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Density functional theory studies were performed to obtain the adiabatic electron affinities of 15 polychlorinated
dibenzofurans (PCDFs), including toxic PCDFs. Three-parameter hybrid density functional B3LYP, with
different basis sets up to 6-315(2d,2p), was utilized. All the studied PCDFs have planar structures, but

some of them attain nonplanar structures upon becoming anions. The lowest unoccupied molecular orbitals

of all the PCDF neutrals were found to b# orbitals. The singly occupied molecular orbitals of most of the
anions haver character, while the same found for the anions with longeCCbonds haver character. The
present study clearly showed that chlorine atom bends as the eathlumine bond stretches and the
dechlorination could take place through tiie—o* orbital mixing. The electron affinities of all the selected
PCDFs, like those of their toxic polychlorinated dibenzdioxin and biphenyl counterparts, were positive.
Interestingly, the calculated electron affinity of the most toxic 2,3,7,8-tetrachlorodibenzofuran (TCDF) is the

largest among the electron affinities calculated for the eight selected TCDFs. The adiabatic electron affinities

obtained at the B3LYP/6-311G(2d,2p) level were 1.029, 1.114, 1.161, 1.286, and 1.253 eV for the toxic

2,3,7,8-TCDF, 1,2,3,7,8-PeCDF, 2,3,4,7,8-PeCDF, 1,2,3,4,7,8-HCDF, and 1,2,3,6,7,8-HCDF, respectively.

Introduction may have an influence over the toxicity, and hence EA may
) ) ~act as an indicator of toxicity of PCDFs.

Polychlorinated dibenzofurans (PCDFs) belong to the family  |someric HAHS are difficult to distinguish by ordinary mass
of toxic halogenated aromatic hydrocarbons (HAHS) along with gpectrometry. On the other hand, electron capture negative-ion
dibenzop-dioxins (PCDDs) and biphenyls (PCBs) and cause chemical ionization mass spectrometry (ECNICI-MS) has
dermal toxicity, immunotoxicity, carcinogenicity, adverse effects pecome an important technigue for the analyses of chlorinated
on reproduction and development, and endocrine disruptiéns.  5romatic compounds in environmental sampfed. These
Among the 135 possible PCDF congeners, some of the ;ompounds absorb electrons and yield molecular radical anions
congeners show toxicity similar to PCDBsThe nature, the it the electron affinities are sufficiently high. In this case the
number, and the position of the halogen atoms influence the ag have been calculated to be greater than 0.52eS0
toxic and biological activities of HAHS. obtaining the electron affinities of PCDFs is helpful for the

There are a number of experimefitdl and higher level  analysis of these toxic molecules in environmental samples by
theoretical studié8 4 on structures of various PCDDs, includ-  using ECNICI-MS.
ing the most toxic 2,3,7,8-tetrochlorodibengatioxin (TCDD). Reductive dechlorination (RD) is a significant environmental
A few studies on structures and torsional barriers of PCBs were transformation of halogenated organic contaminants under
made in the pas€® Recently, the structures of various PCDD  anaerobic conditions. Evidence has accumulated that micro-
and PCB congeners have been studied in our laboratory by usingorganisms are able to accomplish RD of a wide variety of
ab initio and density functional theory (DF19.% These studies  organohalogens including haloaromatic compoliidEhese
show that structure plays an important role for the toxic nature microorganisms can use haloorganic compounds as electron
of HAHs. Unfortunately, there are no such structural studies acceptors for energy conservation and growth. Studies have also
on PCDFs. demonstrated that PCDDs can be reductively dechlorinated by

Earlier studies have concluded that toxins appear to act assediment and microorganisms in the anaerobic environffieiit.
electron acceptors in a charge-transfer complex with a receptorAdrian et al*® isolatedDehalococcoidesp. strain CBDB1, an
in living cells24-26 Our recent studies have provided positive anaerobic bacterium, for the first time capable of reductively
electron affinity (EA) values for various PCDDs and PCB& dechlorinating chlorobenzenes. Very recently, Bunge ét al.
Since earlier studies suggest that the toxicity and enzyme-showed that the same bacteriubehalococcoidesp. strain
inducing capability of HAHs may be connected to their CBDBL1 is able to reductively dechlorinate selected dioxin
interactions with the arylhydrocarbon (Ah) recept®rs? congeners. Two bacteria with distant relatednes®abalo-
determining whether PCDFs act as electron acceptors or not incoccoidesvere described recently as being responsible for the
these important interactions is necessary for a better understanddechlorination of PCB&43Hence studies on reductive dechlo-
ing of their toxicity. Further, it is likely that electron affinity  rination is getting momentum in recent days for the detoxici-

fication of toxic halocarbons.

