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Abstract: The IR spectra of 76 dioxin congeners with zero to eight chlorines have been calculated by the
DFT (B3LYP) method. Close inspection of the calculated spectra provides a simple rule for IR spectral analysis
in polychlorinated dibenzp-dioxins (PCDDs). All congeners with a common structural motif of chlorine
substitution in either of two benzene rings share the same main IR frequency, and the chlorination of one ring
has little influence on the vibrational frequencies of the other ring. As a result, the main ring vibrational
frequencies of all dioxin congeners could be classified into 10 groups according to the chlorine substitution
pattern. This simplifies the complex IR spectral analysis of PCDDs to identifying two main peaks in essence,
each of which corresponds to either of two chlorinated benzene rings. The systematic trend originates from
the mass effect of the substituted chlorines. TheHDbending (in plane) character in the ring skeleton vibration
mode is affected in quite different ways, depending on whether the chlorine is substituted on longitudinal or
lateral positions. In particular, when all the lateral positions (2, 3, 7, 8) are chlorinated in PCDDs, the vibrational
frequency of a |, mode (or its analogues in other symmetry) gives a characteristic IR peak around 1392
cm~L. This peak is unique to all toxic congeners and could be used as an indicator for them.

Introduction tion patterns~8 However, IR spectral analyses on dioxins have
been focused largely on fingerprint recognition of each congener
Polychlorinated dibenzp-dioxins (PCDDs) are among the  and have been limited to tetrachlorinated dioxins (TCDDs) in
most intensively studied persistent organic pollutants due to their many studies. How the vibrational frequencies of PCDDs are
extreme toxicity and widespread occurrence in the environtnent. influenced by chlorine substitution patterns, and what the origin
Public concerns centered around this toxic, persistent, andof IR frequency shifts among PCDDs is, are not well understood.
ubiquitous substance are accelerating. The structure of PCDDs Experimental works dealing with dioxins are usually very
shows that there are eight sites for chlorine substitution, allowing complicated, laborious, and dangerous, which hinders the
the PCDDs to be differentiated by both the substitution pattern progress in this research field. Computational methods are well
and the degree of chlorination. The number of total congenerssuited for dioxin research in this respéct. Furthermore,
of PCDDs is 75: i.e., 2, 10, 14, 22, 14, 10, 2, and 1 for mono- determination of vibrational spectra by ab initio computational

to octachlorinated congeners, respectivew' methods has been used to Identlfy unknown structures of
experimentally observed molecular species and cluiers.
S o [ In this study, we employed DFT methods to calculate the IR
8 2 spectra of 76 dioxin congeners with zero to eight chlorines and
Cly Az | /—3C'x attempted a systematic analysis of the PCDDs. We propose here
g 9 3 a simple rule for IR spectral analysis of PCDDs: (1) dioxin
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IR Classification of Polychlorinated Dibenzo-p-dioxins

congeners with the same chlorine substitution pattern in either

of two benzene rings share the same main IR frequency and

(2) the chlorination of one ring has little influence on the
vibrational frequencies of the other ring. As a result, a complex
IR spectral analysis of PCDDs could be reduced to identifying

two main peaks for two chlorinated benzene rings. The presence

of a common IR peak that is unique to all toxic congeners is
also suggested, and its origin is discussed.

Computational Methods

To investigate normal vibrational modes of PCDDs, we have carried
out ab initio calculations at the level of hybrid Becke-3 té&ang—
Parr parameters (B3LYP) density functional theory with the 6-31G**
basis set using the Gaussian 98 suite of progrénifie geometry

optimizations were done, and the optimized geometries were character-

ized as local minima by harmonic vibrational frequency analysis. The
equilibrium geometries of all the congeners were calculated to be planar

at the above level of theory. The present predicted frequencies should

be scaled in order to be directly compared to the experimental
frequencies:*> However, we have not carried this out because the
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Figure 1. Selected main IR frequency groups(inode analogues,

o

experimental frequencies were method-dependent and not available forGroups A-D) of PCDDs. Group E (f mode analogues) includes minor

every congener. To understand the origin of frequency shifts, the normal
coordinate calculations were carried out using the Wilson GF matrix
method®® The internal coordinates were chosen in accordance with
Pulay’s recommendatiotf.For the approximate characterization of a
vibration, we use the conventional potential energy distribution (PED)
method obtained from the normal mode analysis.

