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The mechanism and kinetic properties of OH-initiated gas-phase reaction of 2,4-dibrominated diphenyl
ether (BDE-7) were studied at the MPWB1K/6-311+G(3df,2p)//MPWB1K/6-31+G(d,p) level of theory. Two
types of reactions, hydroxyl addition and hydrogen abstraction, were investigated. The calculation results
indicate that addition reactions, except for the bromo-substituted one, have lower barriers than hydrogen
abstraction reactions. Moreover, hydroxyl radicals are likely to react with phenyl ring without bromine
atoms. Rate constants were deduced over 200-1000 K using canonical variational transition state theory
with small curvature tunneling contribution. At 298 K the calculated rate constant for the title reaction is
3.76 x 102 cm~3 molecule ' s
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1. Introduction

Polybrominated diphenyl ethers (PBDEs), a class of the bromi-
nated flame retardants (BFRS), have become worldwide contami-
nants due to their heavy use. They were added to textiles,
construction materials, electronic equipments and so on [1,2].
PBDEs do not bind chemically to manufactures which cause them
to be released to the environment easily [3]. PBDEs have been de-
tected widely in organism environment (red alga, fish, plasma and
mammals) and abiotic environment (air, dust, water, snow, sedi-
ments and sewage sludge) [2,4-8]. Concentrations of PBDEs have
increased gradually over the past decades.

Concern for toxity of PBDEs has been growing because of the
high frequency of detection. So far, PBDEs are confirmed to bioac-
cumulate in organisms and biomagnify in the food chain [9,10].
Some PBDEs have been shown to be endocrine disruptors which
cause neurodevelopmental toxic effects [11,12]. PBDEs, rather than
other organohalogen compounds, are believed to be more potent
thyroid disruptors. 2,2’,4,4'-tetraBDE (BDE-47) has been found to
be harmful to the nervous system [13,14]. This effect will be
strengthened when coupled with PCB-153. Penta-BDEs demon-
strate thyroid hormone influence on future generations [15].
Octa-BDEs cause toxity and teratogenicity to fetus while deca-
BDE is harmful to the memory of children.

BDE-7 has been detected in many kinds of samples [16,17].
Most BDE-7 in environment comes from debromination of high-
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brominated diphenyl ethers and it is found that BDE-47 also gen-
erates BDE-7 through photochemical reactions.

Although some studies on the photolytic degradation of PBDEs
in solution and mix-phase process have been done [18-20], the
investigation of the atmospheric chemistry of PBDEs is not suffi-
cient. Information including thermodynamic (ex. thermal energy,
enthalpy and reaction mechanism) and kinetic properties (ex. rate
constants, branching ratios, etc.) should be obtained in order to
accurately predict the real atmospheric effect of these reactions.

In this paper, BDE-7 is chosen as a typical compound of PBDEs.
BDE-7, one of the low-brominated diphenyl ethers, is thought to be
more volatile and thus will exist in gas phase. As we all know,
PBDEs in the atmosphere can be removed and transformed through
unimolecular reaction (debromination with light) and bimolecular
reaction (reaction with OH, HO,, NOs3 radicals and O3 molecules).
Generally, the debromination reactions are thought to proceed
with the sun while bimolecular reaction will occur anyway. More-
over, the reaction of aromatic compounds with NOs is considered
to be less important than that of OH [21]. So the focus of this paper
is the reaction of BDE-7 with OH radicals. In addition, the products
formed in OH-initiated reaction of PBDEs can further generate
much more toxic halogenated dioxins. Therefore, it is of great sig-
nificance to study the reaction mechanism of OH with PBDE. The
previous work of our groups has shown detailed gas phase mech-
anism for reaction of hydroxyl radicals with BDE-47 [22] and the
total rate constant for the initial step has been given as 8.29 x
10713 cm~3 molecule™! s~'. Zhou et al. [23] computed the rate con-
stants of BDE-15 and OH. Their calculated value was 7.02 x 1072
cm® molecule™! s~ at 298 K. Raff and Hites [24] determined the
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rate constants for the gas-phase reactions of OH radicals with di-
phenyl ether and several polybrominated diphenyl ethers with
0-2 bromines. The results revealed that rate constants showed
negative dependence on halogen degrees of PBDEs. Rate constants
for the title reactions are around 3.88 x 1072 cm> molecule ' s~!
at 298 K. However, this experimental value may contain some
inaccuracy due to the interruption of secondary reaction. Further-
more, collision is another remove path of detected substance,
which causes inaccuracy in detection.

