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The environmentally important free radical reaction of chlorinated methyl CHCl2 with NO2
was investigated by step-scan time-resolved FTIR (TR-FTIR) emission spectroscopy. Vibrationally excited products of CHClO, NO, CO, and HCl are observed in the high-resolution IR
emission spectra and three possible reaction channels are therefore elucidated. In particular,
the product CO is newly detected and the product HCl is identified explicitly as a yield from
the CHCl2 +NO2 reaction, taking advantage of the sensitive detection of HCl and CO with
TR-FTIR. These results are of particular interests to understand the related realistic chemical processes including atmospheric photochemistry, biofuel combustion, waste destruction,
and smoking fire.
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be important during the oxidation of chlorinated compounds, because traces of nitrogen oxides are also often
present [12].
Despite of their importance, chlorinated methyl radical reactions with NO2 have been the subject of few
direct studies. For CHCl2 +NO2 , the reaction kinetics was investigated by Timonen et al. using a tubular flow reactor coupled to a photoionization mass
spectrometer [13]. Several important results were reported. The rate constant was found to be pressureindependent but it obeyed the following dependence
over the temperature range 220-360 K: k=(8.90±0.16)
×10−12 (T /300)−1.48±0.13 cm3 /(molecule·s). In addition, their experiment indicated CHClO and NO to be
major products and also measured a weak signal of HCl
product.
Very recently, Li et al. reported theoretical calculation results on the reaction of CHCl2 with NO2
at the B3LYP and MC-QCISD (single-point) levels
[14]. Their calculation explored six reaction channels for the title reaction, i.e., P1(CHClO+ClNO),
P2(CHClO+ClON), P3(CCl2 O+HNO), P4(CCl2 O
+HON), P5(CCl2 +HONO), and P6(CHClO+Cl+NO).
Among these six reaction channels, they determined
that P1(CHClO+ClNO) was the most thermodynamically and kinetically accessible channel for the
CHCl2 +NO2 reaction which could explain why CHClO
and NO were the major products observed by Timonen’s experiments. Nevertheless, the theoretical
calculations did not explore other product channels
such as the channel forming HCl.
Evidently, the knowledge of the products and channels of the highly reactive CHCl2 +NO2 reaction remains uncertain although this information is highly desirable for understanding the reaction mechanism and
related combustion and atmospheric processes.

I. INTRODUCTION

The reactions of chlorine-containing radicals are playing key roles in a number of important environmental
issues, including stratospheric ozone depletion, and the
incineration of chlorine-containing chemical and polymeric wastes [1-5]. Chlorine-substituted small radicals,
such as CH2 Cl, CHCl2 , and CCl3 , contain additional
bonding due to the interaction of the unpaired electron
with the lone pairs of the chlorine. Also, these radicals
have unusually large out-of-plane mode anharmonicities caused by the unpaired electron [6]. In comparison
with non-chlorinated CH3 radicals, chlorinated methyl
radicals exhibit increased kinetic stability in the combustion environment as the number of chlorine increases
in methyl. This is due to the weaker C−O bonds in the
peroxy adducts formed by the addition of these methyl
radicals to molecular oxygen. Therefore, the reactions
between chlorinated methyl with O2 are relatively slow
and consequently, the importance of reactions of these
radicals with other open-shell species, such as H, O, OH,
NOx (x=1, 2), increases. On the other hand, nitrogen
oxides are known to be major atmospheric pollutants
released by combustion process [7,8].
In order to minimize the harmful effects before their
release into the atmosphere, one effective way is to
chemically reduce them by the reburning of the combustion products [9-11]. Therefore, the reactions of chlorinated methyl radicals with NO2 can be expected to
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In this work, we focus our examination on the multiple reaction products by means of step-scan timeresolved FTIR emission spectroscopy (TR-FTIR). Vibrationally excited products of CHClO, NO, CO, and
HCl are observed in the IR emission spectra, among
which the product CO is newly detected. Particularly,
we aim to identify explicitly the existence of an HCl
channel for the title reaction, taking advantage of the
sensitive detection of HCl with TR-FTIR because this
result is specifically important to identify the source of
HCl in many realistic chemical processes, e.g., atmospheric photochemistry, biofuel combustion, waste destruction, and smoking fire [15-17].

