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Abstract A theoretical investigation on the multiple-channel
degradation mechanism of chlordimeform with OH radicals in
the atmosphere was completed using a dual-level direct dy-
namics method. The equilibrium geometries and the corre-
sponding harmonic vibrational frequencies of the stationary
points were obtained at the M06-2X/6-311++G(d,p) level.
The minimum energy paths (MEP) were calculated at the
same level, and energetic information was further refined at
M06-2X/6-311++G(3df,2p) level. The rate constants for the
15 reaction channels were calculated by improved canonical
variational transition state theory with small-curvature tunnel-
ing correction over the temperature range 200—1,000 K. The
total rate constants are in good agreement with the available
experimental data and the three-parameter expression A(7)
=2.62x10 "8 7% exp (899.61/T) cm®molecule ' s ™' was giv-
en. The calculated results indicate that the addition reaction of
the carbon—nitrogen double bond is the major channel, while
the abstraction reaction from the benzene ring of
chlordimeform is the least competitive channel.

Keywords Gas-phase reaction - Rate constant - Transition
state - Chlordimeform
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Introduction

Chlordimeform is a type of broad spectrum acaricide that has
insecticidal activity, killing the eggs of mites, ticks and some
lepidopteran insects. The use of chlordimeform leads to its
emission into the atmosphere by spray, volatilization and wind
erosion. The misuse and overuse of pesticides can result in
many problems, for example, excessive residues in honey can
affect the health of consumers [ 1-8], chlordimeform can dam-
age human cardiovascular function [9-11], and long-term
exposure to chlordimeform can significantly increase the in-
cidence of bladder cancer [12—16]. Chlordimeform has been
listed in Priority Pollutants prescribed by China. The degra-
dation mechanisms of chlordimeform have attracted research
interest [17-21]. The chemical conversions of chlordimeform
in the atmosphere are mainly the reactions with oxidants (such
as hydroxyl, O;, and NOj3) and photolysis. The reaction of
chlordimeform with OH radical is the most important reaction
[22-24], consisting of several reaction channels, including
possible reaction channels initiated by hydroxyl on the side-
chain and the benzene ring. A total of 15 possible reaction
channels have been identified for the reaction of
chlordimeform with hydroxyl. The reactions of H-
abstraction and addition-dissociation occurring on the side
chains are shown in Scheme 1. The reactions of abstraction
and addition-dissociation occurring on the benzene ring of
chlordimeform are listed in Scheme 2. The corresponding
abstraction reaction is denoted as a, the addition reaction is
denoted as b, the dissociation reaction is denoted as ¢, the
addition-dissociation reaction is denoted as be, reaction chan-
nels are represented to R, and products are abbreviated to P.
The total rate constant of the abstraction reactions and addition
reactions occurring on different active sites of benzene ring
are kyn-avns and kpn_aad, respectively, Kpnaps=kza + ksat ksat
k6a+ k7a; kph—add:k3b+k4b+ k5b+k6b+ k7b+k8b- While the total
rate constant of abstraction reactions and addition reactions on
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Scheme 1 H- abstraction and addition-dissociation occurring on the side chains of chlordimeform

side chains are ks and k.—,, respectively, ksaps=k1.tk2a
ke=n=k1p*kop. The total rate constant k is calculated from the
sum of the individual rate constants, i.e., k=kph-abs + kph-add T Ks-
abs+kc=n~

Kinetic studies on these reactions have been very limited
despite their practical and theoretical importance. In 2005, the
total rate constant for the gas-phase reaction of the volatile
chlordimeform with the hydroxyl was measured, giving a
value of (3.0+£0.7)x 10 '° em®molecule ' s' at 296 K using
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a relative rate method [17]. No experimental information
about the branching ratios is available for these reactions.
In addition, no experimental information is available on a
larger temperature range for the title reactions and the
contributions of each possible reaction channel rate to
the total rate. To the best of our knowledge, no previous
theoretical work has been performed on the kinetics of the
title reactions. Theoretical investigation is desirable to
further our understanding of the mechanism of these
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Scheme 2 Abstraction and addition-dissociation occurring on the benzene ring of chlordimeform
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Fig. 1 Optimized geometries of the reactants, complexes, transition states and products at the M06-2X/6-311++G(d,p) level. Bond lengths are in

Angstrom and angles are in degrees

multiple channel reactions and to evaluate the rate con-
stant at high temperatures.