*To whom correspondence should be addressed. E-mail: a-sunda@ Studies have demonstrated that the halogen configuration of
nies.go.jp. a PCDD/PCB congener determines whether chlorine(s) will be
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dechlorinated and which chlorine(s) will be removed, and Xo X,

various dechlorination patterns were proposed for 1,2,3,4- Xq / \ X5
TCDD 36384144 These studies have also concluded that the AN ]
dechlorination of some of the highly chlorinated PCDDs may Co \ / g

result in metabolites that are potentially more toxic than the / Cri—Cyf \

parent compounds. Previous studies on PCDDs and PCDFs have c, Cs\X3
concluded that studies are necessary to understand the electron X,
acceptance (reduction) and the carbchlorine bond cleavage Ce— ‘2\ /
mechanismé>46 So knowing the dechlorination sites and the / (of \
reductive dechlorination process is timely and, it would be

helpful to make further advances in the detoxicification studies
on these toxins. In this direction, the geometrical changes occurFigure 1. Atom-numbering scheme for a PCDF model.=XH for
in the toxin upon accepting the electron can provide some dibenzofuran.

fundamental information that may help to understand the
dechlorination site and process. Additionally, studies on mo-
lecular orbitals involving the dechlorination process would help
in drawing conclusions about the reductive dechlorination
process. Hence some useful generalizations concerning reductive

dechlorination of PCDFs can be made from the studies on Results and Discussion
anionic PCDFs.

The foregoing facts encouraged us to go for this present
investigation. The main aim of the present work is to obtain
the electron affinities of the selected PCDFs, including the toxic
ones. This investigation would also help us (1) to know the
EA’s role, if any, in the toxicity of PCDFs and (2) to understand
the reductive dechlorination process in PCDFs. We used density
functional theory for the present study.

out the location of the excess electron. These calculated charges
and spin densities were used for discussion throughout the paper
unless indicated otherwise.

Geometries. There are a few experimental studies on
dibenzofuran (DF) structu®-55 Dideberg et aP3 studied the
crystal structure by using X-ray diffraction in 1971, and, in the
following year, Banerje¥ performed the same kind of study.
But there are some noticeable differences in the structural
parameters obtained in those two studies. In some cases, the
difference exceeds 0.02 A in bond lengths ahéhdond angles.
Later in 1984, Reppart et &t studied the DF structure and found
. . that some of the geometrical parameters obtained in their study
Computational Details have considerable differences with those of the previous two

