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Minimum structures and harmonic vibrational frequencies of dibenzofuran (DF), 2,3,7,8-tetrachlorodibenzofuran
(TCDF), and octachlorodibenzofuran (OCDF) were calculated using the multiconfigurational complete active
space self-consistent field (CASSCF) and density functional theory (DFT) methods. The electronic transitions
in these compounds were studied via the single-state multireference second-order perturbation theory (CASPT2)
based on the CASSCF(14,13) references, as well as the time-dependent DFT (TD-B3P86) employing the
cc-pVDZ (CASSCF/CASPT2) and 6-31G(d,p) (TD-B3P86) basis sets. The B3P86 geometry and harmonic
vibrational frequencies of ground state DF agree very well with the experimental data, and the CASSCF/
CASPT?2 excitation energies and oscillator strengths are accurate enough to provide a reliable assignment of
the absorption bands in the 26800 nm region. The close agreements with experiment for the parent DF
give the present theoretical approaches a valuable credit in predicting the properties of the environmentally
toxic polychlorinated congeners, which is all the more important considering the difficulties and hazards in
obtaining the experimental data.

Introduction 8
4 6
The ubiquity and notorious persistence of polychlorinated :
dioxins (PCDDs), dibenzofurans (PCDFs), and biphenyls (PBCs) 3 7 y
have raised particular concern since the early 1970s when the [
first studies on their accumulation in human tissues, food, and 2 1 S 8

. 2 . '
environment took place? It has since been recognized that Figure 1. Enumeration of atoms and orientation of the molecule fixed

virtually every incineration of organic matter in the presence ¢oordinate system (according to IUPAC conventiirsdibenzofurans.

of minute amounts of inorganic and/or organic chlorine contain- o . oo ]

ing compounds can act as a potential source of these polldtants. déactivation, e.g., by UV irradiatioh® Clearly, reliably
Thus, e.g., they were identified in tobacco smékehile on a determined features of the IR and UV spectra would play an

larger scale many mundane industrial processes are involved,ndispensable role here. The majority of spectroscopic data
such as burning of coal, diesel fuel, and treated wood, or pertains to the parent DF, often in combination with structurally
smelting of metal ore3Emissions from industrial and municipal  Similar pollutants such as fluorene and carbazblé The

waste incinerators, as well as from backyard trash burning, IR318.19and Ligﬁl’l‘”Sabsorption spectga, as well as emission
received attention as a principal source in urban areas. (fluorescence®and phosphorescerfcé ) spectra, were ana-

Numerous studies have shown that many compounds in this'yZ€d. Combined experimental and theoretical stuéigs led
class exhibit extreme acute toxicity and are capable of inflicting ©© @ néarly complete assignment of the bands in the IR and
serious long-term effects as potent tumor promoters and Raman vibrational spectra. With regard to the electronic
teratogen&.” The most hazardous of them, 2,3,7,8-tetrachlo- transitions, a few earlier experimental studies in the crystal,
rodibenzop-dioxin (2,3,7,8-TCDD), serves as a standard in solutlon_, and vapor phgses were assisted b_y sgmlemplrl_cal CIS
defining the (mammalian) toxic equivalency factor (TEF) calculations to rationalize the observed excitation energies and
actually an estimate of the order of magnitude of toxicity with ©SCillator strength&::214%5The polarized crystal spectra enabled
respect to 2,3,7,8-TCDD, whose TEF is taken to be equal to reliable symmetry assignments of the band systems in the 200
1.02 For the present work we chose to study a subclass of 300 M regior* Recently the re-vibrational structure of the
dibenzofuran structures (Figure 1), which includes the parent St — So band was studied by employing ultrahigh-precision
dibenzofuran (DF) as a model compound, 2,3,7,8-tetrachlorod- SUP-Doppler laser excitation spectroscopy, whereby accurate
ibenzofuran (TCDF), and octachlorodibenzofuran (OCDF). The rotational constants and several vibrational frequencies of the
TEFs of TCDF and OCDF equal 0.1 and 0.001, respectiely, first excited state Swere determineét-> )
meaning that in particular TCDF is still highly toxic. On the other hand, experimental studies of the toxic poly-

Many experimental studies on this class of pollutants were chlorinated derivatives are relatively scarce, which is mostly
aimed at their separation and quantitative identification in dué to the extreme precautionary measures required for their
complex environmental mixtures, as well as possibilities of their Safe handling. Funk and co-work&analyzed the UV absorp-

tion and laser induced fluorescence spectra of polychlorinated
* Author to whom correspondence should be addressed. E-mail: iljubic@ dibeénzodioxins, dibenzofurans, and polycyclic aromatic hydro-

