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Abstract The radical-molecule reaction of C,Cl; with
NO, is explored at the B3LYP/6-311G(d,p) and CCSD(T)/
6-3114-G(d,p) (single-point) levels. On the singlet potential
energy surface (PES), the association between C,Cl; and
NO, is found to be carbon-to-nitrogen attack forming the
adduct C,CI3NO, (1) without any encounter barrier, fol-
lowed by isomerization to C,CI3ONO (2). Starting from 2,
the most feasible pathway is the N-O1 bond cleavage
which lead to P; (C,CI30 + NO). Much less competi-
tively, 2 transforms to the three-membered ring isomer
¢c-OCC1,C-CINO (4" which can easily interconvert to
c-OCCL,C—CINO 4°. Then 4 (4%, 4°) takes direct C1-C2
and C2-01 bonds cleavage to give P, (COCl, + CICNO).
The lesser competitive channel is the 4* isomerizes to the
four-membered ring intermediate O-c-CNCIOCCI, (5)
followed by dissociation to P3 (CO + CINOCCI,). The
concerted 1,2-Cl shift along with C1-O1 bond rupture of 4"
to form ONC(O)CCl; (6) followed by dissociation to Py
(CINO + OCCCl,) is even much less feasible. Moreover,
some of P3; and P4 can further dissociate to Ps
(CINO + CO + CCl,). Compared with the singlet path-
ways, the triplet pathways may have less contribution to
the title reaction. Our results are in marked difference from
previous theoretical studies which showed that two initial
adducts C,CI3—NO, and C,CI;—ONO are obtained. More-
over, in the present paper we focus our main attentions on
the cyclic isomers in view of only the chain-like isomers
are considered by previous studies. The present study may

Y. Li - H.-l. Liu - X.-r. Huang () - D.-q. Wang - C.-c. Sun -
A.-c. Tang

State Key Laboratory of Theoretical and Computational
Chemistry, Institute of Theoretical Chemistry, Jilin University,
130023 Changchun, People’s Republic of China

e-mail: snow2007liyan@ 163.com

be helpful for understanding the halogenated vinyl
chemistry.
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1 Introduction

The pyrolysis and oxidation of chlorinated hydrocarbons
(CHCs) are involved in many practical processes, such as
inhabiting flame propagation [1] and soot formation in
flames [2]. Furthermore, reactions of trichlorovinyl radical,
C,Cl; have been demonstrated to be among the most
important and sensitive reactions in a number of systems of
combustion and pyrolysis of chlorine-rich unsaturated
chlorinated hydrocarbons [3, 4]. Due to the above impor-
tance, a number of experimental and theoretical studies
have been reported on the reactions of C,Cl; radical with
0, [5-8], Cl, [9], NO, [10, 11] as well as unimolecular
decomposition of C,Cl;3 [12].

On the other hand, the nitrogen oxides, NOx are among
the major atmosphere pollutants released in combustion
processes. To minimize the harmful effects, before their
release into the atmosphere, one effective way is to
chemically reduce them by reburning the combustion
products [13-17]. Up to now, a large number of experi-
mental and theoretical investigations have been devoted to
NO, reactions with a variety of radicals, such as CH,F
[18], CH,CI [19, 20], CH; [21-23], CHCI,/CCl; [24], CH,
[25-27], CH [28-31], CF [32, 33], CHF [34, 35], CHCI
[36, 37], CoH3 [38], N3 [39], etc.

In 2007, Xiang et al. [10] carried out the experimental
studies of the reaction between C,Cl; and NO, using the
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step-scan  time-resolved Fourier transform infrared
(TR-FTIR) emission spectroscopy and three vibrationally
excited reaction products CI,CO, CO and NO are observed.
In their later study [11] in 2008, they reinvestigated the title
reaction by step-scan TR-FTIR emission spectroscopy and
electronic structure calculations. Their calculated results
can well explain the experimental observations. However,
we are aware that only the chain-like intermediates are
considered on Xiang et al.’s potential energy surface
(PES). That is to say, their calculations are incomplete.
Thus, in the present paper, we investigate a detailed theo-
retical study on the title reaction and we mainly focused on
the cyclic isomers and their further changes.

