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Reaction Mechanisms of C,Cl; + NO; via Nitro and Nitrite Adducts
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The atmospherically and environmentally important reaction of chlorinated vinyl radical with nitrogen dioxide
(C,Cl3 + NOy) is investigated by step-scan time-resolved Fourier transform infrared emission spectroscopy
and electronic structure calculations. Vibrationally excited products of CO, NO, Cl,CO, and NO, are observed
in the IR emission spectra. Geometries of the major intermediates and transition states along the potential
energy surface are optimized at the B3LYP/6-311G(d) level, and their energies are refined at the CCSD(T)/
6-311+G(d) level. The reaction mechanisms are characterized to be barrierless addition—elimination via nitro
(C2C13—NOy) and nitrite (C,Cl3—ONO) adducts. Four energetically accessible reaction routes are revealed,
i.e., the decomposition of the nitrite adduct forming C,Cl30 + NO and its sequential dissociation to CO +
NO + CCl3, the elimination of CINO from the nitrite adduct leading to CINO + C1,CCO, the Cl-atom shift
of the nitrite adduct followed by the decomposition to CCI3CO + NO, and the O-atom shift of the nitro
adduct followed by C—C bond cleavage forming CICNO + Cl,CO. In competition with these reactive fluxes,
the back-decomposition of nitro or nitrite adducts leads to the prompt formation of vibrationally excited NO,
and the long-lived reaction adducts facilitate the vibrational energy transfer. Moreover, the product channels
and mechanisms of the C,Cl; + NO; reaction are compared with the C;Hs + NO,; reaction to explore the
effect of chlorine substitution. It is found that the two reactions mainly differ in the initial addition preferentially
by the N-attack forming nitro adducts (only N-attack is plausible for the C,H; + NO, reaction) or the O-attack
forming nitrite adducts (O-attack is slightly more favorable and N-attack is also plausible for the C,Cl; +
NO; reaction). The addition selectivity can be fundamentally correlated to the variation of the charge density
of the end carbon atom of the double bond induced by chlorine substitution due to the electron-withdrawing

effect of chlorine groups.

1. Introduction

Reactions involving transient species of ONOX (X = OH,
F, Cl) are of significant importance for global atmospheric
chemistry and thus have been constantly studied.!”® For
example, for the three-body association reaction of Cl + NO,,
it has been shown both experimentally’ and theoretically®® that
both CIONO (nitrite adduct) and CINO, (nitro adduct) are
yielded and the former nitrite adduct accounts for the yield
dominantly by about 80%. The termolecular rate constant has
been determined to be 7.2 x 1073! ¢cm® molecule™ s~ The
reversed CIO + NO is an exothermic bimolecular reaction
characterized mainly by the dissociation of the adduct CIONO
to the products of Cl + NO,, and the reaction rate constant is
1.6 x 107" cm? molecule™! s71.3

In comparison, for hydrocarbon radicals reacting with NO,
which should have more complicated mechanism, such as the
C,Hj; radical reaction with NO,, investigations are relatively
scarce. The C,Hj3 radical is very reactive toward NO,, and the
reaction occurs via bimolecular processes. Geppert et al.!?
measured the rate constant for this reaction to be [(4.19 % 0.05)
x 107177300 K)~0-60+0.07 ¢m3 molecule™! s™! and observed
NO as the only product. They also performed calculations at
the level of RMP2/6-311+G(d,p) and revealed that the reaction
proceeds through the intermediates of nitroethylene (C;H3;NOy)
and vinyl nitrite (CoH30NO). The N-site attack of NO, was
found to be favored, and thus the nitroethylene is initially
formed. The energized nitroethylene can surmount the barrier
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rearranging to vinyl nitrite which subsequently decomposes into
the final products of C;H30 + NO. The nitro—nitrite rearrange-
ments are found to be crucial in the mechanism. The following
possible reaction pathways were proposed.

AH (kJ+mol™") (from the ab initio
calculation, ref 10)

C,H; + NO, — C,H;0 + NO —206.3
— CH;CO + NO —269.8
— CH, + HNO;, —203.8

It would be interesting to study the title reaction C,Clz +
NO; which might feature both characters of the Cl + NO, and
CyH; + NOs; reactions and thus is expected to have rich and
complicated chemical transformations. Moreover, valuable
insights can be gained to the influence of chlorine substitution
on the reaction mechanisms by comparing the C,Clz + NO,
reaction with the C;Hs + NO, reaction.

C,Cl; radicals are known to be involved in the most important
and sensitive reactions affecting the burning and pyrolysis of
chlorine-rich unsaturated chlorinated hydrocarbons (CHCs),
especially during incineration of municipal solid waste (MSW)
such as poly(vinyl chloride),'!~!* which generally releases bad
pollutants to atmosphere. It is therefore of fundamental impor-
tance to study the C,Cls + NO; reaction for developing a better
understanding of the combustion chemistry of CHCs and related
atmospheric chlorine chemistry.
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Except for a few kinetics measurements on the reaction rate
constants for the reaction of C,Cls with either O, or Cl,,!3-16
the elementary reaction products, channels, and mechanisms for
the C,Cl; reactions are generally unknown. Systematic studies
to characterize the elementary reactions of the C,Cl; radicals
are in progress in our laboratory. As a serial work prior to this
study, we have studied the reaction of C,Cls radical with O,
both theoretically!” and experimentally.!'® For the title reaction
C,Cl3 + NO,, there is no data available for the reaction rate
constant. The only reported study is our very preliminary
experiments'® with only the identification of CLLCO, NO, and
CO as the reaction products. The detection of the products was
incomplete because the detector used, InSb, can only record IR
spectral bands higher than 1850 cm™!, and thus molecules with
IR-active bands at lower vibrational frequencies were missed.