irb.hr. carbons, among which are TCDF and OCDF. Their interpreta-
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tion of spectra rests upon tentative assumptions on the originspairs are superfluous for that matter, and some care had to be
of electronic transitions and luminescence yields, which require taken to omit them from the active space. Some Rydberg
corroboration via reliable quantum chemical models. To our transitions, typically involving diffuse states of the,38d,
knowledge, this has not been done thus far in the case of PCDFsand 3dy type, may appear around 6 eV mixing with the valence
For the present study of the structure and spectroscopicr—x* states. More detailed studies into the extent of the
properties of DF, TCDF, and OCDF, high-quality methods were valence-Rydberg mixings would involve extensions of basis
chosen, viz., the complete active space self-consistent fieldsets with diffuse functions, as well as expanding the present
(CASSCF) metho# combined with the multireference second- active spacé? neither of which is currently feasible. Thus the
order perturbation theory (CASPTPHas well as the density = CASSCF/CASPT2 excitation energies above the 6 eV threshold
functional theory (DFT) and its time-dependent variant (TD- might contain some additional uncertainties. The (14,13) and
DFT)?8 for studying the electronic spectra. Whereas DFT is (12,12) active spaces were used previously in calculations on
expected to predict the ground state properties more accuratelyDF and its radical catiof®3*albeit with a smaller basis set in
than CASSCF, the combined CASSCF/CASPT2 approach the case of the (14,13). Graphic representations (using MOLD-
proved clearly superior to TD-DFT in computing the electronic EN35) of the active space, as well as the relevant keBham
transitions in polychlorinated dioxirf$:28 Throughout the past  orbitals of the ground state DF, are included in the Supporting
decade CASSCF/CASPT?2 has evolved as a powerful quantita-Information.
tive tool for rationalizing electronic spectra of a large variety =~ The CASSCF geometry optimizations were carried out by
of moleculeg® TD-DFT is here intended primarily as an Constraining the three DFs to tmy point group Symmetry’
economical complement, in that it indicates all the electronic \hich was vindicated via the subsequent harmonic wavenumber
transitions regardless of their symmetry types. It is, however, analysis. Employing the molecule fixed coordinate frame (Figure
expected to be reasonably accurate only for the lower excited ), the active space encompassed seven molecular orbitals

states® (MOs) of by symmetry and six of asymmetry. The orbitally
) allowedzr—r* transitions belong to the Aand B irreducible
Computational Methods representations, and so the state-averaged (SA) CAS calcula-

s . . .
Stationary geometries and harmonic vibrational Wavenumberst|0r133 were cz_;\r_ned %Ut over th? S|x_lowest eqhually v;e|ghted

of the three dibenzofurans were calculated via the CASSCF 00t constraining the wave functions to the Ar_‘ B

methock4 We also used DFT based upon the Becke styled three- symmetries. In addition, two SA geometric optimizations were

parameter hybrid functional B3P86, which incorporates weighted condu_cted within tlhe space of th_e two Iowe_st roots to e_nable
portions of the Slater and Hartre€ock (HF) exchange, Becke an estimate of the!2; and 2B, adiabatic excitation energies.