In this paper, a dual-level (X//Y) direct dynamics
method [25-29] was employed to study the kinetics of
the reactions of chlordimeform with hydroxyl. Potential
energy surface information, including geometries, ener-
gies, gradients, force constants of all the stationary
points (reactants, complexes, transition states, and

products) and plus 16 selected points (8 points on each
side of saddle point) along the minimum energy path
(MEP), was obtained directly from electronic structure
calculations. Subsequently, by means of the POLYRATE
9.7 program [30], the rate constants were calculated
using variational transition state theory (VTST) [31,
32] as proposed by Truhlar and co-workers. The theo-
retical and experimental results are compared and
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Fig. 1 (continued)

discussed. Our results may be helpful for further exper-
imental investigations.

Computational methods

In the present work, the geometries of the reactants,
complexes, transition states and products of the title reac-
tion of chlordimeform with OH radicals were calculated
using M06-2X [33] functional with the 6-311++G(d,p)
basis set. In order to obtain more accurate energy infor-
mation of the potential energy surface, the single-point
energy of the stable points and the selected points along
the MEP were calculated at M06-2X/6-311++G(3df,2p)
level based on the geometries optimized at M06-2X/6-
311++G(d,p) level. All the electronic structure calcula-
tions were performed using the GAUSSIANO9 program
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package [34]. In addition, we calculated the rate constant
of the reaction of chlordimeform with OH radicals using
improved canonical variational transition state theory
(ICVT) [35-37] with the small-curvature tunneling
(SCT) [38, 39] correction by means of the POLYRATE
9.7 program [30]. All vibrational modes are treated as
quantum-mechanical separable harmonic oscillators, ex-
cept for the lowest vibrational modes of the transition
states, which are treated by the hindered rotor model
[40, 41] to be used for calculating the partition function.
In the calculation of the reactant electronic partition func-
tion, two electronic states of OH radicals were included,
with a 140 cm™' splitting due to spin-orbit coupling.
During the kinetic calculations, the Euler single-step in-
tegrator with a step size of 0.0001 (amu)'’? bohr was used
to follow the MEP, and generalized normal-mode analysis
was performed every 0.01 (amu)'? bohr. The curvature
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Table 1 The reaction

enthalpies at 298 K AHos AE™S+ZPE
(AHSQS), the potential
barrier heights (AE™) Rla —25.86 -0.70
(kcal mol ") with zero- R2a -18.59 -221
point energy (ZPE) cor- R3a —6.24 11.18
rection for the reactions
of chlordimeform with Rda 477 4.83
OH radicals at the M06- R5a 41.55 39.15
2X/6-311++G(3df.2p)/ Ré6a -4.94 2.62
MO6-2X/6-311++G(dp) - g4, 11.04 4524
level
R1b —29.58 —2.38
R2b 9.73 13.16
R3b —19.18 2.17
R4b —18.36 3.07
R5b —20.33 0.84
R6be —13.45 425
R7b -19.22 0.84
R8b —22.38 0.08
Rlc —14.96 -6.27
R2¢ 42.98 49.84
R3c —14.16 -6.09
R4c 0.16 6.33
R5c¢ -2.83 5.27
R7¢ —2.83 4.70
R8¢ —13.52 -1.25

components were calculated by using a quadratic fit to
obtain the derivative of the gradient with respect to the
reaction coordinate.

