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Density functional theory studies were performed to obtain the structures, rotational barriers, and potential

energy curves of six selected polychlorinated biphenyls (PCBs});43%3 and 2,2,5,5-tetrachlorobiphenyl;
3,3,4,4,5-, 2,2,4,5,8-, and 2,34,4,5-pentachlorobiphenyl; and 3,8,4,5,5-hexachlorobiphenyl. Becke’s
three-parameter hybrid density functional, B3LYP, combined with 6-31G(d), 6-311G(d,p), and+&311

(2d,2p) basis sets was utilized for this purpose. For the selected PCBs, we present optimized geometries at

the B3LYP/6-311#G(2d,2p) level of theory; torsional barriers &tdnhd 90 at the B3LYP/6-31G(d), B3LYP/
6-311G(d,p), and B3LYP/6-311G(2d,2p) levels of theory; and potential energy curves (relative energy vs
torsional angle) at the B3LYP/6-311G(d,p) level of theory. The geometries, torsional barriers, and potential

energy curves of the non-ortho-chlorinated PCBs mimicked those of their parent biphenyl, whereas the

remaining selected PCBs showed different behaviors. The syn-like structures of'tBg2and 2,2,4,5,8-

PCBs were of particular interest. However, the energy difference between the near-syn-like and near-anti-

like structures was very small. Both of these PCBs have large barriers near planarity.

Introduction torsional angle while holding all other structural parameters
fixed 5> He also studied the torsional barriers and potential energy

Polychlorinated biphenyls (PCBs) are widespread environ- curves of 3,34.4,5,3-hexachlorobiphenyl and some other

mental pollutants. PCBs have been used as lubricating andhexachlorobi henvls at the same level of theor
hydraulic fluids, fire retardants in fabrics, insulating and X P . Y . . Y- o
impregnating agents, and transformer oil. Out of the 209 PCB To obtain rellabl_e torsional barriers for any molecule, it is
congeners, only 12 show toxicity similar to polychlorinated Important to use hlgher levels of theory. Morepver, complete
dibenzop-dioxins (PCDDs), having been assigned toxicity optimization is requ|r_ed for accurate calculgtlon of_barners.
equivalency factors (TEF$)Laterally substituted chlorinated Many theoretlcgl studiés® on the to_rS|onaI barrlers of biphenyl .
biphenyls withouto-chlorine substituents, which restrict free have been carried out, but the barriers calculated in those studies,
, ) . X . 1

rotation of the two phenyl rings about the centratC single _T_xceptkllnetDFlTCsOtugejé ddlgiart frgm le;(peerl[)n;ntal (;/tala%é. h a
bond, are the most toxic. In other words, non-ortho-substituted SUZUKI al. conciu very larg sis sets (such as

PCBs can be expected to be able to attain almost any dihedralcc'.pVQZ) shou!d be ”S‘?d with MPZ to Obta"? moderately
angle in the field of a protein because of the small barriers to satisfactory torsional barriers for bipheryiThus, higher level

internal rotation. It has been known for some time that certain theor)l/ ?CCO";!P‘%”'?_" bY alarge ba5|st setb?u_ch als_ Cbci'p?/QZ W'tlh
PCB congeners, notably 3.8 4-tetrachlorobiphenyl and complete optimization is necessary to obtain reliable torsional

3,3,4,4,5-pentachlorobiphenyl, have dioxin-like activities. These barlrlersl for.tPCS_?f.. HIS[)\{[vever, k?_e(r:]ausle olf the ls%e of P,[EB
observations suggest that the barrier to rotation about the centrafnd0 ?cq €s, I'trl1$I ! 'Clé 0 usetz Igher level correlation meth-
C—C bond is associated with the toxicity of a PCB. Obtaining odologies with farge basis Sets.