1988 gradient correction, VoskdWilk—Nusair (local spin Pgrticipatio_n of the in-plane orbitals gives rise to some low-
density) correlation, and the Perdew 1986 nonlocal correldtion. Iym_g, aIben_expectedIy Weak>_<-_(polar|zed) B, as _vveII as
An advantage was given to B3P86 over the more common orbitally forbl_dden &-type transitions. Tr_lese transmons_ could
B3LYP, because in a previous work time-dependent B3P86 not be_ described within the presemtactive space multicon-
(TD-B3P86) resulted in slightly better excitation energies for a figurational treatment, but were contributed by the TD-B3P86
set of small organic compound@sin the present work it was ~ aPProach.
observed that, whereas the minimum geometries and harmonic For the CASSCF/CASPT2 calculations the largest affordable
frequencies of the three DFs differ to a certain extent between basis set was the standard Dunning’s correlation consistent cc-
the two functionals, B3P86 does not perform inferior to B3LYP PVDZ, contracted to 4s3pld on Cl, 3s2pld on C and O, and
in either respect. 2s1p on H¥” This amounted to 222, 274, and 326 basis functions
In CASSCEF calculations we used active spaces of 14 electronsin DF, TCDF, and OCDF, respectively. Because of the lack of
distributed among 13 active orbitals, viz., (14,13), which is basis functions to correlate properly the inner shells of the O,
completely analogous to the (16,14) active space used in ourC: and Cl atoms, these orbitals were kept frozen in the CASPT2
investigations on polychlorinated dioxiA%2® The dynamic calculations. Although basis sets of douljlequality are
electron correlation was accounted for via the single-3tated considered merely as minimal sensible for correlated calcula-
multistaté2 CASPT2 calculations with the optimized CASSCF-  tions? larger or more flexible basis sets currently prove
(14,13) wave functions as the zero-order references. It Wasprohibitive in the CASSCF/CASPT2 calculations on this scale.
observed, however, that multistate CASPT2 excitation energiesNotwithstanding this, by employing the cc-pVDZ basis set we
generally coincide poorly with the single-state ones and deviate Managed to obtain excellent results for the electronic transitions
more from the available experimental data. Because the reasorin polychlorinated dioxing!-? For the B3P86 and TD-B3P86
might be in a larger number of roots required for reliable Ccalculations we used the standard 6-31G(d,p) basi¥ aétich
multistate calculations, the single-state CASPT2 results arenumbered 235, 291, and 347 basis functions. For the parent
hereby trusted more. Thus, the vertical and adiabatic CASSCF/DF we probed the effects of diffuse and augmented sets of
CASPT?2 excitation energies were calculated as differences inpolarization functions on the TD-B3P86 excitation energies with
the single-state CASPT2 energies between the ground andthe two considerably larger basis sets, cc-pVTZ and 6+331
excited states. (2df,2p). The benefits were largely unconvincing, however, and
Several other active spaces were tested. It was observed, fothe large increase in computational time for the two chlorinated
instance, that nothing is gained by (14,14), whereby also the congeners would certainly not have been justified.
oxygen lone pair would be correlated. On the contrary, in the  The use of the level shift (CASPT2-ES proved necessary
subsequent CASPT?2 calculations this active space created veryn obtaining reliable second-order energies, particularly for the
serious intruder problems, as did the smallest possible (12,12)two polychlorinated derivatives. In the case of PCDFs the
active space. Overall, for a reliable description of the valence occurrence of intruder states (singularities) due to near zero
excited states, it was essential that the active space comprisegnergy denominators could always be traced to the configura-
the s orbitals on the 12 carbon atoms and the out-of-plane lone tions that involved excitations from the out-of-plane chlorine
pair on the oxygen atom, whereas the out-of-plane chlorine lone lone pairs absent from the active space. We used the imaginary
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level shift (ILS) technique introduced by Forsberg and Malm- large discrepancies between the B3P86 and X-ray parameters
qvist® which proved efficient in the calculations on the of TCDF (vide infra). CASSCF predicts altogether smaller
polychlorinated dioxing?-28 Tests showed that the reference variations in the GC bond lengths, thus exhibiting somewhat
weights in the excited states approach to within 5% of the larger deviations, which peak to 0.011 A in the case gt
ground state reference weights (around 0.65, 0.57, and 0.51 forThe absolute reliability of the two methods is difficult to assess,
DF, TCDF, and OCDF, respectively) employing the value of however, considering that certain discrepancies should exist
ILS parameter of 0.10 hartree. Because the excitation energiesbetween the gas and crystal phase parameters.
were largely insensitive to increase in ILS up to 0.20 hartree,  with both theoretical approaches the most serious deviations
the lowest sensible value of ILS of 0.10 hartree was retained gre found for theco andr-cc distances within the middle furan
throughout. It was found to fully solve the intruder problems ring, which is surprising knowing that B3P86 and B3LYP
in all the affected states. perform very accurately for the sole fur#iTherco bond length
Combined with the CASPT2-ILS approach, the IPEA level s too short by 0.014 (0.025 A) via B3P86 (CASSCF). The
shift was employed to mitigate the systematic error of overes- discrepancies in CASSCF are similar to those seen in diox-
timating the Stabl'lty of Open'She” Configurations in CASPF2. ins27.28 Corre|ating also the oxygen lone pair by introducing
A suitably chosen IPEA parameter is supposed to shift the the appropriate virtual orbital (thus creating a (14,14) active
diagonal elements of the Fock operator, so that the energyspace) does not lead to any significant improvement. The addi-
denominators assume approximate values of either electrontional orbital retains a negligible active occupancy, and conse-
affinity (EA) or ionization potential (IP), depending on whether  quently the final G-O bond length is increased by only 0.001
the excitation is into or from a partially occupied orbital. Itwas A The HF/cc-pVTZ optimization results in the similar©
observed that the recommended value of IPEA of 0.25 hartreepond length (1.353 A), which confirms that the-© bond
results in Signiﬁcantly overestimated excitation enel’gies, and remains essentia"y uncorrelated within Mpe active space,
consequently a reduced value of 0.10 hartree was adopted. Theynd that the benefits of using larger basis sets would be small.
discrepancy between the recommended value and the applietRestoring some of the missing dynamic correlation via B3P86
value in the present case might perhaps be attributed to(Taple 1), B3LYP @(C—0) = 1.376 A), or MP2/cc-pvDZ
deficien_cies of using _th(_a cc-pVDZ basis set for the correlated (¢(c—0) = 1.377 A) partially resolves the discrepancy. Interes-
calculations. In a preliminary study on théBhy, 1'B1,, 1°Bay, tingly, while fully repairing the notably exaggeratee-Cl bond
and PB,, excited states of benzene, it was observed that the lengths by B3LYP (also seen with dioxASl B3P86 results in

CASSCF-CASPT2/cc-pVDZ (IPEAF 0.10) excitation energies  the C-O bond shortened by 0.006 A relative to the B3LYP
approach the CASSCF-CASPT2/cc-pVTZ (IPEAD.25) values  yalue, thus deviating somewhat more from the experiment.

on average within 0.10 eV, which is significantly closer than
CAS_SCF-CASPTZ/cc-pVDZ with the IPEA of 0.25 hartree the DFT-based methods, is more difficult to rationalize. The
IrGt'lrilf:r:eeflnluItireference based calculations were performed with MP2/cc-pVDZ and B3LYP/E-31G(dp) optimizations result in
MOLCAS 6.4%2 and the time-dependent DFT was performed the samer;cc value of 1.454 A, which is close to that from
with the Gaussian 03 quantum chemical stitéhe CASSCF
transition dipole moments (TDMs) in length representation were
calculated employing the RASSI module of MOLCASThe
oscillator strength§were calculated from the CASSCF TDMs
and the CASPT2 vertical excitation energi®k (in hartrees)
according to

The unexpectedly large deviation iacc, in particular for

CASSCEF. The discrepancy is all the more surprising knowing
that the B3LYP/6-31G(d,p) optimizations of two DF-related
compounds, fluorene (CGHreplaces O) and carbazole (NH
replaces O), resulted in 1.470 and 1.450 A, respectively, for
therzccequivalent distances, which agrees excellently with the
X-ray values of 1.472 and 1.451 429 Thus we suspect that a
larger uncertainty might be present in thec X-ray distance

of DF.

