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ical study on cCl-initiated
atmospheric degradation of acrylonitrile†

Jingyu Sun, *a Youxiang Shao,b Wenzhong Wu,c Yizhen Tang,d Yunju Zhang,e

Yiming Hu,a Jiangyan Liu,a Huiyang Yi,a Fang Chena and Yinfang Chenga

Degradation of acrylonitrile (CH2]CHCN) by reaction with atomic chlorine was studied using quantum

chemical methods. Density functional theory (DFT) (B3LYP, BHandHLYP, M11, MN12SX, M05-2X, and

M06-2X) and Møller–Plesset perturbation theory (MP2) with the same basis set 6-311++G(d,p) were

employed to obtain the geometries of intermediates and transition states. Potential energy surfaces

(PESs) were characterized at the UCCSD(T)/cc-PVTZ//M05-2X/6-311++G(d,p) level. The dominant

channel is the formation of the intermediate IM1(CH2ClCHCN) by barrierless addition between cCl and

the terminal carbon atom of the C]C double bond of acrylonitrile. Direct hydrogen-abstraction

channels are negligible because of higher barriers and the endothermic process. The calculated rate

constants were followed by means of the variational transition state theory by Variflex code, and these

were in good agreement with the experimental values. The subsequent and secondary reactions for

IM1(CH2ClCHCN) involving NO and O2 molecules were also investigated in the atmosphere. The

atmospheric lifetime of acrylonitrile in cCl is about 18 h in the marine boundary layer. The contribution of

cCl to the transformation of acrylonitrile is comparative with that of the cOH. Thus, it is necessary to

consider cCl initiated tropospheric degradation of acrylonitrile.
1. Introduction

Vapor phase ammoxidation of propylene by molecular oxygen
and ammonia in the presence of a catalyst is a knownmethod for
production of acrylonitrile, an important monomer of synthetic
ber, rubber, and resin. Thismethod is also used tomanufacture
organic compounds such as acrylamide, acrylic acid, and adi-
ponitrile. In the organic chemicals industry, biomass combus-
tion is an important consideration as a source of emissions to the
atmosphere.1 Experimental and theoretical investigations of
acrylonitrile show that itmay degrade by a photolysismechanism
to produce poisonous gases such as HCN/HNC, which are
detrimental to the atmospheric environment.2–5
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The heterogeneous and multi-phase reaction cycles involving
NaCl(cd), HNO3(g), and N2O5(g) can lead to a signicant source
of ClNOx, which can undergo photolysis to produce chlorine
radicals.6 The primary tropospheric sink for acrylonitrile is
generally accepted to be reaction with the cOH radical because
the concentration of cCl is 1–10% of cOH levels,7–9 i.e. [cOH] ¼
1.0 � 106 molecules per cm3 vs. [cCl] ¼ 1.0 � 104 � 1.0 � 105

molecules per cm3. However, the room temperature rate
constants are found to be (1.11� 0.33) � 10�11 and (1.11 � 0.23)
� 10�10 (in cm3 per molecule per s) for cOH and cCl reactions
with acrylonitrile, respectively.10 Thus, the Cl atom could be
a tropospheric sink for acrylonitrile, as the acrylonitrile reacts
with cCl more rapidly than with cOH.

Similar to the reactions with cOH, reaction of unsaturated
organic pollutants with cCl may proceed via either addition or
H-abstraction.11–13 The favored pathway for reaction of an
unsaturated organic compound (such as CH2]CHR) with cCl is
not always the same as that with cOH. For example, cOH prefers
to abstract the hydrogen atoms of propene while cCl prefers to
add to the unsaturated bond.13–15 Theoretical research on reac-
tion of acrylonitrile with cOH demonstrates that addition is the
dominant reaction over abstraction at temperatures <1000 K,
but that abstraction is dominant over addition at higher
temperatures.16 Thus, acrylonitrile reaction with cCl may also
follow the addition and H-abstraction mechanism. It is desir-
able to know which is more important. Only two previous
studies have been performed to provide rate constants for the
This journal is © The Royal Society of Chemistry 2017
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acrylonitrile reaction with cCl, namely, Aranda et al. who used
amass spectrometric discharge-owmethod in the temperature
range 260–333 K and at a total pressure between 0.5 and 3 Torr
at 298 K,17 and Teruel et al. who predicted rate constants at 298
K and 760 Torr using a relative rate technique method.10

However, there are still no theoretical studies about the
potential energy surface, the temperature and pressure depen-
dence rate constants, and atmospheric implications.