reliable torsional barriers is important in establishing the precise bi V;]/e rtlacenély _de(;non_s;]ra;ed t_hatfthe _tors:onr?l barrlgrs_rof
relationship between toxicity and torsional barrier in PCBs. Iphenyls obtained with density functional theory ( )
There are, however, only a few theoretical studies on the coincide well with experimental valuédThus DFT, which has

torsional barriers of PCBs. McKinney et Zlstudied the repeatedly been proven to be a reliable methodology, could be

rotational barriers of a few PCBs, including 344-tetrachlo- utilized to calculate r(_aliable tor_sional barriers for PCBs. _
robiphenyl, at the HF/STO-3G level. In their study, they fixed Apart from the tqrsmnal.barrler.s, the structure.and potential
the molecular structure except for the torsional angle (the angle €"€rdY curve associated with rotation about theéXsingle bond
between the two phenyl rings). Tang efaised AM1 to study of a PCB are Of_ interest. Howe_ver, the_re are no pubhsh_ed
the rotational barriers of selected polyfluorinated, polychlori- €XPerimental or high-level theoretical studies on the geometries
nated, and polybrominated biphenyls. In 1997, Andersson et and potential energy curves of RCBS. Because of.the toxic nature
al calculated rotational barriers of all 209 PCBs by using AM1. ©f PCBS, experimentally obtaining their geometries and related
Recently, Mizukanfi studied the torsional angles of a number parameters is d|ff|cul_t. Hence, ob_tamlng relle_lble parameters by
of PCBs at the HF/STO-3G level. In his study, Mizukami heoretical methods is an appealing alternative. The parameters
optimized the geometry of the €C central bond and the obtained may be used to gain chemical and biological insights
into PCB-related compounds.

*To whom correspondence should be addressed. Fa&1-298-50- Here, we used DFT to study the structures, potential energy
2574. E-mail: t-fujii@nies.go.jp. curves, and torsional barriers of six selected PCBs. The selected
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Figure 1. Atom-numbering scheme for a PCB model.

PCBs were two highly toxic PCBs (3,3,4,5-pentachloro-
biphenyl and 3,34,4,5,5-hexachlorobiphenyl), two nontoxic
PCBs (2,25,5-tetrachlorobiphenyl and 2,2,5,3-pentachlo-
robiphenyl), and two moderately toxic PCBs (#34-tetra-
chlorobiphenyl and 2;3,4,5-pentachlorobiphenyl).

Computational Details

All computations were performed by using Gaussian 98
programst* Polychlorobiphenyls were optimized by using
Becke’s three-parameter hybrid density functional, B3LYP,
which includes a mixture of Hartred-ock exchange and DFT
exchange correlatiol:*Three split-valence basis sets, 6-31G-
(d), 6-311G(d,p), and 6-311G(2d,2p), were utilized for this

Arulmozhiraja et al.

geometrical parameter in PCBs. There are no previously
published experimental or higher level theoretical studies on
the structures of the selected chlorinated biphenyls.

The geometrical parameters of the selected PCBs optimized
atthe B3LYP/6-311-G(2d,2p) level of theory are listed in Table
1. The structural parameters of the symmetric',3,3-,
2,2,5,8-, and 3,34,4,5,5-PCBs and the corresponding pa-
rameters of the lower symmetric 384,5-, 2,2,4,5,3-, and
2,3,4,4,5-PCBs are given in the body of the table; the remaining
parameters of the nonsymmetric PCBs are summarized as
footnotes. Table 1 shows that the torsional angle is not
influenced by chlorine substituents at the para and meta
positions. Thep values calculated for the three norehlorine-
substituted PCBs are close to thgalue of biphenyl$ = 40.1°
for biphenyl at B3LYP/6-313+G(2d,2p)).

