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Polychlorinated dibenzp-dioxins (PCDDs) are very harmful and toxic environmental pollutants. PCDDs
emitted from various sources are chemically transformed and decomposed through reactions with the OH
radicals in the atmosphere. The reaction mechanism for PCDD decomposition has not been understood
completely because they are difficult to deal with due to their toxicities and very low vapor pressure. Therefore,
we have carried out density functional theory calculations using the B3LYP/6-31G** method for the initial
OH radical reactions with fouDz, symmetric congeners, namely, diberzodioxin (DD), 1,4,6,9-
tetrachlorodibenz@-dioxin (1469-TCDD), 2,3,7,8-tetrachlorodibenpadioxin (2378-TCDD), and octachlo-
rodibenzop-dioxin (OCDD) as reference compounds among 75 PCDDs to locate favorable reaction sites and
reaction pathways for the first time. We found that the OH-substituted product (i.e., hydroxylated PCDD) is
thermodynamically more stable than the PCBOH adduct. But the transition states for substitutions are
higher than additions. The relative energies of the adducts and their transition states for the OH radical addition
have negative values in terms Ak, in agreement with experimentally measured activation energy of DD.
The OH radical addition t®,, congeners can attack three different carbon sites, viz., oxygen-bonded carbon
(C,), a-position carbon (§), ands-position carbon (§). Among three adduct isomers, theadduct, formed

by the OH radical addition at an ether linkage carbon, is energetically more stable tharotheadducts.

The first step for the OH radical addition into dioxin shows no significant dependence with the chlorination
pattern. There is not much difference between 1469-TCDD and 2378-TCDD for the OH addition reaction.
The geometrical parameters of the OH adduct show a marked change around the head carbon. But the structural
parameters of the other unattacked benzene ring are nearly conserved after the OH radical addition.

Introduction OH, HO,, and NQ radicals and @ The wet and dry deposition
of gaseous PCDDs seems to be of relatively minor importance

Dioxin compounds are notorious for their biochemical and 16 . .
toxic effects2 Polychlorinated dibenzp-dioxins (PCDDs) asoa ::(;?g;’lzl ;ﬁéhgﬁ' thje-ht? Ore:Sc tlr?grse Oafl rE%ZDI? m:: ;Ze a
produced from various sources are emitted and dispersed into__ .2 hosp g'g

the global environmerit:® In particular, a large quantity of removal pathlvsv?z >*eThe reaction of N@radicals with PCDDs
PCDDs is emitted from the combustion of wastes in municipal I(:Soxgirgeile%wt.ov b;—ge doorﬂiaz(:llf ?(Iar:we:vca?lonrsoxtshs Tr?tDrgsa?rrneos-
incinerators’ 6 PCDDs are persistent organic pollutants and herel’19 P
transported or transformed through the atmosph&FRhysical, P ' . ) ) i
chemical, and biological properties of PCDDs show strong '€ reaction of aromatic compounds with OH radicals
dependence on the position and the number of chlofirids.  undergoes one of these reactions as an initial step: (i) an H-atom
The PCDD homologue distribution is related with thermody- abstraction from the substituent alkyl group of aromatic
namic properties of PCDDX. compounds; (ii) an addition of the OH radical to the benzene
PCDDs emitted into the atmosphere are transported in both 1ng to form a hydroxycyclohexadienyl radical; (iii) an H-atom
particle-bound and gas phadédé Particle-phase PCDDs are abstraction from the benzene ring; or (iv) a substitution of the
removed from the atmosphere through the dry or wet deposition. Substituent of the benzene rif" In the high-temperature
The tropospheric removal or transformation of gas-phase PCDDs"®gion 600 K), the OH radicals react with aromatic com-

undergoes wet and dry deposition, photolysis, and reaction with pounds initially through H abstraction rather than OH addition
into the benzene rin§:21 Under moderate atmospheric condi-

* Authors to whom correspondence should be addressed. E-mail: ions, PCDDs initially react with the OH radicals to form
wchoi@postech.ac.kr (W.C.); mhin@mail.pcu.ac.kr (B.J.M.). PCDD—-OH adduct radical&®'° Toluene also undergoes an
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Figure 1. The relative potential energy (kcal/mol) of thheconformer of the DB-OH adduct as a function of the rotating dihedral ang(€{C.-
OHon)]- The three local minimay(l, y-Il, and y-IIl) are equally separated by about 220