In this work, we intend to study the C,Cls + NO, reaction
comprehensively by combining the experimental measurements
with the electronic structure calculations. The elementary
reaction products are detected by means of step-scan time-
resolved Fourier transform infrared emission (TR-FTIR) spec-
troscopy which is an effective technique probing multiple IR-
active reaction products in real time due to its multiplex
advantage and nanosecond time resolution. Two detectors, InSb
and MCT, are used together to obtain full scope spectra and
complete identification of the IR-active reaction products.
Electronic structure calculations at the CCSD(T)/6-311+G(d)//
B3LYP/6-311G(d) level are performed to characterize the
reaction mechanisms forming these products. By exploring the
energies and geometries of the major intermediates and transition
states along the potential energy surface, the minimum energy
reaction paths for the energetically accessible product channels
are obtained. In combination with the experimental TR-FTIR
spectroscopic detection of the reaction products, the following
reaction channels and their formation mechanisms are revealed
for the first time, viz.:

C,Cl, +NO, —C,CL0 + NO— CCL,CO +NO—CO +
NO + CCl, — CICNO + CL,CO — CINO +
CL,CCO < C,CI,NO, (or C,CL,ONO)

Moreover, the product channels and mechanisms of the C,Cl3
+ NO; reaction are compared with those of the C;H; + NO,
reaction to explore the influence of chlorine substitution. The
influence is correlated to the variation of the charge density of
the double-bond carbon atom induced by chlorine substitution
due to the electron-withdrawing effect of chlorine groups.

2. Experimental and Theoretical Methods

The reaction products are monitored by step-scan, TR-FTIR
spectroscopy. 820 The instrument comprises a Nicolet Nexus
870 step-scan FTIR spectrometer, Lambda Physik (Compex-
Pro102) 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 16-bit 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 the liquid
nitrogen cooled InSb detector or MCT-A detector.

The reaction is initiated in a stainless steel flow reaction
chamber. A pair of parallel multilayer coated mirrors (reflectivity
R > 0.95 at 248 nm) reflect the UV laser beam multiple times
to increase the photolysis zone. C,Cl; radicals are generated
by 248 nm photodissociation (50 mJ+cm™2-pulse™!, 10 Hz
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repetition rate) of C,Cls. Samples of C,Cly (=99%) and NO,
(=299.5%) 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. Typically, C,Cls (10 Pa) and NO, (70
Pa) are used to keep pseudo-first-order reaction conditions.
Transient infrared emission is collected by a pair of gold-coated
Welsh cell spherical mirrors and collimated by a CaF, lens to
the step-scan Fourier spectrometer (Nicolet Nexus 870). The
flow rate is fast enough to replenish the sample at each laser
pulse running normally at a repetition rate of 10 Hz as described
in detail previously.'®

Theoretically, the geometries of the reactants, products,
various intermediates, and transition states are optimized using
the hybrid density functional theory, i.e., Becke’s three-
parameter nonlocal exchange functional with the nonlocal
correlation functional of Lee, Yang, Parr (B3LYP) with the
standard 6-311G(d) basis sets.2!22 For the current reaction
involving eight heavy atoms, the B3LYP/6-311G(d) level of
theory is a balanced method considering the computational
efficiency and accuracy. Moreover, the B3ALYP/6-311G(d) level
of theory is able to suppress effectively the problem of spin
contaminant. Harmonic vibrational frequencies and the zero-
point energies (ZPE) are calculated at the same level with the
optimized geometries. The intermediates are characterized by
all the real frequencies. The transition states are confirmed by
only one imaginary frequency. Connections of the transition
states between two local minima have been confirmed by
intrinsic reaction coordinate (IRC) calculations at the B3LYP/
6-311G(d) level.?® To obtain more reliable energetic data, single-
point electronic energies are calculated at the CCSD(T)/6-
311+G(d) level using the B3ALYP/6-311G(d) optimized geometries.
All of the theoretical calculations are performed with the
Gaussian 03 program package.?*