II. EXPERIMENTS

The reaction products are monitored by step-scan,
time-resolved FTIR emission spectroscopy [18,19]. The
step-scan FTIR spectrometer is commercially available
but requires significant modification for coupling with
pulsed laser and study of photolysis initiated free radical reactions. This newly upgraded machine comprises a Nicolet Nexus 870 step-scan FTIR spectrometer, Lambda Physik (LPX305i) Excimer laser and a
pulse generator (Stanford Research DG535) to initiate
the laser pulse and achieve synchronization of the laser
with data collection, two digitizers (internal 100 kHz 16bit digitizer and external 100 MHz 14-bit GAGE 8012A
digitizer) which offer fast time resolution and a wide
dynamic range as needed, and a personal computer to
control the whole experiment. The detector used in this
experiment is a liquid nitrogen (77 K) cooled InSb detector.
The reaction is initiated in a stainless steel flow
reaction chamber.
A pair of parallel multi-layer
coated mirrors (reflectivity R>0.95 at 248 nm) reflects
the UV laser beam multiple times to increase the
photolysis zone. CHCl2 radicals are generated by
248 nm photodissociation (100 mJ/(cm2 ·pulse), 10 Hz
repetition rate) of CHCl2 Br (Aldrich, purity>98%,
20 Pa) [20]. CHCl2 Br and NO2 (purity≥99.5%, 90 Pa)
enter the flow chamber 1 cm above the photolysis
beam via needle valves. The chamber is pumped by
an 8 L/s mechanical pump and the stagnation pressure
of the chamber is measured by an MKS capacitance
monometer.
The constant pressure of sample is
maintained by adjusting the pumping speed and the
needle valves. Transient infrared emission is collected
by a pair of gold-coated Welsh-Cell spherical mirrors
and collimated by a CaF2 lens to the step-scan Fourier
spectrometer (Nicolet Nexus 870). The spectrometer
and the collimating tube are both flushed with N2 to
prevent environmental CO2 absorption. The spectral
resolution is set at 0.5 cm−1 .
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III. RESULTS AND DISCUSSION
A. Detection of the reaction products

CHCl2 radicals are produced via photolysis of
CHCl2 Br at 248 nm. Following a σ ∗ ←n transition
with the transition dipole parallel to the C−Br bond, it
can be anticipated that the photolysis of CHCl2 Br only
gives rise to CHCl2 radical just like the behavior of the
analogous CH2 ClBr molecule [20,21]. Thus, this provides a good source for generating CHCl2 radicals for
the subsequent study of their reaction with NO2 . On
the other hand, due to the small absorption cross section of NO2 molecules at 248 nm (3.8×10−20 cm2 ), the
possible interference caused by the photodissociation of
NO2 (NO2 →O+NO) can be suppressed effectively by
adjusting the laser power intensity. It is estimated that
only a negligible amount (approximately 0.5%) of NO2
molecules underwent dissociation at the laser power of
100 mJ/cm2 and as a result, no IR emission signals due
to the photofragment NO was observed in the reference
experiment when pure NO2 was irradiated at 248 nm.
When the gas mixture of NO2 and CHCl2 Br was irradiated by 248 nm laser, strong IR emission bands were
observed as shown in Fig.1, which shows specific time
slices of the TR-FTIR emission spectra from 13 µs to
138 µs with a 0.5 cm−1 spectral resolution. Apparently,

FIG. 1 TR-FTIR emission spectra from the products of the
reaction of CHCl2 +NO2 taken at typical delay times after
the initiation of the reaction by 248 nm laser photolysis.
The spectra were collected using InSb detector at 0.5 cm−1
spectral resolution.
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these IR emission bands originate from the vibrationally
excited products of the CHCl2 +NO2 reaction.
IR emission spectra record the infrared fluorescence
emitted from vibrationally excited species due to a set
of vibrational transitions v→v−1 and thus the band is
generally much broader than normal static IR absorption spectra and the peak center exhibits somewhat of a
red shift relative to the fundamental frequency position
(1→0). As shown in Fig.1, these IR emission bands appear in a few microseconds and reach their maximum intensity at 24 µs. Four emission bands are observed and
three of them due to diatomic molecules are rotationally resolved. The rotationally resolved emission band
spanning from 2500-3100 cm−1 can be easily assigned to
the rovibrational transitions of HCl. The other two rotationally resolved emission bands 1950-2200 and 18401950 cm−1 are ascribed to rovibrational transitions of
CO and NO, respectively. The resolved rovibrational
lines of NO are partially superimposed on top of an irresolvable emission band which is most likely due to the
polyatomic molecule CHClO judging from its spectral
position [22,23]. Because the detector InSb cuts off at
1840 cm−1 , only part of the emission bands of CHClO
and NO is detected in the spectra. Among the four
reaction products, the polyatomic product CHClO decays faster than diatomic molecules NO, CO, and HCl
because the former undergoes faster vibrational relaxation. By the time 138 µs as compared to 24 µs, the
emission bands of CHClO can hardly be discerned underneath the spectra of NO because of its complete vibrational relaxation.

Kun-hui Liu et al.

FIG. 2 Representative spectral fitting results for the IR
emission bands of the product HCl at the reaction time of
24 µs. (a) Experimental spectrum; (b) Fitting spectrum; (c)
Difference, i.e., the residual of the subtraction of the fitting
spectrum from experimental spectrum.

