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Abstract To better understand the mechanism of the elec-
tron induced elimination of the bromide anion, we examined
at the B3LYP/6-31+G(d) level electron capture by 2,3,4-
tribromodiphenyl ether (BDE-21) followed by the release
of the bromide anion and a radical. Both the geometry and
energy of the BDE-21 neutral and its possible anionic states
were studied. A significant relationship was found between
the total energy and the length of the C-Br bonds by the
analysis of the potential energy surface for the anionic
states. Debromination preference for the bromine substitut-
ed positions was theoretically evaluated as meta-Br>ortho-
Br>para-Br. The reaction profiles of the electron-induced
debromination of BDE-21 demonstrated that, in general, the
presence of a solvent makes the electron induced reductive
debromination of BDE-21 significantly more advantageous,
and the stabilization effect of the solvent on the reaction
intermediates would make the electron attachment and
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dissociation relatively effective in comparison with the re-
sults from the gas-phase calculations.

Keywords Anions - Debromination - DFT - 2,3 ,4-
Tribromodiphenyl Ether

Introduction

Polybrominated diphenyl ethers (PBDEs), which are used as
additive flame retardants, have been widely detected in
environmental and human samples [1-5]. PBDEs and their
metabolites are in general persistent, bioaccumulative and
structurally related to polychlorinated biphenyl (PCBs) and
thyroid hormones, and their increasing levels in the envi-
ronment pose a potential danger to human health via endo-
crine disruption, neurotoxicological effects, carcinogenicity,
etc. [6—10]. Studies to date have showed that debromination
of PBDESs could occur via multiple processes (e.g., chemical
[11-13], photochemical [14, 15] and biological processes
[16, 17]). Recently, treatment using zero-valent iron (ZVI)
to reduce PBDEs to less toxic products (e.g., diphenyl ether)
is considered to be a promising strategy for remediation of
the PBDE contamination [11-13].

In the presence of ZVI, PBDEs can be debrominated
rapidly to lower brominated congeners or diphenyl ether.
Although the debromination rates of PBDEs by different-
sized ZVI varied significantly, a satisfactory quantitative
property-reactivity relationship has been observed between
the specific surface area normalized reaction rates and low-
est unoccupied molecular orbital energies, indicating the
direct electron transfer as a major reaction mechanism be-
tween PBDEs and ZVI [12, 18-20]. In general, the presence
of the highly electronegative bromine atom in the molecules
can make their anions relatively stable. Several reports have
suggested that PBDEs can accept electron and undergo a
reductive dehalogenation due to its large positive electron
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affinity and relatively low energy of lowest unoccupied
molecular orbital [11, 12, 18, 19]. Recently, density func-
tional theory (DFT) calculations were carried out to study
the structures of anions of halogenated aromatic compounds
(e.g., polychlorinated dibenzo-p-dioxins [21, 22],
polychlorinated dibenzofurans [23] and PBDEs [24, 25]).
It was found that the equilibrium nuclear configuration of
the anion might correspond to some point along the pathway
to dissociation of the neutral molecule. Considerable elon-
gation (by 0.6-0.8 A approximately) of a specific carbon-
halogen bond was observed in most of the optimized struc-
tures, indicating that the added electron clearly weakens the
carbon-halogen bond and makes it more vulnerable to dis-
sociation [25, 26]. For PBDEs, the substituted position
where the considerable elongation of C—Br bond occurs in
theoretical calculations can be viewed as the vulnerable
dehalogenation position, where the reductive debromination
was somehow observed experimentally in the reaction with
ZVI [12, 25] or on electron capture negative ion mass
spectrometry [22]. In this regard, upon accepting an elec-
tron, the geometrical changes in PBDE congeners may
provide fundamental information for the understanding of
debromination sites and processes. In the reaction of PBDEs
with ZVI, meta- was found to be the most susceptible
substituted position for the cleavage of the C—Br bond to
occur, however, the products from the para- and ortho-
debromination of parent compounds could also be observed
[12, 18].