Results and Discussion

The most intense IR peaks of PCDDs were calculated to be
in the range of 14501550 cn1?, and they are associated with
aromatic ring skeleton vibrations. Figure 1 shows their variation
among the selected congeners. It is well known that the chlorine
substitutions on the lateral (i.e., 2, 3, 7, 8) vs longitudinal (i.e.,
1, 4, 6, 9) positions have different effects on the toxicity. We
find that they exhibit different effects on the IR frequencies as
well. The thinner solid lines (two parallelograms) in Figure 1
show how the ring vibrational frequencies shift when the
chlorines are substituted on the lateral or longitudinal posi-
tions: fromO0 to 1234 and from1234to 12346789congener.
The frequency shift upon the longitudinal substitution is much
greater than that upon the corresponding lateral substitution.
Table 1 compares how much the ring vibrational frequencies
shift upon the lateral vs longitudinal substitution: the frequency
shifts accompanying the longitudinal substitution are more than
twice those accompanying the lateral substitution in all cases.

The above characteristic IR bands in PCDDs correspond to
the ring skeletal vibration mode;g (1494 cntl) in benzene,

(11) Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Scuseria, G. E.; Robb,
M. A.; Cheeseman, J. R.; Zakrzewski, V. G.; Montgomery, J. A., Jr,;
Stratmann, R. E.; Burant, J. C.; Dapprich, S.; Millam, J. M.; Daniels, A.
D.; Kudin, K. N.; Strain, M. C.; Farkas, O.; Tomasi, J.; Barone, V.; Cossi,
M.; Cammi, R.; Mennucci, B.; Pomelli, C.; Adamo, C.; Clifford, S.;
Ochterski, J.; Petersson, G. A.; Ayala, P. Y.; Cui, Q.; Morokuma, K.; Malick,
D. K.; Rabuck, A. D.; Raghavachari, K.; Foresman, J. B.; Cioslowski, J.;
Ortiz, J. V.; Stefanov, B. B.; Liu, G.; Liashenko, A.; Piskorz, P.; Komaromi,
I.; Gomperts, R.; Martin, R. L.; Fox, D. J.; Keith, T.; Al-Laham, M. A;;
Peng, C. Y.; Nanayakkara, A.; Gonzalez, C.; Challacombe, M.; Gill, P. M.
W.; Johnson, B. G.; Chen, W.; Wong, M. W.; Andres, J. L.; Head-Gordon,
M.; Replogle, E. S.; Pople, J. AGaussian 98 Revision A.9; Gaussian,
Inc.: Pittsburgh, PA, 2000.

(12) (a) Lee, J. Y.; Hahn, O.; Lee, S. J.; Choi, H. S.; Shim, H.; Mhin, B.
J.; Kim, K. S.J. Phys. Chem1995 99, 1913. (b) Lee, J. Y.; Hahn, O,;
Lee, S. J.; Choi, H. S.; Lee, M. S.; Mhin, B. J.; Kim, K. 5.Phys. Chem.
1995 99, 2262.

(13) The G matrix was changed to test the mass effect (J;,&nd the
F matrix was changed to test the electronic substituent or force field effect
(F,G).

(14) Pulay, P.; Fogarasi, G.; Pang, F.; Boggs, JJ.EAm. Chem. Soc.

IR peaks that are unigue to all toxic congeners. Each congener is repre-
sented by numbers representing the positions of chlorine substitution.

