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Density functional theory studies provided the adiabatic ionization potentials and electron affinities of six
polychlorinated biphenyls (PCBs): 384- and 2,2,5,5-tetrachlorobiphenyl; 3;%,4,5-, 2,2,4,5,3-, and

2,3,4,4 5-pentachlorobiphenyl; and 3,8,4,5,5-hexachlorobiphenyl. A popular three-parameter hybrid
functional (B3LYP) with the 6-311G(d,p) and 6-3tG(2d,2p) basis sets was used for this study. We present
the optimized structures of the cations and anions of the selected PCBs at the B3LYRB{3d12p) level.

In almost all of the studied PCBs, the structure of the ions tended to be more nearly planar than the structure
of the corresponding neutrals. The radical ions of,3,3-tetrachlorobiphenyl and 2,2,5,5-pentachloro-
biphenyl have energetically close syn- and antilike structures. The anions of non-ortho-chlorinated PCBs
have coplanar structures. lonization potentials obtained at the B3LYP/&®H,2p) level were 8.07, 8.34,

8.16, 8.36, 8.20, and 8.26 eV for 384- and 2,2,5,5-tetrachlorobiphenyl, 3;%,4,5-, 2,2,4,5,5-, and
2,3,4,4,5-pentachlorobiphenyl, and 384,5,5-hexachlorobiphenyl, respectively. Adiabatic electron affinities
obtained for all of the selected PCBs were positive and larger than the electron affinity of biphenyl. Furthermore,
the electron affinities of the non-ortho-chlorinated PCBs were higher than those of their ortho-substituted
counterparts.

Introduction hydrogen atoms (which favors the twisted conformer) renders

Halogenated aromatic hydrocarbons (HAHs) constitute a biphenyl a nonplanar, twisted molecdi® In chlorinated
broad class of compounds with varying structure, uses, envi- biphenyls, however, this balance of interactions is perturbed by
ronmental occurrence, and toxicity. The basic structural featuresthe chlorine atoms, which influence the structural features of
governing the disposition of HAHs have been known for several Piphenyls, especially the torsional angtg between the pheny!
years. The nature, the number and the position of the halogenfings. In our previous study,we showed thap values are not
atoms involved, and the structure of the aromatic ring determine influenced by chlorine substituents at the para and meta positions
the physical properties of these compounds as well as influence(for para and metachlorinated biphenyls, thg value is around
the response of biological systems to them. However, there are40’, which is the same as the value for the biphenyl parent).
a lot of other known and unknown complicated and influential However, as expected, the phenyl rings of PCBs with chlorine
factors responsible for the toxicological nature of these mol- atoms in two of their ortho positions are nearly perpendicular.
ecules. So, it is apparent that a complete understanding of the When an electron is removed from or added to biphenyl, the
molecular mechanisms of toxic action will be a difficult process effect of z-electron conjugation is greatly influenced and leads
involving the study of many molecular interactions and reactions to a change in the torsional angle between the two phenyl rings.
singly and in combination. The mechanisms of action of This phenomenon has raised considerable interest in theé C
chemicals may vary even among compounds of the sameinterring bond length and planar/nonplanar nature of biphenyl
chemical class for reasons that are not always obvious. In theséons!?~17 Planar or nearly planar structures have been suggested
circumstances, exploring the factors that determine the toxico- for cations and anions in solutid#!* Rubio et al*> studied
logical effects of these HAHs would be desirable and handy. the cation and anion of biphenyl at the CASSCF and CASPT2

Polychlorinated biphenyls (PCBs) have toxicities similar to levels with the constraint dd,, Ssymmetry, and a recent density
those of polychlorinated dibenzmdioxins (PCDDs). Previous functional theory (DFT) study carried out by Furuya et al. with
studies have revealed that dioxins appear to act as electrona smaller basis set showed nonplanar structures for botd9ons.
acceptors in chargetransfer complexes with a receptor in living  Our recent DFT investigation with a variety of larger basis sets
cells22and our recent investigations have confirmed thisfdct.  concluded with a nonplanar structure for the biphenyl cation
Because previous results suggest that the toxicity and enzyme-and a planar structure for the anitnOverall, past studies
inducing capability of PCBs may be connected to their interac- indicate that ions adopt quinoid structures, whereas neutrals
tions with a cytosolic Ah receptér® (as is also the case for adopt benzenoid structures.