The potential energy surface (PES) is important in theoretical
studies of chemical reaction processes. It is well known that
the accuracy of molecular dynamics (MD) calculations depends
on accurate determination of the PES. Based on Born-
Oppenheimer approximation, calculation of the PES must
solve the electronic Schroedinger equation of geometries of the
reacting molecule. Tremendous improvements in computation
methods have made it possible for ab initio methods to provide
accurate PESs, even accurate high-dimensional PESs for many-
body systems.18–21 However, construction of ab initio high-
dimensional PESs for larger systems remains a challenge.
Some of the more important theoretical methods to t ab initio
energies have been used in an attempt to meet this challenge. A
brief overview will be provided here. The neural network
approach has been applied to t high-dimensional PESs.22–24

For large molecules and molecule-surface vibrational analysis,
a route is provided by a multimode vibrational self-consistent
eld (VSCF) method with a fourth-order force eld.25 The
interpolation method also has been applied to construct
a global PES for reactions of a moderate-sized molecule.26–28 A
continuum limit frozen Gaussian approximation was applied to
study thermal density in a double-well potential.29 The built-in
permutational invariance is the mathematical description of
the PES and ts a number of full-dimensional potentials of
many-body, non-covalent interactions.30,31 The related tech-
nique of ab initio molecular dynamics gives calculations of
quasi-classical trajectory.32,33

In this paper, ab initio calculations were performed on the
reaction of cCl with acrylonitrile, and kinetic calculations were
carried out using variational transition-state theory. Compari-
sons between theoretical and experimental results and atmo-
spheric implications are discussed.
2. Computational methods and
details
2.1 Electronic structure calculations

Unrestricted calculations were used for open shell systems.
Using the GAUSSIAN 09 suites of programs,34 the geometries of
some important intermediates and transition states (IM1, IM2,
TS1, HTS1 and HTS2) were optimized with density functional
theory (B3LYP,35,36 BHandHLYP,35,36 M11,37 MN12SX,38 M05-
2X,39 and M06-2X40 functionals) and Møller–Plesset perturba-
tion theory (MP2)41 with the same triple-z 6-311++G(d,p) basis
set. The other geometries on potential energy surfaces were
calculated using the M05-2X/6-311++G(d,p) method. Frequency
calculations and intrinsic reaction coordinate (IRC) calcula-
tions42 were performed. The optimized geometries for the IM1,
This journal is © The Royal Society of Chemistry 2017
IM2, TS1, HTS1 and HTS2 at seven levels of theory are depicted
in Fig. 1. The optimized geometries for other species are shown
in Fig. S1.† For the species C2H2, C2H3, HCl, and HCN, the bond
lengths and angles calculated by the M05-2X/6-311++G(d,p)
basis set are in good agreement with the experimental values.43

In addition, the UCCSD(T)/cc-PVTZ and BMC-CCSD44 energy
calculations were used in conjunction with M05-2X and M06-2X
with 6-311++G(d,p) level geometries. All PESs were established
at the UCCSD(T)/cc-PVTZ//M05-2X/6-311++G(d,p) level. In the
following discussion, the M05-2X/6-311++G(d,p) optimized
geometric parameters and the UCCSD(T)/cc-PVTZ energies are
used, unless otherwise stated.
2.2 Calculations of rate constants