3. Results and Discussion

3.1. Experimental Detection of the Reaction Products. In
the present experiment, C,Cl; radicals were generated by KrF
laser photolysis of C,Cly at 248 nm and are the only reactive
radicals produced from the photolysis: "

hv
C,Cl, E C,CL,+Cl
hv
—C,CL,+Cl,

248 nm
The ClI atoms do not react with NO; via bimolecular processes
to produce ClO + NO since the reaction is endothermic by 42.4
kJ+-mol~1.3 Instead, the reaction of Cl atoms with NO, occurs
via three-body association with a termolecular rate constant of
7.2 x 1073" cm® molecule™ s~1.2 Under the present total
pressure of 80 Pa, it is estimated that the three-body association
reaction occurs slowly on a time scale of tens of milliseconds.
The other photofragments, the chlorinated acetylene C,Cl, and
Cly, are stable molecules. They are not expected to react with
NO; molecules as fast as the radical fragment C,Cl; (the reaction
rate constant of C,Cls radical with NO, was not measured
before, but it should be comparable to its analogy C,H3 + NO,
reaction with the room-temperature reaction rate constant
reported'? to be (4.19 & 0.05) x 107" cm? molecule™ s7').
Therefore, all the coexisted photofragments Cl, Cl,, and C,Cl,
are not likely to compete with the highly reactive C,Cl; radicals
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in their reaction with NO, molecules within the time scale of
experimental measurements, i.e., tens of microseconds.”® The
photodissociation of C,Cly molecules provide a good source of
C,Cl; radicals for the study of its consecutive reaction with NO,
molecules.

It is first desirable to characterize the energy of the reactant,
i.e., the photolytically produced C,Cl; radicals. UV absorption
spectra measured by Berry?® shows that chloroethylenes C,H;Cl,
C,H,Cl,, C,HCl3, and C,Cly all have two absorption bands in
a region between 260 and 140 nm. A broad absorption band at
~200 nm is assigned to the st* <— s transition. Both 193 and
248 nm excitation falls into this absorption band, corresponding
to the st* — o transition. Except C,Cly, the photodissociation
of a series of chloroethylenes including C,H3Cl, C,H,Cl,, and
C,HCI; has been well studied with photofragment ion imaging
or photofragment translation spectroscopy.?’ 32 These studies
have demonstrated that following the s7* <— 7 transition at 193
nm, the photodissociation mechanisms for various chloroeth-
ylenes are basically the same and the dominant pathway is the
C—Cl bond rupture through predissociation via the crossing of
the str* state with the repulsive sto* state to give rise to fast
ClI atoms. The measured average translational energy fraction
ranges from 43.4%, 42.2%, and 36.6% for C,H;Cl, C,H,Cl,,
and C,HCI; photodissociation, respectively. The photodisso-
ciation of C,Cly should follow the same mechanism to other
chloroethylenes, and thus the translational energy release can
be evaluated to be mostly close to that of C,HCI3;, maybe a
little smaller according to the trend shown with the CI-
substitution. Supposing 36% of energy released into the transla-
tion, the average translational energy and internal energy of the
C,Cl; radicals is estimated to be 11.6 and 61.7 kJ-mol™!,
respectively, with the available energy of 97.4 kJ*mol~! from
the photodissociation of C,Cly at 248 nm. The photolytically
produced C,Cl; radicals are vibrationally excited. The vibrational
relaxation could possibly occur on a time scale of at least a
few microseconds for the C,Cl; radical. Thus, hot C,Cl; radicals
are involved in the consecutive reaction with NO, molecules.
But no IR emission signal due to vibrationally excited C,Cl3
radicals was detected in the TR-FTIR spectra in the reference
experiment of the 248 nm photolysis of pure C,Cly. The reason
is that the only vibrational mode of C,Cly falling within the
spectral detection range, the C=C stretch of 1634 cm™!, has
very weak IR intensity. This provides a background-free
detection of the reaction of C,Cl; with NO,.

Due to the small absorption cross section of NO, molecules
at 248 nm (3.8 x 10720 ¢cm?), the possible interference caused
by the photodissociation of NO, (NO, — O + NO) can be
suppressed effectively by adjusting the laser power intensity. It
is estimated that only a negligible amount (approximately 0.2%)
of NO, molecules undergoes dissociation at the laser power of
50 mJ-cm™2, and as a result, no IR emission signals due to the
photofragment NO was observed in the reference experiment
when pure NO; was irradiated at 248 nm.

Once the gaseous mixture of 70 Pa NO;, and 10 Pa C,Cly
was irradiated at 248 nm, several IR emission bands were
observed as shown in Figure 1. These IR emission bands are
originated from the vibrationally excited products of the C,Cl3
+ NO; reaction. Laser power dependence of the product yields
has been measured to be 1.2 4 0.2, indicating that the photolysis
is a one-photon process and only the subsequent C,Cl; + NO;
reaction gives rise to these product IR emission signals.

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
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Figure 1. Product TR-FTIR emission spectra from the reaction of C,Cl3
+ NO, taken at typical delay times from 2 to 30 us after initiation of
the reaction by 248 nm laser photolysis. The spectra were collected
using the lower sensitivity, but higher spectral range (720—5000 cm™"),

MCT-A detector: (a—d) spectral resolution of 16 cm™!; (e) spectral

resolution of 0.5 cm™'.

broader than normal static IR absorption spectra and the peak
center exhibits somewhat red shift relative to the fundamental
frequency position (1 — 0). As shown in the 16 cm™! resolution
spectra in Figure 1, there are basically three IR emission bands
spanning 1500—1700, 1700—2000, and 2000—2200 cm™!,
respectively. To help assigning these bands, high-resolution (0.5
cm™!) spectra were collected and the typical spectra are also
included in Figure 1. The rotationally resolved emission band
from 2000 to 2200 cm™! is ascribed to several sets of
rovibrational transitions of CO(v — v — 1). The 1700—2000
cm~! emission is actually comprised of two bands. The
rotationally irresolvable band centered at 1802 cm™! is most
likely ascribed to the polyatomic molecule Cl,CO v; (funda-
mental frequency at 1827 cm™!).!8 The other rotationally
resolved band superimposed on top of the Cl,CO band is due
to the rovibrational transitions of NO(v — v — 1). The partially
resolved band from 1500 to 1700 cm™! should arise from NO,
v3 (fundamental frequency at 1618 cm™!).