f= %(TDM)ZAE Q) The changes in the DF skeleton upon introducing the chlorine
substituents at the 2, 3, 7, and 8 positions are predicted to be
small. For the most part, B3P86 and CASSCF result in similar
changes in the bond lengths. The most relevant difference is in
A. Geometries.A.1. Ground State Geometriéghe calculated ~ the predicted increase imcc due to the repulsive interactions
and experiment&?:“ﬁgeometric parameters of DF, TCDF, and between the vicinal Cl atoms. Here CASSCF predicts onIy a
OCDF are shown in Table 1. minor elongation of 0.002 A, whereas B3P86 gives 0.008 A,
The X-ray structure of D52 presented in Table 1 is the one  Which is the largest such change in the structure. The agreement
improved over an earlier repdii? because it was refined by ~ between the B3P86 and X-ray paramefteis significantly
considering an important structural disorder characteristic of DF poorer than in the case of DF, in particular fegc, rscc, and
crystals. The thus-improved set of parameters is in much betterfscc, Which might suggest that crystalline TCDF exhibits a
agreement with the calculations, in particular for B3P86, and structural disorder similar to that observed in DF. This would

Results and Discussion

to a somewhat lesser extent for CASSCE. render some of the X-ray parameters similarly inaccurate; e.qg.,
Being slightly distorted from the plane toward a boat by ignoring the disorder in DF, some of the-C bonds within

conformation, the crystalline DF is of the mirra@d symmetry,  the benzene rings turned out manifestly too sHgrt.

whereby the middle furan ring forms a 1.8ihedral angle with The X-ray data for the fully chlorinated congener are lacking.

the benzene ring®2 The IR and Raman spectra point to the The general tendency is that of elongated Cbond lengths

C,, symmetrical structure in both the solution phase and vapor within the benzene rings on average by 0.004 A relative to DF,
phase-® which is here supported by the vibrational analysis of with rzcc as the sole exception. On going from DF to OCDF,
the Cy, optimized minimum (section B). The B3P86 parameters rscc exhibits a very slight increase via B3P86, and even a
follow closely the relative changes in the-C bond lengths notable decrease via CASSCF. The B3P86 prediction is more
within the benzene rings, deviating at most 0.005 A from trustworthy here, particularly considering that the near-
experiment. This is important in view of some unexpectedly degeneracy effects are comparable in DF, TCDF, and OCDF
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TABLE 1: Geometric Parameters of the Ground and Excited States of DF, TCDF, and OCDF at the CASSCF(14,13)/cc-pVDZ
and B3P86/6-31G(d,p) Levels

DF
fco licc f2cc l3cc Facc Iscc fecc f7cc Ococ
1A,
CASSCF 1.359 1.399 1.391 1.397 1.407 1.395 1.401 1.458 106.6
B3P86 1.370 1.404 1.385 1.392 1.401 1.390 1.396 1.447 106.0
exptk 1.384 1.399 1.380 1.388 1.400 1.388 1.398 1.438 105.5
m—ma* (CASSCF)
21A; 1.350 1.437 1.393 1.422 1.416 1.423 1.415 1.422 108.6
1'B, 1.366 1.423 1.400 1.417 1.422 1.417 1.420 1.426 105.9
2B, 1.355 1.442 1.367 1.430 1.416 1.391 1.445 1.386 107.1
13A, 1.353 1.381 1.427 1.426 1.387 1.439 1.428 1.456 106.0
1°B, 1.364 1.450 1.358 1.447 1.419 1.384 1.452 1.379 107.4
TCDF
fco lcc l2cc lacc lacc 'scc l'scc l7cc l2ccl I'3ccl Ococ
1A,
CASSCF 1.356 1.397 1.387 1.396 1.409 1.394 1.396 1.457 1.738 1.740 106.4
B3P86 1.368 1.403 1.381 1.393 1.409 1.390 1.392 1.445 1.730 1.734 105.8
exptP 1.385 1.394 1.366 1.387 1.404 1.380 1.381 1.448 1.725 1.732 105.7
a—ma* (CASSCF)
21A, 1.348 1.434 1.390 1.421 1.419 1.423 1.411 1.421 1.734 1.734 108.4
1B, 1.363 1.419 1.396 1.416 1.426 1.417 1.417 1.426 1.732 1.733 105.8
2B, 1.353 1.439 1.364 1.431 1.421 1.389 1.441 1.385 1.726 1.740 107.0
18A; 1.350 1.379 1.424 1.426 1.387 1.440 1.422 1.455 1.737 1.736 105.9
1°B, 1.361 1.447 1.355 1.448 1.423 1.381 1.448 1.379 1.728 1.740 107.2
OCDF
fco lcc f2cc 3cc lacc I'scc l'ecc I'7cc lcal Plele] I3cci lacci Ococ
1A,
CASSCF 1.340 1.400 1.391 1.390 1.415 1.403 1.416 1.488 1.725 1.727 1.734 1.727 106.8
B3P86 1.353 1.407 1.386 1.393 1.410 1.404 1.410 1.471 1.717 1.718 1.724 1.720 106.1
w—ma* (CASSCF)
21A; 1.334 1.441 1.389 1.419 1.418 1.438 1.425 1.444 1.722 1.724 1.727 1.721 108.9
1B, 1.348 1.427 1.396 1.415 1.427 1.433 1.431 1.457 1.722 1.722 1.726 1.722 106.3
21B, 1.336 1.447 1.365 1.429 1.418 1.400 1.460 1.408 1.724 1.717 1.734 1.712 107.4
13A, 1.336 1.383 1.424 1.423 1.389 1.452 1.441 1.480 1.715 1.728 1.729 1.718 106.3
1°B, 1.345 1.455 1.356 1.444 1.421 1.395 1.469 1.403 1.725 1.718 1.733 1.721 107.5

a Experimental geometry from the X-ray dé#fa. ® Experimental geometry from the X-ray ddfa.