Table 1. Frequency ShiftsAv/cm™) of the Main Ring Vibration
Mode (b, Analogues) upon the Lateral vs Longitudinal Substitution
of Chlorines

lateral substitution ~ —Av  longitudinal substitution —Av
0—23 13.3 0— 14 51.4
0— 2378 19.8 0— 1469 48.4
14— 1234 20.7 23— 1234 58.8
1469— 123469 27.1 2378~ 123478 55.9
1234— 123478 17.4 1234~ 123469 54.6
123469— 12346789  17.9 123478 12346789 55.1
1469— 12346789 20.6 2378~ 12346789 49.3
4
’

Blu BZu

Figure 2. The h, and b, normal vibrational modes of a dibenpe-
dioxin molecule.

which is the IR-active degeneratg,emodel® Considerable
potential energy of this mode is associated withHCbending

(in plane). In dibenzg-dioxin (0), the ether linkage lifts the
degeneracy, and two IR-active bands (1512)(&nd 1538 (k)
cm1) result. Normal-mode analysis for dibengadioxin shows
that the kh, mode has no longitudinal but large laterat-8
bending character, while thg jmode has the opposite character
(32% longitudinal vs 8% lateral €H bending in the contribu-
tion to PED). The k, and b, normal vibrational modes of a
dibenzop-dioxin molecule are compared in Figure 2. Due to
the difference in &H bending character, the frequency shift
patterns in Iy, and b, modes show totally differently behavior
upon longitudinal vs lateral chlorine substitutions. Thednd

its analogous mode frequencies in PCDDs, which are compared
in Figure 1 and Table 1, are more shifted upon the longitudinal
substitution. On the other hand,lfrequencies are little affected
upon the longitudinal substitutions but drastically lowered when
all lateral chlorines are substituted to give a characteristic Group

1979 101, 2550.

(15) Ozkabak, A. G.; Goodman,. J. Chem. Physl987 87, 2564.
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E peak (Figure 1). As for the origin of the frequency shift, we Table 2. B3LYP/6-31G** Predicted Harmonic Vibrational
considered both mass and force field effect and found massFrequencies (cnif) and Their IR Intensities (km/mol) for Dioxin
effect more clearly explained it. In accordance with the mass C°n9éners Grouped by a Common Motif of Chiorine Subsititution

effect, we could observe a similar IR frequency shift pattern in ~ Congener Group [Congener Calculated Exp.
deuterated dibenzp-dioxin. The IR frequency shift patterns 5 5 (rb“"d%;e;/ggg' ';;‘;qg‘
in 2378-TDDD and 1469-TDDD (tetradeuterated dibempzo- 1 Eaf)“) 1543 6/244
dioxin) showed the same behavior as those in 2378-TCDD and . . 5 ; '
(unsubstituted ring) (@) 1545.4/39

1469-TCDD. 12 (a) 1542.8/255

The calculated main IR frequencies and intensitiggrtinde 13 (a) 1542.3/262
analogues) are summarized in Table 2 for 32 of the 76 14 () 1542.7/293
congeners. As a result of the chlorine position-dependent Group A f; g:‘)) 1155:;'31//31;? ijgg
frequency shift, the ring vibrational frequencies of all congeners 124 @) 1542.2/299 1496
could be classified into 10 groups according to their common 1234 (a)) 1541.8/351
motifs of chlorine substitution. Dioxin congeners in the same 2 (a) 1533.7/792 1489
group have the same geometric chlorine substitution in either 2 17 () 1536.5/317
of two rings and share a common vibrational frequency. All 76 ;g EE“; i;gg'ggggg 132‘5‘
congeners calculated in this study could be grouped in the same 137 (a,z) 1535.2/335
manner without a single exception (see Supporting Information 237 @) 1536.9/95 1486
for details). The experimental FT-IR spectra of dioxins that were 23 (a1) 1525.0/816 1478
measured in the vapor phase by Grainger étstlowed the 23 236 (a) 1526.9/335
same patterns. The main IR frequency of one ring was little 237 (a) 1523.0/1053 1470
affected by the chlorine substitution pattern of the other ring, Group B 2378 (ba) 1518.6/1299 1465
which makes the IR analysis much simpler: two main peaks gizgs E:)) 115522‘22://459836 ;3;‘2
corresponding to two benzene rings, respectively. However, 1 1 (a.') 1517 4/348
when the chlorine substitution pattern is symmetric against a 17 (@) 1514.8/555
plane of reflection or a center of inversion (e &7, 28, 2378 146 (@) 1516.5/319
1469 123678 123789 124679 12346789, the ring vibration 236 (&) 1513.1/650
modes show a strong in-phase coupling of the three-ring systems 13 13 (@) 1513.9/487
to give a single intense peak. According to this rule, all 16 dioxin }g; EZ; igi%ﬁ;
congeners with symmetry (out of 76) show a single main peak. 2 12 @) 1505 8/348
It should also be noted that congeners with lateral chlorines 1279 () 1503.2/893
only (e.g.,2, 23, 237, 2378 tend to have a coupled vibrational 123467 () 1504.3/585
frequency: the congené has a strong peak at 1533.6 thn 123 (a) 1490.7/615 1446
(792 km/mol) for the monosubstituted ring component, while 123 12378 (a) 1489.8/868 1447
its counterpart for the unsubstituted ring component has very Group C 33?38 Egu)) 11‘29901‘ 12//81‘296 4 1445
weak intensity (39 km/mol). The same tendency is found in 123789 (by) 1487.0/1399 1445
23, 237, and2378 congeners. 1234678 (a) 1490.2/753 1451