2 Computational methods

All the calculations are performed using the Gaussian 98
program packages [40]. The geometries of reactants, prod-
ucts, intermediates and transition states are optimized using
the popular Density Functional Theory B3LYP functions in
conjunction with the 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. To
confirm that the transition state connects the designated
intermediates, intrinsic reaction coordinate (IRC) calcula-
tions are performed at the B3LYP/6-311G(d,p) level. In
order to get more reliable energetic data, single-point energy
calculations are performed at the CCSD(T)/6-3114+G(d,p)
level using the B3LYP/6-311G(d,p) optimized geometries.
Unless otherwise specified, the CCSD(T)/6-3114+G(d,p)//
B3LYP/6-311G(d,p)+ZPVE energies are used in the fol-
lowing discussion.

To inspect the reliability for result, B3LYP/6-
3114++G(d,p) and MP2/6-311G(d,p) are used to optimize
structures of the most feasible channel followed by
CCSD(T) single-point energy calculations. Also, the
composite method, G3MP2 is performed to get more reli-
able results.

3 Results and discussion

The optimized structures of reactant and products are
shown in Fig. 1. The optimized structures of intermediates
and transition states are shown in Figs. 2 and 3, respec-
tively. The symbol TSm/n is used to denote the transition
state connecting isomers m and n. To make our discussion
easier, the energy of reactant R (C,Cl; 4+ NO,) is set to be
zero for reference. Table 1 displays the relative energies
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including ZPE corrections of all species at the CCSD(T)/6-
311+G(d,p)//B3LYP/6-311G(d,p) level. By means of the
transition states and their connected intermediates or
products, a schematic PES for C,Cl; 4+ NO, reaction is
plotted in Fig. 4. Moreover, the optimized geometries at
MP2/6-311G(d,p) and B3LYP/6-311++4G(d,p) levels of
the species involved in the most relevant channels are
shown in Fig. 5, while the comparative energetic data
calculated at various levels are listed in Table 2.

3.1 Initial association

The C,Cl; radical has C; symmetry and 2A’ state, the spin
density of C atom with only one Cl atom is 0.891274e, so
this C atom is the most reactive site. Therefore, the initial
association with NO, mainly focuses on this C-site. Both
singlet and triplet PES can be obtained for the radical-
molecule reaction of C,Cls (Cs, 2A’) + NO, (C,v, 2A)).
On the singlet PES, the carbon-to-nitrogen approach is
rather attractive to form structure C,CI3NO, (1) without
any encounter barrier. For the carbon-to-oxygen approach,
we are unable to find the transition state linking reactant
(C,Cl3 + NO,) and the intermediate C,Cl;0NO (2)
despite numerous attempts. Yet, we expect that consider-
able barrier is needed to activate the short N=O double
bond (1.194 A) in NO, to form the long N-O weak bond in
2 (1.687 A). As a result, the carbon (with one Cl atom)-to-
nitrogen approach forming isomer 1 is the entrance path-
way on singlet PES. 1 lies 56.2 kcal/mol below the
reactant, which means that the association is fast and will
play a significant role in the reaction kinetics. On the triplet
PES, the carbon-to-nitrogen approach can lead to
C,CI3NO, (*1) via *TSR/1 with a high barrier 23.8 kcal/
mol with respect to R (C,Cl; 4+ NO,). And the barrier of
carbon-to-oxygen approach is calculated to be at least
23.3 kcal/mol. In view of the much higher entrance barri-
ers, the triplet pathways may contribute less to the
C,Cl; + NO, reaction compared with the singlet path-
ways, and thus will not be discussed further. In the
following section, we mainly discuss the formation path-
ways of various products proceeded via C,CI3NO, (1) on
the singlet PES.

3.2 Isomerization and dissociation pathways

1. Formation pathway of P; (C,Cl30 + NO)

From Fig. 4, we find that only one pathway is energet-

ically possible to form Pj. It can be written as
PathP;, R->1-52-53->P

The initial adduct C,CI3NO, (1) takes concerted C2—-O1
bond formation accompanied by C2-N bond rupture to
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Fig. 1 The optimized structures
of reactants and products at the
B3LYP/6-311G(d,p) level.
Distances are given in
angstroms and angles in degrees

120.83
1.724

C,Cly

1
120.1

0CCCl,

form C,CI;ONO (2), followed by N-O1 bond rupture to
form the weakly bond complex C,CI;0...NO (3) before
the final product Py. The barriers for 1 - 2 and 2 —» 3
conversions are 53.1 and 6.1 kcal/mol, respectively.