All computations were performed by using Gaussian 98 Studies: The ©C and C-C (interring) bond lengths are 1.384
programs’’ The three-parameter hybrid density functional, and 1.438 A, respecyvely, which are each considerably shorter
B3LYP, which includes a mixture of Hartredock exchange than the corresponding va]ues of 1.418 and 1.480 A found for
and DFT exchange correlation, was uééf Various split the bond Ieng_ths by Banerjee and the values of 1_.404 a_md 1.481
valence basis sets, 6-31G(d), 6-311G(d,p), 643%(d,p), and A found by Dideberg et al. Reppa_rt et al. found in their study
6-311+G(2d,2p), were utilized to optimize both neutrals and that the structure ofdlbenzofurgn is d!sordgred, with 9% of the
anions of the selected PCDFs. Various PCDF Congenersmolecules adopting an alternative orientation. The disordered
representing chlorine substitutions at different positions (espe- Molecules are related to the ordered counterparts by 180
cially with tetrachlorinated dibenzofurans) were considered for "otation about an axis, which passes through the center of mass
this study. They were three trichlorodibenzofurans (1,2,3-, 1,2,4-, @nd is perpendicular to the furan ring. The authors claimed that
and 2,3,4-TrCDF), eight tetrachlorodibenzofurans (1,2,3,4-, '.[he disorderly r!ature of the d|ben.zofuran structure was not taken
1,2,4,6-, 1289 14,609- 14,78 236,7- 23,7,8- and 3.4,6 7-Nt0_account in the two previous studies and hence the
TCDF), two pentachlorodibenzofurans (1,2,3,7,8- and 2,3,4,7,8- diﬁerenpes in geometrical parameters. No higher Iev_el theoreti-
PeCDF), and two hexachlorodibenzofurans (1,2,3,4,7,8- and cal studies were performed in the past to obtain the dibenzofuran
1,2,3,6,7,8-HCDF). These selected PCDFs include five toxic structure. Under this background, it is reasonable to study the
PCDFs: 2,3,7,8-TCDF: 1,2,3,7.8- and 2,3,4,7,8-PeCDFs andStructure of the parent dibenzofuran by using DFT before
1,2,3,4,7,8- and 1,2,3,6,7,8-HCDEAL first, the geometries of ~ Studying the chlorinated dibenzofurans.
both neutrals and anions were optimized at the B3LYP/ We optimized the DF structure at the B3LYP/6-313(2d,2p)
6-31G(d) level of theory followed by frequency calculations, level of theory, the same level at which the chlorinated
which showed that all the optimized structures were minima dibenzofurans are studied. Second-order perturbation theory
on the potential energy surface. These obtained vibrational (MP2) was also used with the 6-3tG(2d,2p) basis set for
frequencies were used to calculate the zero-point energies (ZPE)this purpose. The atom-numbering scheme is given in Figure
which were needed for EA calculations. Next, the 6-311G(d,p), 1- The calculated geometrical parameters are summarized in
6-311+G(d,p), and 6-311G(2d,2p) basis sets were used to Table 1 along with the values obtained in three different
optimize both neutrals and anions. The adiabatic electron €xperimental studies.
affinities were obtained as differences between the absolute It is seen from the table that there are many noticeable
energies of the neutral and anion species at their respectivedifferences in geometrical parameters, not only i@ and
optimized geometries [EA= E(neutral)— E(anion)]. Zero-point C—C interring bond lengths, obtained in the three different
energy corrections (scaled by 0.98®4yere included in the experimental studies. It is also noticed that many of the
EA values. The atomic charges [at the B3LYP/6-311G(d,p) parameters obtained by Reppart et®ahave considerable
level] were derived by means of electrostatic potential-driven differences from those obtained in the other two experimental
(ESP-driven) charges according to the Me&ngh—Kollman studies. The values calculated using B3LYP and MP2 theories
schemél52 Unpaired electron spin densities [at the B3LYP/ are very similar, and they coincide quite well with the values
6-311+G(2d,2p) level] were calculated for all of the anions derived by Reppart et &%. (The experimental data involving
using the Mulliken population analysis (MPA) scheme to find hydrogen atoms are not corrected for thermal motion.) These
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TABLE 1: Structural Parameters of Dibenzofuran at the results, roughly speaking, there seems to be a rule that a PCDF
B3LYP and MP2 Levels with the 6-311G(2d,2p) Basis Set becomes nonplanar with the addition of an electron if one of
[R (A) and 0 (deg)] its benzene rings has either more than two adjacent positions
parameter MP2  B3LYP expt expt  expf substituted with chlorine atoms and the other ring is unsubsti-
R(C1-C2) 1392 1389 1.389 1.386 1.388 tuted or more than two adjacent positions substituted with
R(C2—-C3) 1.407 1401 1.385 1.377 1400 chlorine atomsd, y, and, positions are required) and the other
R(C3—-C4) 1394 1392 1388 1383 1.388 inghas at least two unsubstituted positions. Two PCDFs, 1,2,3-
R(C4-C11) 1389 1383 1385 1401 1380 y/cpE gng 1,2,8,9-TCDF, do not follow the above rule. The
R(C10-C11) 1.405 1.403 1.393 1.382 1.399 s .
R(C1—-C10) 1400 1395 1384 1387 1398 anionic 1,2,8,9-TCDF ha_d_a nonplanar structure that might be
R(O5-C11) 1.377 1376 1.404 1.418 1.384 because four nearby positions (1, 2, 8, and 9) in this PCDF are
R(C10-C13) 1.445 1450 1.481 1480 1.438 substituted with chlorine atoms. The explanation for the different
Egg;—ng i-ggi i-ggi 2-833 (1)-83 8-3; behavior of the former PCDF is given in the following
R(C3—H3) 1081 108l 0955 Dol 0.95 paragraphs. So it is clear that if a PCDF has a benzene ring of

R(C4—H4) 1080 1080 0956 095 099 three orfour adjacent positions substituted with chlorine atoms,
6(C1-C2-C3) 1212  121.0 1219 1214 1212 then that PCDF needs to become nonplanar with the attachment
0(C2—-C3—-C4) 121.4 1213 1209 1221 1215 of an electron to have some sort of steric relief that is aroused
6(C3-C4-C11) 1165 1167 1167 1153 1163 due to the highly negatively charged chlorine atoms. Due to its
zggi:gié:gi% ﬁgg ﬁgg ﬁg-g ﬁg-g ﬁg-g large electronegativity, chlorine atoms possess a large negative
0(C2—C1-C10) 1184 1186 1179 1185 1183 charge in the anionic PCDFs. For example, atomic charges
6(C11-05-C12) 1055 106.0 104.1 104.4 105.5 calculated for Cl1, CI2, and CI3 atoms in the anionic 1,2,3,7,8-
0(05-C11-C10) 1119 1116 1127 1129 1114 PeCDF were-0.15,—0.14, and—0.18 e, respectively. Many
6(C11-C10-C13) 1054 1054 1053 1056 1059 other anions including the anion of the most toxic 2,3,7,8-TCDF
gggi_ccs‘l;“g;‘) s s w7 Ml 1212 hadaplanar structure. Structural parameters of the anions, unlike
6(C3-C2—H2) 1192 1193 1179 1174 1185 of the neutrals, were influenced by the basis sets. Even in some
9(C2—C1—H1) 120.8 1205 119.4 1189 1208 cases, the basis set has influence over the planarity or the
aTaken from ref 53° Taken from ref 54¢ Taken from ref 55 nonplanar!ty of the structure: planar and nonplanar struc;ures
: ' ) were obtained for 1,2,8,9-TCDF and 2,3,4,7,8-PeCDF anions,
- - respectively, at the UB3LYP/6-31G(d) level; however, the
rgsults indirectly support the finding of Reppart et al..that the UB3LYP/6-311G(2d,2p) level calculations resulted in the
dlbenzofu_rap crystal structure has some degree of dlsorder._ opposite structures, respectively. Generally, the results obtained
The optimized struc’gures of the selected PCDFs, togetheryvlth using 6-311G(d,p) and 6-3#1(d,p) basis sets were in line
the.|mp0rtant gepmetnpal parameters [neutrals as yveII as anionsyth those obtained with the 6-3315(2d,2p) basis set as far
(in italics)] obtained with the B3LYP functional with the use 55 the planarity or the nonplanarity of the structure is concerned,

