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mical reaction mechanism and
kinetics of 1,2-bis(2,4,6-tribromophenoxy)ethane
initiated by OH radical: a computational study†

Qi Yu,a Hong-Bin Xie,*a Tianchi Li,a Fangfang Ma,a Zihao Fu,a Zhongyu Wang,a

Chao Li,b Zhiqiang Fu,a Deming Xiaa and Jingwen Chena

The unexpected diverse effect of alternatives for banned chemicals has stimulated scientific and public

concern on their environmental risk. As an alternative of polybrominated diphenyl ethers (PBDEs), 1,2-

bis(2,4,6-tribromophenoxy) ethane (BTBPE) is currently one of the most commonly applied novel

brominated flame retardants with wide market prospects. Due to its frequent and high detection in the

atmosphere, revealing the atmospheric fate of BTBPE is of great significance. Here, the mechanism and

kinetics of the $OH-initiated atmospheric reaction of BTBPE have been investigated by combined

quantum chemical calculations and kinetics modeling. The results indicate that $OH addition and

hydrogen abstraction pathways in the initiated reactions, are competitive with a rate constant ratio of

3 : 1, and the intermediates formed would react with O2/NO to finally form peroxy radicals and OH-

BTBPE which tends to be more toxic. The calculated overall reaction rate constant is 1.0 � 10�12 cm3

per molecule per s, translating into 11.8 days atmospheric lifetime of BTBPE. This clarifies that BTBPE as

a substitute for PBDEs still has atmospheric persistence.
1. Introduction

Synthetic chemicals have been considered as signicant risk
sources to human and ecological health according to the United
Nations Environment Programme.1,2 Currently, a series of laws
and regulations, such as the Stockholm Convention3 and
REACH (Registration, Evaluation, Authorization and Restriction
of Chemicals),4 have been set up to restrict or ban the use of
some hazardous chemicals. To meet the market demand,
alternatives for those banned chemicals have been largely and
rapidly introduced into markets, lacking a comprehensive risk
assessment. However, if we looked back, it was not hard to nd
that some alternatives, especially those that have similar
electronic structure properties to the banned chemicals, have
led to unexpected diverse effects.5 For instance, hydro-
chlorouorocarbons, as alternatives of chlorouorocarbons,
have been found to have ozone destruction and global warming
effects.6,7 4,40-Methylenediphenol, 4-hydroxyphenyl sulfone and
4,40-(hexauoroisopropylidene)diphenol, as substitutes of
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(ESI) available: Details of methods and
S2. See DOI: 10.1039/c6ra26700a
bisphenol A (BPA), have shown similar or even greater estro-
genic and/or antiandrogenic activities than BPA.5,8 Therefore, to
avoid this regrettable substitution, a comprehensive environ-
mental risk assessment for alternatives, especially those that
have similar electronic structure properties to the banned
chemicals, has to be performed.

As an alternative for polybrominated diphenyl ethers
(PBDEs),9 1,2-bis(2,4,6-tribromophenoxy)ethane (BTBPE) has
similar electronic structure to PBDEs (Fig. 1). BTBPE has been
included in the 2007 OECD list of high production volume
chemicals and detected in various environmental matrixes, e.g.
indoor dust, air, sewage sludge, water, snow pits and even in
Arctic.10–25 To probe the environmental risk of BTBPE, studies
on the transformation and fate of BTBPE in the environment
have recently come out,11,26–28 concerning whether the trans-
formation of BTBPE can form toxic compounds such as
polybrominated dibenzo-p-dioxins and polybrominated diben-
zofurans (PBDD/Fs) like transformations of other halogenated
ame retardants,28–31 besides the routine toxicological investi-
gation. Zhang et al. found that debromination and ether bond
cleavage are the main phototransformation pathways for BTBPE
in aqueous solution, which leads to the formation of toxic
bromophenols.27 Altarawneh et al. observed that thermal
decomposition of BTBPE can generate several congeners of
brominated diphenyl ethers and their OH/OCHCH2 substitu-
ents, which serve as direct precursors for the formation of
polybrominated dibenzo-p-dioxins.28 These studies indicated
that the transformation of BTBPE could increase environmental
This journal is © The Royal Society of Chemistry 2017
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Fig. 1 (A) The structures of BTBPE and PBDEs. (B) PBE1PBE/6-31+G(d,p)-optimized global minimum of BTBPE with important bond lengths in
angstroms (Å) and angles in degrees (�).
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risk, due to the formation of more toxic products. However,
information on the atmospheric fate and transformation of
BTBPE is scarce although BTBPE has been frequently and highly
detected in the atmosphere.11,14–19