To better understand the electron acceptance (reduction)
and carbon-bromine bond cleavage mechanisms of PBDEs
and their debromination regioselectivity, 2,3,4-
tribromodiphenyl ether (BDE-21) having one bromine at
each of the ortho-, meta-, and para- positions on one side
of diphenyl ether was selected in this paper for a computa-
tional study. We report herein the DFT calculations that
address: (1) the characteristics of the radical anions formed
after an electron transferred to BDE-21 neutral, (2) relative
stabilities of the possible BDE-21 anionic states and the
transition states for their isomerization, and (3) reaction
profiles for the electron-induced dissociation of BDE-21.

Computational methods

All calculations in the present research were performed with
Gaussian03 [27], and GaussView 4.1 was used as the mo-
lecular modeling system for constructing and visualizing the
results of the calculations. The split valence 6-31+G(d) basis
set [28], including the minimum addition of diffuse func-
tions, in combination with the hybrid density functional
Becke3LYP [29, 30], was chosen for the geometry optimi-
zation, frequency and energy calculations, since the
B3LYP/6-31+G(d) calculation was previously reported in
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good agreement with the experimental electron attachment
energy for several BDEs (by means of electron transmission
spectroscopy and dissociative electron attachment spectros-
copy) [31] and the basis set effects are not obvious on the
geometrical structure for BDE-21 according to our earlier
report [25]. Effects of the solvent were included through
single-point calculations at the same level of theory using
the conductor polarized continuum model (CPCM) [32]. To
mimic the situation in mixtures of acetone (¢=20.7) and
water (¢=78.4) (1:1) used in the previous BDE-21
debromination experiment [12], the dielectric constant in
the present work was set to £¢=32.63 (methanol) [32].
Discussions in this study were primarily based on the cal-
culations in solution if not noted, and the detailed thermo-
dynamic data in the gas-phase (Table A.1) and in solution
(Table A.2) can be found in Appendix.

Results and discussion
Molecular geometry of BDE-21

Presently, no structural data based on the X-ray diffraction
are available for BDE-21, however, the reliability of the
geometric data calculated at the B3LYP/6-31+G(d) level
for BDE homologues have been validated by previous re-
searchers [24, 25]. According to the earlier reports [24, 25],
the discrepancies were slight between the experimental and
theoretical geometries. The geometric parameters of the
BDE-21 neutral and its possible anionic states obtained
from optimizations in this study are shown in Fig. 1, and
the Cartesian coordinates for the optimized structures from
our calculations can be found in Appendix.

It was found that geometries of the three BDE-21 anionic
states (I, IT and IIT) are significantly different from that of
the neutral species. For the BDE-21 neutral, the calculated
C-Br bond lengths varied from 1.883 A (the ortho-position)
to 1.895 A (the para-position), increasing with the distance
of substitution position from the O atom. For the anionic
states, all C-Br bonds were elongated as compared to those
of the BDE-21 neutral at the corresponding brominated
position. When the electron was added, one particular C—
Br bond was lengthened from around 1.89 A (in the neutral
BDE-21) to around 2.4 A (in the anionic states). It was
reported that debromination of PBDEs might occur as the
departing bromine bent off the aromatic ring plane for
effective m*-0* orbital mixing [24, 25]. In the present study,
bending of the C—Br bond out of the aromatic ring plane was
only observed at the ortho-position of anionic state I. In
addition, another geometrical change observed in BDE-21
anionic states involved a transformation in the torsion angles
to lower the total energy. The conformation was changed
from a skew type in the BDE-21 neutral to a twist in BDE-
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Fig. 1 Structure and some
important geometrical
parameters of BDE-21 and its
possible radical anionic states
obtained from the B3LYP/6-
31+G(d) calculations (bond
distances are given in
angstroms)

BDE-21 neutral

21 anions [33], thus the unsubstituted aromatic ring plane
turned out to be closer to the bromine atom, benefiting from
a stabilization of the added electron. The large positive
electron affinity values calculated in the present research
(Table 1) are in support of the notion that PBDEs could
act as electron acceptors in the charge-transfer interaction
with reductants such as ZVI [12] and birnessite [34]. These
anionic states might be more appropriate to be considered as
a species with an extended three-electron C-Br bond since
the bromine carried some of the unpaired spin density
(Fig. 2) and not a full negative charge (around —0.5¢ in this
study) [32].