The Variex code45 was employed to perform rate constant
calculations based on calculated rotational constants,
harmonic frequencies, and energies. Variex includes the most
realistic treatment of loose transition states found in barrierless
association reactions. Reactions with loose transition states
were treated using variable reaction coordinate–transition state
theory (VRC–TST) formalism.46,47 In estimation of the reactant
electronic partition function, two electronic states 2P3/2 (lowest)
and 2P1/2 of the Cl atom, having degeneracies of 4 and 2,
respectively, were considered. Different levels of theory were
tested for kinetic calculations of cCl with acrylonitrile. The
calculated kinetic data were compared with the reported
experimental results (Tables S3–S5†). It is well known that
accuracy reaction rate constant calculations strongly depend on
the level of electronic structure theory adopted.48,49 The M05-2X
and M06-2X rate coefficients at 298 K and 760 Torr N2 were
found to be 3.80� and 4.02� higher than the Teruel et al. data,
respectively. Meanwhile, the rates of M11 and MN12SX were
8.43� and 15.30� higher, respectively, than the experimental
rate, and the rates of BHandHLYP and MP2 were 570� and
1090000� lower, respectively, than the experimental rate. The
rate constants of UCCSD(T)//M06-2X and BMC-CCSD//M06-2X
were about 3.30� and 4.31� higher than the experimental
value, respectively. However, B3LYP/6-311++G(d,p) and
UCCSD(T)/cc-PVTZ//M05-2X were almost the same as the
experimental data. The M05-2X and M06-2X rate coefficients at
260–333 K and 1 Torr He were found to be 1.5� higher than
Aranda et al.'s data. UCCSD(T)//M06-2X and B3LYP were found
to be four to ve times lower than Aranda et al.'s data. The rate
constants of UCCSD(T)//M05-2X were about 15 times lower than
Aranda et al.'s data. Furthermore, the M05-2X rate coefficients
at 298 K and 0.5–3 Torr He were almost the same as Aranda
et al.'s data. Based on the results obtained, the calculated
overall rate constants at M05-2X/6-311++G(d,p) are in excellent
agreement with the experimental data. M05-2X has been proven
to calculate kinetic data accurately.50,51 Reliable wavefunction
methods such as CCSD(T) can be used to obtain excellent
energies, but incur problems from large spin contamination in
the transition states at the UCCSD(T) level of theory. In our
system, the S2 values, spin contamination before and aer
annihilation, range from 0.92 to 0.77 for IM1 at UCCSD(T)//
M05-2X; this rate error is known to result from spin
RSC Adv., 2017, 7, 20574–20581 | 20575
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Table 1 Relative energies (DE) for the important intermediates and transition states at various methods

Species DEa DEb DEc DEd DEe DEf DEg DEh DEi DEk DEl

R: CH2]CHCN + Cl 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
P1: HCl + CHCHCN 10.46 19.68 26.97 11.87 10.60 10.39 8.06 8.88 11.84 9.15 12.11
P2: HCl + CH2CCN �0.69 11.16 28.10 3.89 3.72 2.47 �1.85 1.49 5.59 1.69 5.70
IM1 �21.34 �13.85 �9.78 �24.45 �23.61 �24.26 �25.04 �21.73 �19.59(�20.32)j �21.65 �19.50
IM2 �8.31 �1.01 �10.05 �12.79 �12.55 �12.25 �12.37 �10.68 �9.11 �10.45 �8.88
TS1 �5.61 5.43 11.19 �6.24 �4.68 �4.07 �6.42 �3.84 �0.67 �3.61 �0.50
HTS1 10.75 22.16 30.33 11.73 11.48 e.44 9.59 9.95 14.12 9.43 13.62
HTS2 3.13 17.40 29.97 6.28 6.48 5.58 3.47 5.35 9.51 5.51 9.81

a B3LYP/6-311++G(d,p). b BHandHLYP/6-311++G(d,p). c MP2/6-311++G(d,p). d M05-2X/6-311++G(d,p). e M06-2X/6-311++G(d,p). f M11/6-
311++G(d,p). g MN12SX/6-311++G(d,p). h BMC-CCSD//M05-2X/6-311++G(d,p). i UCCSD(T)/cc-PVTZ//M05-2X/6-311++G(d,p). j UCCSD(T)/cc-PVTZ//
UCCSD/6-311++G(d,p). k BMC-CCSD//M06-2X/6-311++G(d,p). l UCCSD(T)/cc-PVTZ//M06-2X /6-311++G(d,p).