The spectra shown in Figure 1 were collected with the lower
sensitivity, but wider spectral range (720—5000 cm™!), MCT-A
detector. The detector can record the full scope emission bands
of the four products of CO, NO, CI,CO, and NO,, allowing a
complete identification of the IR-active reaction products. But
due to its lower sensitivity, the signal-to-noise (S/N) ratio of
the high-resolution (0.5 cm™!) spectra is relatively poor. To
obtain 0.5 cm™! spectra with better S/N, the higher sensitivity
detector InSb was applied in another measurement, and the
spectra are displayed in Figure 2. The two rotationally resolved
emission bands of CO and NO can be explicitly observed and
identified with the InSb detector. However, only part of the
spectra of Cl,CO is recorded with InSb because the probe cuts
off at 1850 cm™ L.

A spectral fitting has been performed for the rotationally
resolved CO and NO emission bands using the spectral constants
of these two molecules and a nonlinear least-squares fitting
program which has been described in detail elsewhere.??
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Figure 2. (a) Representative experimental TR-FTIR emission spectra at the reaction time of 16 us collected using the higher sensitivity InSb
detector which cuts off at 1850 cm™". (b and c¢) Representative spectral fitting results for the IR emission bands of the products NO (b) and CO (c).
The difference between the experimental spectrum and the corresponding fitted spectrum is also shown at the bottom.

Representative fitting results, shown in Figure 2, demonstrate
further that these two bands are ascribed to CO and NO
molecules. The best fitted rotational temperature is 300 K,
indicating that the rotational excitation has been thermalized.
About 60 collisions take place within 16 us at the total pressure
of 80 Pa, which is sufficient to quench the rotational excitation
to room temperature but not to alter the vibrational excitation
much. For the 16 us NO emission band, the best fitted
vibrational populations of NO are 1/0.28/0.23 for the vibrational
levels of v = 1—3 indicating that the band is comprised of three
Av = —1 progressions of rovibrational transitions. For the 16
us CO emission band, the best fitted vibrational populations of
CO are 1/0.33/0.17/0.14/0.09/0.07/0.06/0.04 for the vibrational
levels of v = 1—8. The IR emission band of CO is therefore
attributed to eight Av = —1 progressions of rovibrational
transitions.

All of the product signals appear within 2 us and grow to
their maximum intensity at roughly 8 us. The identical rise time
of the four emission bands indicates that the four products CO,
NO, CI,CO, and NO, are originated from the same reaction,
i.e., the C,Cl; + NO; reaction. Same as the formation kinetics
of the other three vibrationally excited products, the IR emission
from NO; rises promptly after the laser pulse suggesting that
NO, should be ascribed to the formation—dissociation equilib-
rium of the reaction adducts C,CIsNO, or C,CI50NO.

C,Cl, + NO, < C,CI,NO, (or C,C1,ONO)

The formation of the long-lived collision complex C,CI3NO,
or C,CI30NO facilitates the energy transfer between C,Clz and
NO,, leading to the prompt formation of vibrationally excited
NO,. The hot C,Cls radicals possess enough internal energy,
estimated to be 61.7 kJ*mol™!, to excite the antisymmetric
stretch mode of NO,, and thus the IR emission band of NO,
(v3) is observed as shown in Figure 1. It is not likely that the
vibrationally excited NO, arise from the vibrational energy
transfer between NO, and other hot molecules (reactants or

products) without forming a complex because this kind of
vibrational energy transfer occurs on a slower time scale with
the formation rate of NO; being slower than that of CO, NO,
and CI,CO, but in fact these four species are formed with
identical rates as shown in Figure 1.

3.2. Reaction Mechanisms. The products CO, NO, Cl,CO,
and NO, from the C,Cl; + NO, reaction have been identified
from the time-resolved IR emission spectral measurements.
Electronic structure calculations are performed to characterize
the reaction mechanisms forming these products. The reaction
between the two doublet reactants can proceed either on the
singlet surface or the triplet surface. The possibility of the
reaction proceeding on the triplet surface has been excluded
because the calculation shows that significant entrance barriers
exist on the triplet surface. In addition, no triplet reaction
products are observed in the experiment. Therefore, the fol-
lowing discussion is based on the electronic structure calcula-
tions on the singlet surface. Geometries of the reactants,
products, various intermediates, and transition states are opti-
mized at the B3LYP/6-311G(d) level, and their single-point
energies are refined at the CCSD(T)/6-311+G(d) level using
the B3LYP/6-311G(d) optimized geometries. Figures 3 and 4
present the optimized structures and energy diagram of the key
intermediates and transition states along the potential energy
surface, respectively.