Anionic states and the possible bromide ion loss channel
for BDE-21

The equilibrium nuclear configuration of the radical anion
should correspond to some point along the pathway to the
dissociation. Electron attachment to neutral BDE-21 could
elongate the C-Br bond. When the change occurs on the
potential energy surface of the anion, the neutral-anion
energy separation will decrease, following the relaxation
of the nuclear configuration. It was found that the geometry
optimization of BDE-21 obtained through vertical electron
transfer (electron attached to the neutral without a geometry

anionic state I

(ortho- elongation)

anionic state II
(meta- elongation)

anionic state III
(para- elongation)

change) to the structure of the neutral molecule led directly
to anionic state II, as was observed in our previous report
[25]. The preferred formation of anionic state Il over alter-
native anionic state I or anionic state III, may be a reflection
of the next lowest unoccupied molecular orbital (NLUMO)
structure of the BDE-21 neutral [32]. The lowest unoccu-
pied molecular orbital (LUMO) for the BDE-21 neutral
(orbital 97) is almost completely located on the brominated
phenyl group, and concentrated on the three C-Br bond
especially, as shown in Fig. 2. From orbitals 97 to 101
(LUMO to LUMO+4), the spatial distribution of orbital
densities is gradually moved to the unsubstituted phenyl
group and the orbital character changed from o* to 7*
(shapes of the molecular orbitals do not vary significantly
between calculations in the gas-phase and in solution).

In the electron induced debromination of some brominat-
ed nucleobases [35], conversion of the nuclear configuration
of the neutral to its anionic species is associated with a small
kinetic barrier. In the present research, this conversion pro-
cess for BDE-21 was found to be barrier-free. We have
drawn the potential energy surface by rigid scan along the
two C-Br bonds of the anionic BDE-21, as shown in
Fig. A.1. The shallow-type minima, which may behave as
a temporary dissociative state, were found with a suitable
length (around 2.4 A) for each C-Br bond at the
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Table 1 Thermodynamic char-

acteristics of each step as well as In the gas-phase

In solution

the global (AE) driving force for

the electron-induced release of Step 1 Step 2 Step 3 Global Step 1 Step 2 Step 3 Global

the bromide anion from BDE-21

(kJ mol™ Sate I -26.32 —69.12 103.34 7.90 —172.42 —99.62 9.83 —262.21
Sate 1T -26.32 —65.94 100.88 8.62 -172.42 -101.04 12.84 -260.62
Sate IIT -26.32 —60.08 98.91 12.51 -172.42 —94.52 9.12 -257.82

corresponding substituted position of the BDE-21 anion. It
was found that energy of the molecule decreased signifi-
cantly with the increase in the C-Br bond length. The
elongation of one specific C-Br bond is reasonable for the
BDE-21 anion. When the vertical electron transfer occurred
to BDE-21, either the fixing or elongation of all the C-Br
bonds would cause a rise in energy.

In this study, to elucidate the possible bromide ion loss
channels, isomerization between possible anionic states
were investigated by transition state theory calculations.
The obtained geometries of transition states are similar to
the equilibrium structure of BDE-21 anions, but have two
obviously elongated C-Br bonds with the stretching vibra-
tion showing an imaginary frequency. In the gas-phase, the
energy order of three anionic states was I<II<III, with the
relative energy of 0, 3.18 and 9.04 kJ mol ', respectively.
However, in solution, state II is the relatively stable species,
followed by anionic I (1.43 kJ mol ' higher) and anionic III
(6.52 kJ mol ™! higher). The dominant bromine loss channel
(meta-) represented by the relatively stable species (anionic
state II) in solution phase calculation was also observed
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experimentally in a recent report on the reductive
debromination of BDE-21 by ZVI in acetone/water solution
(1:1) [12]. Figure 3 shows the relative energy diagram of the
anionic states I, IT and III, and the transition states between
them. Isomerization of state II to I and III is possible by
breaking the conversion barrier around 20 kJ mol ', This
low conversion barrier energy indicated that debromination
of BDE-21 can occur at either the meta-, ortho- or para-
position, as was observed experimentally [12]. The
debromination preference for the substituted position in
solution is theoretically evaluated as the meta-Br>ortho-Br
>para-Br, being in good agreement with previous experi-
mental debromination using ZVI and theoretical calculation
[12, 18, 25]. However in the gas-phase, the debromination
preference based on the energy of anionic states is ortho-Br
>meta-Br>para-Br. In addition, the transition state, with
two considerably elongated C-Br bonds, might be unstable
and could easily lose its bromide anion as the dissociation
occurred at the elongated C-Br bond in anionic states. This
could probably explain the presence of mono-BDEs in the
experimental debromination of individual BDE-21 [12],