Fig. 1 Optimized geometries (length in Å and angle in degree) of some important intermediates and transition states. Values obtained at the
B3LYP, BHandHLYP, M05-2X (in bold), M06-2X, M11, MN12SX, MP2 and CCSD (in italic) using the 6-311++G(d,p) basis set, respectively.
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contamination, or the acceptable instrumental error of two
experiments. The UCCSD/6-311++G(d,p) method has been
applied to optimize the geometries of IM1. The optimized
geometries between M05-2X and UCCSD are different also
because of spin contamination. It is well known that UCCSD
computational costs are higher than those of M05-2X. Accord-
ing to the results in Table 1, DE of IM1 are �19.59 and �20.32
kcal mol�1 at UCCSD(T)//UCCSD and UCCSD(T)//M05-2X,
respectively, which are mainly consistent. Therefore, the M05-
20576 | RSC Adv., 2017, 7, 20574–20581
2X functional gives excellent descriptions for large systems or
our small systems in which spin contamination is important.
3. Results and discussion
3.1 Potential energy surfaces

3.1.1 Direct hydrogen abstraction paths. A PES for two H-
abstraction pathways is presented in Fig. 2. As shown in
Fig. 2, H-abstraction from acrylonitrile by cCl proceeds viaHTS1
This journal is © The Royal Society of Chemistry 2017
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Fig. 2 Potential energy surface of IM1 and hydrogen abstraction channels predicted at the UCCSD(T)/cc-PVTZ//M05-2X/6-311++G(d,p) level.
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and HTS2, which directly and respectively correlate to P1(HCl +
CHCHCN) and P2(HCl + CH2CCN). Both HTS1 and HTS2 have
high relative energies of 14.12 and 9.51 kcal mol�1, and the two
pathways are highly endothermic at 11.84 and 5.59 kcal mol�1,
respectively.

3.1.2 Association paths. The calculated PES for Cl atom
addition to acrylonitrile to form IM1 is shown in Fig. 2, with the
corresponding DE values listed in Table 1. It can be observed
that, rst, there is barrierless cCl addition to the terminal
carbon atom of the C]C double bond of acrylonitrile, with
formation of a biradical IM1(ClCH2CHCN) that lies 19.59 kcal
mol�1 below the initial reactants. Starting at IM1, there are four
possible reaction pathways: (i) IM1 can dissociate into products
P3(H + CHClCHCN) by hydrogen atom dissociation, facing
a barrier of 44.9 kcal mol�1; (ii) it can dissociate into the
products P4(HCN + CH2ClC) by breaking the C–C and C–H
bonds simultaneously via TS3 with a barrier height of 109.65
This journal is © The Royal Society of Chemistry 2017
kcal mol�1; (iii) IM1 can isomerize to IM3 by cycle addition over
a high barrier of 51.5 kcal mol�1 (TS4); (iv) IM1 can isomerize to
IM2 by Cl-shi from terminal-C to central-C on the C]C double
bond over a high barrier of 18.92 kcal mol�1 (TS1). IM2 lies
�9.11 kcal mol�1 relative to reactants. Starting with IM2, direct
hydrogen leaving and isomerization have been found. i.e. P5(H
+ CH2CClCN), IM4, IM5, and IM6. The involved transition states
of TS5-8 have very high barriers. Unimportant channels of
schematic potential energy proles are plotted in Fig. S2.†

In addition, the cCl atom can add to the carbon atom of the
–CN group, forming c-IM1(CH2CHCClN) via transition state c-
TS1 with a barrier height of 9.31 kcal mol�1. The energy of c-
IM1 is a little lower than the reactant, at 4.28 kcal mol�1.
Both P6(CH2CH + ClCN) and P7(C2H2 + ClCNH) are strongly
endothermic.