Detailed reaction mechanisms are revealed for the thermo-
dynamically accessible reaction channels listed in Table 1. As
shown in Table 1, the predicted heats of reaction based on the
CCSD(T)/6-311+G(d)//B3LYP/6-311G(d) level of calculation
agree well with the experimental values. Thus, the present
computational method is expected to provide reliable energetic
and mechanistic information for the C,Cl; + NO, reaction.

3.2.1. Initial Association. Figure 4 shows the profiles of the
potential energy surface for the C,Clz + NO, reaction. For
conciseness, only the energetically accessible reaction routes
related to the formation of the observed reaction products are
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Figure 3. Structures of the intermediates and transition states involved in the C,Cl; + NO, reaction. Bond distances are in angstroms, and bond

angles are in degrees.

displayed. The reaction starts with the barrierless addition of
the NO, to C,Cl; radicals in two ways: the N-attack forming
the nitro adduct C,Cl3—NO, (IMn1) and O-attack forming the
nitrite adduct C,Cl3;—ONO. The initial O-attack leads to the trans
conformation nitrite adduct IM1t which isomerizes to the cis
conformation nitrite adduct IM1c subsequently via a low barrier
of 10.3 kJ-mol~!. But the nitro—nitrite rearrangement (IMn1
— IM1¢t) requires surmounting a high barrier of 222.2 kJ -mol ™!
which is irrelevant to the mechanism discussion and thus not
depicted in Figure 4.

Overall, this reaction can be regarded as recombination
processes between two radicals without an entrance barrier. Both
the N-attack nitro adduct and O-attack nitrite adduct can be
formed directly from the reactants. This can be confirmed by
calculating the relaxed potential energy curves for the formative
process of IMnl and IM1t at the B3LYP/6-311G(d) level as
shown in Figure 5. For the formative process of IMnl, the
forming C—N bond is fixed at the values from 1.3 to 4.0 A
with an interval of 0.1 A and from 4.0 to 10.0 A with larger
intervals, and the other geometric parameters are optimized for

each value of the C—N distance. For the formative process of
IM1t, the forming C—O bond is fixed at the values from 1.2 to
4.0 A with an interval of 0.1 A and from 4.0 to 10.0 A with
larger intervals, and the other geometric parameters are opti-
mized for each value of the C—O distance. In both scanning
processes, the geometries still resemble their initial N-attack
nitro or O-attack nitrite character without rearranging to each
other. The further optimization of the two minima along the
potential energy curves leads to the intermediate IMnl with
the equilibrium C—N distance of 1.50 A and IMIt with the
equilibrium C—O distance of 1.32 A, respectively. The binding
energy of IMnl and IM1t are further refined at the CCSD(T)/
6-311+G(d) level to be 235.3 and 263.8 kJ-mol~!, respectively.
As clearly exhibited in Figure 5, both formative processes
proceed on attractive potential energy surfaces, indicating that
the N-attack nitro adduct and O-attack nitrite adduct can both
be formed directly from the reactants barrierlessly. In view of
the binding energy, the O-attack addition forming nitrite adducts
is slightly more favorable than the N-attack addition forming
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TABLE 1: Predicted Heats of Reaction Based on the
Electronic Structure Calculations and the Available
Experimental Values

AH (kJ-mol 1)
AH (kJ-mol™))  (CCSD(TY
(exptl)* 6-311+G(d))’
C,Cls + NO, — C,CLO + NO  —285.6  —287.3
— CCLCO + NO —201.7  —2246
— CO + NO + CCl; —2193  —2487
— CICNO + C1L,CO —274.3
— CINO + CL,CCO -228.5
— C,Cl, + CINO, -3.1 -0.8

< C,CINO; (or C,CI30NO) —235.3 (or —284.9)

“The experimental AH are obtained using the data in NIST
webbook  (http://webbook.nist.gov). * The AH obtained from the
electronic structure calculations of this work.

nitro adducts. Both adducts are highly energized and followed
with isomerization or decomposition leading to final products.

3.2.2. Pathway via Nitro Adducts. Starting from the nitro
adduct C,Cl3—NO; (IMnl), there is a four-center isomerization
route leading to the intermediate IMn2 via a transition state of
TSnl with a fairly high barrier of 176.0 kJ+mol™!. With the
strengthening of the C—N bond, one of the N—O bonds
elongates and the leaving O atom is shifted to the C2 atom
forming the intermediate IMn2. Meanwhile, the CC bond is
lengthened and weakened to a single bond from double bond.
Subsequently, the CC bond of IMn?2 breaks readily to form the
final products CICNO + CIl,CO via the transition state TSn2.