2. Formation pathways of P, (COCI, + CICNO)

There are four feasible pathways to form P,, which can
be written as follows:

PathPy(1) R—->1-52 -4 > P,
PathP,2) R-o>1-52-54*54"5p,
PathP,3) R—->1-52-54*>55-56->7 > P,

114.70

739

1.148

NO

CO

1.806

CCl,

2.052
114.20

7

CINOCCl,

PathP,(4) R->1-52-54"54"56->7 5P,

The formation of C,CI30NO (2) is the same as that in
path P;. Subsequently, 2 undergoes a concerted C1-Ol1
bond formation, O1-N bond rupture and C2-N bond for-
mation process to form the three-membered ring
intermediate c-OCCl,C—CINO (4%), which can transform to
4P casily. Cleavage of C1-C2 and O1-C2 bonds of 4* or 4"
can lead to P, as in path P,(1) and path P,(2). In path
P,(3), 4* undergoes a concerted Cl-shift (from C2 to N),
C1-01 bond rupture and C1-02 bond formation process to
form the four-membered ring intermediate O-cCNCIOCCl,
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Fig. 2 The optimized structures

of the intermediates at the
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(5), followed by a 1,3-Cl-shift along with C1-O2 bond For these four channels, path P,(1) and path P,(2)
rupture to generate ONC(O)CCl; (6). Alternatively, inter-  involves fewer intermediates. Also, the energy barriers of
mediate 6 can be formed via 4° through a 1,2 Cl-shift 4" - P, [in path P5(2)], 4* — P, [in path P,(2)], 7 — P,
accompanied by C1-O1 bond rupture process as in path [in path P,(3—-4)] are increase in sequence as 29.0, 38.0 and
P,(4). Finally, 6 isomerizes to CIC(O)CCI1,NO (7) followed 57.5 kcal/mol. Therefore, path P,(2) is expected to be the
by the dissociation to P,. most feasible channel for P,.
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Fig. 3 The optimized structures
of the transition states at the
B3LYP/6-311G(d,p) level.
Distances are given in
angstroms and angles in degrees
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3. Formation pathway of P3 (CO + CCI,ONCI)

From Fig. 4, we find that only one feasible pathway is
associated with the formation of Pz, which can be written as

PathP; R—>1-52 5455 > P;

@ 1.726
///,// 124.69
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1.691
124.03 \\\\\@
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7,
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,
/
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The formation of O-cCNCIOCCI, (5) is the same as that
in path P»(3). Isomer 5 can lead to P5 via the rupture of
C1-C2 and C2-N bonds. The barrier for 5 — P53 conver-
sion is 44.1 kcal/mol.
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Fig. 3 continued

TSP, /Ps

4. Formation pathways of P4 (CINO + OCCCl,)

For product P4 (CINO + OCCCl,), there are two path-
ways are feasible as follows:
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Table 1 The energies of the reactants, products, intermediates and transition states at the B3LYP/6-311G(d,p) and CCSD(T)/6-311+G(d,p)//
B3LYP/6-311G(d,p)+ZPVE levels in a.u.