PCDDs), determining whether PCBs act as electron acceptors There have been only a few structural studies on the ions of
or donors in these interactions is necessary for a better chlorinated biphenyl&®-2! Recently, Pan and Phillisused
understanding of their toxicity. DFT to study the radical anions of 4-chloro-, 3-chloro-,

The balance betweem-electron conjugation (which favors  2-chloro-, and 2,2dichlorobiphenyl. They observed a decrease
the planar structure) and repulsion between overlapping orthoin the ¢ values for the anions of these chlorinated biphenyls

*To whom correspondence should be addressed. F&&1-298-50- relative to the values for the corresponding neutrals. Pan et al.
2574. E-mail: t-fujii@nies.go.jp. have obtained Raman spectra of 2-, 3-, and 4-chlorobiphenyl
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Figure 1. Atom-numbering scheme for PCBs.

cations and have also studied the structures by using DFT.

J. Phys. Chem. A, Vol. 106, No. 44, 200R0591

TABLE 1: Torsional Angles [¢ (deg)] between the Two
Phenyl Rings of the lons of Selected PCBs Obtained with the
B3LYP Functional?

neutrat cation anion

PCB | 1] | I | Il
biphenybp 40.5 40.1 19.0 18.9 6.3 0.0
3,3,4,4-TCBP 39.4 38.7 20.3 19.1 6.6 0.0
2,2,55-TCBP 98.8 955 1144 1141 395 40.6
3,3,4,4,5-PCBP 39.7 39.2 21.1 20.0 5.2
2,2,4,5,3-PCBP 1009 99.1 51.9 51.6 40.0 40.6
2,3,4,4,5-PCBP 58.6 588 41.0 403 31.0 30.8
3,3,4,4,55-HCBP 39.5 389 21.4 205 0.0 0.0

al, 6-311G(d,p); Il, 6-31%G(2d,2p).> Taken from ref 18¢ Taken
from ref 11 (except biphenyl).

There have been no experimental or theoretical studies on the

ions of the toxic PCBs.
The foregoing facts tempted us to investigate the ions of the
selected PCBs by using DFT. First, investigating the ions would

3,3,4,4,5,5-PCBs and the corresponding parameters of the ions
of less symmetric 2,5,5-, 2,2,4,5,8-, and 2,34,4,5-PCBs
are given in Table 2. In almost all cases, thevalues were

enable us to determine the structural changes, especially withlower for the ions than for the corresponding neutrals. The

regard to planarity or nonplanarity, that occur when these PCBs
are ionized. Second, such studies would also enable us to obtai
two important physical properties, the ionization potential (IP)
and the electron affinity (EA) values, of the selected PCBs.
These parameters, especially the latter, would help us to
determine the role of PCBs in the interaction with Ah receptors.
Third, these studies would be a continuation of our previous
work on establishing the relationship between the calculated
physical and chemical properties and the toxicities of PCBs.

Computational Methods

All computations were performed with Gaussian 98 pro-
grams? The three-parameter hybrid density functional, B3LYP,
which includes a mixture of Hartred=ock exchange and DFT
exchange correlation, was us&é¢* Two tetrachlorobiphenyls
(3,3,4,4- and 2,25,5-TCBP), three pentachlorobiphenyls
(3,3,4,4,5-, 2,2,4,5,5-, and 2,34,4,5-PCBP), and a hexachlo-
robiphenyl (3,34,4,5,5-HCBP) were considered for this study.

The cations and anions of the selected PCBs were optimized

first with the B3LYP functional using the 6-311G(d,p) basis
set followed by the frequency calculations; we found that none
of the ion structures had any imaginary frequencies, and thus
all were identified as minima. These frequency calculations also
yielded the zero-point energies (ZPE), which were needed for
the IP and EA calculations. Next, the 6-32®(2d,2p) basis
set was used to optimize the ions. No symmetry restrictions
were imposed for optimizing the ion structures. The adiabatic
IP and EA values were calculated using the total energies
[obtained at the B3LYP/6-311G(d,p) and B3LYP/6-31G-

(2d,2p) levels and ZPE-corrected with the B3LYP/6-311G(d,p) .

frequencies] of the ions and their respective neutrals. The atomic
charges were derived by using electrostatic potential (ESP)-
driven charges according to the Mer8ingh—Kollman
scheme?®26 Unpaired electron spin densities were calculated
for all of the ions using Mulliken population analysis (MPA).