The aim of this study is to thoroughly investigate the reaction
mechanism and rate constants over a wide range of temperature
for the reaction of OH with BDE-7 using quantum chemical meth-
od. This method can accurately calculate the reaction energy bar-
rier, the enthalpies of formation and the rate constants. By using
these data, the detailed potential energy surface and completed
reaction mechanism can be proposed. We expect this work could
be a supplement to experimental study and an attempt to theoret-
ical investigation of the OH-initiated photochemical reaction
mechanism of PBDEs.

2. Computational methods

All the geometries, frequencies and single point energies were
performed using Gaussian 03 package [25]. Both DFT and MP2
methods are employed to obtain the energies. Geometry optimi-
zation was executed using MPWB1 K functional [26] which was
developed specifically for kinetic applications and has shown to
yield satisfying results in performing the interactions of van der
Waals bond in the previous work [22,27-35]. The structures of
stationary points (reactants, intermediates, transition states and
products) were calculated at MPWB1K/6-31+G(d,p) level of the-
ory. Frequencies and zero energy for the stationary points were
obtained at the same level with optimizing step. In order to study
the accuracy of the quantum methods, the MPWB1 K functional
structures were then employed in single-point energy calculations
by B3LYP functional and M®@ller-Plesset perturbation theory
(MP2) with the same basis sets of 6-311+G(3df,2p). Intrinsic reac-
tion coordinate (IRC) [36] calculations were performed for each
transition states to verify the reaction pathways. Single point
energies of the optimized structures were calculated with the
level of MPWB1 K/6-311+(3df, 2p) to improve the calculation of
barrier heights. In order to calculate the reactivity of reactants,
molecule orbital interactions were also investigated at the level
of MPWB1K/6-31+G(d,p).

Rate constants of each elementary step involved in this study
were estimated using canonical variational transition-state (CVT)
[37-39] theory. Quantum tunneling effects were performed using
with small curvature tunneling (SCT) [40] method. The CVT rate
constant for temperature T is given by:

KVI(T,s) min K°T(T,s) (1)
where

GT
— aksT Q (T,3) e~ Vmep(s)/(kpT)

GT
KI5 == 0

(2)

Here kST (T, s) is the generalized transition state (GTS) theory
rate constant at the dividing surface s, ¢ is the symmetry factor
to illustrate the possibility of more than one symmetry-related
reaction path. kg is Boltzmann’s constant, h is Planck’s constant,
@R(T) is the reactants classical partition function per unit volume,
and QFY(T, s) is the classical partition function of a generalized
transition state at s with a local zero of energy at Vyep(s) and with
all rotational symmetry numbers set to unity. The kinetics calcula-
tions were carried out using POLYRATE 9.3 program [41].

3. Results and discussion

In the beginning of our study, we have chosen both DFT and ab
initio method to study the accuracy of the quantum methods. As an
example, MPWB1 K and MP2 have been chosen as respective
methods of DFT and MP2 methods to calculate the reaction enthal-
py of. The reaction enthalpies calculated on MPWB1 K, B3LYP and
MP2 with 6-311+G(3df,2p) basis set are —13.53, —10.57 and
—0.11 kcal/mol, respectively. Compared the calculated energies
with experimental value (—14.62 kcal/mol) [42,43], we think the
MPWB1 K method can give out satisfying results.