All the PESs show that the Cl atom adds to the terminal-C via
the loose transition state, which is the most important step for
RSC Adv., 2017, 7, 20574–20581 | 20577
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the title reaction. It could be that direct hydrogen abstraction
and other addition pathways are negligible because of the high
barriers.

3.2 Kinetics

For an essentially barrierless pathway, variational transition
state theory was employed to obtain the corresponding micro-
canonical rate coefficients.45 The potential function was
computed by scanning the Cl–C bond from 1.8 to 7.8 Å with
a step size of 0.1 Å, with other geometric parameters being fully
optimized using M05-2X/6-311++G(d,p) and M06-2X/6-
311++G(d,p) levels. The results of simulation are shown in
Fig. 3. Table S2† lists the rotational constants and harmonic
frequencies that were used to calculate rate constants. The E/J
(energy E and total angular momentum J) resolved variable
reaction coordinate transition state theory (VRC-TST)
formalism,45 and the master equation formalism52 imple-
mented in the Variex code was used to evaluate the TS parti-
tion function. The energy E is from �8552.00 cm�1 to 15 418.00
cm�1 in steps of 30.00 cm�1, and the total angular momentum J
covered the range from 1 to 396 in steps of 5. The frequency of
collision was derived from the Lennard-Jones (L-J) pairwise
potential parameters of N2 (s(N2) ¼ 3.7047 Å, 3/kB(N2) ¼ 84.942
K),53 He (s(He) ¼ 2.5238 Å, 3/kB(He) ¼ 9.8725 K)53 and i–C3H7Cl
(s(i–C3H7Cl) ¼4.81 Å, 3/kB(i–C3H7Cl) ¼ 435 K).54 These values
were employed for evaluation of the L-J parameters for each
collision pair using the approximations s12 ¼ (s1+s2)/2 and 312

¼ (3132)
1/2. The collision transfer probability was described by

the single exponential down model,55–63 with average transfer
energies DEd ¼ 100 and 200 cm�1 for N2 and He, respectively.

Fig. 4 shows the temperature dependence of the rate
constants. It can be concluded that the total rate constants have
negative temperature dependence. The M05-2X/6-311++G(d,p)
method has the best results when simultaneously compared
with the two experimental values. The rate constants are mostly
sensitive to DEd, scan potential function, and energy of IM1. The
calculated total rate constants (ktot) in N2 using M05-2X/6-
311++G(d,p), CCSD(T)/cc-PVTZ//M05-2X/6-311++G(d,p), and
Fig. 3 Calculated minimum energy path along the reaction coordi-
nates (RClC) at the M05-2X/6-311++G(d,p) and M06-2X/6-
311++G(d,p) levels.

20578 | RSC Adv., 2017, 7, 20574–20581
B3LYP/6-311++G(d,p) are in good agreement with Teruel et al.'s
data10 (k ¼ 4.27 � 10�10, 1.54 � 10�10, and 9.90 � 10�11 cm3 per
molecule per s vs. (1.11� 0.23)� 10�10 cm3 per molecule per s).
At 1.0 Torr He and 298 K, the rate of M05-2X/6-311++G(d,p) of
4.71 � 10�12 cm3 per molecule per s is almost the same as
the experimental data of (6.0 � 0.9) � 10�12 cm3 per molecule
per s. The Arrhenius expression for the rate constant using
M05-2X/6-311++G(d,p) was obtained at 1.0 Torr He of 200–3000
K, k ¼ 1.28 � 10�13 � exp(1102/T) cm3 per molecule per s
vs. experimental expression k ¼ (5.2 � 1.6) � 10�14 � exp
Fig. 4 Temperature dependence of the rate constants (a) at 760 Torr
N2; (b) at 1 Torr He; (c) at 1 Torr N2.