(the corresponding active occupancies are quite similar), which then brings about changes in the nearby bond lengths analogous
leaves chiefly the dynamic correlation effects to decide on the to those observed here.

geometric parameters. The largest elongation is that exhibited A.2. Excited State Geometriéghe changes in the structural

by r7cc (0.030 and 0.024 A via CASSCF and B3P86), which is parameters in the excited states of DFs reflect faithfully the
due to the essentially single character of the 7CC bond and theredistribution of the electronic density upon excitations, as can
pronounced repulsion between the Cl atoms at the 1 and 9be deduced from Table 2, which shows the leading configura-
positions. These atoms are only 3.2 A apart, which is consider- tions in the CASSCF configuration interaction (Cl) expansions
ably smaller than the sum of their van der Waals radii (1.8 A in DF (please, refer also to the pictures of the active orbitals
+ 1.8 A = 3.6 A). The most interesting feature is the within the Supporting Information).

considerably shortened-€O bond, the effect that was also The CI configurations dominating the excited states of the
observed to a similar extent in the longitudinally polychlorinated remaining two congeners are completely analogous to those of
dioxins (positions 1, 4, 6, and 9 This, together with the trends ~ DF (Table 2). As a result, the equivalent excited states exhibit
in the nearby bonds{cc about the same or slightly elongated, very similar patterns of changes in bond lengths relative to the
ricc notably shorter than the -©@Cl bonds in TCDF), is corresponding ground state. The invariably observed feature in
indicative of the cis effect? usually recognized in the context the five excited states is that of the shortemegtk distance,

of alkenes, which are 1,2-disubstituted by highly electronegative sometimes considerably as in tht8B2 and 2B states, where
atoms. As a result, the cis configurations may surprisingly this bond displays essentially a double character. This is a direct
become more stable than the trans. The bend of the electronconsequence of the lowest unoccupied molecular orbital (LUMO;
density from the &C bond axis toward the region between b; symmetry) incorporating the 7C&-bonding interaction, and
the electronegative substituetftghere, the O and Cl atoms) thus the effect most noticeably tells in the Btates, which
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TABLE 2: Dominant Configurations (Weight in the Cl Expansion >0.10) in the CASSCF Wave Functions of DF at Optimized
Geometries

singlets triplets
state h = weight h & weight
1A 2222000 222000 0.79 2221100 222000 0.47
2222000 212100 0.28
2A; 2221100 222000 0.39
2222000 221100 0.22
1B, 2222100 221000 0.41 2222100 221000 0.70
2222010 212000 0.14
2B; 2222100 221000 0.68

TABLE 3: Ct;ASSCF(14,13)/cc-pVDZ and B3P86/6-31G(d,p) Harmonic Vibrational Wavenumbers (cmt) of the Ground (*A;)
State of DP

A & by by
CASSCF B3P86 exptl CASSCF B3P86 exptl CASSCF B3P86 exptl CASSCF B3P86 exptl
215 216 217 149 150 150 102 107 103 516 513 516
420 423 424 281 291 287 311 312 310 555 552 556
656 656 660 429 441 440 417 421 419 616 610 617
738 744 746 552 568 576 545 562 562 849 851 849
858 846 850 711 737 697 717 724 993 1000 1005
999 1020 1010 737 754 769 721 748 752 1022 1024 1024
1094 1103 1103 812 846 855 811 846 849 1107 1115 1114
1120 1147 1148 887 917 931 887 917 930 1129 1155 1153
1188 1200 1170 924 955 967 926 956 967 1221 1218 1201
1249 1262 1245 1261 1279 1286
1290 1312 1309 1302 1369 1319
1324 1387 1348 1467 1463 1457
1466 1457 1448 1495 1483 1477
1506 1504 1495 1606 1612 1593
1605 1622 1595 1618 1630 1599
1657 1662 1636 3101 3126 3048
3101 3126 3040 3113 3135 3061
3114 3136 3061 3125 3147 3074
3126 3148 3082 3137 3160 3096
3138 3160 3096

aThe wavenumbers are scaled by factors of 0.9293 (CASB@RY 0.9759 (B3P86). ® Experimental wavenumbers from the vapor, liquid,
and solid IR and Raman spectfa.

always include the transfer of electron density from the a our knowledge still lacking, despite the fact that, equally for
occupied (necessarily;cc* in character) to the pvirtual MOs. dioxins, a reliable distinguishing between the similar IR spectra
Table 2 furthermore reveals that the singlets and triplets within would be crucial for identification and separation of the DF
the same space symmetry differ significantly with respect to congeners.

the dominant configurations (e.g.l2& and PA; or 1'B, and The chlorination considerably reduces the force constants of
13B;), which shows in dissimilar trends in the geometric alarge majority of modes, decreasing the zero-point vibrational
parameters of the corresponding minima. This contrasts theenergies (ZPVEs) by roughly 100 kJ méper four introduced
situation in dioxins, where singlets and triplets within a given chlorine substituents: the B3P86 ZPVEs equal 424 (experi-
symmetry species are typically much more afRe. mental® 420 kJ mot?), 322, and 225 kJ mol for DF, TCDF,