Results and discussion
Stationary points

The equilibrium geometries of the reactants, complexes, prod-
ucts, and transition states obtained at the M06-2X/6-311++
G(d,p) level are presented in Fig. 1. It can be seen that the
theoretical geometric parameters at the M06-2X/6-311++
G(d,p) level of the species OH, H,O, CH;, HCIO, and
CH;O0H are in good agreement with the corresponding avail-
able experimental values [42, 43]. The reactant complexes
(CR1a, CR2a, and CR1b) are formed in the entrance of
channel Rla, R2a, and R1b; the product complexes CP6a
are formed in the exit of channel R6a. At the M06-2X/6-
311++G(d,p) level, the O---H bond distances in CR1a and
CR2a are 2.557 and 2.308 A, respectively, the O---C bond
distance in CR1b is 2.701 A, while the other bond lengths are
very close to those of the corresponding reactants; the O---Cl
bond distance in CP6a is 1.712 A, while the other bond
lengths are very close to those of the corresponding product.

In the structures of TS1a, TS2a, TS3a, TS4a, and TS6a, the
breaking bonds C—H are increased by 4.28, 5.11,7.14, 12.36,
12.93, and 25.74 % compared to the equilibrium bond length
in chlordimeform; and the forming O—H bonds are stretched
by 63.71, 56.93, 49.22, 32.33, 31.49, and 29.77 % over the
equilibrium bond lengths in isolated H,O, respectively. The
elongation of the breaking bonds is less than that of the
forming bonds, indicating that TS1a, TS2a, TS3a, TS4a, and
TS6a of the title reaction systems are all reactant-like, i.e., the
seven reaction channels will proceed via “early” transition
states, which is consistent with Hammond’s postulate [44]
for exothermic reactions. In TS5a and TS7a structures, the
breaking bonds C—H are increased by 38.02 and 26.41 %
comparing with the equilibrium bond length in
chlordimeform; and the forming bonds O—H are stretched
by 4.01 % and 23.62 % over the equilibrium bond lengths in
isolated H,O, respectively. The elongation of the breaking
bond is larger than that of the forming bond, indicating that
R5a and R7a of the title reaction systems are all reactant-like,
i.e., the two reaction channels will proceed via “late” transition
states, according to Hammond’s postulate [44] for an endo-
thermic reaction.

The harmonic vibrational frequencies of the reactants,
complexes, products, and transition states calculated at the
M06-2X /6-311++G(d,p) level are listed in Table S1 as sup-
plementary information, as well as the available experimental
values [45, 46]. For the species OH, H,O and CH;OH, the
calculated frequencies are in good agreement with experimen-
tal values, with the largest deviation being 6 %. The 23
transition states were all confirmed by normal-mode analysis
to have one, and only one, imaginary frequency, which cor-
responds to stretching mode coupling between breaking and
forming bonds.

Energetics

The reaction enthalpies (AH5g) and potential barrier heights
(AE™) with zero-point energy (ZPE) corrections for reaction
of chlordimeform with OH radicals calculated at the M06-2X/
6-311++G(3df,2p)//M06-2X /6-311++G(d,p) level are listed
in Table 1. A schematic potential energy surface of abstraction
reaction channel of chlordimeform with OH radicals is plotted
in Fig. 2, and schematic potential energy surface addition-
dissociation reaction channel of chlordimeform with OH rad-
icals at M06-2X/6-311++G(3df,2p)//M06-2X/6-311++G(d,p)
level is plotted in Fig. 3, including ZPE corrections. For ease
of discussion, the energy of the reactant was set to zero for
reference. From Table 1, it can be seen that the abstraction
reactions R1a-4a and Ré6a are all exothermic reactions, and
R5a and R7a are endothermic reactions, which is consistent
with the discussion of Hammond’s postulate [44]. Calcula-
tions show that the addition reaction R1b is a barrierless
association, the attack of OH radicals on the C—N bond would
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proceed via a complex (CR1b), which is about
6.19 kcal mol " lower than that of the corresponding reactants.
And reaction R1b is more exothermic than reactions Rla,
R2a, R3a, R4a, R5a, R6a, R7a, R2b, R3b, R4b, R5b, R6bc,
R7b, and R8b by 3.72, 10.99, 23.34, 24.81, 71.13, 24.64,
40.62, 39.31, 10.40, 11.22, 9.25, 16.13, 10.36, and
7.20 keal mol !, respectively. Therefore, the reaction channel
R1b is the major reaction channel.