Results and Discussion

Geometry of lons.A schematic diagram of a PCB molecule
is depicted in Figure 1. Two dominant geometrical parameters
of the radical ions of the selected PCBs are worthy of
discussion: the torsional angl¢)(and the interring €C bond

considerable increase in the interring-C z-bond order favors
rihe planar conformations in the ion structures.

The ¢ values calculated for the cations of the PCBs with
chlorine atoms in the para and meta positions'(8,3-TCBP,
3,3,4,4,5-PCBP, and 3,34,4,5,5-HCBP) were close to 20
as predicted for biphenyl, and interestingly, the anions of these
PCBs, like the biphenyl anion, exhibited planar structdfasye
were unable to optimize the anionic structure of 3,3,5-PCBP
with the 6-31H#G(2d,2p) basis set. Agaifiwe noticed changes
in planarity with the size of the basis set, and it is clear that
large, flexible basis sets with diffusion functions should be
utilized to study the anions. So, in every aspect, the ions of the
non-ortho-chlorinated PCBs behave in the same way that
biphenyl ions do.

The structures of the ortho-chlorinated PCBs are especially
interesting. The ortho-substituted PCBs have a near-syn form
(ortho chlorine atoms on the same side) rather than a near-anti
form in their global energy minima. For example, experimental
studies have concluded that 2dichlorobiphenyl exists in a
near-syn conforme¥, 2% and our recent study showed that the
global energy minima of 2;ichlorobiphenyl, 2,25,5-TCBP,
and 2,24,5,3-PCBP have synlike structures, although these

‘structures are only approximately 2 kJ/mol more stable than

their antilike counterparts-

In the present study, we considered both anti- and synlike
structures for the cations and anions of' 35-TCBP and
2,2,4,5,8-PCBP. Again, the global minimum for the 225-
TCBP cation has a near-syn form [the two ortho chlorines come
closer ¢p = 114.7) than those in the neutral structurg €
95.5°)]. However, the energy of its near-anti structupe= 56°)
is only 1.16 kJ/mol higher than that of the near-syn structure at
the B3LYP/6-311%G(2d,2p) level. However, an antilike) (=
51.6°) global minimum was obtained for the 24£5,3-PCBP
cation, whose structure is only 1.13 kJ/mol more stable than
the synlike ¢ = 119.3) structure. In contrast, the anions of
both 2,2,5,5-TCBP and 2,24,5,3-PCBP have antilikeg =
40.6°) global energy minima structures, but their corresponding
synlike (@ = 135°) forms are approximately 7 kJ/mol less stable.

The second important structural parameter is the interring
C—C bond length. In the case of biphenyl, strengthening of this
bond has been observed upon the addition or removal of
electrons'® and the calculated interring-€C bond length in

length R). The calculated torsional angles of all of the selected the biphenyl anion is smaller than that in the cafidn.

PCB cations and anions, along with the angles of their neutral
counterparts, are summarized in Table 1. The structural param-
eters of the ions of symmetric 3,84-, 3,3,4,4,5-, and

We observed these same trends in our selected PCBs. When
compared with the neutrals, the cations show an approximately
0.03 A decrease iR value, and the anions show a 0.05 A



TABLE 2: Structural Parameters of the lons of Various PCBs at the B3LYP/6-311G(2d,2p) Level [ (A) and 6, ¢ (deg)P