of the 6-31_1|—G(2d,2p) basis set, are depicted in Figure 2. 1+ the calculated geometrical parameters showed a few
Important dihedral angles of the nonplanar structures are alsoy;ftarences.

given in the figure. [Cartesian coordinates for the optimized
structures (SI-1) and the total energies and ZPE values (SI-2)
are given in the Supporting Information.] The results show that
all of the selected PCDFs have the planar structures of their
parent dibenzofuran and hence the planarity is not been
influenced by chlorine substitutions. [It should be noticed here
that some of the dihedral angle values, in a few PCDFs, were
slightly (<0.1°) deviated from the planar values.] In fact, no . . ;
noticeable changes in the geometrical parameters due to th n the §(C1—-C10-C11) and an increase in “@;‘é‘:l‘cz‘m)
chlorine substitutions were found in many of the PCDFs. The ond angles were also observed for the anions.

PCDFs with chlorines substituted at both the 1 and 9 positions ~ AS expected, the addition of an electron weakened th€C
were exceptional_ The interring-@: bond |engths and a few bonds. In all the cases, the calculated@ bonds in the anions
bond angles obtained in these PCDFs (1,4,6,9- and 1,2,8,9-Were longer than those in the neutrals. The negative charges on
TCDFs) have some differences with those obtained in the otherthe Cl atoms combined with the negative character of the

PCDFs and DF. Due to the steric repulsion between the chlorinesbenzene ring weakened the-Cl bonds in the anions. Such
positioned at the 1 and 9 positions, the interring bond lengths Weakening of the €CI bonds has also been noticed in PCBDs

in these two TCDFs were elongated by around 0.02 A. A and PCB<2 These weak bonds in anions suggest that dechlo-
decrease of abouf3n the 9(C1-C10-C11) (see Figure 1 for  rination will occur more easily than in neutrals, and thus, charge-
numbering) bond angle was also noticed. These changes madéansfer weakens the €Cl bonds that may lead to the
it possible for the above-mentioned two TCDFs to have planar dechlorination of these HAHs. However, from the results, it is
structures. Overall, the structures (neutrals) obtained using alldifficult to isolate which carborchlorine bond can break more
four basis sets are similar. easily than the other. But overall it is very likely that the lateral
Anion structures showed interesting differences: while many carbon-chlorine bonds are more labile than the nonlateral ones.
of the anionic PCDFs had planar structures, some of the anions!t should be noticed here that the study by the Deinzer dgfoup
exhibited nonplanar structures. Anionic 1,2,3,4-, 1,2,8,9-, on regioselective chloride ion loss from chlorine-37-enriched
1,2,3,7,8-, and 1,2,3,4,7,8-PCDFs had nonplanar structures. Thd®CDFs by using ECNI-MS concluded that chlorine at position
2,3,4-TrCDF anion also had a nonplanar structure while the 3 is generally most labile.
other two trichloro dibenzofurans, 1,2,3- and 1,2,4-TrCDFs, had  Anions of 1,2,3- and 2,3,4-TrCDFs and 1,2,3,4-TCDF,
planar structures. Hence, the planarity/nonplanarity of the anionscontrary to those of other PCDFs, had a long@ bond 2.2
is highly dependent upon the substitution pattern. From theseA) each. The peculiarity of these three PCDFs is in the

In most of the PCDFs, a considerable increase in the interring
C—C m-bond order was evidenced from the decrease in th€ C
bond length upon the addition of an electron. Figure 2 shows
about a 0.03 A decrease in the-C interring bond lengths in
anions when compared with those in neutrals. Other noticeable
changes are a lengthening of the-8110, C3-C4, and C16-

C11 bonds and a shortening of the-8d11 bond. A decrease
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2,3,6,7-
Planar
Planar

Planar

a ) 1,2,8,9-
N Planar
Non-planar
Dihedral angle:
C10CIC2CII = -169.6; C1C2C3CI2 = -179.6; C1C2C3C4 = -2.9;
C2C3C4CI1 =4.2; C3C4C1ICI0 = 0.8; C4C11CI10CT =-6.7;
C11CI0CIC2 = 7.7, C10CIC2C3 = -3.4; C12C13C10C1 = -172.9