In DF a conformational similarity between the ground and and OCDF, respectively. The CASSCF wavenumbers are
the first excited state equilibria is reflected in the stror‘(ijg 0 generally smaller than the B3P86 ones, with the corresponding
origin??23 and the similar rotational constants. The agreement CASSCF ZPVEs equaling 419, 320, and 222 kJ TholThe
between the CASSCF and experimeftafin parentheses) agreement between the measured and calculated fundamentals
rotational constants is very rewarding: 0.0765 (0.0760%m of DF is very good, in particular for B3P86 (Table 3). A doubtful
0.0200 (0.0200 cmt), and 0.0159 (0.0159 cn?) for the 1*A; experimental assignment (890 cHi'® within the & modes is
structure, and 0.0752 (0.0753 ctHy 0.0198 (0.0198 cmi), and all the more questioned by the present calculations, and so the
0.0157 (0.0157 cmt) for the 2A; structure, as obtained via  corresponding entry is left blank in Table 3. Omitting this,
the SA-CASSCF optimization. together with the &H stretching modes>3000 cnt?) on

B. Harmonic Wavenumbers. The CASSCF and B3P86 account of the significantly larger experimental uncertairiffes,
harmonic wavenumbers of DF, TCDF, and OCDF are presentedthe averages (observedcalculated) and the root-mean-square
in Tables 3, 4 and 5, respectively. The wavenumbers are scaleddeviations (rmsd) (in parentheses) for the scaled CASSCF and
by the recommended factor of 0.9759 for the B3P86/6-31G- B3P86 wavenumbers equal 9.0 (19.0 dnand —3.8 (14.0
(d,p) leve?! and a tentative factor of 0.9293 for the CASSCF, cm™1), respectively. These values can be comparetlitd (13.6
which minimized the differences between the experimental and cm~1) obtained via the semiempirical (AM1) scaled quantum
calculated wavenumbers in three polychlorinated dioXins. mechanical force field employing the bicyclic scale factors
Whereas the vibrational spectrum of DF received considerable (SQM-BSF-AM1). Thus, the B3P86 and SQM-BSF-AM1 force
attention in the pas€!® which resulted in a near-definite fields are of comparable accuracy, while CASSCF deviates
assignment of the majority of fundamental modes (Table 3), somewhat more, similar to the findings for diox#¥dt should
studies and assignments of spectra of TCDF and OCDF are tobe noted, however, that neither CASSCF nor B3P86 exhibits



1344 J. Phys. Chem. A, Vol. 111, No. 7, 2007 Ljubi¢ and Sabljic

TABLE 4: CASSCF(14,13)/cc-pVDZ and B3P86/6-31G(d,p) Harmonic Vibrational Wavenumbers (cmt) of the Ground (*A;)
State of TCDP?

a a b1 b,

CASSCF B3P86 CASSCF B3P86 CASSCF B3P86 CASSCF B3P86
102 106 54 61 45 56 201 196
191 187 142 150 125 136 249 248
256 254 238 253 248 265 397 393
343 342 370 399 370 387 450 446
484 480 424 446 428 446 585 581
642 640 599 661 591 646 668 664
726 720 714 759 684 724 705 694
803 795 818 871 822 874 926 916
941 927 843 896 839 889 1048 1031

1105 1088 1109 1087
1142 1167 1167 1199
1206 1211 1228 1215
1230 1256 1251 1286
1293 1299 1396 1378
1406 1390 1471 1435
1492 1454 1584 1557
1583 1570 1619 1587
1660 1625 3144 3112
3146 3112 3159 3128
3159 3128

2The wavenumbers are scaled by factors of 0.9293 (CASB@RyY 0.9759 (B3P86)L

TABLE 5: CASSCF(14,13)/cc-pVDZ and B3P86/6-31G(d,p) Harmonic Vibrational Wavenumbers (cmt) of the Ground (*A;)
State of OCDP

a a b1 b,

CASSCF B3P86 CASSCF B3P86 CASSCF B3P86 CASSCF B3P86
104 100 4 8 36 37 172 172
172 172 52 54 74 78 206 203
221 218 79 82 98 100 226 224
255 253 172 175 219 225 241 238
267 268 329 347 292 304 329 330
344 349 379 395 384 399 349 348
359 360 560 596 544 576 468 473
479 478 605 633 600 630 580 576
654 657 742 718 693 700 712 708
730 741 782 783
819 816 846 849
944 952 1018 1009
988 987 1108 1108

1122 1188 1144 1264
1211 1264 1275 1307
1264 1313 1353 1350
1399 1378 1437 1415
1421 1422 1557 1543
1558 1554 1577 1585
1619 1625
2The wavenumbers are scaled by factors of 0.9293 (CASB@RY 0.9759 (B3P86)L
the large error in thejfundamental at 752 cm, which SQM- in the parent DF, and is least expressed in OCDF, where energies

BSF-AML1 strangely overshoots by 43 cki® and that both required for the in-phase and out-of-phase waggings differ more,
methods clearly suspect the above-mentioned tentatjve a owing to the large repelling chlorine substituents.
assignment. The most prominent absorption in the low-frequency region
The modes pertaining to the motions in the molecular plane of the DF spectrudf appears as a split intense band due to the
(a1 and b) generally agree closely between CASSCF and two near-lying h fundamentals at 724 and 752 ctin(Table
B3P86, whereas the out-of-plane modes dad h) exhibit 3). These modes correspond to the out-of-plane in-phase
somewhat larger discrepancies, with the CASSCF wavenumbersvagging of the H atoms strongly coupled to the puckering of
being consistently smaller than the B3P86. The reason may bethe middle furan ring. The higher frequency mode is predicted
that the out-of-plane modes, especially those involving the ring- to be the second most intense, with the intensity exceeding 100
puckering motions, include disruption of the electron delocal- km molt. Owing to the large change in the nature of
ization via conjugation throughout the three rings. Because of substituents, the corresponding region in TCDF and OCDF is
the missing dynamic correlation in CASSCF, the stabilizing largely darkened, particularly in OCDF, where nonode has
effect of conjugation is underestimated, which makes the a noteworthy intensity.
CASSCEF force constants smaller. This effect also tells in the By far the strongest band in all three compounds, well
context of the CASSCF equilibrium geometry of OCDF (vide exceeding 250 km mot in TCDF and OCDF, belongs to the
infra). In all three congeners a host of the out-of-plane modes b, symmetry and appears around 1200, 1450, and 135G cm
appears in quasi-degenerate, (@) pairs. This is most visible in DF, TCDF, and OCDF, respectively (Tables 3, 4, and 5).
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TABLE 6: Singlet Excitation Energies (Vertical T, and Adiabatic Ty in eV) at the Single-State CASSCF/CASPT2(14,13)/
cc-pVDZ and TD-B3P86/6-31G(d,p) Levels