As a semivolatile compound, BTBPE can exist in the gas-
phase and particle in the atmosphere.11,14–19 The concentration
of BTBPE in particles were detected to be 1–2 times than that in
gas-phase in the Great Lakes atmosphere.19 Therefore, in prin-
ciple, BTBPE can undergo both gas-phase and heterogeneous
transformation. Since the gas-particle partition of BTBPE in the
atmosphere is under dynamic equilibrium, part of BTBPE in
particles will transfer to gas-phase once gaseous BTBPE is
transformed. Therefore, gas-phase transformation could be also
important although more BTBPE was detected in particles.19 In
addition, the information on gaseous transformation of BTBPE
should provide a foundation for the future study on heteroge-
neous one of BTBPE. Considering $OH initiated oxidation is
a dominating removal pathway for PBDEs and most organic
pollutants in the atmosphere,32–34 we supposed such oxidation
also plays an important role in BTBPE gas-phase transformation.

In this study, we investigated the reaction mechanism and
kinetics of BTBPE initiated by $OH using a combination of
quantum chemistry calculations and kinetic modeling. The
study includes the reaction mechanism and kinetics of BTBPE +
$OH and subsequent reactions consisting of isomerization,
dissociation, and bimolecular reactions with O2/NO. This study
is of signicance for understanding the fate and environmental
risk of BTBPE and other alternatives with similar structures to
banned chemicals.

2. Computational details
2.1. Ab initio electronic structure calculations

All the electronic structure and energy calculations were carried
out with Density Functional Theory (DFT) method within the
GAUSSIAN 09 program package.35 The advantage of DFT lies in
its competitive accuracy/cost ratio. However, before being used
to predict accurate kinetics for the target system, specic DFT
methods need to go through an assessment step by a compar-
ison with higher-level theoretical approaches (e.g., CCSD(T)) or,
if available, accurate experimental results. Aer carefully testing
This journal is © The Royal Society of Chemistry 2017
DFT methods on our target system, PBE1PBE and M06-2X
functional were selected.36,37 The details for the test were pre-
sented in (ESI†). Exactly, all reaction pathways except H-
abstractions in $OH initiated reactions were investigated by
PBE1PBE functional, while the H-abstractions in $OH initiated
reactions were investigated by M06-2X functional. The geometry
optimizations and harmonic frequency calculations of the
reactants, products, intermediates and transition states were
performed using the PBE1PBE/M06-2X method with the 6-
31+G(d,p) basis set. Transition states were veried to connect
designated local minimum using intrinsic reaction coordinate
(IRC) calculations at the theoretical level for corresponding
geometry optimizations. Single-point energy calculations were
performed at PBE1PBE/6-311++G(3df,2pd) or M06-2X/6-
311++G(3df,2pd) level with zero-point correction at the theo-
retical level for corresponding geometry optimizations.
2.2. Kinetics calculations

All reaction rate constants were calculated by the MultiWell-
2014.1 master equation code.38–41 The MultiWell program
employs Rice–Ramsperger–Kassel–Marcus (RRKM) theory to
compute energy-dependent microcanonical rate constants for
reactions based on sums and densities of states for the
PBE1PBE/6-31+G(d,p) or M06-2X/6-31+G(d,p) structures and the
PBE1PBE/6-311++G(3df,2pd) or M06-2X/6-311++G(3df,2pd)
barrier heights.42 Tunneling correction has been included in the
microcanonical rate constant calculation by using one dimen-
sional unsymmetrical Eckart barrier.43 The energy-grained
master equation was solved over 2000 grains of 10 cm�1 each,
carried on to 85 000 cm�1 for the continuum component of the
master equation. N2 gas was used as the buffer gas, and the
collision transfer was treated using the conventional
exponential-down model with DEd ¼ 200 cm�1. The Lennard-
Jones parameters for intermediates were calculated from an
empirical method proposed by Gilbert and Joback et al.44,45 The
rate constants for the barrierless entrance pathways were
calculated by the restricted Gorin model when the experimental
rate constant for a target system or its similar one is available or
by the long-range transition state theory when there is no
related experimental data.46,47 This scheme had been
RSC Adv., 2017, 7, 9484–9494 | 9485
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successfully used in our previous study.48 The details for the
reaction rate constant calculations with the restricted Gorin
model and long-range transition state theory were presented in
the ESI.†