-0. 02031 [ | LUMO+4

°
al
o¥,e,

anionic state |

-0. 04494 |:| LUMO+1

e

oV

anionic state IlI
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Fig. 3 Relative energy diagram (in solution) of the anionic states I, II
and 111, and the transition states between them (kJ mol ")

which is generally considered to be a stepwise and sequen-
tial reaction. Since a certain amount of unknown byproducts
was observed experimentally [12], other pathways might
also exist in the debromination of BDE-21 and thus further
research needs to be carried out in this field.

Reaction profiles for the electron-induced dissociation

The mechanism of C-Br bond breakage following electron
attachment in BDE-21 can be divided into three steps (1)
electron binding to the neutral BDE congener; (2) conver-
sion of the electron adduct into the multiple anionic states;
(3) complete separation of the Br™ anion and neutral radical
molecule. The reaction profiles on the electronic energy
scale are shown in Fig. 4 and Table 1.

In the present work, the energy change for this reaction
indicated that formation of the radical anions from the BDE-
21 neutral is thermodynamically feasible. In each step, the
difference was small in energy of the reaction concerning
the three anionic states. It was demonstrated computation-
ally that, in general, the presence of the solvent makes the
electron induced reductive debromination of BDE-21 sig-
nificantly more advantageous than in the gas-phase. The
most striking dissimilarities between the processes occur-
ring in both the gas-phase and solution relate to steps 1 and
3. In solution, the vertical electron attachment energy (neg-
ative values of the energy in step 1) was up to 172.42 kJ
mol ', whereas in the gas-phase, it was only 26.32 kJ mol .
Although the energies in step 1 for BDE-21 were all nega-
tive in our calculations, it is clear that stabilization effect of
the solvent on the BDE-21 anions could make the vertical
electron attachment process quite effective. For anionic
states I, IT and III in the gas-phase, the respective energies
of step 2 were calculated to be —69.12, -65.94 and —60.08 kJ
mol™', and the presence of the solvent makes this step
slightly easier, with the energies of —99.62,-101.04 and
—94.52, respectively. In step 3, the anionic state dissociation
is significantly endothermic in the gas-phase, suggesting
that thermodynamics might prevent BDE-21 anion separa-
tion into the bromide anion and the corresponding radical.
However, owing to the solvation, this dissociation step was
found accompanied by only a small energy barrier (around
10 kJ mol "), which would probably be easily overcome
during the course of dissociation.

Conclusions

In the present research, the BDE-21 neutral and its radical
anions were investigated at the DFT level. The positive
electron affinities confirm the vertical and adiabatic stability
of the anionic states in both the gas-phase and solution. The
shallow-type minima were found in the potential energy
surface by rigid scan of the C-Br bonds, which may behave
as a temporary dissociative state. It was found that the
geometry optimization of BDE-21 obtained through vertical

Fig. 4 Reaction profiles for
electron-induced debromination -8251.74
of BDE-21 into the separated —_
bromide anion and radical § -8251.76
E -8251.78
< -8251.80 ! h
—®— in gas-phase
3 -8251.82 Lgese
E .8251.84 —A— in solution
-8251.86 A
-8251 -88 T L} T T
neutral vertical attachment radical anions dissociated
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electron transfer to the structure of the neutral molecule led
directly to anionic state II, which can be transformed into
states I and III through the transition states. Debromination
preference for the substituted position in solution is theoret-
ically evaluated as meta-Br>ortho-Br>para-Br, being in
agreement with previous experimental results and theoreti-
cal calculation [12, 18, 25]. The reaction profiles of the
electron-induced debromination of BDE-21 demonstrate
that, in general, the presence of a solvent makes the electron
induced reductive debromination of BDE-21 significantly
more advantageous. The most striking dissimilarities be-
tween the debromination processes of BDE-21 occurring
in the gas-phase and solution relate to vertical electron
attachment and the bromide anion dissociation.
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