IoA 'V "wdyDd 'sAud T 26S0T

3,3,4,4-TCBP 2,2,55-TCBP 3,3,4,4,5-PCBP 2,24,5,3-PCBP 2,34,4,5-PCBP 3,34,4,5,5-HCBP

parameter neutral  cation anion  neutral cation anion neutral cation Panioeutral cation anion  neutral cation anion  neutral cation anion
r(C1—-Cr) 1.482 1.447 1.434 1.491 1.478 1.443 1.483 1.449 1.434 1.490 1.465 1.443 1.487 1.454 1.440 1.483 1.450 ©2.432
r(C1-C2) 1.396 1.414 1.434 1.397 1.423 1.433 1.396 1.416 1.432 1.397 1431 1.432 1.400 1.433 1.432 1.396 1415 A.430
r(C1-Ceo) 1.400 1.424 1.431 1.396 1.389 1.435 1.396 1.415 1.434 1.394 1.401 1.434 1.397 1.409 1.440
r(C2—X2) 1.079 1.078 1.078 1.753 1.721 1.781 1.079 1.077 1.081 1.750 1.728 1.777 1.754 1.730 1.781 1.079 1.077 H&.077
r(C2—C3) 1.389 1.376 1.376 1.389 1.399 1.378 1.386 1.374 1.372 1.386 1.382 1.376 1.387 1.381 1.375 1.387 1.374 M.372
r(C3—X3) 1.746 1.724 1.771 1.079 1.079 1.081 1.745 1.725 1.779 1.078 1.079 1.079 1.078 1.079 1.079 1.744 1.725 1N.768
r(C3—C4) 1.394 1.419 1.402 1.388 1.376 1.401 1.398 1.419 1.413 1.389 1.390 1.400 1.388 1.392 1.404 1.398 1.420 .408
r(C4—X4) 1.743 1.704 1.760 1.079 1.080 1.078 1.733 1.697 1.763 1.742 1.709 1.758 1.741 1.708 1.760 1.732 1.696 746
r(C4—C5) 1.391 1.405 1.404 1.388 1.408 1.400 1.398 1.420 1.412 1.394 1.422 1.405 1.394 1.421 1.400
r(C5—X5) 1.080 1.079 1.081 1.754 1.719 1.782 1.745 1.725 1.779 1.743 1.717 1.768 1.743 1.719 1.770
r(C5—C6) 1.385 1.370 1.376 1.386 1.393 1.369 1.387 1.374 1.372 1.389 1.381 1.371 1.388 1.377 1.372
r(C6—X6) 1.081 1.078 1.080 1.080 1.080 1.077 1.079 1.078 1.081 1.080 1.078 1.077 1.080 1.079 1.078
6(C1-C2-C3) 121.2 121.6 122.1 121.2 121.2 123.2 120.8 121.2 121.8 121.3 121.0 123.3 1215 1211 1235 120.7 121.2 121.8
6(C1-C2—-X2) 120.4 120.7 120.6 120.3 120.2 120.8 120.6 120.8 120.7 120.5 121.4 121.0 121.3 121.7 121.8 120.6 120.9 120.8
6(C2—C3-C4) 120.0 119.5 121.7 120.1 119.8 1215 1211 120.3 123.0 120.0 120.3 121.0 120.3 120.5 121.2 121.0 120.3 122.7
6(C2—C3—X3) 118.6 119.7 118.1 119.7 1195 118.9 118.2 119.3 117.6 120.2 120.1 119.6 120.1 120.0 119.5 118.2 119.3 117.8
6(C3—C4-C5) 119.3 119.7 117.5 119.1 119.4 116.3 117.9 118.7 115.3 119.7 119.7 117.8 119.5 119.7 117.5 117.8 118.8 115.7
6(C3—C4—X4) 121.7 121.3 122.9 120.5 120.7 121.8 121.0 120.6 121.7 118.6 119.1 119.2 118.8 119.1 119.0 121.0 120.6 122.1
6(C4—C5-C6) 120.5 120.4 1214 121.0 121.1 123.2 1211 120.3 123.0 119.5 119.4 121.1 119.5 119.3 121.2
6(C4—C5—X5) 119.0 118.8 118.7 119.6 119.2 118.0 120.7 120.3 119.3 121.6 121.0 120.3 121.6 121.0 120.3
6(C5-C6—-C1) 120.9 1211 122.4 120.5 120.3 121.9 120.8 121.2 121.8 121.7 122.0 123.2 122.2 122.4 123.6
6(C5—C6—X6) 119.1 1185 1175 120.0 119.6 119.2 118.6 118.0 117.6 118.9 118.3 118.1 118.7 118.2 117.8
6(C6—C1-CYT) 121.3 121.2 122.9 119.3 119.8 120.7 120.9 121.0 122.4 119.5 119.7 120.7 118.9 118.8 119.1 120.8 120.9 122.4
6(C1-C1r—-C2) 120.6 121.0 122.2 122.5 122.0 125.3 120.6 121.0 122.1 122.6 122.5 125.0 119.6 119.6 119.9
6(C6—C1-C2) 118.1 117.8 114.9 118.1 118.1 113.8 118.4 118.2 115.0 117.7 117.4 113.6 117.0 116.9 113.0 118.5 118.3 115.1
¢(C6—-C1-C1—-C2) 38.7 19.1 0.0 95.5 114.1 40.6 39.2 20.0 5.2 99.1 51.6 40.6 58.8 40.3 30.8 38.9 20.5 0.0