As expected, PCBs with chlorine atoms in two of their ortho
positions (2,25,5-TCBP and 2,24,5,3-PCBP) have near-
perpendicular structures because of strongtlIrepulsions.
Unexpectedly, however, 2,8,5-TCBP and 2,24,5,3-PCBP
have near-synotchlorine atoms on the same side) rather than
near-anti structures in their global minimum energies. The
torsional angles between the twechlorine-containing planes
of 2,2,5,5-TCBP and 2,24,5,3-PCBP are 857 and 82.2,
respectively. We also found a near-anti-like local energy
minimum structure for 2/2%5,5-TCBP (@ = 78.6° at B3LYP/

purpose. No symmetry restrictions were imposed during the 6-31G(d)). However, the energy difference between the two
optimization. The optimized geometries were characterized by conformers is very small (0.23 kJ/mol). Previous experimental
harmonic vibrational frequency calculations, which showed that studies concluded that 2;8lichlorobiphenyl exists as a near-

all structures were minima on the potential energy surface.

syn conformef’~19 but previous theoretical studfe®2lled to

Potential energy curves (PEC) [relative energy vs torsional anglethe opposite conclusion (near-anti conformer). We performed

(¢)] for the selected PCBs as well as for biphenyl were drawn.
For this purpose, structures at varigiisalues (fromp = 0° to

¢ = 180 in steps of 30) were optimized by using the 6-31G-
(d) and 6-311G(d,p) basis sets. Rotational barriers ‘at 0
[AE° = E(¢=0°) — E(equilibrium)] and at 90 [AE®® =
E(¢p=90°) — E(equilibrium)] were calculated by using the
energies of the respective optimized structureg at 0° and

¢ = 90° (without any symmetry restriction) with respect to that

a geometrical study on this dichlorinated biphenyl at the B3LYP/
6-311+G(2d,2p) level and confirmed the near-syn conformer
structure for 2,2dichlorobiphenyl, proving the reliability of
DFT. Thus the near-syn conformers of '2525-TCBP and
2,2,4,5,5-PCBP suggest that the plausible hydrogen bonding
between theo-chlorine ando-hydrogen atoms does not play
any role in the geometry of these ortho-substituted PCBs.
However, some chlorirechlorine nonbonded attractive force

of the stable twisted structures. All three basis sets were Usedsuch as van der Waals interaction may exist, as Specu|a’[ed for

with the B3LYP functional for this reason.

Results and Discussion

The atom-numbering scheme for a model PCB is given in
Figure 1. In the following three sections, we discuss the

2,2-dichlorobiphenyl® This nonbonded Gi-Cl interaction
should overpower both possible intramolecular hydrogen bond-
ing between chlorine and hydrogen atoms and Coulombic
repulsion between chlorine atoms. The nonbonded bond lengths
in 2,2,5,5-TCBP arer(Cl---Cl) = 3.954 A r(Cl---H) = 3.951

structures, torsional barriers, and potential energy curves for A, andr(H-+-H) = 3.364 A. In 2,34,4,5-PCBP, thep value is

the selected PCBs along with the parent biphenyl molecule.
Geometry. The important geometrical parameter in PCBs is

the torsional angle. Symmetry interaction betweentlogbitals

of the phenyl rings tends to make biphenyl planar, while

repulsion between overlappimghydrogen atoms tends to force

58.8 and the Ci--H hydrogen-bond-like distance is 3.036 A.
The position of chlorine substitution does not significantly
affect the inter-ring bond lengthr(C1—C1) = 1.484 A in
biphenyl]. The inter-ring bond length in 2,3,5-TCBP elon-
gates~0.01 A due to ortho substitution. The chlorine substitu-

the molecule to be nonplanar. Balance of these interactionstion pattern slightly influences the planarity of the phenyl rings.

results in a twisted biphenyl structute!! In chlorinated

More deviations from the mean plane of the phenyl rings have

biphenyls, this balance of interactions is perturbed by chlorine been observed in the namehlorine-substituted than in the
atoms, and there are new interatom repulsive forces, both ofo-chlorine-substituted PCBs. For example, the ortho-positioned

which influence their geometries. For example, in PCBs with

hydrogen atoms distorted by 2.%rom the phenyl plane in

chlorine substituted at the ortho positions, repulsion between 3,3,4,4-TCBP, while the same hydrogen atoms deviated just

overlapping Hrnoand Chrno atoms or between Gino and Chyino
atoms is stronger than that betweegdd and Hyino atoms in
biphenyl; hence, larger torsional angles may result. Additionally,
one may expect two other interactions: (a)4€l hydrogen