3.2.3. Pathway via Nitrite Adducts. In parallel to the nitro
adduct C,Cl3—NO; (IMnl) route, the reaction can proceed
through nitrite adducts C,Cl3—ONO. The initially formed trans
C,CI;—ONO IM 1t isomerizes to the cis C,Cl;—ONO IM1c¢ from
which three reaction routes are open. The energetically most
favorable route is the facile dissociation of IM1c C,Cl3—O'NO?
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Figure 5. Relaxed potential energy curves for the formative process
of the nitrite adduct IM1t (a) and the nitro adduct IMnl (b) in the
C,Cl;3 + NO; reaction calculated at the B3LYP/6-311G(d) level. R is

the bond distance.

forming C,C130 + NO. In the loosely structured intermediate
IMlIc, the O'—N bond (1.80 A) is significantly longer than that
(1.19 A) in NO,. Thus, the O'—N bond has been significantly
weakened when NO, is added to C,Cl; and the O'—N bond is
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naturally cleaved afterward. The dissociation is barrierless and
even slightly exoergic, yielding more energized fragments of
C,CI30 + NO. The subsequent isomerization of the C,Cl;0
radical surmounts a barrier of 143.0 kJ-mol~! forming CCI;CO
radical which may further dissociate to the smaller products of
CClz + CO readily with surmounting a low barrier of 19.4
kJ-mol~!. Overall, this reaction route is characterized by the
two-step dissociation of the nitrite adduct C,Cl3—ONO (IM1c),
yielding NO and CO in sequence. It should be confident that
the C,CI30 + NO are the nascent products of the C,Clz + NO,
reaction. The subsequent isomerization and dissociation of this
channel may contribute to the formation of the products of
CCI3CO + NO and CCl3 + CO + NO.

The second reaction route starting from IM1c¢ involves a Cl-
atom shift from C1 atom to C2 atom forming the intermediate
CCI3CONO (IM2) via a transition state TS1 which lies 77.1
kJ+mol~! below the reactants. The subsequent dissociation of
IM2 is also barrierless and thus feasible, yielding the products
of CCI;CO + NO which may further dissociate to CClz + CO
+ NO.

The third reaction route starts from the isomerization of IM1c
C,Cl3—0O'NO? to the intermediate IM3 which can be described
as an internal abstraction of the N—O? moiety from C1 atom to
C2 atom accompanied with the breaking of the significantly
weakened O'—N bond (the bond length to be 1.80 A). This
isomerization process requires overcoming a fairly low barrier
of 16.9 kJ-mol~! and thus is facile. Sequentially, the four-center
elimination of CINO from the intermediate IM3 gives rise to
the final products of CLLCCO + CINO.

Other reaction routes have also been explored. For example,
in analogy to the C;Hs + NO, reaction, there should also be a
channel producing C,Cl, + CINO,. The calculation shows that
this channel is slightly exothermic by only 0.8 kJ-mol~! and
proceeds through the elimination of CINO, from the intermediate
IM1c with surmounting a huge barrier which is 147.2 kJ +mol ™!
above the reactants and thus is energetically inaccessible.

3.2.4. Comparison with the Experiment. In summary, there
are four reaction routes via either the nitro adduct or the nitrite
adduct revealed in the above discussion, namely,

C,Cl; +NO,—IMnl —TSnl —IMn2 —TSn2 —
CICNO + CL,CO (1)
C,Cl; +NO,— IM1t— TSct —IMIlc— C,CL,0 +
NO—TS3 — CCl,CO +NO—TS7— CCl; + CO + NO
2
C,Cl;+NO, —~ IM1t—TSct—IM1lc—TS1—
IM2 — CCI,CO +NO (3)
C,Cl; +NO,— IM1t— TSct —IMlc—TS2 —
IM3 — TS5 — CI,CCO + CINO (4)

All channels are exothermic, and all barriers are below the
reactants and thus energetically accessible. The reaction route
2 involving the barrierless decomposition of the nitrite adduct
IMIc forming C>CI30 + NO should be the most energetically
favorable, and thus the C,Cl30 + NO channel is predicted to
be the major reaction channel. The products of NO and CO
observed in the IR emission spectra are therefore mainly arising
from this channel and its sequential dissociations. On the other
hand, detection of the strong vibrational excitation of the
products of NO up to v = 3 and CO up to v = 8 consists with
the calculated large exothermicity of these channels. The
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reaction route 4 proceeds through fairly low barriers and is also
facile. In comparison, the reaction routes 1 and route 3 are rate-
limited by surmounting a high energy barrier in the first step of
the adduct isomerization and are less favorable. But owing to
the large amount of excess energy deposited into the nitro and
nitrite adducts, these reaction routes are all energetically
accessible, and therefore corresponding products NO, CO, and
CIL,CO are observed in the IR emission spectra. Kinetically, the
four reaction routes should compete with each other, and this
might be the reason why neither product CINO or Cl,CCO via
the reaction route 4 is observed in the IR emission spectra.
Calculations of the reaction rate constants should help in
evaluating the branching ratios for various reaction pathways,
but it is beyond the scope of the current study.