Species B3LYP ZPVE CCSD(T)//B3LYP Total
Reactant ~1,661.9173449 13.20661 (0.0) ~1,659.5830598 (0.0) 0.0
P; (C,Cl; + NO) ~1,662.018373 13.36551 (0.2) ~1,659.692727 (-68.8) —68.7
P, (COCl, + CICNO) ~1,662.025337 14.42035 (1.2) ~1,659.689478 (~66.8) —65.6
P; (CO + CINOCCl,) ~1,661.9457224 12.09791 1.1 ~1,659.6218965 (-24.4) 255
P4 (CINO + OC,Cl,) ~1,662.0121129 13.76599 (0.6) ~1,659.6722459 (=56.0) 554
Ps (CINO + CO + CCl,) ~1,661.9470114 9.75685 (=3.4) ~1,659.620814 (=23.7) 27.1
1 ~1,661.9975296 16.79417 (3.6) ~1,659.6783056 (=59.8) -56.2
2 ~1,662.0176711 15.20065 (2.0) ~1,659.6941746 (=69.7) 677
3 ~1,662.0181788 15.19954 (2.0) ~1,659.6947484 (=70.1) ~68.1
4 ~1,661.9964925 15.42375 2.2) ~1,659.6868404 (-65.1) 629
4> ~1,661.99480 15.38286 2.2) ~1,659.6861841 (-64.7) -62.5
5 ~1,662.01212 16.12019 (2.9) ~1,659.6919554 (-68.3) —65.4
6 ~1,662.0210521 15.01978 (1.8) ~1,659.7103342 (=79.9) -78.1
7 ~1,662.0424621 15.14919 (1.9) ~1,659.7309409 (-92.8) -90.9
TS1/2 ~1,661.909656 14.61625 (1.4) ~1,659.5902843 (-4.5) 3.1
TS2/3 ~1,662.00725 14.64726 (1.4) ~1,659.6819285 (=62.0) -60.6
TS2/4* ~1,661.9427856 13.36769 0.2) ~1,659.5902843 (-4.5) 4.4
TS4%/4> ~1,661.9905606 15.16735 2.0) ~1,659.6823832 (-62.3) -60.4
TS4%/5 ~1,661.9540587 14.13146 (0.9) ~1,659.6353106 (-32.8) 319
TS4%/P, ~1,661.9494904 13.94901 0.7) ~1,659.6238737 (-25.6) 249
TS4"/6 ~1,661.9515557 13.9306 (0.7) ~1,659.630899 (=30.0) 293
TS4"/P, ~1,661.960906 14.11156 (0.9) ~1,659.6379604 (=34.5) 335
TS5/6 ~1,661.947569 14.03572 (0.8) ~1,659.623184 (-25.2) 243
TS5/P; ~1,661.9354227 13.16891 (0.0) ~1,659.6169686 (=21.3) 213
TS6/7 ~1,661.9635757 13.89981 (0.7) ~1,659.634552 (-32.3) 316
TS6/P, ~1,661.9619458 13.98035 (0.8) ~1,659.6274137 (-27.8) 27.1
TS7/P, ~1,661.9731224 14.41223 (1.2) ~1,659.6381984 (=34.6) 334
TSP,/Ps ~1,661.9169979 10.78152 (-2.4) ~1,659.5936063 (-6.6) 9.0
TSP,/Ps ~1,661.9448667 10.80268 (-2.4) ~1,659.613081 (-18.8) 212

The values in parentheses and total column are relative energies in kcal/mol

Table 2 Energies of the structures on the most favorite channel at CCSD(T)/6-3114+G(d,p)//B3LYP/6-311G(d,p)+ZPVE, CCSD(T)/6-
3114-G(d,p)//B3LYP/6-3114++G(d,p)+ZPVE, CCSD(T)/6-311+G(d,p)//MP2/6-311G(d,p)+ZPVE, and G3MP2 levels in a.u.

Species CCSD(T)//B3LYP/6-

311G(d,p)+ZPVE

G3MP2

—-1,659.5830598
—-1,659.6783056
—-1,659.6941746
—-1,659.6947484
P1 —-1,659.6927270
TS1/2  -1,659.5902843
TS2/3 -1,659.6819285

W N =

CCSD(T)//B3LYP/6-
311++G(d,p)+ZPVE
(0.0) ~1,659.5830354 (0.0)
(-56.2) ~1,659.6788398 (-=56.6)
(-67.7) ~1,659.6944288 (-67.9)
(-68.1) ~1,659.6947496 (-68.2)
(-68.7) ~1,659.6928835 (-68.8)
(-3.1) ~1,659.5904648 (-3.3)
(=60.6) ~1,659.682031 (=60.7)

CCSD(T)//MP2/6-
311G(d,p)+ZPVE
~1,659.5814555  (0.0)
~1,659.6793804  (=59.5)
~1,659.6946403  (=70.9)
~1,659.6950655  (-71.2)
~1,659.5876389  (~66.8)
~1,659.6902167 (-4.0)
~1,659.6829225  (~64.2)