0.4 in 2,2,5,5-TCBP. An angle of 1.08and 0.33 is noticed
between (CICC) and (CClh) planes in 3,34,4- and 2,25,5-
TCBPs, respectively. All other structural parameters are given
in Table 1. The difference ip values calculated with 6-311G-

bonding (since chlorine is an electronegative atom, it can (d,p) and 6-313G(2d,2p) basis sets is small for the non-

hydrogen bond to the hydrogen atom of the neighboring phenyl chlorine-substituted PCBs. However, a difference of abotft 3.3
ring) and (b) intramolecular attractive force between two in 2,2,5,5-TCBP is observed. This may be due to the fact that
chlorine atoms. In any case, the torsional angle is the principal 2,2,5,5-TCBP has a very flat potential arougid= 90° (details
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TABLE 1: Structural Parameters of Various PCBs at the B3LYP/6-311+G(2d,2p) Level | (A) and 0, ¢ (deg)P

parameter 3!%,4-TCBP  2,255-TCBP  3,34,4,5-PCBP  2,24,53-PCBP  2,34,4,5-PCBP  3,34,4,5,5-HCBP
r(C1-CY) 1.482 1.491 1.483 1.490 1.487 1.483
r(C1-C2) 1.396 1.397 1.396 1.397 1.400 1.396
r(C1-C6) 1.400 1.396 1.396 1.394 1.397
r(C2-X2) 1.079 1.753 1.079 1.750 1.754 1.079
r(C2—C3) 1.389 1.389 1.386 1.386 1.387 1.387
r(C3-X3) 1.746 1.079 1.745 1.078 1.078 1.744
r(C3—C4) 1.394 1.388 1.398 1.389 1.388 1.398
r(C4—X4) 1.743 1.079 1.733 1.742 1.741 1.732
r(C4—C5) 1.391 1.388 1.398 1.394 1.394
r(C5—X5) 1.080 1.754 1.745 1.743 1.743
r(C5—C6) 1.385 1.386 1.387 1.389 1.388
r(C6—X6) 1.081 1.080 1.079 1.080 1.080
6(C1-C2-C3) 121.2 121.2 120.8 121.3 1215 120.7
6(C1-C2-X2) 120.4 120.3 120.6 120.5 1213 120.6
6(C2—C3—C4) 120.0 120.1 121.1 120.0 120.3 121.0
0(C2-C3-X3) 118.6 119.7 118.2 120.2 120.1 118.2
6(C3-C4—C5) 119.3 119.1 117.9 119.7 119.5 117.8
0(C3-C4—X4) 121.7 1205 121.0 118.6 118.8 121.0
6(C4—C5-C8) 120.5 121.0 121.1 119.5 119.5
6(C4—C5-X5) 119.0 119.6 120.7 1216 1216
0(C5-C6-C1) 120.9 120.5 120.8 121.7 122.2
0(C5-C6—X6) 119.1 120.0 118.6 118.9 118.7
6(C6-C1-CY) 121.3 119.3 120.9 119.5 118.9
6(C1-C1—C2) 120.6 1225 120.6 122.6 119.6
6(C6—-C1-C2) 118.1 118.1 118.4 117.7 117.0 1185
$(C6-C1-C1'—C?2) 38.7 95.5 39.2 99.1 58.8 38.9