2.3. Global minimum search

The reactant BTBPE has conformational degrees of freedom that
may inuence the calculated reaction mechanism and kinetics.
Here, global minimum of BTBPE was selected as its starting
reactant. Ab initio molecular dynamics (AIMD) was used to
generate reasonable gas-phase conformations for BTBPE by
employing the BLYP functional on def2-SVP basis set with
dispersion correction.49 In order to sample a large number of
different conformations in a short time, the simulation temper-
ature was set to 500 K. The total length of AIMD simulation was
5000 time steps with each step of 2 fs. AIMD simulations were
performed within TURBOMOLE program package.50 We selected
the conformations from the AIMD run as the starting point to
obtain different local minimum structures at PBE1PBE/6-
31+G(d,p) level. Single-point energy calculations were further
performed at PBE1PBE/6-311++G(3df,2pd) level. The conformer
with the lowest Gibbs free energy (G) value was identied as the
global minimum. All structures of the conformers and relative
Gibbs free energies values are presented in Table S1 of ESI.†

3. Results and discussion
3.1. Global minimum of BTBPE

The global minimum of BTBPE was depicted in Fig. 1B. It
exhibits an approximate C2h symmetry, with root-mean-square
deviation (RMSD) value 0.006 to corresponding strict C2h

symmetry structure. Therefore, the approximate symmetrical
sites of BTBPE could have similar reactivity toward $OH due to
their similar chemical environment. It deserves mentioning
that strict C2h symmetry structure was identied with one
imaginary frequency.

3.2. Initial reactions with $OH

Generally, the reactions of organic pollutants with $OH mainly
proceed via either addition of $OH to unsaturated bonds or H-
abstraction. Therefore, $OHmay add to p bond of phenyl group
or abstract H-atom from ethyl group and phenyl group in the
reaction of BTBPE with $OH. Totally, BTBPE has 2 phenyl
groups and 8H-atoms, therefore, it has 12 different addition
positions and 8H-abstraction sites for the attack by $OH. The
possible addition and H-abstraction pathways for the reactions
of BTBPE with $OH are depicted in Fig. 2, and the optimized
geometries for some important transition states and interme-
diates are presented in Fig. 3. Each reaction pathway proceeds
through a pre-reactive complex and H-abstraction pathways
also proceed through a post-reactive complex. It deserves
mentioning that the C–Br bond is broken when $OH add to CBr
site to form IM2 + Br, IM6 + Br, IM20 + Br and IM60 + Br.
However, C–Br bond is kept although CBr bond length become
longer (from 1.875 Å to 2.055 Å) during $OH addition to CBr site
to form IM4 and IM40. The calculated relative energy (to the
9486 | RSC Adv., 2017, 7, 9484–9494
reactants) of pre-reactive complex (DERC) and post-reactive
complex (DEPC), activation energy values (DEa) and activation
free energy values (DG‡) are listed in Table 1.

It can be seen from Table 1 that the DEa values for additions
occurring at the CH sites of 2,4,6-tribromophenoxy group via
transition states TS3, TS30, TS5 and TS50 to form IM3, IM30, IM5
and IM50, and H-abstractions from –O–CH2–CH2–O– via tran-
sition states TS7-1, TS70-1, TS7-2 and TS70-2 to form IM7-1 +
H2O, IM70-1 + H2O, IM7-2 + H2O and IM70-2 + H2O, are
comparable and much lower than those of other pathways.
Therefore, initial reaction of BTBPE with $OHmainly form IM3,
IM30, IM5, IM50, IM7-1, IM70-1, IM7-2 and IM70-2.