1,2,3,7,8-
Planar
Non-planar
Dihedral angle:
CI10CIC2CI] = -174.3; C1C2C3CI2 = 179.7; C2C3C4CI3 = 174.5;
CIC2C3C4 = -0.5; C2C3C4C11 = 1.3; C3C4C11C10 = -0.5;
C4C11CI10CT =-0.9; C11C10CIC2 = 1.7; C10CIC2C3 = -1.0;
C12C13C10CI =-178.6

Planar

1,2,3,4,7,8-
Planar
Non-planar
Dihedral angle:

CI10CIC2CI = -172.1; CIC2C3CI2 = -179.6; C2C3C4CI3 = 159.6;
C3C4CIICH = -173.4; CIC2C3C4 = -3.1; C2C3C4C11 = 4.9;
C3C4C1ICI0 = -1.4; C4C1IC10CI = -3.7; C11C10CIC2 = 5.5;
Cl10CI1C2C3 =-2.2; C12C13C10C1 = -174.0

Figure 2. B3LYP/6-31HG(2d,2p)-optimized structures with geometrical parameters of various PCDFs (the words and values in italics are for
anions).
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substitution pattern. One of the benzene rings in these threewould be desirable to support their claim. The Deinzer gfbup
PCDFs has three or four adjacent positions substituted with has also studied electron energy dependence of regioselective
chlorine atoms while the other benzene ring is unsubstituted. chloride ion loss from PCDDs and found a good correlation
Because of this, steric interactions are expected to be high inbetween experimental electron attachment energies airtual
the substituted ring. Addition of an electron should increase the orbital energies calculated for the PCDD neutrals at the B3LYP/
steric repulsions further and hence for the necessary steric relief,D95 level. Their results suggest that the negative ion-forming
one of the C-Cl bonds in these PCDFs become weakened. The process is initiated frome* states, and the authors concluded
calculated spin densities of these three anions revealed that théhat the C-ClI bond cleavage from anionic PCDDs requires
unpaired electrons reside entirely on the benzene rings with thesr* —o* orbital mixing. But there are no studies on anions and
chlorines attached which supports the fact that the steric transition states (of the reductive dechlorination reactions) to
interactions are large in these PCDFs. Even though 1,2,3,4,7,8-gain an understanding of the geometries involved during the
HCDF had a benzene ring with four chlorines attached in carbon-chlorine bond cleavage as well as to support the Deinzer
adjacent positions, such as in 1,2,3,4-TCDF, theQ3) bond group’s claim. In these circumstances, the results obtained in
length in the anion of the former PCDF was shorter than that the present study, especially the longer@ bonds with
in the latter. Calculated spin densities showed that while the bending toward the plane of thesystem, may have a significant
entire unpaired electron was located on the chlorinated benzenemportance in explaining the reductive dechlorination process
ring of the 1,2,3,4-TCDF anion, as mentioned above, around in PCDFs. The bending-€Cl bond orientations in anions prove
25% of the unpaired electron of the anionic hexachlorinated the assumpticf¥46 that these molecules become nonplanar to
dibenzofuran was delocalized on the benzene ring with two pave the way for €CI bond breaking through a reductive
chlorines substituted. Hence the latter experiences less stericdechlorination process. In other words, these results carry the
interaction than the former one does. This should be true in earlier assumptions that the additional electron enters into a
1,2,3,7,8- and 2,3,4,7,8-PeCDFs too. The weakOCbonds orbital, and the €CI bond cleavage may occur according to
(>2.2 A) could be very susceptible to the bond cleavage the bent bond model.
reactions and, the reductive dechlorination should take place To support the fact that the* orbitals receive the ionizing
easily through these weak—Cl bonds. It seems that the electrons, we studied the lowest unoccupied molecular orbitals
reductive dechlorination of a PCDF with a highly chlorinated (LUMOSs) of the PCDF neutrals and found that LUMOs of all
benzene ring has a high probability to occur. Carbon 3-chlorine the selected PCDFs ameorbitals. So it is clear that the ionizing
bonds are the most probable-Cl bonds subject to the reductive  electrons enter into the antibonding orbitals of the PCDFs by
dechlorination process for 2,3,4-TrCDF and 1,2,3,4-TCDF while considering the fact that normally ionizing electron enters into
the C-CI(1) bond should be the case for 1,2,3-TrCDF. The the lowest unoccupied MO. We also studied the singly occupied