0% in the SCHEME 1. Addition of an OH Radical into Dibenzo-p-
dioxin (DD) and the Formation of a, £, and y Isomer
Adducts and the Definition of Conformers I, Il, and Ill
for the oo Adduct

addition reaction with OH radicals by more than 9
atmospheré? However, it is difficult to detect their intermediate
radicals, that is, PCDBOH adducts, and to deal with them
due to their toxicity and the very low vapor pressure; 40

10711 Torr at 298 K17~1° The rate constant of degradation of o 7o
PCDDs by OH radicals decreases with increase in the number C[

of chlorine atomg31° The mechanism for the decomposition o”*
or transformation of gas-phase PCDDs is not understood v-adduct

well.23-25 Previously the structurereactivity method®?*based 9 10 1 H
on the electrophilic constantsdino OF Gpara Ometa Were reported g 4 Oa 2 o .
to estimate the OH radical rate constants of organic compounds @ + *OH '

. . 7 ° b 3 [¢]
with low vapor pressure such as PCDDs. In this work, we 6 97,

-adduct
carried out density functional theory (DFT) calculations on the graddue

reaction of dibenzg-dioxin (DD), 1,4,6,9-tetrachlorodibenzo- H H QOJC(OH
p-dixoin (1469-TCDD), 2,3,7,8-tetrachlorodibengatioxin (2378- (oc-ll)\L j(oc-lll) o

TCDD), and octachlorodibenzo-dioxin (OCDD) with an OH o T

radical to find out favorable reaction pathways and reaction sites C[ | (atll\) B-adduct

in the gas phase. o G

Computational Methods A dioxin molecule is composed of 12 carbons, but these

highly symmetric congeners have only three kinds of carbon

We have performed DFT calculations using a Gaussian 98 sites. The OH radical addition 5, congeners can attack at
suit of program¥ at the level of DFT (B3LYP) with the three different carbon sites: oxygen-bonded carbanCg; Ce,
6-31G** basis set for the PCDBOH adducts, their transition  Cq4 (C,); a-position carbon, § Cs, Cg, Co (Cy); Or S-position
states, and reactants. We have selected [rsymmetric carbon, G, Cs, C7, Cg (Cg) as shown in Scheme 1. Therefore,
congeners, DD, 1469-TCDD, 2378-TCDD, and OCDD, as three kinds of adduct isomerg, o, andj adducts, are possible
reference compounds among all PCDD congeners. Physical andor the Do, congeners. A PCDBOH adduct may take many
chemical properties of PCDDs are very sensitive to the number conformations through the rotation of the dihedral angle of
and position of chlorine%:14 Charge distributions of PCDDs  hydroxyl-group hydrogen (bl). We performed single-point
(i.e., polarizabilities, quadrupole moments, and dipole moments) energy calculations for the PCDBDH adducts by rotating the
change very sensitively and systematically with the chlorination dihedral angle of I3y (7(C,C:OHon) at an interval of 10) to
patterns:! The ring vibrational frequencies of PCDDs also find out the local minima on the potential-energy surface of
change systematically with the chlorination patt&riThe the adduct conformer. Figure 1 shows three minimal points for
vertical electron affinitie¥ of PCDDs increase with an increas- they adduct of DB-OH at the dihedral angles)(of —60, 60,
ing number of chlorines. The reactivities of PCDD congeners and 180, which are equally separated by about 120n the
are also very sensitive to the chlorination pattern. Therefore, basis of this figure, among a large number of OH-adduct
we have selected the fol,, symmetric congeners as repre- conformers, the three conformers corresponding to the local
sentative molecules for the chlorination pattern to understand minima were selected as the representatives; the conformation
their reactivity toward the OH radicals. with Hoy oriented to the center of the benzene ring was
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TABLE 1: B3LYP/6-31G**-Calculated E, (Hartree), AE. (kcal/mol), AE, (kcal/mol), AEt (kcal/mol), AH (kcal/mol), S (cal/mol
K), AS (cal/mol K), AG (kcal/mol), AH; (kcal/mol) (at 298.15 K and 1 atm) of PCDD-OH Adducts and Transition States