-1,660.0879322
-1,660.1825151
-1,660.1995276
-1,660.1960830
-1,660.1958909
-1,660.0970007
-1,660.1879180

(0.0)
(=59.4)
(=70.0)
(-67.9)
(-67.7)

(-5.7)
(-62.7)

The values in parentheses are relative energies in kcal/mol
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Fig. 4 The sketch map of the potential energy surface (PES)

The formation pathway of ONC(O)CCI; (6) has been
discussed previously. For brevity, we decide not to discuss
it again. 6 can undergo 1,3-Cl shift along with C2-N bond
cleavage to generate P4. The barrier height of the step
6 — P4 is 51.0 kcal/mol.

Now let us discuss the secondary dissociation pathways
of the primary products Pz (CO + CCl,ONCIl) and P4
(CINO + OCCCl,). On the one hand, P53 can further dis-
sociate to P5 (CINO + CO + CCl,) via C-O bond rupture
with the barrier of 16.5 kcal/mol. On the other hand, P4 can
dissociate to P5 via C—C bond rupture with a barrier of
34.2 kcal/mol.

3.3 Reaction mechanism

On the basis of the reaction pathways obtained in the last
section, let us discuss the mechanism of the C,Cl; + NO,
reaction. Here, for easier discussion, the most possible
reaction pathways of four primary products Py
(C,C130 + NO), P, (COCl, + CICNO), P; (CO + CI-
NOCCl,), P4 (CINO + OCCCl,) and one secondary
product P5s (CINO + CO + CCl,) are listed again:

Path P, R-1-2-53-P;

PathP,2) R->1-52->4* 54> P,

Path P; R->1-2-54"-55-P;->Ps
PathP,2) R>1-52->4*54"-6 > P, > Ps

The C,Cl; radical can barrierlessly react with NO, at the
middle-N site to form intermediate C,C15;NO, (1) followed
by isomerization to C,Cl30NO (2) which is involved in all
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reaction pathways. Starting from 2, path P, to form product
P, is the most favorable pathway since the barrier for step
2 — 3(7.1) in path P; is much lower than that for
2 — 4%(63.3) involved in other three pathways. Much less
competitively, because the barrier of 4" - P5(29.0) in path
P,(2) is smaller than 4* — 5(31.0) and 5 — P3(44.1) in
path P; as well as 4 5 6(33.2) and 6 — P4(51.0) in path
P4(2), path P,(2) may be kinetically the second feasible
pathway followed by path P; and path P4(2) being the last
two feasible pathways. When secondary dissociation pro-
cedure is considered, some of the primary products P3 and
P, may lead to Ps. As a result, reflected in the final
products, Py (C,CI50 + NO) is the major product with a
considerable large yields, P, (COCI, + CICNO) is the
second favorable product followed by P3; (CO + CI-
NOCCL,) and P4 (CINO + OCCCl,) being the third and
fourth feasible products, the secondary product Ps
(CINO + CO + CCl,) may occupy only a small part.

4 Experimental implication

Now, let us make the comparison between our theoretical
results and the available experimental and theoretical
studies for the C,Cl;z 4+ NO, reaction. Two experimental
investigations by Xiang et al. [10, 11] have reported on the
title reaction. Based on their experimental studies, three
products Cl,CO, NO and CO are observed, the detected
CL,CO, NO and CO can be found as one species of P,
(COCl, + CICNO), Py (C,CI0 + NO), and Pj5
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(CO + CINOCCl) and Ps (CINO + CO + CCly),
respectively. Thus, their experimental results are in good
agreement with our theoretical studies.