regions close to C1 and C2 atoms are probably less flexible (to molecular orbitals of anions of all the considered PCDFs.
have a small dihedral angle) than those close to C3 and C4Obtained SOMOs showed significant differences: SOMOs of
atoms, and hence a very weak-CI(1) bond [weaker than the  1,2,3-, 2,3,4-, and 1,2,3,4-PCDFs were found todbéor a
C—CI(3) bonds in 2,3,4-TrCDF and 1,2,3,4-TCDF anions] mixture of ¢ and &) orbitals, while SOMOs of most of the
results for the anionic 1,2,3-TrCDF to reduce the steric remaining PCDFs were pute orbitals. The LUMOs and the
interaction. The 1,2,3-TrCDF anion had a planar structure since SOMOs of a few neutrals and anions, respectively, obtained at
it might have received the necessary steric relief by largely the B3LYP/6-31#G(2d,2p) level are given in Figure 3. It
weakening its &CI(1) bond. showed that PCDFs with longer-I bond hadec SOMOs.
Reductive Dechlorination Reaction. It is clear that the ~ The foregoing results support the following conclusions: (1)
addition of an electron weakens the-Cl bonds in PCDFs. To  the ionizing electron is accepted into the& orbitals of the
understand the reductive dechlorination process in PCDF, it is neutral PCDFs at the vertical attachment region (the Franck
important to know which orbital accepts the ionizing electron. Condon region); (2) with the acceptance of the ionizing electron,
If the additional electron occupies ti# orbital, then, through ~ C—Cl bond length increases; (3) while bond length increases,
the reductive dechlorination process, a given@ bond would the C-Cl bond also bends toward the plane of theystem;
be weakened and could break easily without any additional and (4) when the €CI bond bends toward the system,
changes in the structure of the target molecule. But our results7*—o* orbital mixing followed by intramolecular electron
showed that the anions with longerCI bonds had nonplanar  transfer froms* to o* orbital occurs. These events pave the
structures. The chlorine atoms of the longer@ bonds inthe ~ way for the C-Cl bond cleavage. Because of large steric
anionic 2,3,4-TrCDF and 1,2,3,4-TCDF bent much toward the energiesin 1,2,3-,2,3,4-, and 1,2,3,4-PCDFs due to the addition
benzene rings: for example, the CI(3) in 1,2,3,4-TCDF was Of an electron, one of the-&Cl bonds in these PCDFs is very
moved around 35from the planarity (Figure 2). Deinzer grotip elongated, and the above-mentioned four processes could have
invoked a “bent” bond model to describe the bond cleavage happened while accepting the ionizing electrons. The calculated
process of polychlorobenzene radical anion to aryl radical plus atomic charges on chlorine atoms of the longer@ bonds in
chloride ion. According to this model, the chlorine atom “bends” these three anionic PCDFs wer#.68, —0.56, and—0.54 e,
toward the plane of the system as the carberthlorine bond respectively. It shows that these three anionic PCDFs are on
stretches, and the unpaired electron becomes increasinglythe verge of the bond cleavage process.
localized in the sporbital, which is necessary for-&Cl bond Anionic PCDFs other than those with a longerCl bond
cleavage. An AM1 study on PCDF anions by the Deinzer length haver SOMOs. For these PCDFs, the—Cl bond
group showed that each singly occupied molecular orbital stretching may provide the possibility far —o* orbital mixing
(SOMO) is ax orbital. Authorg® have again utilized the bent  which is essential for the bond cleavage mechanism. To know
bond model to explain the bond-breaking process in these the changes in the structure as well as the changes in the nature
compounds since the direct transition from tifestate to the of SOMO with the increase of the-€Cl bond length in these
o* state necessary for bond cleavage to occur is not allowed. PCDFs, we considered the anionic 2,3,7,8-TCDF, as an example,
However, the authors concluded that higher level calculations and optimized [at UB3LYP/6-31G(d)] its structure at different
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2,3,4- TrCDF radical and its anion at the B3LYP/6-31G(d) level of
theory followed by frequency calculations which showed that
obtained geometries were minima on the potential energy