Two types of the title reactions including OH addition and
hydrogen abstraction are discussed in this paper. The structure
with atom labels of BDE-7 is shown in Scheme 1. The lowest energy
structure has been chosen as the matrix for the following reactions.
The dihedral angles of 6-1-7-1’" and 1-7-1’-2’ are 110.37° and
—12.65°, respectively. Other parameters to determine the structure
of BDE-7 are detailed in Scheme 1. With bromine atoms in the
same phenyl, it is obviously that the two phenyl rings of BDE-7
are in different environments. Therefore, their reactions with OH
should be studied separately.

3.1. Mechanism of reactions

Theoretically, two types of reactions will occur for the title reac-
tion: one is OH-addition to phenyl ring and the other is OH abstrac-
tion of hydrogen or bromine on the phenyl ring. However, previous
studies have shown that the bromine abstraction from PBDEs
hardly occurs [24] and thus only OH-addition and hydrogen
abstraction pathways are discussed in this paper. The schematic
energetic profiles of the potential energy surface (PES) are plotted
in Fig. 1a and b (a is for ring 1, b is for ring 2). Detailed reaction
pathways of the title reaction are generated in Fig. 2. Geometries
of transition states with selected parameters are shown in Fig. S1
In Supporting information. In order to facilitate description, phenyl
ring with bromine atoms is defined as ring 1 while the other is ring
2. Detailed information of above reactions is given as follows.

3.1.1. Reaction pathways of ring 1

Twelve hydroxyl addition reactions are taken into consideration
for the twelve types of carbon atoms in BDE-7. All these steps
undergo similarly mechanism, that is, the attack of O of hydroxyl
radical to carbon of ring1 and ring 2.

Firstly, hydroxyl radical can attack ipso carbon atom C(1) (path-
way 1). This process needs to overcome a reaction energy barrier of
5.25 kcal/mol. The product P1 lies 22.99 kcal/mol below reactants.
Secondly, O(8) atom may attack carbon atoms (C2 and C4) adjacent
to Br atom, which leads to direct elimination of Br atoms as de-
scribed in Fig. 2(pathway 2 and 4). Both pathways 2 and 4 are
highly exothermic by —26.68 and —26.98 kcal/mol, respectively.
However, the energy barrier of pathway 2 (7.06 kcal/mol) is lightly
higher than that of pathway 4 (6.31 kcal/mol). This may be caused
by steric hindrance. Finally, pathways 3, 5 and 6 undergo the reac-
tions of OH being added to carbon atoms adjacent to hydrogen
atoms. The barrier heights of above reactions are 3.47, 2.48 and
3.50 kcal/mol, respectively but they are less exothermic than

Scheme 1.
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Fig. 1. Schematic energy diagrams predicted at the MPWB1K/6-311+G(3df,2p)//MPWB1K/6-31G(d) level of theory for the title reaction.

pathways 1, 2 and 4, which mean that their products (P2, P5 and
P6) will definitely undergo other reactions to form stable products.

Phenyl hydrogen abstractions by hydroxyl radical have to pass
over high energy barriers. TS7, TS8 and TS9 are their transition
states with relative energy of 10.82, 6.52 and 6.40 kcal/mol respec-
tively. Transition state TS7 is the abstraction of hydrogen adjacent
to C(3). Bromine atoms in the same phenyl ring appear to generate
steric hindrances which block hydrogen abstractions by hydroxyl
radical. Products of pathway 7, 8 and 9 are water and unstable rad-
icals (P7, P8 and P9). These pathways are slightly exothermic by
1.71, 1.91 and 1.71 kcal/mol, respectively.

3.1.2. Detailed mechanism of ring 2

Considering the conformation chosen in this paper, C(2’) and
C(6’) atoms are not thought to be identical and neither were
C(3’) and C(5’), and thus the five hydrogens on the Ring 2 are not
identical. Therefore, the detailed properties of six hydroxyl addi-
tion and five hydrogen abstraction pathways are explored.