a Structural parameters for neutrals were taken from ref Qbtained with 6-311G(d,p) basis set.
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TABLE 3: lonization Potentials [IP (eV)] of the Selected TABLE 4: Electron Affinities [EA (eV)] of the Selected
PCBs Obtained with the B3LYP Functional PCBs Obtained with the B3LYP Functional
IP EA
PCB 6-311G(d,p) 6-31:G(2d,2p) PCB 6-311G(d,p) 6-3HG(2d,2p)
biphenyt 7.82 7.86 biphenyf —-0.21 0.03
3,3,4,4-TCBP 8.12 8.07 3,3,4,4-TCBP 0.83 0.92
2,2,5,5-TCBP 8.38 8.34 2,2,5,5-TCBP 0.61 0.69
3,3,4,4,5-PCBP 8.23 8.16 3,3,4,4,5-PCBP 1.04
2,2,4,55-PCBP 8.41 8.36 2,2,4,53-PCBP 0.79 0.84
2,3,4,4,5-PCBP 8.27 8.20 2,3,4,4,5-PCBP 0.91 0.95
3,3,4,4,55-HCBP 8.34 8.26 3,3,4,4,55-HCBP 1.24 1.27
aTaken from ref 18. aTaken from ref 18.

decrease. Therefore, it seems that the double bond character of The EA values of all of the selected PCBs are positive and
the C-C interring bond increases more when an electron is higher than the value for biphenyl. For example, the EA value
added than when an electron is removed. Other noticeableof 3,3,4,4-TCBP is 0.9 eV higher than that of biphenyl at the
changes are a lengthening of the-€12 and C3-C4 bonds B3LYP/6-31H-G(2d,2p) level. This may be due to the suscep-
and a shortening of the GZ3 bond. Moderate to large tible nature of carbonhalogen bonds to reductive bond cleavage
decreases in thé&(C6—C1-C2) and §(C3—C4—C5) bond reactions. This behavior causes weakening efGCbonds in
angles were observed for the anions. In all of the cases, theanion and also delocalizing of the negative charge throughout
C—CI bonds are stronger in the cations and much weaker in the molecule. Hence, the calculated EAs for PCBs are higher
the anions when compared with the bonds in the neutrals. Thethan that for unsubstituted biphenyl, and further large EA values
C—Cl bonds are susceptible to bond cleavage reactions, andare obtained for highly chlorinated PCBs (Table 4). Unlike
this fact reflects in the weak-€Cl bonds in anions. These weak biphenyl, none of the selected PCBs has negative EAs at the
bonds in anions suggest that dechlorination will occur more B3LYP/6-311G(d,p) level; however, in all of the cases, the EA
easily than in neutral or in cations. Overall, all of the bond values calculated with the 6-3+15(2d,2p) basis set are higher
lengths (including € Cl) and bond angles calculated using both than those obtained with the other basis set.
6-311G(d,p) and 6-31G(2d,2p) basis sets are similar. The toxicities of HAHSs, including dioxins and PCBs, depend
IPs. The calculated adiabatic IPs [HP E(cation) — E(neu- strongly upon their receptor binding affinities. This binding
tral)] after ZPE correction are tabulated in Table 3. There are interaction is necessary so that Ah receptors can transport the
no significant differences in the IP values calculated with the HAHs into the nucleus, where they cause their toxic and
two different basis sets. The IP values obtained for all of the biological effects. Earlier work indicated that dioxins act as
selected PCBs are higher than those obtained for biphenyl. Itelectron acceptors in the interaction with Ah recepfofsThe

seems that ortho-substituted PCBs'(8,3-TCBP and 2,24,5,3- large positive adiabatic EAs of the PCBs in the present study
PCBP) are more stable with respect to their cations than otherindicate that PCB molecules may also act as electron acceptors
PCBs are. in their reactions with receptors in living cells.