DF TCDF OCDF
CASPT2 CASPT2 CASPT2

TD-B3P86 exptl TD-B3P86 TD-B3P86
state Ty To Ty To Ty To Ty Ty To Ty
21A; 4.36 4.16 4.56 41724 4.23 4.03 4.26 4.08 3.86 3.95
1'B, 4.72 451 4.75 454 4.28 4.32 451 4.26 4.25
2B, 5.16 4.94 5.41 4.90 4.67 5.08 4.56 4.22 4.43
3A; 5.98 5.63 5.79 5.21 5.74 5.08
1A, 5.57 4.89
1'B; 5.56 4.94
2'B,; 5.85 5.02
2'A, 5.84 5.08
47, 6.40 6.15 6.19 5.54 6.11 5.19
3B, 6.41 5.76 6.20 541 5.98 5.06
4B, 6.55 6.13 6.22 5.64 6.08 541
5B, 6.58 6.57 6.39 6.18
6'B, 6.71 7.03 6.55 6.19
5!A; 6.77 6.34 6.62 5.94 6.57
6'A1 7.42 6.54 7.22 6.04 6.59 5.36
3B 6.06 5.58
3A; 6.08 5.64

aThe IPEA level shift parameter of 0.10 hartree combined with the imaginary level shift parameter of 0.10 h&tms¥imental excitation
energy from sub-Doppler high-resolution laser excitation spectroséépy.

The corresponding mode is best described as the asymmetrianiddle furan ring, which has to assume an envelope conforma-
C—0 stretch strongly coupled to the in-plane waggings of the tion. Because the butterfly mode is coupled to the stretching of
H atoms in DF and TCDF. This band can be observed as mainly the lateral G-H (C—Cl) bonds, the trend of diminishing
analogous to the extremely strong dioxin fundamental residing wavenumbers with the increased number of chlorine atoms is
around 1500 cmt.2® However, in DFs it is on average 5 times  visible, and is in a relative sense very similar to that observed
less intense, is clearly red-shifted, and appears more prone tan dioxins; e.g., in TCDF (2,3,7,8-TCDB}the wavenumber is
frequency shifts in different congeners. Because these funda-roughly 2 times smaller than in DF (DBY.
mentals most distinctly reflect the differences between the . Electronic Transitions. In Tables 6 and 7 the calculated
dibenzofuran and dioxin skeletons, this should make them a cASSCF/CASPT2 and TD-B3P86 singlet and triplet excitation
feature of the foremost analytical value in distinguishing between gnergies of DF, TCDF, and OCDF are shown and compared
these classes of pollutants. ) with the available experimental data. The CASSCF and TD-
The lowest frequency mode of the symmetry of OCDF is  B3pgg oscillator strengths in the length representation are given
exceedingly small by B3P86, and even becomes imaginary by, Taple 8. The experimental UV spectra supplemented by the
CASSCF, meaning that the true CASSCF minimum i€2  cASSCF/CASPT2 vertical rules are presented in Figures. 2

symmetrical one. This mode most |mportantly corresponds to Both CASSCF/CASPT2 and TD-B3P86 prediéh2 — 1'A;
the out-of-phase out-of-plane wagging of the two Cl atoms . o
as the lowest lying transition in all three congeners. In the case

closest to each other (positions 1 and 9), and thus reflects a Lo ; o
tendency toward reducing the electrostatic repulsion between?(:;ErletgIsvv%“rlsssrtﬁgi(t-:-c()jﬂ;r?l?j;tiﬁlb\e/‘gd’uvl\{?:rfi(;rrfp\)/rlg(r:?st,ligzal'sub-
the two atoms, whose distance is notably smaller than the sumDoppler laser spectroscopy?3 The CASSCFICASPT2 adia-

of their van der Waals radii (vide supra). This comes at the ) o
expense of deviating from the planar structure, and consequentl)}) atic excitation energy of 4.16 eV (Table 6) agrees remarkably

disrupting the conjugation. The corresponding CASSCF and Well with the intense g?orlgln observed at 4.1714 e¥.Such
B3P86 wavenumbers of 4i and 8 cinrespectively (Table 5), ~ @ close agreement gives the present theoretical approach a
point to a remarkably flat potential, and in the case of CASSCF valuable credit, especially considering that similar high-precision
only a slight deviation from the plane in what would be the €XPeriments are still lacking for the toxic chlorinated derivatives.
true minimum. This is reminiscent of the mild symmetry 1N€ Optimal excitation wavelengths utilized in the luminescence
breaking along the butterfly mode in the longitudinally poly- €xPerimentson DF (246 nm (5.05 eV) and 285 nm (4.35 eV))
chlorinated dioxing® This issue was previously attributed to @nd TCDF (257 nm (4.82 eV) and 307 nm (4.04 eV)) can be
the missing dynamic correlation in CASSCF, whereby the réadily associated with the', — 1'A; and 2A; — 1'A;
benefits of stabilization via conjugation delocalization are CASSCF/CASPT2 vertical excitation energies (Table 6). The