Based on DEa values for all reaction pathways, we discuss the
reactivity trend of addition sites and H-abstraction sites of
BTBPE toward $OH. The reaction sites with the higher DEa
values will have the lower reactivity toward $OH. Therefore, the
reactivity of addition sites follows the order of the CH sites > CO
sites > CBr sites of 2,4,6-tribromophenoxy group of BTBPE. We
noted that previous study found that $OH additions to CBr site
tend to have a higher Ea value than those of addition to CH sites
of bromophenoxy group in the reaction of PBDEs with
$OH.33,34,51,52 This agrees with our ndings. The C–H of 2,4,6-
tribromophenoxy group has lower H-abstraction reactivity than
that of –O–CH2–CH2–O– group. According to the C–H bond
dissociation energy in C6H6 (112.9 � 0.5 kcal mol�1) and
CH3OCH3 (95.3 kcal mol�1),53 we speculate that CH bond
dissociation energy in 2,4,6-tribromophenoxy group is higher
than that in –O–CH2–CH2–O– group, which can explain lower H-
abstraction reactivity in 2,4,6-tribromophenoxy group than that
in –O–CH2–CH2–O– group. It deserves mentioning that varia-
tion tendency of DEa is consistent with that of DG‡ (Table 1),
indicating that the entropy effect can't change the energy order
of different pathways. Details of activation enthalpy values
(DH‡) and activation entropy (DS‡) for all pathways were shown
in Table S2.† In addition, approximate symmetrical sites have
(almost) the same DEa values toward $OH, e.g. 1 and 10, 2, 6, 20

and 60, 3, 5, 30 and 50, 4 and 40, 7-1, 7-2, 7-10 and 7-20, respectively.
Therefore, in the following discussion, only one site (1, 2, 3, 4, 7-
1 and 3-H) among all symmetrical sites was considered.
3.3. Kinetics

The master equation method was used to calculate the reaction
rate constants for the reaction of BTBPE + $OH, including path-
ways to form IM1, IM2, IM3, IM4, IM7-1 and IM3-H. Moreover,
due to the barrierless pre-reactive complexes and post-reactive
complex, we performed the long-range transition state theory to
calculate the formation rate constant of pre-reactive complexes
and post-reactive complex for the reaction BTBPE + $OH. The
overall reaction rate constant was calculated to be sum of all sites
by assuming that approximate symmetrical sites have the same
reaction rate constants. The values of kOH and G for the reaction
of BTBPE with $OH at 298 K are presented in Table 2. To further
evaluate the effect of temperature (T) and pressure (P) on kOH,
k(T,P), kOH as a function of T and P, was calculated for the overall
reaction and two favorable pathways forming IM3 + IM30 + IM5 +
IM50 and IM7-1 + IM7-2 + IM70-1 + IM70-2 at temperature range
This journal is © The Royal Society of Chemistry 2017
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Fig. 2 Addition and H-abstraction pathways for the reaction of BTBPE with $OH. The symbols “TSm/TSm-H” and “IMm/IMm-H” denote the
transition states and intermediates involved in the reaction, respectively, in which m denotes different reaction sites.
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270–330 K and pressure range 81–122 kPa (shown in Fig. S1†). As
seen in Fig. S1,† k(T,P) presents a negative temperature depen-
dence but no obvious pressure dependence for both the overall
reaction and considered two favorable pathways. The overall rate
constant was calculated to be 1.0� 10�12 cm3 per molecule per s
at 298 K and 101 kPa, which is about 20 times higher than that of
(5.2 � 10�14 cm3 per molecule per s) of 2,20,4,40,5-pentabromi-
nated diphenyl ether (BDE99).52 The calculated branching ratio G

value for the addition products IM3 + IM30 + IM5 + IM50 is 73.5%
and H-abstraction products IM7-1 + IM7-2 + IM70-1 + IM70-2 is
24.9% at 298 K, which are much higher than those for other
addition and H-abstraction pathways. Therefore, CH site addi-
tion of 2,4,6-tribromophenoxy group and H-abstraction from –O–
CH2–CH2–O– group are the most favorable pathways for the
reaction BTBPE + $OH.
This journal is © The Royal Society of Chemistry 2017
3.4. Subsequent reactions of primary intermediates