Pathway 10 is exothermic with —17.84 kcal/mol through a reac-
tion barrier of 1.94 kcal/mol. Pathway 11 and 15 overcome similar
reaction energy barriers (0.20 and 0.32 kcal/mol, respectively) and

their products lie 16.86 and 16.96 kcal/mol below reactants, respec-
tively. Pathway 12 and 14 are both exothermic (12.76 and
12.74 kcal/mol) while pathway 12 undergoes lower reaction energy
barrier (2.91 kcal/mol) than pathway 14 (3.39 kcal/mol) does. Final-
ly, approach of hydroxyl and C(4') has to cross a barrier of 1.62 kcal/
mol. Energy of its product (P14) is 14.22 kcal/mol below reactants.

For ring 2, phenyl hydrogen abstraction by hydroxyl radical
seems to overcome higher reaction energy barriers than hydroxyl
addition paths do. Moreover, these elementary reactions release
less energy. Detailed reaction barriers and reaction enthalpies of
pathway 16-20 are shown in Fig. 2.

Compared to pathways 7, 8 and 9, pathways 16-20 need cross
lower reaction energy barriers while releasing more energy.
Among all the hydrogen abstraction pathways, pathway 19 is the
prior reaction with a barrier of 4.94 kcal/mol coupled with the
most exothermicity of 3.84 kcal/mol. It is worth noting that prod-
uct (P20) of pathway 20 lies 4.85 kcal/mol above reactants.

For the OH radical addition reactions, the C-O(7) bond lengths
are between 1.935-1.983 A. Also, hydrogens of hydroxyl radicals
tend to point to center of relative phenyl ring except pathways 1
and 10.
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Fig. 2. Detailed reaction pathways of the title reaction. AE represents the energy barrier of each elementary reaction while AH stands for the reaction enthalpy.

Br

By comparing the above calculated results, we conclude that happened on ring 2 were lower compared to corresponding path-
hydroxyl addition reactions are more predominant than abstrac- ways of ring 1. But there is an exception for C(5) and C(5'). This
tion ones. Furthermore, the energy barriers for reactions that phenomenon may be generated by the location of C(5) (Para
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position of Br(2) and ortho position of Br(4)). For ring 1, hydroxyl
addition reaction prefers to happen on the non-substituted car-
bons. Among all the reactions, the hydroxyl addition to C(2’) (path-
way 11) is the easiest to occur for its lowest reaction energy barrier
(0.20 kcal/mol) and high exothermic energy (16.86 kcal/mol). C(6')
has almost the same environment with C(2"). The only difference is
that C(2’) is near to ring 1. This structure difference caused path-
way 15 to overcome slightly higher reaction barrier (0.32 kcal/
mol) than pathway 11.

Spin contamination at the MPWB1K optimized geometries has
been examined. Take P1 (a doublet radical) for example, the calcu-
lated spin eigenvalues,<S**2>, are reduced to 0.7507, 0.7503 and
0.8701 for MPWB1K, B3LYP and MP2 methods at the 6-311+
G(d,p) basis set, respectively. Apparently, DFT method hardly
shows spin contamination as the value for a pure doublet is 0.75,
while MP2 emerged significant spin contamination. The MP2
method also predicts much higher energy barrier than DFT meth-
ods for each elementary reaction. The energies at B3LYP/6-
311+G(3df,2p) and MP2/6-311+G(3df,2p) level are available at
Table S1 in Supporting Information.