EAs. Although accurate EAs have been calculated for atoms It is known that the ligands (HAHSs) with the highest binding
and small molecules, the calculation of EAs has not been affinities for Ah receptors are those with planar structifes.
perfected; hence, theoretical predictions of EAs remain the Therefore, it is obvious that the greater toxicity of the non-
subject of a great deal of research. In general, it is necessary toortho-chlorinated PCBs could be explained by postulating that
use flexible basis sets, especially with diffusion functions, and they have planar structures, just as in the case of dioxins. These
to treat electron correlation effects carefully in order to obtain PCBs are approximate isostereomers of 2,3,7,8-TCDD. How-
accurate EAs. By considering the size of the molecules, DFT ever, the structure of PCBs is rather twistéd?-38 Another
is a good choice for calculating the EA values of PCBs. EAs possible explanation for the greater toxicity of particular PCBs
obtained with DFT methods are fairly accurate (within 0.2 eV) has come from another direction. The barrier to rotation about
in most case&? Earlier studies on a variety of molecules (three the central G-C bond is known to be an important factor in
or fewer heavy atom) concluded that the B3LYP functional determining the toxicity of PCBs. PCBs with lower rotational
could achieve average errors between 0.1 and 0.2 eV asbarriers have greater toxicity, and previous studies concluded
compared to the experimefit:3* EA values obtained for  that PCBs with lower barriers can easily attain a coplanar
p-benzoquinone and a number of methyl- and halogen- structure and thus are more toxic than PCBs with higher
substitutegh-benzoquinones indicated that the B3LYP functional barriers®®
could yield EAs within experimental error for most quinones Our present results could provide an alternative explanation
and within an average absolute magnitude of 0.05 eV of for the greater toxicity of these specific PCBs. Because the
experimental value® A recently published revie# on EA also calculated EA values for the selected PCBs are positive, these
indicated that EA values calculated for a set of 91 molecules PCBs appear to act as electron acceptors in chérgasfer
by using B3LYP functional have an average error of 0.16 eV. interactions with the receptors. It is clear from the structural
All of these studies showed that the B3LYP functional could studies that non-ortho-substituted PCBs become planar after
be used to obtain reliable EA values. After considering all of accepting an electron. Therefore, in the interaction with recep-
the above facts, we utilized the same B3LYP functional to tors, PCBs could accept electrons, become planar, and hence
calculate the EA values of the selected PCBs and we believedbind strongly to the receptors. This hypothesis may explain the
that the calculated values would be reliable. To our knowledge, greater toxicity of non-ortho-chlorinated PCBs. These two
there are no published experimental EA values for these selectedorocesses, accepting electrons from the receptors and becoming
PCBs. EA values [EA= E(neutral) — E(anion)] obtained at coplanar in structure, are synchronous, and they lead to the first
the B3LYP/6-311G(d,p) and B3LYP/6-3315(2d,2p) levels critical step, strong binding with the receptors, in the complex
after ZPE correction are listed in Table 4. sequence of events leading to the biological and toxic effects
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of PCBs. ortho-Chlorinated PCBs, in contrast, cannot become
completely coplanar, even after accepting electrons from recep-
tors. It is worth mentioning that non-ortho-chlorinated PCBs 100
have larger EA values than ortho-chlorinated PCBs have; thus,
it is reasonable to anticipate that PCBs with larger EA values
will have greater toxicity.