i . . surface. Then, both 6-3%#15(d,p) and 6-311G(2d,2p) basis
;'r?glrye gécbgi\ggsﬁnléﬁ]gfjgf'%?bwggec(%?ra%g'%s fg?ran?;xagéggg sets were used With the B3LYP functional to optimize Fhe radigal
represented as isosurfaces with a contour value of 0.02 au. as well as its anion. Scaled (0.9804) ZPEs obtained using
B3LYP/6-31G(d) frequencies were utilized to correct all of the

C3—CI3 bond lengths (from 1.8 to 2.6 A in steps of 0.1 A). energies. These energies combined with the energies calculated

The results are depicted in Figure 4. Two important results have for the anionic 1,2,3,4-TCDF were used to obtain the reaction

been noticed as the-&Cl bond length increases: (1) 3-chlorine energies.

moves from the planar orientation and bends toward sthe The calculated reaction energies showed that the dissociation

system (the anion becomes nonplanar), and (2) the singly of a chloride ion (reaction 1) from the anionic 1,2,3,4-TCDF is

occupied MO is an* orbital at the equilibrium structure  endergonic by-0.99 eV at the B3LYP/6-31tG(2d,2p) level

(R(C—CI3) = 1.756 A) but becomes progressivel{ycharacter of theory. However, the overall reaction energy for the reductive

at longer C-Cl distances (intramolecular electron transfer from dechlorination process (accepting electrons followed byOC

a* to o* MO occurs). These results support the bent bond model bond cleavage) leading to the formation of 1,2,4-TrCDF neutral

and confirm the fact that the bond stretching (combined by CI radical and chloride ion from 1,2,3,4-TCDF is more or less zero.

bending, inherently) provides an opportunity for theé—o* [The electron affinity value calculated for 1,2,3,4-TCDF is 0.985

orbital mixing necessary for €Cl bond cleavage. eV at the B3LYP/6-311G(2d,2p) level. A detailed account

A previous study on polychlorobenzenes revealed that the on electron affinity is given in the next section.] On the other
parent anion undergoes fission by two pathways: (1) cleavagehand, the other dissociation reaction (reaction 2) is endergonic
to aryl radical plus chloride ion, and (2) fission to aryl carbanion by —1.83 eV, so the overall process leading to the formation
plus chlorine atoni® An ECNICI-MS study on PCDDs has also  of the 1,2,4-TrCDF radical anion (anion of the 1,2,4-TrCDF
illustrated the same kind of two dissociative electron capture radical) and the chlorine atom from 1,2,3,4-TCDF is also an
pathways’ So it is worthwhile to study the probable dissociative endergonic one {0.84 eV). So it is most likely that the
reactions involving the PCDFs. For this purpose, we considereddechlorination (in the gas phase) occurs via neutral radical PCDF
the anionic 1,2,3,4-TCDF and studied its dissociative pathways and chloride ion. The calculated atomic charge-@f.54 e on

(Figure 5). Since the C3CI3 bond in 1,2,3,4-TCDF is the CI3 atom in the anionic 1,2,3,4-TCDF also supported the

weakened much due to the addition of an electron, we factthat the chlorine dissociates as a chloride ion. The calculated

considered the dissociation from position 3 (C3). To study the charges on CI3 in the anionic 2,3,7,8-, 1,2,3,4,7,8-, and 2,3,4-

dechlorination reactions (Figure 5), we optimized the 1,2,4- PCDFs were—0.18, —0.21, and—0.56 e, respectively. The

EEBESR
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TABLE 2: Zero-Point-Energy-Corrected Adiabatic Electron
Affinities (eV) of the PCDFs Obtained with the B3LYP
Functional

respective C3CI3 bond lengths in these three PCDFs were
1.761, 1.803, and 2.298 A. These values clearly showed that
the departing chlorine carries a large amount of negative charge

as it dissociates from the parent anion. To understand further, PCDF 6-31G(d) €-311G(d,p) 6-33B(d,p) 6-314G(2d,2p)
we studied the changes in atomic charges and spin densities orgF —0.493  —0.138 0.102 0.095
the CI3 atom as it dissociates from the anionic 2,3,7,8-TCDF. 254 1'<DF 0.440 0.822 0.847 0.789
) o , 12 0 * 1,2,3-TrCDF 0.477 0.865 0.886 0.817

The charges (MPA) and spin densities obtained [at the B3LYP/ 1,2 4-TrcDF 0.299 0.634 0.742 0.733
6-31G(d) level] at different C3CI3 bond lengths (geometries  2,3,7,8-TCDF 0.612 0.946 1.036 1.029
are optimized at each-€Cl bond length) are mapped with €3 i'ivgvg?ggi 8-22(7) (1)-2;91 (1)-8‘5‘-3 8'323
CI3 bond lengths (Figure 6). As can be clearly seen in the figure, 1’4'7’8:TCDF 0557 0888 0958 0.950
chlorine is dissociating as a chloride ion when dechlorination 2'3'6'7-TcDF 0.558 0.883 0.966 0.961
occurs. The existence of anions of the radicals in the experi- 3,4,6,7-TCDF 0.496 0.812 0.890 0.886
mental stud$?5” may be interpreted as they were formed via ié%gﬁggi 8-222 8-2%2 8-822 8-3;?
capture of electrons by radical PCDFs. The large positive ;75'2'2 ¢ 5 X : : :

. ) : ,2,3,7,8-PeCDF  0.759 1.082 1.123 1.114
electron affinity of 2.882 eV for 1,2,4-TrCDF radical obtained 53478-pecDF  0.791 1.110 1.169 1.161
at the B3LYP/6-311G(2d,2p) level supports the above as- 1,2,3,4,7,8-HCDF  0.975 1.295 1.306 1.286
sumption. All these results reveal that the bond cleavage in the 1.2,3,6,7,8-HCDF  0.927 1.238 1.262 1.253