PCDD+ OH Adduct
Ee AEe AEg AEr AH S AS AG AH%
DD

o-l —688.30017 —19.8 —16.5 —-17.6 —-18.2 108.1 —28.9 —9.6 —22.9
o-ll —688.29857 —-18.8 —-15.7 —16.6 —-17.2 106.6 —-30.4 —-8.1 —-21.9
o-lll —688.29553 —-16.9 —-14.0 —14.9 —15.4 109.7 —27.3 -7.3 —20.2
f-1 —688.30282 —21.4 —18.1 —19.2 —19.8 108.0 —28.9 —-11.2 —24.5
Rl —688.29818 —-185 —-15.5 —-16.4 —17.0 108.1 —28.9 —8.4 —21.7
el —688.29793 —18.4 —15.4 —16.3 —16.9 108.1 —28.9 —8.3 —21.6
-1 —688.30917 —25.4 —22.1 —23.3 —23.9 104.9 —-32.1 —-14.3 —28.6
y-1l —688.30836 —24.9 —21.7 —22.8 —23.4 105.2 —31.8 —14.0 —28.2
ballll —688.31041 —26.2 —22.9 —24.1 —24.7 104.9 —32.0 —-15.2 —29.5

1469-TCDD
-1 —2526.66023 —-22.0 —18.6 —-19.6 —-20.2 136.7 —29.0 -11.6 —40.2
- —2526.65833 —20.8 —17.6 —-185 —-19.1 136.8 —28.9 -10.5 —39.1
y-1 —2526.66896 —275 —24.1 —25.3 —25.9 133.3 —-32.4 —16.2 —45.9
y-1l —2526.66749 —26.6 —-23.4 —24.5 —25.0 133.8 —-31.9 -155 —45.0
ballll —2526.67266 —29.8 —26.3 —27.7 —28.3 133.3 —-32.4 —18.6 —48.3

2378-TCDD
-l —2526.66280 —21.1 —17.6 —18.7 —19.3 136.2 —29.0 —-10.7 —42.0
o-ll —2526.66087 —-19.9 —16.6 —-17.5 —-18.1 135.9 —29.4 —9.4 —40.8
a-lll —2526.66148 —20.3 —-17.0 —=17.9 —18.5 136.1 —29.2 —9.8 —41.2
-1 —2526.67170 —26.7 —23.3 —245 —25.0 133.3 —31.9 —155 —47.8
y-Il —2526.67013 —-25.7 —-22.5 —-23.6 —24.2 133.9 -31.4 -14.8 —46.9
ballll —2526.67315 —27.6 —24.2 —25.4 —26.0 133.4 —31.8 —16.5 —48.7

OCDD
y-1 —4365.00685 —28.9 —25.3 —26.5 —27.1 160.0 —-32.4 -17.5 —49.6
y-1l —4365.00500 —-27.7 —24.4 —25.4 —26.0 160.4 -31.9 -16.5 —48.5
ballll —4365.01074 —-31.3 —27.6 —29.0 —29.5 159.9 —-325 —19.9 —52.0
Transition States
DD

o adduct —688.27402 —-3.4 -1.8 -1.9 -25 109.0 —28.0 5.82
S adduct —688.27523 —4.1 —-25 —2.7 -3.3 109.1 —27.9 5.06
y adduct —688.27627 —4.8 —-2.2 -2.3 -2.9 108.9 —-28.1 5.48

1469-TCDD
f adduct —2526.62931 —2.6 —-1.2 —-1.3 —-1.8 137.8 —27.9 6.47
y adduct —2526.63053 —-3.4 -1.9 -21 —2.7 135.7 —29.9 6.25

2378-TCDD
o adduct —2526.63307 —2.4 -0.9 -1.0 -1.6 136.9 —28.4 6.82
y adduct —2526.63590 —4.2 —2.7 —-2.9 —-35 135.3 —29.9 5.40

OCDD

y adduct —4364.96653 —-3.6 2.1 -2.3 —-2.9 162.9 —29.4 5.92

TABLE 2: B3LYP/6-31G**-Calculated E. (Hartree), AE. (kcal/mol), AE, (kcal/mol), AH (kcal/mol), S (cal/mol K), AS (cal/mol
K), AG (kcal/mol), AH; (kcal/mol) (at 298.15 K and 1 Atm) of Substitution in PCDDs