It is interesting that vibrationally excited NO, is observed
simultaneously with the other reaction products as the back-
decomposition of the nitro C,CIsNO; or nitrite C,ClI30NO
adduct, most likely, the nitro adduct C,CI3NO,. As shown in
Figure 4, for C,CIsNO; the forward isomerization reaction
proceeds via TSnl and requires surmounting a barrier nearly
as high as the back-dissociation energy of the adducts. In
addition, the backward decomposition to reactants gains entropy,
whereas the forward reaction via tight, lower energy transition
state (TSn1) leading to products loses entropy despite its large
exothermicity. Consequently, the backward decomposition of
the energized adduct C,CI3NO, to reactants is expected to
compete with the forward reactive fluxes forming various
products. Especially for the initial photolytically produced hot
C,Cl; radicals possessing internal energy of approximately 61.7
kJ-mol~!, the backward reaction is competitive and becoming
even more favored than the forward reaction if the reactant
possesses high enough energy.* As the vibrationally excited
C,Cl; radicals relax to the ground state by collisional energy
transfer, the backward reaction shuts off and the forward reaction
becomes dominant. The low-energy part of the population makes
the major contribution to the forward reactive flux, whereas the
high-energy part contributes to the backward decomposition.

The covalent interaction between NO, and C,Cl; in the
adducts significantly facilitates energy transfer, allowing prompt
production of the vibrationally excited NO,. The O'—N bond
(1.80 A) in the nitrite C,Cl30NO adduct is significantly longer
than that (1.19 A) in the free NO, molecules. As a result, it is
anticipated that the antisymmetric stretch of NO; is vibrationally
excited, and this has been clearly observed in the IR emission
spectra. Similar enhancement of vibrational energy transfer due
to the formation of the long-lived reaction adducts has also been
observed before.?*

3.3. Comparison with the C;H3; + NO; Reaction. In
comparison with the C;H; + NO, reaction,!® the mechanisms
of the C,Cl; + NO; reaction are similar and the dominant
product channel is also the same, i.e., the decomposition of the
nitrite adduct C,Cl3—ONO forming C,C130 + NO. However,
some differences do exist indicating that the chlorination of the
vinyl radical tends to influence the reaction to some extent.

In the C,H;3 + NO; reaction,!© the reaction route to produce
C,H;30 + NO was found to proceed through the rearrangement
of the N-attack adduct nitroethylene C,H3;—NO, to vinyl nitrite
C,H3;—ONO followed with subsequent decomposition. The rate-
limiting step is the nitro—nitrite rearrangement surmounting a
high barrier of 230.3 kJ-mol~!. In comparison, the analogous
reaction route leading to C,Cls0 + NO in the C,Cl; + NO,
reaction is through the decomposition of the O-attack nitrite
adduct C,Cl3—ONO which can be formed directly from the
reactants. There are no barriers along the reaction route.
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TABLE 2: Mulliken Atomic Charge Calculated at B3LYP/
6-311g(d,p) Level

Charge (C)) Charge (Cy)
H H
L]
\01: 2/ -0.239 -0.148
/ e
H
H Cl
\ e
C,—0C, -0.217 -0.058
/ S}
H
Cl Cl
N,/
/01:(®:2 -0.264 0.039
H
CI\ /CI
Ci—¢C, -0.232 0.055
/S e

@)

Kinetically, the formation of C>Cl;0 + NO should be more
favored than that of C,H30 + NO for these two similar
reactions.

Besides the dominant channel of C,Cl30 + NO, the reaction
paths leading to several other product channels, i.e., CCl3CO
+ NO, CICNO + Cl,CO, and Cl,CCO + CINO, are also
calculated to be accessible, and thus multiple reaction products
CO, NO, CI,CO, and NO; corresponding to these channels are
observed in the IR emission spectra. But for the C;Hs + NO;
reaction, Geppert et al.’s calculation'® showed that the C;H;0
4+ NO channel seems to be the only energetically accessible
reaction pathway. Another possible channel producing CoH, +
HNO; proceeds through the elimination of HNO, from the nitrite
adduct C;H;0NO by surmounting a huge barrier which is 401.3
kJ+mol~! above the reactants and thus is not accessible. In fact,
only the product of NO was observed in their experiment. Other
potential products including CH3CO, C,H3NO,, C,H,, HNO,,
and C,H30 were searched but not detected. In comparison to
the C,Hz + NO; reaction, the chemical transformations of the
C,Cl; + NOj; reaction are rich and complex.

In the initially formed adducts for the reaction of C,Clz +
NO,, both of the N-attack nitro adduct C,Cl3;—NO, and O-attack
nitrite adduct C,Cl3—ONO can be formed directly from the
reactants and the O-attack addition is slightly more favorable
in view of the binding energy. In comparison, for the reaction
of C,H3 + NO,, only the N-attack addition forming nitroeth-
ylene C,H3—NO; from the reactants was found to be plausible
according to Geppert et al.’s calculation.!® Their calculations
excluded the possibility of the O-attack addition forming vinyl
nitrite C,H3—ONO from the reactants because the calculation
of the formative process of the vinyl nitrite C;H3;—ONO at
different fixed C—O distances and all other geometry parameters
variable showed that the nitrite geometry rearranges to the nitro
geometry during this process.