3.2. Frontier molecule orbital analysis

In order to characterize the reaction properties, frontier orbital
theory is employed with concern about the highest occupied
molecular orbital and lowest unoccupied molecular orbital of the
reactants. The molecular orbital are examined at the MPWB1K|/6-
31+G(d,p) level. The shape of all the referred orbital plotted in
Fig. 3. Hydroxyl radical has a lone pair of electrons at O atoms.
The single occupied molecular orbital of OH radical lies on the lone
electron pair of p orbital of O atom. Apparently, LUMO and
LUMO+1 orbital of R(BDE7) is mainly localized on the p orbital of
bromine and carbon atoms of ring 1. HOMO and HOMO-2 orbital
are mainly focused on p orbital of atoms of ring 2 while ring 1 con-
tributes most of HOMO-1. The relative energy is 161.20 kcal/mol
between LUMO and HOMO orbital while that of LUMO and

LUMO

HOMO-1

HOMO-1, LUMO and HOMO-2 are 171.15 and 178.22 kcal/mol,
respectively. Generally, the reaction activities of R and OH radicals
are predicted to be electron transformation from HOMO, HOMO-1
and HOMO-2 orbital of R to SOMO orbital of OH radical.

3.3. Kinetic properties

Canonical variational transition state theory (CVT), with small
curvature tunneling (SCT) correction, has been successfully per-
formed for the reaction of OH with BDE47. The error correction
of the kinetic calculation is done using the small curvature tunnel-
ing (SCT) method. The theory has been used in this study to calcu-
late the rate constants of the initial reactions over the temperature
range of 200-1000 K.

To obtain the average error of the computational rate constants
and experimental rate constants, we have calculated the rate con-
stants for of at the MPWB1K/6-311+G(3df,2p)//MPWB1K|/6-
31+G(d,p) level by CVT/SCT method. The calculated rate constant
is 6.58 x 10~!> cm® molecule™! s~', which is 0.14 x 10~'> cm mol-
ecule 's™! lower than the experiment value(6.66 x 10~ !> cm®
molecule™! s71)[44]. This suggest that CVT/SCT method is suitable
for calculate rate constants.Jonathan D. Raff and Ronald A. Hites
detected gas-phase rate constants for reaction of OH with several
PBDEs with 0-2 bromine.[24] Zetzsch C. and coworkers detected
rate constants for 2,2',4,4',5,5'-hexabromodiphenyl ether with OH
radicals on aerosol [45]. Previous calculated rate constants by
CVT/SCT method have been proved to give satisfy results. Our pre-
vious result of BDE-47 with OH radicals is 8.29 x 102 cm? mole-
cule™! s7' at 298 K [22]. In fact, the abstraction of phenyl hydrogen
has been confirmed to occur with quite low rate constants. In this
paper, we calculated the rate constant for the title reactions to be
3.76 x 107'2 cm® molecule™! s~! at 298 K. This value is in well con-
sistent with the reference value (3.887957 x 107" cm? molecule™
s71, 298 K)[24].

These values are in consistent with the mechanism results. The
rate-temperature formulas are fitted in Arrhenius Formulas:

HOMO

HOMO-2

LUMO

OH

HOMO

Fig. 3. Frontier molecular orbital of the BDE-7 and hydroxyl radical.
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k =Aexp(-E/T) (3)

The parameters (pre-exponential factor and activation energy)
of each elementary step are shown in Table 1. Positive temperature
dependences of the discussed rate constants can be seen in Table 2.
For the multichannel reaction of OH with BDE-7, the overall
OH-addition reaction rate constants of ring 1 and ring 2 are
denoted as k; and k;, respectively. The total rate constant for the
OH+BDE-7 reaction is noted as k,, where k, = k; + k. The branch
ratios for the whole reaction are ki/k, and k,/k,. Their branching
ratios of each ring are also presented in Table 2. It seems that ring
2 plays a dominant role over the range of 200-1000 K. Fig. 4 has
shown the theoretical rate constants (k,) in this study and experi-
ment values (Kexp, Kmax,» Kmin) calculated through Arrhenius Formu-

Table 1
Rate constants calculated using CVT/SCT theory for the title reaction in the range of
200-1000 K.