2 The remaining parameters of the nonsymmetric PCBs are g&/8m,4,5-PCBP r(C1—C2) = 1.396;r(C1—C6) = 1.399;r(C2—-X2') =
1.080;r(C2—C3) = 1.389;r(C3—X3') = 1.745;r(C3 —C4) = 1.394;r(C4—X4') = 1.743;r(C4—C5) = 1.391;r(C5—X5') = 1.080;r(C5 —
C6) = 1.385;r(C6—X6') = 1.081;0(C2—-C1—C6) = 118.3;§(C1'—C2—X2') = 120.4;0(C1'—-C2—C3) = 121.1;§(C2—-C3—X3') = 118.6;
6(C2—-C3—-C4) = 120.0;0(C3—C4—X4") = 121.6;0(C3—C4—C5) = 119.3;0(C4—C5—X5") = 119.0;0(C4—-C5—C6) = 120.5;6(C5 —
C6—X6") = 119.1;0(C5—-C6—C1) = 120.8.2,2,4,5,3-PCBP. r(C1'—C2) = 1.397;r(C1'—C6) = 1.397;r(C2—X2') = 1.753;r(C2—-C3) =
1.389;r(C3—X3') = 1.079;r(C3—C4) = 1.388;r(C4 —X4') = 1.079;r(C4—C5) = 1.387;r(C5—X5'") = 1.754;r(C5—C6) = 1.386;r(C6 —
X6') = 1.080;0(C2—-C1—C6) = 118.2;4(C1—-C2—-X2') = 120.4;0(C1'—C2—C3) = 121.2;0(C2—-C3—X3') = 119.7;6(C2—-C3—-C4) =
120.1;6(C3—C4—X4") = 120.5;6(C3—C4—C5) = 119.1;0(C4—-C5—X5") = 119.7;6(C4—-C5—-C6) = 120.9;0(C5—-C6—X6") = 120.0;
6(C5—-C6—C1) = 120.5.2,3,4,4,5-PCBP. r(C1'—C2) = 1.394;r(C1'—C6) = 1.397;r(C2—X2') = 1.080;r(C2—-C3) = 1.390;r(C3—-X3")
= 1.745;r(C3—C4) = 1.393;r(C4 —X4') = 1.743;r(C4 —C5) = 1.391;r(C5 —X5") = 1.080;r(C5—C6) = 1.385;r(C6 —X6') = 1.080;0(C2 —
C1—-C6) = 118.6;9(CI'—C2—X2') = 120.3;6(C1'—-C2—-C3) = 121.0;6(C2—C3—X3') = 118.6;6(C2—C3—C4) = 119.9;9(C3-C4—
X4') = 121.6;0(C3—C4—C5) = 119.4;6(C4—-C5—X5") = 119.0;0(C4—C5—C6) = 120.5;0(C5—-C6 —X6") = 119.3;6(C5—C6—C1) =
120.5.

are under the potential energy curve section). But noticeable (2d,2p) level coincide well with the experimental values
differences are found i values calculated using 6-31G(d) and (AE° = 8.5+ 2.7 andAE®® = 8.3 & 2.6 kJ/mol).
6-311+G(2d,2p) basis sets even for norehlorine-substituted The AE®° andAE®° values of the selected PCBs calculated at
PCBs. Overall,¢ values and other structural parameters B3LYP/6-311G(d,p) and B3LYP/6-311G(2d,2p) are listed in
calculated using the two larger basis sets are similar, showing Table 2. However, we have also calculatee® andAE® values
the convergence of the basis set. at the B3LYP/6-31G(d) level (not tabulated). Considerable
It is worth noting that the less toxic PCBs are more stable differences inAE values, especially id\E®® values, obtained
than their more toxic counterparts. It is well-known that the using 6-31G(d) and 6-3#1G(2d,2p) basis sets are noticed. The
3,3,4,4-,3,3,4,4,5-, and 3,34,4,5,5-PCBs are more toxic than ~ AE® values calculated with two larger basis sets are almost

the other PCBs. At the B3LYP/6-3%15(2d,2p) level, 2,25,5- the same, and the differenceANE® values obtained with these
TCBP is 3.19 kJ/mol more stable than the relatively toxic two basis sets is just 1 kJ/mol at the maximum, revealing that
3,3,4,4-TCBP. Among the three pentachlorobiphenyls;,2,3,3- the basis set is well-converged for the torsional barrier calcula-