The chemically activated intermediates/products produced in
the initial reaction can subsequently isomerize, dissociate or
react with atmospheric O2. Here, we focus primarily on the
further transformation of the intermediates with higher G

values i.e. intermediates from addition IM3, IM30, IM5 and IM50

and from H-abstraction IM7-1, IM7-2, IM70-1 and IM70-2. In
addition, based on the consideration of approximate molecular
symmetry as mentioned above, only the transformations of IM3
and IM7-1 were investigated.

Isomerization and dissociation. Similar to the reactions of
aromatics with $OH, the formed IM3 can occur H-shi (to CBr
site) and H-dissociation. Considered H-shi and H-dissociation
pathways with their corresponding DEa and DG‡ values are
RSC Adv., 2017, 7, 9484–9494 | 9487
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Fig. 3 PBE1PBE/6-31+G(d,p) or M06-2X/6-31+G(d,p)-optimized geometries for some important transition states and intermediates involved in
the reaction of BTBPE + $OH. The distances are in angstroms (Å).
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presented in Fig. 4A, and their unimolecular rate constants are
listed in Table S3.† It deserves mentioning that the H-shi
simultaneously leads to the break of C–Br bond. The DEa
values for H-shi and H-dissociation pathways are 41.7 kcal
mol�1 and 27.6 kcal mol�1, corresponding to unimolecular rate
constants in the order of 10�18 s�1 and 10�8 s�1, respectively.
Therefore, the isomerization and dissociation reactions of IM3
proceed slowly. As for IM7-1, four possible pathways (Fig. 4B)
were considered including Br-shi to form P3, H-dissociation to
form P4, phenyl C–O bond rupture to form P5 and P6, and alkyl
Table 1 Calculated relative energy (to the reactants) of pre-reactive com
(DEa) and activation free energy values (DG‡) for the reaction BTBPE + $

Pathways Speciesa Sitesa

Addition to phenyl group IM1 CO
IM10 CO
IM2 CBr
IM20 CBr
IM6 CBr
IM60 CBr
IM3 CH
IM30 CH
IM5 CH
IM50 CH
IM4 CBr
IM40 CBr

H-abstraction from ethyl group IM7-1 CH
IM7-2 CH
IM70-1 CH
IM70-2 CH

H-abstraction from phenyl group IM3-H CH
IM30-H CH
IM5-H CH
IM50-H CH

a The species and sites correspond to the reaction pathways showed in Fig.
298 K.

9488 | RSC Adv., 2017, 7, 9484–9494
C–O bond rupture to form P7 and P8. The last process needs to
overcome 10.5 kcal mol�1 energy barrier, corresponding to rate
constant 3.3 � 104 s�1. However, DG values of products for the
former three pathways are >0, indicating thermodynamical
unfeasibility.

Reaction with O2. Intermediates IM3 and IM7-1 should
react with atmospheric O2, the most abundant oxidants in the
earth's atmosphere. All possible pathways for both reactions
IM3 + O2 and IM7-1 + O2 are presented in Fig. 5A and B,
respectively, and optimized geometries of some important
plex (DERC) and post-reactive complex (DEPC), activation energy values
OH (unit is in kcal mol�1)

DERC
b DEa

b DG‡b DEPC
b

�0.5 0.9 9.7 —
�0.5 0.9 9.7 —
�0.9 4.2 13.9 —
�0.9 4.2 13.9 —
�0.9 4.2 13.9 —
�1.2 3.9 13.4 —
�1.2 �0.8 7.6 —
�1.2 �0.8 7.6 —
�1.2 �0.8 7.6 —
�1.2 �0.8 7.6 —
�0.9 3.2 10.6 —
�0.9 3.2 10.5 —
�3.4 �1.0 8.7 �25.1
�3.4 �1.0 8.7 �25.1
�3.4 �1.0 8.7 �25.1
�3.4 �1.0 8.7 �25.1
�1.9 5.8 14.4 �5.9
�1.9 5.8 14.4 �5.9
�1.9 5.8 14.4 �5.9
�1.9 5.8 14.4 �5.9