B. Vibrational energy disposal of HCl

Due to the advantage of the broad band and the nature of IR emission, TR-FTIR emission spectra can provide the information of an almost complete vibrational
state distribution. The vibrational state distribution
is usually acquired by spectral fitting to experimental
IR spectra using nonlinear least-squares fitting procedures which has been described in detail in Ref.[24].
Figure 2 shows the representative spectral fitting results for the IR emission bands of the products HCl
from the CHCl2 +NO2 reaction. The rotational line
positions and intensities fit well with the experimental spectra, demonstrating further the unambiguous assignment of the spectra to HCl. The spectral fitting
yields the vibrational populations and rotational temperature. The rotational temperature of 300 K generates the best fitting results, indicating that the rotational excitation has been thermalized. This is reasonable because these spectra are acquired as early as 13 µs
after photolysis, corresponding to roughly 130 collisions
(with total pressure of 110 Pa), sufficient to equilibrate
rotational distribution. By spectral fitting, the vibrational populations of HCl are derived to be 1.00±0.05,
0.90±0.11, 0.11±0.01, 0.090±0.005 for the vibrational
DOI:10.1088/1674-0068/22/02/134-138

FIG. 3 Representative Boltzmann plot of the vibrational
distribution of HCl from the CHCl2 +NO2 reaction at the
reaction time of 24 µs. The straight line is the best fit of
the data to a Boltzmann distribution.

levels of v=1-4, respectively. The populations of HCl
can be roughly fitted by the Boltzmann distribution
with a vibrational temperature of Tv =4641±705 K as
shown in Fig.3. The corresponding average vibrational
energy is thus calculated to be about 13.4±2.0 kJ/mol.

C. Identification of reaction channels

From the detected products CHClO, NO, CO, and
HCl, the following possible reaction channels can be eluc
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cidated which are all thermodynamically feasible [25]:
CHCl2 + NO2 → CHClO + ClNO
o
∆H−
= −192.7 kJ/mol
→ HCl + NO + ClCO
o
∆H−
= −191.2 kJ/mol
→ HCl + ClNO + CO
−
o
∆H = −277.5 kJ/mol

(1)
(2)
(3)

These channels are all exothermic and thus give rise to
vibrationally excited products. Among the three reaction channels, channel (1) CHClO+ClNO is indicated
by both previous experimental [13] and previous theoretical studies [14]. In Timonen’s experiment, they
observed the products CHClO and NO which should be
ascribed to the CHClO+ClNO channel and the facile
subsequent dissociation of ClNO [13]. As calculated
by Li et al., this is the most favorable channel [14].
Here, we also observed the formation of the products
CHClO and NO, confirming further the existence of this
channel. Also interestingly, two other species HCl and
CO can be identified as primary reaction products from
CHCl2 +NO2 due to the fact that the formation kinetics
of HCl and CO are identical to the other two established
primary products CHClO and NO as shown in Fig.1.
The signal rise time is 24 µs for all the four products,
indicating the same formation rate and thus the same
origin. If HCl and CO are produced from secondary
reactions, they should be formed with slower rates.
The explicit identification of HCl in the IR emission
spectra confirms the previous experimental observation
of HCl with a small amount. Two reaction channels
(2) and (3) can both possibly yield HCl and this might
be the reason why the vibrational state distribution of
HCl is found not to obey Boltzmann distribution perfectly as shown in Fig.3. The finding of HCl as a reaction product of CHCl2 +NO2 indicates that the chlorinated hydrocarbon radical reactions should be important sources emitting the highly toxic and corrosive pollutants HCl in the related chemical processes such as
atmospheric photochemistry, biofuel combustion, waste
destruction, and smoking fire [15-17].
Here, CO is a newly detected product from which the
possible reaction channel (3) can be deduced. CO was
not detected neither experimentally nor predicted theoretically by previous studies. The reason why Timonen
et al. did not detect the product CO is probably due to
the fact that the sensitivity of their experimental system
is not known for all possible reaction products, just as
they claimed. Fortunately with the broad band technique TR-FTIR, some previously uncertain products
HCl and CO can be identified, providing an effective
method in detection of elementary reaction products
complementary to mass spectrometry.
Concerning the reaction mechanism, it has been
shown by Li’s calculation that the major reaction channel (1) proceeds via a simple three-step addition elimiDOI:10.1088/1674-0068/22/02/134-138
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nation path, i.e., the initial association of CHCl2 radical to NO2 forming the nitro-adduct HCl2 C-NO2 with
no barrier, followed by isomerization to the nitriteadduct H2 ClC-ONO, and the subsequent ClNO elimination from the nitrite adduct forming eventually
CHClO+ClNO. Because the intermediates and transition states involved all lie below the reactants, the
CHClO+ClNO channel is suggested to be both thermodynamically and kinetically favorable. However, for the
formation mechanisms of other products HCl and CO
observed in our experiment, Li’s calculation did not provide any information. We anticipate that these smaller
fragment products HCl and CO should proceed with
more complicated reaction mechanism differing from
CHClO. Further theoretical investigations are being undertaken to address these issues.
IV. CONCLUSION

Step-scan TR-FTIR emission spectroscopy was used
to characterize the products, channels and vibrational
energy disposal of the multichannel free radical reaction
of CHCl2 with NO2 . Vibrationally excited products
of CHClO, NO, CO, and HCl are observed in the IR
emission spectra and three possible reaction channels
forming respectively CHClO+ClNO, HCl+NO+ClCO,
and HCl+ClNO+CO are therefore elucidated. In particular, the product CO is newly detected and the
product HCl is identified explicitly to come from the
CHCl2 +NO2 reaction, taking advantage of the sensitive detection of HCl and CO with TR-FTIR.
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