Recently, a detailed theoretical investigation on the
C,Cl; + NO, reaction has been carried out by Xiang et al.
[11]. There are some discrepancies between their results
and our theoretical investigations, that is, (1) In Xiang
et al.’s studies, two initial adducts IMn1 (C,Cl5-NO,) and
IM1t (C,Cl3-ONO) corresponding to N-attack and O-attack
adducts are obtained. In our studies, however, only the
N-attack adduct C,CI3-NO, is obtained. The O-attack
adduct C,Cl3-ONO which presents a planar structure, is in
fact a first-order saddle point because it has one imaginary

6
4.43
(Y s (st )
1.739 1283 113.04
TS2/3

frequency. We attempted to obtain a true O-attack adduct
with planar structure, but failed because in all cases we
obtained structure 2 C,Cl3-ONO whose optimized geom-
etry shows steric effects between C,Cl30 and NO. In
addition, we note that IM1t obtained by Xiang et al. is more
like the adduct species between CCl,CO and NO rather
than the one between C,Cl; and NO,. Moreover, to our
best knowledge, for the reactions between a chlorinated
hydrocarbon species (e.g., CHCl,, CCl;, CH,F, CH,ClI,
CHF, CHCI) [18, 19, 24, 35, 37] and NO,, the end-N attack
is the exclusive feasible entrance channel. Therefore, IM1t
with planar structure is not shown in our results. (2) Based
on Xiang et al’s studies, IMlc can dissociate to
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C,Cl50 + NO with no transition state involved. However,
a transition state TS2/3 and a weakly bond complex 3 are
obtained in our studies. Moreover, the existence of TS2/3
and 3 are confirmed by additional calculations at B3LYP/6-
311++4G(d,p), and MP2/6-311G(d,p) levels. (3) In Xiang
et al.’s studies, only the chainlike structures are considered.
Although their potential energy surface for C,Cl; + NO,
reaction can well explain the experimental observations,
their calculations are incomplete. For example they do not
consider cyclic intermediates. In the present paper, we
focus our main attention on the cyclic intermediates as well
as their further changes. In view of there is the marked
discrepancy between the two theoretical studies, future
reinvestigation of the title reaction is therefore very
desirable.

5 Assessment of computational reliability

In order to further confirm the reliability of the B3LYP/6-
311G(d,p) structures, we performed test calculations on the
species R (C,Cl; + NO,), 1 (C,CI3NO,), 2 (C,CI;0N0O), 3
(C,C150...NO), TS1/2, TS2/3, and P; (C,Cl30 + NO)
which are involved in the most favorite channel at the
B3LYP/6-3114++G(d,p), and MP2/6-311G(d,p) levels,
followed by the CCSD(T)/6-3114+G(d,p) energy calcula-
tions. As shown in Fig. 5, the structural parameters at three
levels are generally in good agreement with each other. We
expect that the B3LYP/6-311G(d,p) method is reliable for
description of the structures for the title reaction.

In addition, the more composite G3MP2 calculations are
carried out on the above seven species. As shown in
Table 2, the calculated relative energies at the four levels
are generally in consistent with each other. The larg-
est deviation of CCSD(T)/B3LYP/6-311G(d,p)+ZPVE
with CCSD(T)//B3LYP/6-3114++G(d,p)+ZPVE, CCSD
(T)//B3LYP/6-311G(d,p)+ZPVE and G3MP2 are 0.4 kcal/
mol for 1, 4.0 kcal/mol for TS2/3 and 3.2 kcal/mol for 1,
respectively. In all, the CCSD(T)//B3LYP/6-311G(d,p)
method can provide reliable mechanistic information for
the radical-molecule reaction of C,Cl; + NO,.

6 Conclusion

The radical-molecule reaction of C,Cl; + NO, is explored
at the B3LYP/6-311G(d,p) and CCSD(T)/6-3114+G(d,p)
(single-point) levels. The main results can be summarized as
follows: (1) This reaction proceeds mostly through singlet
pathways and less through triplet pathways. (2) The title
reaction is most likely initiated by the carbon (with only one
Cl atom)-to-nitrogen approach to form adduct 1 (C,CI3NO,)
with no barrier. Subsequently, via a variety of transformation

@ Springer

of isomer 1, four kinds of primary products Py
(C,C130 + NO), P, (COCl, 4+ CICNO), P3 (CO + CI-
NOCCl,), P4 (CINO + OCCCl,) and one secondary product
Ps (CINO + CO + CCl,) are obtained. Among these
products, Py is the most favorable product, P, and P5 are the
second and third feasible products, respectively, whereas P4
is kinetically the least possible product. In addition, the
secondary product Ps may have a small amount.
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