Ee AEe AEg AH S AS AG AHO% 298
1469-TCDD
o substitution —2526.68702 —38.9 —34.9 —35.0 136.3 —29.3 —26.3 —55.0
TS —2526.62341 1.1 2.4 2.3 136.9 —28.7 10.2
2378-TCDD
p substitution —2526.68936 —37.8 —34.0 —34.1 138.2 —27.0 —26.0 —56.8
TS —2526.62748 1.1 2.4 2.3 136.4 —28.8 10.2
OCDD
o substitution —4365.02320 —39.1 —35.2 —35.3 163.0 —29.3 —26.6 —57.8
p substitution —4365.01916 —36.6
optimized, and then those withdd rotated by+120° were these three representative conformers. For the OH adducts of

optimized. We define the geometry withoH oriented toward DD, 2378-TCDD, and OCDD, we have reported the potential
the benzene ring center as conformer | and the geometry with minima for each conformer |, II, and Ill. However, the optimized
Hon rotated by+120° (clockwise) and by—12C° (counter- geometry of the3-11l conformer for 1469-TCDD could not be
clockwise) as conformers Il and Ill, respectively. The barrier obtained (hence, the data for {ftéll conformer of 1469-TCDD
height for the OH internal rotation is calculated as the difference are missing in Table 1) because geometry optimization of the
between the highest and lowest points on the potential curve in-11l conformer resulted in a conversion {© through the
Figure 1. The energy barrier of the OH internal rotation for the rotation of Hop.

y adduct of DD (Figure 1) is estimated to be 3.6 kcal/mol.  The thermodynamic quantities, zero-point energies, and
Throughout this work, all the calculations were performed for vibrational frequencies have been obtained from the optimized
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10 - (a) geometries under the rigid rotor and the harmonic oscillator
Reactants IS approximation. The electronic enerdgy] and thermal energy
(1469-T + OH) (Er = Ezpe + Evib + Ewot + Erand Were calculated to getl

EICCRCY

0 (= Ee+ Er + RT) at 298 K and 1 atm for the OH adduct. We
have also calculated the transition states between the reactants
= and products to evaluate the activation energies. The optimized
g -10 transition-state structure has one imaginary frequency corre-
= sponding to the €0 stretching vibration mode.
o B Y
x 20 - | 241‘:”;’;’3) Thermodynamics for PCDD—OH Adduct Formation vs
u i OH Substitution
< |
-30 - . Substitution We have carried out DFT calculations to get thermodynamic
\ _ _(a-substituent) quantities for PCDB-OH adducts. The relative energies of the
adducts and transition states with respect to reactants are listed
40 - in Table 1. We have also calculated the reaction enthalpies,
and the formation enthalpieAHs, for PCDD—OH adducts using
10 (b) the AH; values of PCDDsAH{(DD) = —14.1 kcal/mol AHs-
Reactants TS (1469-T)= —29.4 kcal/mol,AH;(2378-T)= —32.1 kcal/mol,
(2378-T+OH)_ . . AH{(OCDD) = —31.9 kcal/mol}* and OH radical £H(OH)
0 - ; = 9.4 kcal/mol§® from egs 2 and 3. Thermodynamic functions
e of AEe (= E¢(product)— Eg(reactants)) andEy (= Eo(product)
° 10 - — Eq(reactants),Eq = Ee + Ep, listed in Table 1, are
£ calculated AS andAG for the adducts are calculated from eqs
§ 4 and 5, respectively.
X o0 - Addition
= (y-adduct) S NN /°”
4 ‘ L) vod T Y JC
: F 2X
30 - " Substitution Clx/ o e, /
. (B-substituent) Gry=n (cry=n
40 - AH = H(adduct)— [H(PCDD)+ H(OH)] (2)
Figure 2. Comparison of addition and substitution reaction pathways AH = AH(adduct)— [AH{(PCDD)+ AH;(OH)] (3)
for (a) 1469-TCDD and (b) 2378-TCDD with OH radical in terms of
Ao AS= Sladduct)— SPCDD)— SOH) 4)
0.0% 00 ci oo o1 [Sadduct)= Sect SransT Siib T Sot T Sorsiod
-0.04
0.32
C[ :@ Di j@[ [S(PCDD): Selec+ Srans+ SIib + Srot]
(0] Cl o Cl