2. b DERC, DEa andDEPC were calculated at 0 K, andDG‡was calculated at

This journal is © The Royal Society of Chemistry 2017
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Table 2 Calculated reaction rate constants (kOH, cm
3 per molecule per s) and product branching ratio (G) for the reaction BTBPE + $OH

Pathways Speciesa Sitesa kOH
b Gb

Addition to phenyl group IM1 + IM10 CO 1.4 � 10�14 1.4%
IM2 + IM20 + IM6 + IM60 CBr 0 0%
IM3 + IM30 + IM5 + IM50 CH 7.4 � 10�13 73.5%
IM4 + IM40 CBr 1.9 � 10�15 0.2%

H-abstraction from ethyl group IM7-1 + IM70-1 + IM7-2 + IM70-2 CH 2.5 � 10�13 24.9%
H-abstraction from phenyl group IM3-H + IM30-H + IM5-H + IM50-H CH 3.4 � 10�16 0%
Overall 1.0 � 10�12 100%

a The species and sites correspond to the reaction pathways showed in Fig. 2 and Table 1. b kOH and G were calculated at 298 K and 101 kPa.
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transition states and intermediates involved in the reactions
are shown in Fig. 6.

The reaction of IM3 with O2 can proceed via direct H-
abstraction to form hydroxylated BTBPE (OH-BTBPE) and O2H
or addition to form peroxyl radicals as other aromatic –OH
adducts (e.g. benzene-OH and toluene-OH adducts).54,55 Fig. 5A
depicts the H-abstraction and addition pathways for the reac-
tion IM3 + O2 with corresponding DEa and DG‡ values, and
relative energy (DE) and relative free energy values (DG) (to IM3
+ O2) of intermediates and products. For the H-abstraction
process, O2 could favorably abstract H atom at C site connect-
ing –OH to form OH-BTBPE (P9) and O2H radicals. The DEa is
8.8 kcal mol�1, corresponding to rate constant 2.2 � 10�21 cm3

per molecule per s. However, H-abstraction at other sites could
lead to thermodynamically unfeasible diradical products. The
O2 addition to IM3 should occur at the sites with high spin
distribution, i.e. the ortho-carbon atoms (C2 and C4) and the
para-carbon (C6) of the –OH position (shown in Fig. S2†), like
cases of the reactions benzene-OH adducts + O2 and BDE-OH
adducts + O2 since the triplet O2 is diradical.33,55 Also, O2 can
be added to the aromatic rings from the same or opposite side
of the phenyl ring (cis- and trans-) with respect to the –OH
group. A common feature for such additions is that DG values of
Fig. 4 Subsequent self-isomerization and dissociation pathways for IM3

This journal is © The Royal Society of Chemistry 2017
all formed intermediates (IM8-IM13) are >0. DEa value for para-
addition at C6 site is lower than those of the other additions,
indicating that para-addition at C6 site is most favorable.

The activated peroxy radicals (IM8–IM13) formed in the O2

addition pathway could further transform, forming oxy hydro-
peroxide radical (nally leading to epoxy radicals) via H-shi
and bicyclic radicals via cyclization, respectively.54,55 The bicy-
clic radicals will exclusively recombine with O2 to produce
bicyclic peroxy radicals, then the bicyclic peroxy radicals are
expected to react with NO to form the bicyclic alkoxy radicals
which undergo ring cleavage nally as the reactions of other
aromatics such as toluene.54,56 However, some intermediates
including IM9, IM11, IM12 and IM13 need to overcome high
reaction barriers, and the others including IM8 and IM10 are
thermodynamically unfeasible for further reactions. Therefore,
due to higher energy of peroxy radicals relative to that of reac-
tants IM3 + O2 and hardly further transformation, the O2

addition reaction could proceed reversibly, which is similar to
the case for the reaction of the monoaromatic hydrocarbon-OH
adducts such as benzene-OH, toluene-OH and chlorobenzene-
OH with O2.54,55,57 As a result, O2-addition rate constants are
effectively assumed as the formation rate constant of products
(P10–21). The calculated overall addition rate constant (Table
(A) and IM7-1 (B).