Charge Distribution and Spin Density. Some of the results
of the present study can be explained by analyzing the charge
distributions and spin densities of the selected PCBs. The ESP 3
charges calculated at the B3LYP/6-311G(d,p) level and the spin
densities derived at the B3LYP/6-3tG(2d,2p) level were used
for this purpose. The calculated ESP charges for the neutral
PCBs indicate that positive charges located at the ortho hydrogen 50
atoms of the ortho-chlorinated PCBs are large. Furthermore, Torsional angle (degrees)
the negative charges at the ortho chlorines of the same PCBgFigure 2. PECs at the B3LYP/6-311G(d,p) level for ions of '2525-
are small; thus, the steric repulsion between the ortho hydrogens! €BP along with their neutral counterpart.
may not be smaller than that between the ortho chlorines, a
situation that would lead to the synlike global minimum energy electrons, which may be essential for their interaction with the
structures calculated for 2,8,5-TCBP and 2,24,5,3-PCBP. receptors and for their toxic behaviors, at least in a lesser extent.
However, in the case of the ions, changes in charge distribution Figure 2 clearly shows the existence of two narrowly separated
make a difference. An interesting fact that can be interpreted Minima for both of the ions. The PEC of the 2%5-TCBP
by means of charge distributions is the decreased torsional anglegion mimics the PECs of the non-ortho-chlorinated PEBs.
in the anions of these two ortho-chlorinated PCBs. Consider All of the foregoing results are consistent with the fact that
the case of 2/25,53-TCBP anion. The electronic charges on the Planarity is an essential part of the toxicity of PCBs.
ortho chlorine and ortho hydrogen atoms are.198 eV and .
+0.146 eV, respectively. The attraction between the positively Concluding Remarks

charged hydrogen atoms and the negatively charged electro- DFT was used to study the ions of PCBs. The torsional angles
negative chlorine atoms can lead to the formation of hydrogen obtained for the ions were smaller than those of the correspond-
bonds. The obtained bond length (GH) is 2.686 A. Hence, ing neutrals. The cations of all of the selected PCBs have
one can speculate that in addition to the effectreflectron  nonplanar structures. Interestingly, three non-ortho-chlorinated
conjugation, hydrogen bonding between the ortho chlorine and toxic PCBs, 3,34,4-TCBP, 3,34,4,5-PCBP, and 3!34,4,5,5-
the ortho hydrogen atoms could be the reason thaptelues ~ HCBP, attain coplanar structures upon becoming anions. The
calculated for the anions of ortho-chlorinated PCBs are smaller |P values obtained for all of the selected PCBs were larger than
than the values for the neutrals and the cations. the IP of biphenyl. The positive adiabatic EA values suggest

The location of the unpaired electrons may explain why the that anionic PCBs are stable with respect to the detachment of
change in conformation of ions relative to their neutrals is electrons, and the values also indicate that PCBs, like TCDDs,
observed. It is evident from the calculated spin densities that act as electron acceptors in their interactions with receptors in
unpaired electrons are not located at a particular site; instead living cells. The more toxic PCBs, non-ortho-chlorinated PCBs,
they are delocalized over both of the phenyl rings. This fact have larger EA values than their ortho-chlorinated counterparts.
influences ther-electron conjugation needed to enable the PCBs The combination of the non-orthehlorinated PCBs’ larger EA
to adopt a planar conformation. This delocalization may be the values and their coplanar anion structures could reveal a new
reason for the decreasedrvalues observed for all of the ions.  phenomenon whereby these PCBs attain the essential planar
In the case of non-ortho-substituted PCBs, a small amount (0.1)structure by accepting electrons from cellular Ah receptors; the
of unpaired spin lies on the chlorine atoms in the cations, but strong binding that results may then lead to greater toxicity.
the unpaired electrons are completely delocalized on the carbonThe torsional barrier ap = 0° for the 2,2,5,5-TCBP anion is
ring of the anions, hence their coplanar structure. much smaller than the barrier for the neutral.

Potential Energy Curve (PEC).Because there is a decrease L
in torsional angles in the ions of ortho-chlorinated PCBs, it Acknowledgment. S.A. EXPresses his sincere thanks to the
would be interesting to know how the energy barriers at the Japangse_New Energy and Industrial Technology Development
planar conformations and the PECs for the interringCC Orgamzayon (NEDO) for the award of a NEDO Researcher
rotations change when these PCBs become ions. We have drathlze"c’WSh'p'
the PECs (relative energy vs torsional angle) for the cation and
anion of 2,2,5,5-TCBP along with its neutral (Figure 2). For
this purpose, we optimized the ion structures at varipasgles
(from ¢ = 0° to ¢ = 180 in steps of 30) by using the 6-311G-
(d,p) basis set. All geometrical parameters were allowed to
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Supporting Information Available: Tables of unscaled
vibrational frequencies and infrared intensities for the selected
PCB cations and anions. This material is available free of charge
via the Internet at http://pubs.acs.org.
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