AG = AH(adduct)— TAS (5)

Cl Cl ol (|:I 0.51 C,I,_21 It may appear that the thermodynamic functions estimated
|\ 0045 103 e o ci in this work may have significant errors due to the classical
| 0.10 ] 024 approximation (the rigid rotor and harmonic oscillator treat-
/ cl ~ o cl ment). In the low vibrational frequency region, the out-of-plane
o vibrational mode such as ring puckering should be considered
Cl Cl cl cl

as rotational motion and corrected in order to evaluate the

Figure 3. Carbon charge distributions calculated from the generalized €Ntropy values® 2 The errors resulting from the out-of-plane,
atomic polar tensor (at, 3, andy positions) of DD, 2378-TCDD,  fing-puckering, ring-twisting, and butterfly vibrations in the low-
1469-TCDD, and OCDD frequency region£260 cnT?) significantly affect entropy and

SCHEME 2. Addition vs Substitution for the Reaction of 2378-TCDD+ OH

% Cl Substltutlon %
* «OH
CI Cl

l Addition

poscal :';@:&::

y-adduct a-adduct
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SCHEME 3. A Probable Reaction Mechanism for Q Addition into the 2378-TCDD + OH Adduct and Molecular
Orbitals of the Adduct (SOMO) and O, (HOMO)

Cl A Cl cl |0H Cl C]\\ i Cl
JOSOER DSOS DGO
cl ¢ cl a o NN a o N

|
CI: : Cl
Cl Cl

O,
OH OH
cl 0 c , c o . Cl
9
cl o ¥ “oa cl 0 o

the Gibbs free energ?’. However, when using the isodesmic cally more stable than the or 8 adducts. Conformeyp-Ill is
reaction 1 and eq 4, most entropy errors cancel out except formore stable than the other conformers. For 1469-TCDD adducts,
the OH internal rotation term that is absent in PCDD. Therefore, the y-1ll conformer is more stable thaftl by 7.7 kcal/mol in

the internal rotation of the OH group in PCBIDH adducts is terms of AEq. The y-lll adduct of 2378-TCDD is more stable
treated as a torsional mode as in the case of benz®re thana-1 by 6.6 kcal/mol in terms oAEy,. OCDD has only one
adducts’® As a result, theSip term in S(adduct) is the sum of  kind of available carbon, for the OH radical addition. More

65 (= 3N — 7) vibrational entropies an8iorsion is the entropy chlorinated dioxins can form more stable OH adducts. jHi¢

of the OH internal rotation. The reduced moment of inetta) conformer of OCDD is energetically the most stable of all in
for the OH rotational top is 0.94% 0.005 amu A& for all Table 1.

PCDD—0OH adducts Sorsion for PCDD—OH adducts is about For these PCDD congeners, the attack of the OH radical at
2.4 cal/mol K. The entropy difference between PCDD and the the chlorinated carbon site results in the substitution of a chlorine
PCDD—OH adducts for the ring puckering B in the low- atom. The total energies and relative thermodynamic functions

frequency region is less than 0.5 cal/mol K, which induces an for the OH substituted dioxins and their transition states are

error of less than 0.15 kcal/mol in Gibbs free energy. Hence, listed in Table 2. The OH radical substituted dioxins are more

although nonrigid treatment appears to be important for the stable than the addition products, but the transition states are
absolute free energies and entropies, relative free energies ohigher with respect to the reactants as shown in Figure 2. The
the reactions are not affected by this as the entropy errors dueactivation energies for the OH substitution at theosition of

to nonrigidity cancel out. 1469-TCDD and at thg position of 2378-TCDD are positive,

All PCDD—OH adducts are energetically more stable than whereas the activation energies for the OH addition atothe
the reactants PCDB- OH. The relative energy of the adduct position of 2378-TCDD and at thg position of 1469-TCDD
with respect to reactants has a negative value. DD can haveare negative. Therefore, the addition of an OH radical into
three kinds of isomersy-, a-, and f-adduct isomers. The PCDD is more favorable than substitution.
adducts are energetically more stable tharor § adducts.
Among a. and 3 isomers, conformer | is more stable than Il
and Ill. For they adducts, conformer Il is more stable than | All carbons in PCDDs have double-bond character. After the
and Il. They-Ill conformer is more stable tham-1 and 3-1 by OH radical addition, the head carbon has near single bond
6.4 and 4.8 kcal/mol, respectively, in termsME,. The most character, which is distinguishable from the reactant. Table 3
stable conformers are-l, -1, and y-Ill, which have the shows that the geometry around the head carbon to which the