From Table 1, it can be seen that the addition reac-
tion has more advantage than the corresponding abstrac-
tion reaction for every active site on the benzene ring.
Also, the energy barrier height of addition channel R8b
is lower than that of other addition channels (R3b—R7b),

@ Springer

the channel R8b is the most active addition channel, but
the energy barrier height of abstraction channel R7a—
the corresponding site on benzene ring to the addition
channel R8b—is higher than that of other abstraction
channels (R3a—R6a), therefore channel R7a is the most
inactive abstraction channel.

Rate constants

Dual-level dynamics calculations of the title reaction are car-
ried out at the M06-2X/6-311++G(3df,2p)// M06-2X/6-
311++G(d,p) level. The rate constants of the individual chan-
nel are evaluated by improved canonical variational transition
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Fig. 3 Schematic PES of addition-dissociation reaction channel of the title reaction system. Relative energies are calculated at the M06-2X/6-311++

(ICVT) state theory in a wide temperature range from 200 to
1,000 K. The ICVT/SCT rate constants of abstraction reaction
and addition reaction channels are listed in Table S2 and
Table S3, and the ICVT/SCT rate constants for &, qps, K-
add> Ks-abs> Ke=n, and k are listed in Table 2. The ICVT/SCT rate
constants of the major channels are plotted against the recip-
rocal of temperature in Fig. 4 along with the available exper-
imental results [17]. The measured value in [17] is the con-
sumption of reactant, so we discuss here only the first step
reaction process, in which the consumption of the reactant
chlordimeform occurred. Steps 1c—8c are the follow-up reac-
tion, i.e., not included in the consumption of the reactant, so
are not discussed in detail, and the rate constants of 1c—8c

G(3df,2p)// M06-2X/6-311++G(d,p)+ ZPE level (in kcal mol ")
were not included in expressions for effective rate constants.

From Fig. 4, it can be seen that the addition reactions of the
carbon=nitrogen double bond are the major reaction channels
over the temperature range 200—1,000 K. This is consistent
with the above-mentioned corresponding potential energy bar-
rier heights. The calculated total rate constant value of & at
296 K, 2.80x107'° cm*molecule ' 57!, is in good agreement
with the available experimental value [17], (3.0£0.7)x10'°
cm’molecule ' s, and the ratio of kexp / kicvrscr is 0.93.

To further understand the reaction mechanism of the title
reaction and the temperature dependence of branching ratios,
the calculated branching ratios are exhibited against the recip-
rocal of temperature in Fig. 5. As can be seen, the addition
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Table 2 Calculated improved

canonical variational transition/ T(K) k-abs kph—abs keen kph—adda k Kreference
small-curvature tunneling ICVT/SCT ICVT/SCT ICVT/SCT  ICVT/SCT  ICVT/SCT
(ICVT/SCT) rate constants
(cm® molecule™ s7") for ke, 200 1.85x1071°  397x107  237x107'°  343x107°  422x107°
Koh-adds Ks-abs ke=n, and k in the 225 L1810 6.11x10™  223x107'°  587x10°"°  3.42x107"°
temperature range 200—1,000 K at 250 8.89x 10! 8.94x 101 2.15%10710 9.04x10713 3.05x10°10
the M06-2X/6-311++G(3df,2p)// T 1 o 1 10 10
gether with the corresponding 350 6.18x107""  288x107"  2.14x1071°  299x107"*  2.79x107'°
experimental values 400 6.13x10"  453x1071% 225x1071°  4.60x102  291x101°