PCBP is the most stable. It is more stable than,2,8,5- and tions.
3,3,4,4,5-PCBPs by 4.01 and 4.45 kJ/mol, respectively. The Itis clear from Table 2 that the non-ortho-substituted PCBs
stability order is 3,34,4,5 < 2,3,4,4,5 < 2,2,4,5,5, while follow exactly the same trends as their biphenyl parent. The
the toxic equivalency factor (toxicity relative to that of 2,3,7,8- calculated AE° and AE® values for all three non-ortho
TCDD) follows the order 3,34,4,5> 2,3,4,4,5> 2,2,4,5,8.2 substituted PCBs3,3,4,4-TCBP, 3,3,4,4,5-PCBP, and 3!3
Hence there is room to consider that less stable PCBs are moret,4,5,5-HCBP—are almost the same as those of biphenyl. These
toxic. smallerAE®° and AE®® values may allow these three PCBs to
Torsional Barrier. To our knowledge, there are no published orient with any torsional angle in a protein field. Interestingly,
experimental studies on the torsional barriers of our selectedlike the AE® and AE®© values of biphenyl AE° = 6.0 + 2.1
PCBs. Here, we used the B3LYP functional with various basis andAE® = 6.5 & 2.0 kJ/mol)1®11the calculated\E®° values
sets, since it performed well in obtaining reliable torsional for all three non-ortho-substituted PCBs are larger than their
barriers of bipheny}2 Additionally, to build confidence in our ~ AE° values. In contrast, ortho-substituted PCBs follow a
calculated torsional barriers for PCBs, we also calculated the different trend. Because the €€H repulsion is stronger than
torsional barriers of 4;4dichlorobiphenyl, whose barriers are the H—H repulsion, theAE® values calculated for all three ortho-
known experimentally* The calculatedtAE®° and AE*C values substituted PCBs are larger than those calculated for the non-
of 7.66 and 8.41 kJ/mol, respectively, at the B3LYP/6-BGE ortho-substituted PCBs. Th&E®° value of 2,3,4,4,5-PCBP,
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TABLE 2: Torsional Angle (¢) between the Two Phenyl Rings in Various PCBs in deg and Rotational Barrier Heights ap =
0° (AE° = E° ~ E) and at ¢ = 90° (AE®® = E% ~ E) in kJ/mol at the B3LYP Functional

¢ AE° AE®
PCB 6-311G(d,p)  6-3H1G(2d,2p)  6-311G(d,p)  6-3MG(2d,2p)  6-311G(d,p)  6-31G(2d,2p)

bipheny! 40.5 40.1 9.04 8.07 8.33 8.02
3,3,4,4-TCBP 39.4 38.7 7.78 7.25 8.40 8.28
2,2,5,3-TCBP 098.8 95.5 70.27 69.04 0.33 0.26
3,3,4,4,5-PCBP 39.7 39.2 7.88 7.39 8.13 8.33
2,2,4,5,5-PCBP 100.9 99.1 68.34 66.92 0.40 0.19
2,3,4,4,5-PCBP 58.6 58.8 28.65 27.66 2.46 2.31
3,3,4,4,5,5-HCBP 39.5 38.9 7.64 7.17 7.95 7.75

which has a single-chlorine substitution, settled between the
AE° values of the non-ortho-substituted PCBs and At
values of the di-ortho-substituted PCBs. All three ortho-
substituted PCBs have very smAE values, AE® s less than

1 kJ/mol for 2,2,5,5-TCBP and 2,24,5,5-PCBP.

Because of the strong €I Coulombic repulsion, 2;5,5-
TCBP and 2,24,5,3-PCBP have larger torsional barriers at 180
than at 0. The calculated values okE80 [=E(¢p=180C") —
E(equilibrium)] for 2,2,5,5-TCBP and 2,24,5,3-PCBP are

112.4 and 111.0 kJ/mol, respectively, at the B3LYP/6-311G-

We previously showedthat TCDD is a very flexible molecule.
The flexibilities of 3,3,4,4-TCBP, 3,34,4,5-PCBP, and
3,3,4,4,5,5-HCBP (non-ortho-substituted PCBs) seem similar
to the flexibility of TCDD, and in both cases, the molecules
substituted in lateral positions are toxic. Hence, there is strong
evidence that the flexibility of these PCBs is one of the main
reasons for their toxicity. Changes in the inter-ring bond length
(R) parallel increases or decreases in the torsional angle during
the rotation. For example, for bipheny(¢p=0°) = 1.4940 A
andR(¢p=equilibrium) = 1.4854 A.