For these two reactions of C,Clz + NO, and C,Hz + NO,,
the initial addition differs in the N-attack or O-attack association.
This addition selectivity can be fundamentally correlated to the
varied atomic charge of the radical site as a result of the chlorine
substitution. Although this charge is not easily measurable, it
can be consistently defined as, for example, in the Mulliken
scheme in which an overlap charge density is divided equally
between two atoms. These charges are calculated by Gaussian
programs, and Table 2 shows the Mulliken atomic charge
calculated at the level of B3LYP/6-311g(d,p). As the H atom
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is substituted by Cl atom successively from C,H;s, C,H,Cl,
C,HCl,, to C,Cl; the charge of the radical site C atom changes
its polarity from negative to positive due to the electron-
withdrawing induced effect of the Cl atom. Consequently, the
addition of the reactant NO, (with the N atom positively charged
by 0.332 and the O atom negatively charged by —0.166) to the
radical C,Hs or C,Cls might be selectively different. The
addition of NO, to C,H3; might be favored in the way of N-attack
with the positively charged N atom being attached to the
negatively charged C atom of the radical site, but the addition
of NO, to C,Cl3 might be favored in the way of O-attack with
the negatively charged O atom being attached to the positively
charged C atom of the radical site. On the other hand, because
both of the radical site C atom of the C,Cl; (or CoH3) and the
N-terminate of NO, have a single electron, the N-attack addition
is expected to be plausible for both of the C;H; + NO, and
C,Cl3 + NO; reactions which can be regarded as recombination
processes between two radicals.

Moreover, the chlorination affects the reaction thermochem-
istry. In view of the binding energies, the nitrite adduct
C,CI;—ONO (284.9 kJ *mol ! for the cis conformation) is more
stable than the nitro adduct C>,Cl;—NO, (235.3 kJ-mol™!) for
the C,Cl3 + NO, reaction, but on the contrary for the C,Hs +
NO, reaction, i.e., the nitro adduct, C;H3—NO» (313.6 kJ*mol 1)
is more stabilized than the nitrite adduct C,H3;—ONO (301.9
kJ-mol ™! for the cis conformation).!? The decomposition of the
nitrite adduct C,Cl3—ONO forming C,C130 + NO (slightly
exothermic by 2.4 kJ-mol™!) is more facile than the decomposi-
tion of the adduct C,H3—ONO forming C,H30 + NO which
requires 97.7 kJ+mol™! of energy to break the O—N bond.!?
Also, it is interesting to note that the exothermicity of a few
channels in the C;Hs + NO, reaction is greatly reduced in the
C,Cl3 4+ NO; reaction. For example, the CINO, + C,Cl, channel
is only slightly exothermic by 0.8 kJ+mol~!, in comparison with
the exothermicity of 203.8 kJ+mol~! ° for the analogous HNO,
+ C,H; channel.

4. Conclusion

In summary, the products and mechanisms of the C,Clz +
NO; reaction are investigated comprehensively by step-scan TR-
FTIR spectroscopy and the CCSD(T)/6-311+G(d)//B3LYP/6-
311G(d) level of electronic structure calculations. The C,Cl; +
NO; reaction exhibits rich and complex chemical transforma-
tions. The reaction proceeds through the isomerization and
decomposition of the initially formed nitro (C,Cl3—NO;) and
nitrite (C,Cl3—ONO) adducts. There are mainly four energeti-
cally accessible reaction routes, i.e., the decomposition of the
nitrite adduct forming C,ClsO + NO and its sequential
dissociation to CO + NO + CCls, the elimination of CINO
from the nitrite adduct leading to CINO + CI,CCO, the CI-
atom shift of the nitrite adduct followed by the decomposition
to CCI3CO + NO, and the O-atom shift of the nitro adduct
followed by the C—C bond cleavage forming CICNO + Cl,CO.
In competition with these reactive fluxes, the back-decomposi-
tion of the nitro or nitrite adducts leads to the prompt formation
of vibrationally excited NO,, and the long-lived reaction adducts
facilitate the vibrational energy transfer. Corresponding reaction
products of CO, NO, Cl,CO, and NO, are therefore observed
in the time-resolved IR emission spectra.

In comparison to its analogous reaction C;H; + NO,, the
mechanisms of the C,Clz + NO, reaction are similar and the
dominant product channel is also the same, i.e., the decomposi-
tion of the nitrite adduct C,Cl3—ONO forming C>CI30 + NO.
Some differences do exist indicating that the chlorine substitu-



Reaction Mechanisms of C,Cl; + NO,

tion affects the reaction in the aspects of the reaction channels,
thermochemistry, and reaction mechanisms. It is found that the
two reactions mainly differ in the initial addition preferentially
by the N-attack forming nitro adducts or the O-attack forming
nitrite adducts. For the initial addition reaction of C>Clz + NO»,
both of the N-attack nitro adduct C,Cl3;—NO, and O-attack
nitrite adduct C,Cl3—ONO can be formed directly from the
reactants and the O-attack addition is slightly more favorable
in view of the binding energy. In comparison, for the initial
addition reaction of C;Hz + NO,, only the N-attack addition
forming nitroethylene C,H3—NO; is plausible. On the basis of
the Mulliken atomic charge calculation, this addition selectivity
can be correlated to the variation of the charge density of the
double-bond carbon atoms induced by the chlorine substitution
due to the electron-withdrawing effect of chlorine groups.
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