450 634x10"  672x1071%  240x107'°  6.66x1072  3.11x1071°

500 6.71x1071  956x1071%  259x1071°  924x107?  336x101°

600 7.81x10° 1 1.76x1072  3.09x10°'°  1.62x107""  4.05x107'°

700 932x10°"  298x107'2  3.74x107'°  2.65x107" 4.97x107'°

800 1.12x107'°  471x1072  452x107°  4.02x107" 6.09x1071°

900 134x1071°  7.11x102  546x10°1°  581x107'"" 7.45%x1071°

1,000  1.61x107'°  1.03x10"  6.54x1071°  813x107'"  9.07x107

reactions of the carbon=nitrogen double bond dominate
the reaction over the whole temperature region. And the
electronegativity of the N atom in the carbon=nitrogen
double bond is stronger than that of the C atom, facil-
itating attack of the latter by the OH radical through an
addition mechanism. This is consistent with the analysis
of above-mentioned potential energy barrier heights.
Because investigation of the temperature region of the rate
constant is always limited in experimental studies, we hope
that our kinetics research may provide useful information for
laboratory investigations in the future. In order to provide
more convenient reference data, a three-parameter fitting of
the ICVT/SCT rate constants for the 15 reaction channels and
the total rate constants performed over the temperature range
200-1,000 K are given as follows (in cm’molecule ' s™'):

Fig. 4 Calculated improved
canonical variational transition/

k14(T) = 1.20 x 1071772 exp(722.65/T)
kao(T) = 1.29 x 107 T*%exp(1969.02/T)
kso(T) = 2.47 x 10373 %exp(—284.47/T)
kia(T) = 2.60 x 10227>%exp(324.70/7T)

kso(T) = 1.55 x 107 187210%xp(—2323.25/7)

keo(T) = 6.63 x 1021 73Bexp(—205.69/T)

k7o(T) = 4.37 x 1021 722 exp(—3384.43/T)
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Fig. 5 Calculated branching
ratios for the title reaction versus
1,000/T between 200 and 0.8 ~
1,000 K. See Fig. 1
0.6 H ks—abs / k
o —O—k, Ik
g ph-abs
= ——k |k
2 04 ~
. p— - -
ﬁ kph-add / k
5
—
M
0.2 -
004 iiié\%—oz‘é:é:%@ﬁu o6—0 o
T T T T T T
1 2 3 4 5

kip(T) = 8.76 x 1077 T*Yexp(645.22/T)

kop(T) = 3.38 x 102! 7> exp(—973.24/T)
ksp(T) = 1.06 x 107177 exp(—463.24/T)
kyp(T) = 1.49 x 10 7>Pexp(—551.50/T)

ksp(T) = 1.38 x 10724 7*%exp(240.78/T)

kep(T) = 1.20 x 1071272 exp(—499.88/T)
kop(T) = 6.61 x 101 T* exp(—529.32/T)
kep(T) = 2.12 x 10717 exp(-330.387)

k(T) =2.62 x 107" T*""exp(899.61/T)

Conclusions

In this work, the multi-channel reactions of chlordimeform
with OH radicals were investigated theoretically by means of

1000/T (K

direct dynamics methods. Optimized geometries and harmon-
ic vibrational frequencies of the stationary points at the M06-
2X/6-311++G(d,p) level were in good agreement with the
corresponding experimental values. The theoretic identifica-
tion of 15 feasible reaction channels is completed at M06-2X/
6-311++G(3df,2p)//M06-2X/6-311++G(d, p) level, which in-
fers that the main reaction includes concerted abstraction,
addition-dissociation and addition-dissociation reactions. An
evaluation of each reaction channel focusing on the consump-
tion rate of reactants was also expounded. Meanwhile, the
theoretical results showed that the reaction rate of
chlordimeform with OH is of the order of magnitude of
107" em’molecule ™ s~ , meaning that OH radicals can
promote the degradation of chlordimeform in atmosphere.
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