Geometrical Parameters

geometries with the dihedral angle obhl[7(H:C1:0OHop) for OH radical is added changes obviously. But the structure of
the o adduct,t(H>C,OHow) for the 8 adduct, and(C,C:OHow) the other unattacked benzene ring is conserved. The OH radical
for they adduct] nearly 180 addition affects only the attacked benzene ring.

The same tendency is observed for the OH adducts of 1469- The geometrical parameters for the conformeds -1, and
TCDD, 2378-TCDD, and OCDD. The adducts are energeti- -1l of DD, 1469-TCDD, 2378-TCDD, and OCDD are listed
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TABLE 3: Calculated Geometrical Parameters at the Level of B3LYP/6-31G** for Reactants anda-Il, g-I, and y-llI
Conformers of DD, 1469-TCDD, 2378-TCDD, and OCDD
reactants o-1 adducts p-1 adducts y-lll adducts
OH DD 1469-T 2378-T OCDD DD 2378-T DD 1469-T DD 1469-T 2378-T OCDD

o Adduct
r(C10)® 1.446 1.434
0CL10 1114 111.2
0C,0H 106.3 107.4
7(X1C10H) 174.5 175.6

B Adduct
r(C-0) 1.449 1.436
0C:C0 111.2 112.2
OCOH 106.1 107.2
7(X2C0H) —178.7 —179.5

y Adduct
r(C0) 1.421 1.405 1.414 1.401
001:CO 108.3 109.0 108.6 109.1
OC.OH 107.2 107.5 107.8 107.8
7(CoCOH) 177.8 —179.9 176.4 179.6
r(OH) 0.980 0.969 0.969 0.969 0.969 0.970 0.971 0.970 0.971

Center Ring
r(010Ca) 1.381 1.374 1.378 1.373 1.369 1.368 1.383 1.377 1.449 1.450 1.449 1.452
r(010Cq) 1.381 1.374 1.378 1.373 1.384 1.381 1.376 1.369 1.374 1.367 1.371 1.366
r(OsCp) 1.381 1.374 1.378 1.373 1.388 1.387 1.368 1.362 1.362 1.357 1.361 1.357
r(OsCe) 1.381 1.374 1.378 1.373 1.379 1.376 1.380 1.372 1.381 1.373 1.378 1.372
0C:010Cy 116.4 117.2 116.1 117.2 116.3 116.0 1175 118.1 113.3 113.2 113.1 113.2
HCy0sCe 116.4 117.2 116.1 117.2 116.1 115.8 117.2 118.0 117.6 118.0 117.3 118.1
0010CLCh 121.8 121.4 121.9 121.4 122.7 122.9 120.0 119.9 109.7 108.0 109.7 107.8
OCCr0s 121.8 121.4 121.9 121.4 121.6 121.8 122.0 1215 116.6 115.7 116.8 115.8
OCCyO10 121.8 1214 1219 1214 121.3 121.5 122.0 121.6 120.9 120.4 121.0 120.3
0 OsCCy 121.8 121.4 121.9 121.4 121.8 122.0 121.3 121.0 1211 120.7 121.2 120.7