A E 298 K R
Iy 8.95 x 10714 517.73 158 x 10714 0.004
ka 1.12 x 10712 6376.26 571 x 1072 152 x 10710
ks 5.06 x 10713 515.04 8.99 x 10714 0.024
ky 1.21 x 10712 6293.14 8.15 x 10722 2.17 x 10°1°
ks 752 x 10713 470.94 155 x 107" 0.041
ke 591 x 10713 539.83 9.66 x 1014 0.026
k1o 9.06 x 10713 468.31 1.88 x 1072 0.050
k11 436 x 10712 278.04 1.72 x 10712 0.457
k12 6.95 x 10713 485.58 1.36 x 103 0.036
k13 9.82x 10713 485.92 1.93 x 1073 0.051
K14 5.56 x 10713 482.17 1.10 x 10713 0.029
ks 441 x 10712 425.92 1.06 x 10712 0.282

Table 2
Rate constants of kq, k», total rate constants k, and the branching ratios of k;/k and k,/
k.

TK)
200 357 x 10713

ko k kq/k ka/k
340x 1072 376x107'?  0.095  0.905

300 361x10"  343x10'2  379x10°'* 0095  0.905
400 549x10  464x10'2  519x10°'2 0106  0.894
500 7.06x10°'*  558x10°'> 629x107'* 0112 0888
600 836x10°"*  632x10' 716x10°'? 0117 0883
700  942x10°*  691x107'*> 785x107'2 0120  0.880
800 1.03x107'2 739x107'? 842x107'> 0122 0878
900 111 x107'2  779x107'2  890x107'?2 0125 0875
1000 1.17x107'2  812x10'2 930x10°'2 0126 0.874

10+
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Fig. 4. Theoretical rate(k,) constants and experiment rate constants(kex,) between
the temperature from 200 to 500 K. knax is the highest detected values while ki, is
the lowest values detected by Ref. [24].

las[24]. The average error between k, and key, within the studied
temperatures is 6.28 x 10~'3 at the temperature of 200-500 K.

Based on the total rate constants at 298 K, the atmospheric life-
time 7 has been calculated through the formula 7 = 1/k,[OH]. [OH]
is the atmospheric concentration of hydroxyl radicals which has
been detected to be 9.7 x 10°> molecule cm~> [46]. Thus the atmo-
spheric lifetime is 3.2 days.

4. Conclusions

Photochemical remove of PBDEs is thought to be important for
the abundance radicals in atmosphere. Especially, hydroxyl radical
is expected to react with PBDEs in huge amount. In this paper, BDE-
7 has been selected as a represent of PBDEs for obtaining detailed
information about the title reaction. First order reactions of BDE-7
with hydroxyl radical in atmosphere were detailed in this paper.
Reaction rate constants were computed using CVT/SCT theory.
The conclusions are drawn as follows:

(1) Two types of reactions, the addition of OH radical to BDE-7
and the hydrogen abstraction, were observed. The calculated
results show that hydroxyl addition reaction is more pre-
dominant than abstraction reaction. Furthermore, the reac-
tion that happened on ring 2 is more favorable than that
occurred on ring 1. Among all the reactions (pathway 1-
20), the hydroxyl addition to ortho position of ring 2 (path-
way 11 and 15) is the most favorable. This phenomenon is
also observed in the reactions of OH with phenol and cresol
isomers where ortho position to the hydroxyl group is
activated.

(2) The calculated rate constants show that OH radicals are
likely to react with BDE-7 through addition reaction. The
rate constant of the addition reaction is nearly an order mag-
nitude higher than that of abstraction ones. Also, the total
rate constant of ring 2 is larger than that of ring 1. At
298 K, the total rate constant of the title reaction is
3.76 x 10~'2 cm?® molecule! s~! which is in well consistent
with the experimental value of Raff and Hites [24]. Still, ring
2 contributes 82% to the total rate constants.

(3) Compared to the other PBDE reaction with OH radicals
[22,23], we can see that the rate constant of BDE-7 is higher
than that of BDE-47 [22], but is lower than the value of BDE-
15 [23]. All the rate constants show positive temperature
dependence in the range of discussed temperatures.
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