This journal is © The Royal Society of Chemistry 2017
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[(1400 � 100)/T] cm3 per molecule per s. The following three-
parameter expression was tted over the range 200–3000 K and
1 Torr He and 760 Torr N2, respectively: k ¼ 3.1 � 10�12 �
T�0.49exp(981/T) and k ¼ 3.45 � 10�10 � T�0.41exp(755/T) cm3 per
molecule per s. The pressure dependence of the rate constants is
shown in Fig. 5. The results displayed show that the rate constants
have positive pressure dependence. At 298 K and 0.5–3 Torr He,
the calculated rate constants at M05-2X/6-311++G(d,p) level are in
good agreement with experimental values. For example, the rate of
M05-2X/6-311++G(d,p) of 9.29 � 10�12 cm3 per molecule per s is
almost the same as the experimental data of (7.0� 1)� 10�12 cm3

per molecule per s at 298 K and 2 Torr He.
3.3 Atmospheric implications of IM1(CH2ClCHCN)

The chemically activated IM1(CH2ClCHCN) can subsequently
react with the main atmospheric oxidants (O2 and NOx).
Fig. 5 Rate constants calculated at pressures from 10�5 to 109 Torr and

This journal is © The Royal Society of Chemistry 2017
Feasible reaction intermediates from the IM1(CH2ClCHCN) are
displayed in Fig. 6. IM1 can react with triplet-O2 barrierlessly to
form O2IM1. From our calculations, this process is exothermic
by 17.38 kcal mol�1. The IM1 + NO reaction can proceed bar-
rierlessly to form NOIM1 adducts with energy of �24.44 kcal
mol�1. Meanwhile, IM1 can also react with NO2 barrierlessly to
form NO2IM1 with energy of �47.81 kcal mol�1. Furthermore,
O2IM1 can easily react with NO to produce the harmful pollut-
ants of ONOOIM1. The produced ONOOIM1 can degrade to
a radical OIM1 and NO2 or isomerize to form an organic nitrate
[O2NOIM1], as has been observed in secondary organic aerosols
(SOA) in the laboratory with inuence on atmospheric chem-
istry, climate, and human health.64–67

The atmospheric lifetimes (s) of CH2]CHCN with the Cl
atom were calculated using the expression of s ¼ (kCl[Cl])

�1.
The global average concentration of the Cl atom from 1.0 �
104 to 1.0 � 105 molecules per cm3 and the calculated
298 K in (a) He and (b) N2.
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Fig. 6 Energies of the feasible reaction intermediates from IM1(CH2-
ClCHCN) in the presence of O2 and NOx.

Fig. 7 Degradation and isomerization pathways of IM1 in the presence
of O2 and NO.
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kCl ¼ 1.54 � 10�10 cm3 per molecule per s was considered. The
atmospheric lifetimes of CH2]CHCNwere computed to be 18 h
using [Cl] ¼ 1.0 � 105 molecules per cm3. On the basis of the
atmospheric concentrations of cOH (1.0 � 106 molecules per
cm3) and the calculated kOH ¼ 1.14 � 10�11 cm3 per molecule
per s,16 the sOH is 24 h. The total tropospheric lifetimes with
respect to both reactions with cOH and cCl (sOH,Cl) were calcu-
lated to be sOH,Cl ¼ 21 h. Thus, the role of cCl should not be
ignored, especially in the huge area of oceans (Fig. 7).

4. Conclusions

In the present article, potential energy surfaces were obtained at
the UCCSD(T)/cc-PVTZ//M05-2X/6-311++G(d,p) level. Unlike
cOH reactions with CH2]CHCN, the cCl reactions are predicted
theoretically to proceed predominantly by barrierless addition
of the cCl to form the intermediate IM1(ClCH2CHCN). The
20580 | RSC Adv., 2017, 7, 20574–20581
reactions are extremely fast with negative temperature depen-
dence and positive pressure rate coefficients. Agreement is
excellent between the M05-2X/6-311++G(d,p) results and exper-
imental results. In addition, the lifetimes for CH2]CHCN were
computed as 18 h using the calculated rate coefficients. In the
presence of NO and O2, IM1 can degrade to a radical and NO2,
or isomerize to form an organic nitrate. Reaction with cCl
appears to make a non-negligible contribution to destruction of
acrylonitrile in the atmospheric environments.
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