anionic PCDFs could take place via PCDF radical and chloride TCDF, the anion state (the anion at its equilibrium structure)
ion. itself could act as a dissociative state. The small barrier on the
We have also drawn the potential energy curves, PECs, PEC of 2,3,7,8-TCDF anion at arouR{C3—CI3) = 2.1 A, at
(relative energy vs C3CI3 bond length) for the anionic 1,2,3,4- which the departing CI3 atom deviated maximum from the
and 2,3,7,8-TCDFs (Figure 7). For this purpose, we optimized molecular plane (Figure 4), might be attributed #—o*
the anions at various C3I3 bond lengths at the B3LYP/  mixing.
6-31G(d) level. All geometrical parameters were allowed to  Electron Affinities. Adiabatic electron affinities obtained
optimize. There is a marked difference between the PECs of using four different basis sets with the B3LYP functional after
the two TCDFs: a shallow-type minimum was found in the ZPE correction are tabulated in Table 2. To our knowledge,
case of 2,3,7,8-TCDF, whereas no such shallow minimum was there are no published experimental EA values for these selected
found for 1,2,3,4-TCDF. It might be possible that the shallow PCDFs. By considering the size of the molecules, DFT is a
minimum that appeared on the PEC of the 2,3,7,8-TCDF could good choice for calculating the EA values of PCDFs. Earlier
behave as a dissociative state, while, in the case of 1,2,3,4-EA studies on a variety of molecules concluded that the B3LYP
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functional could achieve average errors between 0.1 and 0.2 All the PCDFs have planar structures, but some of the PCDFs
eV as compared to the experiméfits” A recent review on EA attain nonplanar structures upon electron attachment. In all of
also indicated that EA values calculated for a set of 91 moleculesthe cases, the electron attachment weakened th€l®onds
by using the same density functional have an average error ofand the much-elongated—<Cl| bonds ¢ 2.2 A) of the anionic
0.16 eV®8 These conclusions strongly support the use of the 1,2,3- and 2,3,4-TrCDFs, and 1,2,3,4-TCDF were of particular
B3LYP functional for EA calculations. Bearing all these facts interest. These weak bonds could lead to the dechlorination of
in mind, we utilized the B3LYP functional in the present study PCDFs. In most of the cases, lateral carbohlorine bonds in
to calculate the EA values of the PCDFs and we believed that anions were more labile than the otherCl bonds.
the calculated values would be reliable. The ionizing electrons enter into th# orbitals of the neutral
The EA values calculated for all the selected PCDFs were PCDFs. However, the chlorine atom bends towarditisgstem
positive. Flexible basis sets with diffuse functions are essential when the G-Cl bond elongates which paves the way for
to treat negative ions properly which resulted in larger EA x*—o* orbital mixing necessary for carberchlorine bond
values, for all the PCDFs, calculated with 6-31G(d,p) and cleavage. The dechlorination of the anionic PCDFs occurs via
6-311+G(2d,2p) basis sets than those obtained with the neutral PCDF radical and chloride ion.
6-31G(d) basis set. The increase in chlorine (electron-withdraw-  All the PCDFs have positive electron affinities. The positive
ing group) number leads to a lowering of LUMO energy and adiabatic EAs suggest that PCDFs, like their toxic PCDD and
hence the electron affinities of the PCDFs progressively increasePCB counterparts, act as electron acceptors in their interaction
with the increase in chlorine number. The biological and toxic with Ah receptors in living cells. The electron affinities of the
activities of PCDFs, like those of their PCDD and PCB toxic PCDFs were higher than those of their nontoxic or less-
counterparts, strongly depend on their receptor binding affinities. toxic counterparts. The EA value of 1.029 eV calculated for
After entering the body, these toxins bind with the Ah receptors the most toxic 2,3,7,8-TCDF was the largest among the EAs
followed by the complex sequence of events leading to the calculated for the eight selected TCDFs.
biological and toxic effects of HAHs. Hence, the initial binding Because of large EA values 0.7 eV) and the involvement
with the Ah receptor is the key step for the toxic behavior of of z* orbitals in the anion formation process, electron capture
these toxins. The large positive EA values obtained for the negative-ion chemical ionization mass spectrometry could be
selected PCDFs in the present study support that PCDFs mayused as an excellent analytical technique for determining the
act as electron acceptors in the charge-transfer interactions withPCDFs in environmental samples.
the receptors in living cells. These results combined with the
results obtained for the PCDB¥sand PCB#’ clearly indicate Acknowledgment. S.A. expresses his sincere thanks to the
that HAHs act as electron acceptors and the electron affinity Japanese New Energy and Industrial Technology Development
might be an influential parameter of toxicity. Overall, the EA  Organization (NEDO) for the award of a NEDO Researcher
values obtained with the 6-31G(d) basis set were around 0.4 Fellowship.
eV smaller than those obtained with the largest basis set,
6-311+G(2d,2p); however, the EA values calculated using the  Supporting Information Available: Tables of B3LYP/
6-311G(d,p) basis set were close to those calculated using the5-311+G(2d,2p) Cartesian coordinates and total energies and
largest basis set. B3LYP/6-31G(d) zero-point vibrational energies for the selected
The biological activity and toxicity of HAHs are also highly PCDF neutrals and anions. This material is available free of
dependent upon the position of chlorine substitution. So the EA charge via the Internet at http://pubs.acs.org.
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