RSC Adv., 2017, 7, 9484–9494 | 9489
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Fig. 5 Subsequent reaction pathways for IM3 (A) and IM7-1 (B) with O2.

RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 3

1 
Ja

nu
ar

y 
20

17
. D

ow
nl

oa
de

d 
on

 3
/1

3/
20

26
 1

1:
09

:2
7 

A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online
S3†) is 1.3 � 10�22 cm3 per molecule per s, in which the trans-
addition to C6 site forming P21 dominates the overall rate
constant. In addition, the reaction rate constants for H-
9490 | RSC Adv., 2017, 7, 9484–9494
abstraction pathways, forming OH-BTBPE and O2H radical,
are higher than those for addition pathways. Thus, H-
abstraction mainly contributes to nal products for the
This journal is © The Royal Society of Chemistry 2017
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Fig. 6 PBE1PBE/6-31+G(d,p)-optimized geometries for some important transition states and intermediates involved in the reaction of IM3/IM7-
1 + O2. The distances are in angstroms (Å).
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further transformation of IM3 in the presence of O2, analogous
to the reaction of OH adduct of PBDEs with O2 to form OH-
PBDEs.52 Since high abundance of atmospheric O2, the favor-
able H-abstraction pathway of IM3 with O2 should have atmo-
spheric importance even though its reaction energy barrier is
relatively high. This also can be supported by the fact that
pseudo-rst order rate constant (�10�2 s�1) of the H-
abstraction is much higher than that (�10�4 s�1) of collision
controlled $OH-molecule reactions that are of signicance for
the transformation of atmospheric pollutants.

Similar to the reactions of typical C-center radicals with O2,
O2 can barrierlessly add to C7 site of IM7-1 to form the inter-
mediate peroxy radicals (Fig. 5B). Peroxy radicals have two
isomeric forms (IM14 and IM140 in Fig. 6) owing to the different
attacking direction of O2. IM14 and IM140 can easily intercon-
vert with the approximate barrier 3 to 4 kcal mol�1. For IM14,
there are two possible H-transfer pathways. One is H-transfer
from C7 site to OO site, which is followed by HO–O bond
capture to form P18; the other is H-transfer from C70 site to OO
site to form oxy hydroperoxide radical (IM15), which can nally
form P23 via HOO–C bond capture. The overall reaction energy
barrier for latter pathway is much lower than that of former one,
indicating the H-transfer from C70 site to OO site to nally form
This journal is © The Royal Society of Chemistry 2017
P23 is most favorable for IM14. Based on the energetic infor-
mation of the most favorable pathway, the calculated rate
constant of IM7-1 + O2 is 2.2 � 10�12 cm3 per molecule per s. In
addition, IM14 is an exclusive product with 100% product
branching ratio. This should result from the fact that IM14
adduct lies in a deep well. We also note that an adduct formed
in the reaction of other C-center radicals such as NH2CHCH2OH
with O2,58 can easily further transform to fragmental products,
which is different from IM7-1 + O2. The steric or electronic effect
of Br near the reactive center could be a possible reason for the
difference.
3.5. Fate of primary intermediates

To discuss the nal fate of primary intermediates (IM3 and
IM7-1) formed by BTBPE + $OH in the atmosphere, we evaluate
the competition of their different transformation pathways,
including self-isomerization/dissociation, bimolecular reac-
tions with O2/NO. To effectively compare the competition of
these pathways, bimolecular rate constants for IM3/IM7-1 + O2

and IM3/IM7-1 + NO were multiplied by the concentration of
O2 (4.92 � 1018 molecules cm�3) and NO (�5 ppb, 2.69 � 1010

molecules cm�3), respectively, to obtain theirs pseudo-rst
order rate constants. The reaction rate constant for the
RSC Adv., 2017, 7, 9484–9494 | 9491
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reaction of IM3 with NO is assumed in the order of 10�14 cm3