Selected IR peak groups of interests are plotted in Figure 1. 14 (a)) 1486.9/597
Group A peaks imply the presence of an unsubstituted ring: 146 (a) 1485.0/390
all corresponding congeners have four or fewer chlorines and 14 Group C' };g; (bf“) 1;;‘297'/92/61332
are nontoxic. Group D peaks indicate that either of two rings is 12469 22; 1487.9/1105
fully chlorinated: all corresponding congeners have four or more 123469 (a) 1487.2/848
chlorines. Since dioxin congeners that have chlorines on the 124 () 1485.4/635 1446
2,3,7,8-positions (7 of the 76 congeners) show significant 124 124679 (b, 1489.0/1136
toxicity, IR peaks indicating their presence are of great 1234679  (a) 1487.3/783
importance. The presence of Group B or C peaks is a necessary 1234 g:: 7 ga,')) 11;‘6656 82//786245
condition for toxic congeners. However, Group C peaks are hard ' , 123469 (21) 1462 7/449
to differentiate from Group Qthat comprises nontoxic conge- (fully chlorinated ring) | 5% -2 (@) 1462.8/950 1423
ners. In this respect, Group E peaks are very informative since Groun D 1234678  (a') 1462.8/764 1422
they are unique in seven toxic congeners. Although they are P 1234679 (a) 1464.5/740
not primary peaks of high intensity, experimental vapor-phase 12346789 (bp) 1469.3/1577 1424
FT-IR spectrd and matrix isolation FT-IR specfraor all 2378-substituted 3;38 Eb,‘“) 1;3577';‘9/?2 }ggi
2,3,7,8-substituted congeners clearly showed their presence at _ 123478 (22)) 1424.3/101 5
1392+ 1 and 1401+ 2 el respectively. We propose using (a1l toxic congeners) 123678 (by) 1421.1210 1392
this peak as an indicator for the presence of toxic congeners. Group E° 123789  (a)) 1422.4/94 1391
The development of a sensitive IR monitoring technique could P 1234678 (a) 1421.2/169 1392

12346789 (b)) 14214/207 b

give a rough quantification of the total toxic congeners in a

mixed sample by simply measuring the absorbance in this ®The experimental IR frequencies were taken from ref 5, which
frequency region provided vapor-phase FT-IR spectra of 15 dioxin congerfeist

’ ) resolved as a peak but present as a shoulder around 1392°c&roup
Much interest has been directed to the development of E corresponds to a ring vibration normal mode that is different from

efficient and simple methods for dioxin congener differentiation. the above 10 groups.

In this study, we show that the main IR peaks of all dioxin

congeners could be classified into 10 groups according to theiran indicator IR peak for toxic dioxin congeners. The present
common structural motifs of chlorine substitution and propose results could be a useful basis for dioxin congener classification
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using IR spectral analysis. Further experimental FT-IR studies  Supporting Information Available: Tables of IR frequen-
confirming this rule are called for. cies and intensities for 76 dioxin congeners (PDF). This material
is available free of charge via the Internet at http://pubs.acs.org.
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