxirane CH2 OO, IM3. In the later time,
a series of isomerization and decomposition may take
place with the IM3, yielding the final products CO and
CO2 . It is noticed that the branching ratio of CO/CO2
is as high as 72. It is interesting that the latter processes are analogous to the reaction of CH2 +O2 , which
has been investigated in our previous work [22-25]. The
final products in both the reactions are CO and CO2 .
The CO molecule is the main product in both the cases
[22].
IV. CONCLUSION

The reaction of CH2 Cl with O2 was investigated both
experimentally and theoretically. The nascent products
CO2 , CO were found by time-resolved Fourier transform IR emission spectroscopy. The spectra of nascent
products were simulated. The highest excitation levels of CO and CO2 (ν3 ) are v=4 and v=7, respectively. The reaction channel leading to CO is the major
channel. The reaction mechanisms were studied at the
QCISD//UB3LYP/6-311++G (d,p) level. O2 molecule
attacks CH2 Cl radical to form chloromethyl peroxy radical, which is followed by isomerization, Cl-eliminating
c
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FIG. 5 The optimized geometries of reactants, intermediate and transition state at the level of UB3LYP/6311++G(d,p). The black, white, green and red balls denote
C, H, Cl and O atoms, respectively. The bond lengths are in
Å, and the angles are in (◦ ). For interpretation of the color
in this figure legend, the reader can refer to the web version
of this article.

and COO three-membered ring formation to IM3. Subsequently, final products CO and CO2 are yielded via
different reaction pathways. Our experiment and calculation indicate that the major products are CO and
CO2 . Since the highest barrier is 153.10 kJ/mol higher
than the reactants, the reaction dose not occur under
the ambient conditions, in consistent with the experimental observation [26-28].
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