per molecule per s based on the reaction of typical aromatic-
OH adducts with NO,59 and IM7-1 + NO in the order of 10�12

cm3 per molecule per s based on the reaction rate constant of
$CH2OCH3 with NO.60 In addition, to evaluate nal yield of
products, a comprehensive product branching ratio was
determined by calculating the product of branching ratio of
IM3 and IM7-1 in the $OH initiated reaction and branching
ratio of products of their subsequent reactions, respectively.
The rate constants of all pathways and the comprehensive
product branching ratio were listed in Table S3† and Fig. 7,
respectively. The main fate of IM3 and IM7-1 was presented in
Fig. 7A and B, respectively.

For IM3, as can be seen in Fig. 7A, the pseudo-rst order rate
constant (�10�2 s�1) with O2 is much higher than that
(�10�4 s�1) with NO and its unimolecular self-isomerization/
dissociation rate constant (�10�8 s�1). The yield of the OH-
BTBPE forming from oxidation of BTBPE is about 72.3%,
which indeed is the main product. Similar to IM3, the pseudo-
rst order rate constant (�107 s�1) of IM7-1 with O2 is much
higher than that (�10�2 s�1) with NO and its unimolecular self-
dissociation rate constant (�104 s�1). It deserves mentioning
that unimolecular self-dissociation rate constant of IM7-1 is
much higher than that of reaction of IM7-1 with NO, which is
different from the case of IM3. The yield of peroxy radicals from
the reaction IM7-1 + O2 is estimated to be 24.8%. Based on
above discussions, we can conclude that OH-BTBPE and peroxy
radicals, are the main fate of primary intermediates formed by
BTBPE + $OH in the atmosphere. In addition, pseudo-rst order
rate constant of IM3 and IM7-1 with O2 is higher than that
(�10�6 s�1, [OH] is 9.7 � 105 molecules cm�3) of the initial
reaction BTBPE + $OH, indicating the reaction of $OH with
Fig. 7 Summary for the fate of primary intermediates IM3 (A) and IM7-1
reaction pathway. Percentage under different products indicates their re

9492 | RSC Adv., 2017, 7, 9484–9494
BTBPE is the rate determining step in $OH initiated reaction of
BTBPE.

3.6. Conclusions and atmospheric implications

The atmospheric oxidation mechanism and kinetics of BTBPE
initiated by $OH was investigated by a combined quantum
chemical method and kinetics modeling. The initial oxidation
proceeds via the $OH addition and hydrogen abstraction path-
ways to form intermediates (IM7-1 and IM3), which can further
react with O2 to nally form peroxy radicals and OH-BTBPE. The
Daphnia Magna LC50 (48 h) values for OH-BTBPE are predicted
to be obviously higher than those for BTBPE (details presented
in Table S4†). Therefore, formed OH-BTBPE tends to be more
toxic than their parent compound BTBPE, which could increase
the environmental risk of BTBPE emission and deserve further
investigation. This is similar to previous ndings that most
hydroxylated brominated aromatics are of higher toxicity than
themselves, for instance, OH-PBDEs and bromophenol have
been proved to be more toxic than PBDEs and bromobenzene,
respectively.61,62 The calculated overall reaction rate constant is
1.0 � 10�12 cm3 per molecule per s, translating 11.8 days
atmospheric lifetime (s ¼ 1/kOH[OH]) of BTBPE. Although the
lifetime of BTBPE is much lower than that (around hundreds
days) of the banned PBDEs (pentaBDE, octaBDE and decaBDE),
the substitute of PBDEs by BTBPE still has atmospheric
persistence.52,63–65 In addition, it deserves mentioning that
heterogeneous reactions of BTBPE on atmospheric particles will
affect its overall atmospheric lifetime since BTBPE is a semi-
volatile compound. Therefore, the effect of other particles such
as black carbon, mineral dust on the lifetime of BTBPE deserves
future investigation. Our study lays a good foundation for the
future study on heterogeneous reactions of BTBPE.
(B). The width of the arrows indicates the relative importance of the
spective final yield.

This journal is © The Royal Society of Chemistry 2017
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