Attacked Benzene Ring

r(CsCp) 1.400 1.400 1.399 1.394 1.378 1.375 1.429 1.425 1.503 1.507 1.501 1.500
r(C:Ca) 1.390 1.395 1.387 1.395 1.501 1.501 1.357 1.365 1.496 1.504 1.495 1.504
r(C4Cp) 1.390 1.395 1.387 1.395 1.399 1.398 1.410 1.418 1.370 1.370 1.365 1.368
r(CsCa) 1.397 1.396 1.398 1.406 1.424 1.422 1.366 1.362 1.408 1.410 1.412 1.423
r(CiCy) 1.397 1396 1.398 1.406 1.503 1.513 1.502 1.507 1.363 1.365 1.362 1.370
r(CoCs) 1.400 1.390 1.400 1.404 1.363 1.369 1.505 1.506 1.422 1.414 1.431 1.433
r(CiXy)2 1.085 1.744 1.083 1.733 1.100 1.098 1.085 1.734 1.086 1.745 1.084 1.734
r(CaXa)? 1.085 1.744 1.083 1.733 1.083 1.082 1.086 1.751 1.085 1.748 1.083 1.738
r(CaX2)2 1.085 1.083 1.745 1.735 1.085 1.734 1.101 1.099 1.086 1.084 1.750 1.739
r(CsXs)? 1.085 1.083 1.745 1.735 1.086 1.750 1.085 1.083 1.084 1.083 1.733 1.723
OC,CL1 120.1 119.9 120.1 120.4 1231 123.2 121.2 121.0 112.4 111.9 112.3 112.3
0C4CuCa 120.1 119.9 120.1 120.4 121.1 121.1 120.1 119.7 123.0 122.8 123.0 123.6
OCLiCo 119.9 120.1 120.2 119.7 111.8 1115 122.4 122.7 121.5 122.6 121.9 122.2
OC3C4Cy 119.9 120.1 120.2 119.7 119.3 1195 120.7 1211 119.9 120.5 120.2 120.1
0C1CC3 120.0 120.1 119.8 119.9 122.5 122.1 112.9 112.3 1215 1211 121.1 120.9
0CC3Cs 120.0 120.1 1198 1199 121.8 121.6 122.7 122.9 120.2 120.3 119.9 119.9
OCLiX42 118.4 119.6 119.3 118.5 108.5 109.0 119.5 120.6 116.1 1154 116.9 114.4
OCuCaX4s® 118.4 119.6 119.3 1185 118.9 119.8 117.7 118.2 118.8 120.0 119.7 118.9
OC1CoX22 119.6 119.3 1185 119.7 116.0 114.9 109.7 108.7 1195 1195 118.9 119.9
OC4CaXa2 119.6 119.3 118.5 119.7 118.4 116.6 120.6 120.4 119.7 119.3 118.5 119.8
7(0sCpCsC1) 180.0 180.0 180.0 180.0 —177.0 —175.6 179.7 179.3 —-169.3 —171.3 —168.7 -—170.6
7(010CCrCs) 180.0 0.0 180.0 180.0 —177.9 -—177.8 179.3 178.6 132.5 128.1 132.6 128.2
7(CpCaCiCy) 0.0 0.0 0.0 0.0 —-6.7 —10.6 2.1 —-3.3 —-12.7 —-9.7 —-14.0 —10.7
7(CaCpCaCs) 0.0 0.0 0.0 0.0 0.4 13 0.7 02 53 —4.0 51 —-3.6
7(010CLC1X1)2 0.0 0.0 0.0 0.0 52.0 51.4 —-0.1 —-0.7 49.3 57.5 48.8 56.9
7(Os5CrCaX4)? 0.0 0.0 0.0 0.0 0.8 14 0.2 1.0 -1.0 -11 -0.9 -1.0
7(CaC1CoX )2 180.0 180.0 180.0 180.0 —177.0 —172.6 —125.6 1279 -1758 —1753 —175.0 —1749
7(CpCaCsX3)? 180.0 0.0 180.0 180.0 179.1 177.5 -179.4 180.0 180.0 179.9 178.4 177.9

aX = H or Cl atom.” Bond length in A.

in Table 3. The bond length of the OH group in the adducts, For they adducts, the bond lengths around the G c,, rc.c,,

ron, decreases by 0.01 A compared to the free hydroxyl radical. andrc,o,,, increase by 0.10, 0.10, and 0.07 A, respectively. The
The bond lengthsd—on are 1.46-1.42 A for they adducts, angles of10,¢C,C; andJC,C,C; decrease by about 12 antl 8
which are shorter than those;,—on Of rc,—on, 1.43-1.45 A for the y adducts. The dihedral angle€0;0C.C1X1) are more

for thea or § adducts. The bond distancgs increases slightly  than 49 and the planarity of thé,, symmetric congeners

by increasing the chlorination level within the same adduct breaks.