(d,p) level of theory. Thus, these ortho-substituted PCBs have The PECs of 2,25,5-TCBP and 2,24,5,3-PCBP resemble
large barriers at their planar orientations. These high torsional typical potential wells (Figure 2) with a relatively small barrier
barriers prevent these molecules from attaining a near-planaron the left and a larger barrier on the right. Because of the strong

structure by inhibiting free rotation around the-C single bond.
This may be the reason for the low toxicity (or nontoxicity) of

Cl—H steric repulsion, the energy minimum was found close
to ¢ = 90°. It is seen from Figure 2 that the PECs of these two

these PCBs, since previous studies have established thaPCBs are very flat neaf = 90°. Because the CICl interaction

planarity is the essential parameter for the toxicity of PCBs.
Potential Energy Curve. Potential energy curves (relative

is stronger than the €lH interaction, the torsional barrier at
= 18 is higher than the torsional barrier &t = 0°. As

energy vs torsional angle) for the selected PCBs as well asdescribed in the geometry section, both chlorine atoms stay on
biphenyl are drawn in Figure 2. All geometrical parameters were the same side of the global minimum-energy structures of these
optimized at the B3LYP/6-311G(d,p) level for various torsional two PCBs. However, it is difficult to identify the two minimum-
angles. The PCBs were grouped into three categories: (i) PCBsenergy structures (anti-like and syn-like) from the figure. To
without chlorine substitution at the ortho positions (313t- identify the two minimum-energy structures, we mapped a
TCBP, 3,34,4,5-PCBP, and 3,;3,4,5,5-HCBP); (ii) PCBs separate PEC for 2,8,5-TCBP using B3LYP/6-31G(d)-
with two chlorine atoms at the ortho positions (55-TCBP optimized energies at different values (optimization at 31
and 2,2,4,5,83-PCBP); and (iii) a PCB with a single chlorine different¢ values in the range 66-12C° in steps of 2) (Figure
substitution at the ortho position (2,8,4,5-PCBP). 3). Although the PEC in Figure 3 seems to have two minimum-
The PECs of 3,;34,4-TCBP, 3,34,4,5-PCBP, and 3,31 4,- energy structures, the first is very shallow, the energy difference
5,5-HCBP closely resembled the periodic wavelike PEC of between the two structures is very small (0.23 kJ/mol), and the
biphenyl. It is difficult to distinguish the superimposed PECs curve is very flat over the entire region. Thus, the molecule
of these four molecules (Figure 2). The phenyl rings of,3,3- can easily change from one conformer to the other. The energy
TCBP, 3,34,4,5-PCBP, and 3,3,4,5,5-HCBP can easily change due to phenyl ring rotation fropn= 60° to ¢ = 120°
rotate around their inter-ring -©C bond. Interestingly, the isless than 3 kJ/mol, which implies that this region of the PEC
energy difference due to the complete rotatioA«860C°) of is very flat. Since ortho-substituted PCBs are not toxic, unlike
the phenyl rings is very small and nearly equal to the energy non-ortho-substituted PCBs, we may conclude that flexible
change due to the butterfly flapping motion of the two benzo planarity may be more essential in determining the toxicity of
planes of toxic 2,3,7,8-tetrachlorodibengatioxin (TCDD) 22 PCBs than flatness near the perpendicular orientation. Substitu-
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Figure 3. Relative energy vs torsional angle at the B3LYP/6-31G(d)
level for 2,2,5,5-TCBP.

Figure 2. Relative energy vs torsional angle at the B3LYP/6-311G-
(d,p) level for the selected PCBs.
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tion of chlorine at the para position of 2,2,5-TCBP did not Researcher Fellowship and the Japan Science and Technology
affect the PEC; hence, 2,2,5,3-PCBP exhibited the same type  Agency for the award of a Postdoctoral Fellowship, respectively.
of PEC as did 2,25,5-TCBP (Figures 2).
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