group. The structural difference of tleor § adduct is seen The geometrical parameters around the head carbon in the
near the head carbon {Gr C,). The bond lengths linked to the  OH radical added benzene ring are quite different from PCDD,
head carbonrcc and rcy, increase by 0.1 and 0.02 A,  while the structural parameters for the other benzene ring show
respectively. The angles aiCCC andOCCH of the head little difference. The OH radical addition into PCDD has little
carbon decrease by 8 and°1for the a- and 5-OH adducts. influence on the other unattacked benzene ring (Supporting
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Information, Table 1S). At the transition state, the distance Figure 3 shows the generalized atomic charge distributions
between PCDD and OHico, is 2.11-2.13 A for they adducts obtained from atomic polar tensors for three kinds of carbons
while the distances are 2.6@.08 A for a- and-OH adducts. (a-, -, andy) in DD, 1469-TCDD, 2378-TCDD, and OCDD.
For all congeners, the ,Gsite has less electron density and is
IR Vibrational Frequencies of PCDD—OH Adducts the most positive. The hydroxyl radical is known to be both
h nucleophilic and electrophilic in its reactions, and the oxygen

The differences in structural parameters are consistent wit ; . . i
in OH carries a partial negative charge to react with more

the observed in their calculated IR spectra, which are listed in o ' : . .
Supporting Information (Table 2S). PCDDs with, symmetry, positive carbon site®. Therefore, the Csite might be regi-

DD, 1469-TCDD, 2378-TCDD, and OCDD, have 60 vibrational ©SE€ctive for the initial OH addition.
modes: 114+ 5A, + 4Byg+ 5Bag + 10Bag + 10By, + 10Bp, Experimental results showed that the rate constants of PCDD

+ 5B3,.34 The PCDD-OH adducts have 6 additional modes IOH raoiir?atlsthde;:'reflste bytir?cgasing_th? ng(ﬂperpftch;cgggs.
associated with the €€OH group. The C-OH stretching of the seems that the nirst step, the radical adartion Into '

adduct appears in the region of 980100 cnT! with strong goes not g!ay ar;é;irllg)garrtgn_lt_hrole tm dd(:terrr_nr_nng tthe ovelrdall
intensity. This strong vibration band could be used for identify- ecomposition rate. € rate-determining step wou

ing the adducts. The ©H stretching vibration for these adducts be one of the next steps following the OH radical ad.dition. In
appears at around 3758805 cn, which is blueshifted from general, the OH radical adduct, a carbon-centered radical, should

3694 cn1! of the free OH radical. The hydrogen bending immediately react with © to complete _the decomposition
vibrations of the G-O—H group for they adducts are observed process. Scheme 3 shows the possible sites to react W'f”’_ro
with strong intensity in the region of 108100 cnr they adduct of 2378-TCDD+ OH. The ortho and para positions

compared with theo or § adducts. The €H stretching have the most fayorable molecular orbitals for the addition of
vibration'? of reactant PCDDs can be observed in the frequency O,. Further reactions shogld take place aft(_er the cleavage of
region = 3200 cnT?, while the Gu—H stretching vibration _the Ofo bond. More S‘”d'?s on these reactions are needed to
appears at 29068000 cnt for the o and 8 adducts because mvggngqte the whole reaction pathways for the dioxin decom-
of the change of the head carbon into single-bond character.pos't'On in the atmosphere.

There is little difference in the €H stretching vibration between
the reactant and adduct for the adducts. In our previous
study?? the IR spectrum for DD showed two ring-stretching
vibrations (By) at 1538 and 1642 cni with strong intensity.
These ring-stretching bands attributed to the unattacked benzen
ring of the DD-OH adducts appear in the same region.
However, the intensity of the spectrum reduces and the main

peak is ;p“tt'r?to s(je(jytgral pfe?ll:s. (‘)I’\(_lvo bg,-'nzlenlg ”nfzsagr?rg(géhegeometrical parameters, the rotational constants, IR frequencies,
same after the adartion ot the radical. For ) ' and intensities for PCDD and PCDBBDH adducts in a PDF.

2378-TCDD, and OCDD, s_ir_nilar trends can be seen in t_heir This material is available free of charge via the Internet at http://
IR spectra. Calculated transition states have only one |mag|naryloubs acs.org

frequency corresponding to the<O bonding formation for all T
transition states (Supporting Information, Table 3S).
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