probably underestimated, and the purely electrostatic effects arg00m-temperature fluorescence maxima, 316 nm (3.92 eV) in
given more weight® However, the overall effect on the DF and 340 nm (3.65 eV) in TCDFare reasonably reproduced
CASSCF geometric parameters, vibrational wavenumbers, andif the vertical emission is simulated by calculating thé istate
electronic transitions should be very small, estimating from in the 2A; equilibrium geometry. The result is the reduced
similar effects due to the butterfly motion in dioxi#. energy differences with respect to th&A2 minima, 4.03 and
The |owest frequency modes W|th|n thegymmetry (Tab'es 3.89 eV f0r DF and TCDF, respectlve|y, Wh|Ch are now mUCh
3-5) correspond to the butterfly-like distortion of the diben- closer to the fluorescence maxima.
zofuran skeleton. Although very small, particularly in TCDF Much earlier Bree et al. carried out a detailed investigation
and OCDF, the corresponding wavenumbers are still roughly 5 of the UV absorptions in DF analyzing the vapor, solution,
times larger than in the analogous dioxfsyhich is due to powder, and polarized crystal state speétr@heir efforts led
the impeded mobility of the DF skeleton, specifically of the to an assignment of symmetry labels to six band systems
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TABLE 7: Triplet Excitation Energies (Vertical T, and Adiabatic T, in eV) at the Single-State CASSCF/CASPT2(14,13)/
cc-pVDZ and TD-B3P86/6-31G(d,p) Levels

DF TCDF OCDF
CASPT2 CASPT2 CASPT2
TD-B3P86 TD-B3P86 TD-B3P86
state Ty To Ty exptP T To Ty exptP Tv To T
13B, 3.61 3.23 3.20 3.05; 2.97 3.49 3.10 3.01 2.63 3.44 3.08 2.90
13A; 4.16 3.84 3.72 4.06 3.76 3.52 3.80 3.45 3.20
28A1 4.38 4.27 4.22 3.98 4.13 3.86
2B, 4.39 4.25 4.23 3.95 4.10 3.77
3B, 4.78 4.66 4.64 4.38 4.55 4.02
3FA; 4.85 4.66 4,71 4.33 4.61 4.28
437, 5.01 5.00 4.86 4,73 4.67 4.33
43B, 5.56 5.13 5.40 4.88 5.36 4.69
13A, 5.21 4.63
1°B; 5.22 4.68
23A, 5.63 4.83
2B, 5.68 4.80
5B, 6.39 5.93 6.31 5.57 6.20 5.16
53A; 6.82 5.98 6.68 5.49 6.64 5.23
6°B, 6.90 6.29 6.78 6.56
6°A1 7.12 6.07 7.00 5.68 6.85

aThe IPEA level shift parameter of 0.10 hartree combined with the imaginary level shift parameter of 0.10 h&xmerimental energies from
the room-temperature phosphorescence mag&itha.

TABLE 8: CASSCF(14,13)/cc-pVDZ and TD-B3P86/6-31G(d,p) Oscillator Strengths in the Length Representation

DF TCDF OCDF
CASSCP TD-B3P86 CASSCF TD-B3P86 CASSCF TD-B3P86
2tA; — 1'A, 0.0094 0.0257 0.0090 0.0180 0.0161 0.0593
3A — 1'A; 0.0966 0.0765 0.0878 0.0704 0.0866 0.1750
4A, — 1'A, 0.0042 0.0121 0.0047 0.0005 0.0143 0.0409
5'A; — 1'A; 0.0154 0.0840 0.0153 0.1351 0.0064 0.0240
6'A; — 1'A; 0.0067 0.0052 0.0042 0.0131 0.0076
1'B, < 1'A; 0.0599 0.2866 0.0623 0.4614 0.0365 0.3985
2B, — 1A, 0.3059 0.0270 0.3103 0.0670 0.2472 0.0010
3B, — 1'A; 0.2898 0.3549 0.2419 0.5669 0.6337 0.4213
4B, — 1A, 0.5524 0.3399 0.6345 0.1900 0.2814 0.5169
5!B, — 1A, 0.2606 0.0821 0.0020 0.2169
6'B, — 1A, 0.0317 0.4495 0.2878 0.1567

identified in the 206-330 nm region. Earlier reported barely A region of low absorption (Figure 2) separates systems I
visible system Il to be observed near 3.90 eV, is definitely and Il from system IV, which is characterized by the sharp
proved too low in energy by our calculations, and is probably maximum at 4.98 eV and assigned as anoth&r — A;

an artifact due to impurities as was also suspected by Bree ettransition!* This corresponds to the calculatetBz — 1'A;.

al.’* System Il originating at 4.17 eV corresponds to'an — Here CASSCF, unlike TD-B3P86, correctly predicts a much
1A; band, and system Ill with the maximum-a#.4 eV (~280 stronger intensity than those of the preceding two transitions
nm, Figure 2) corresponds to'B, — A; band, based on the  (Table 8). In both DF and TCDF the sharp maxima are regularly
symmetry assignments from the single-crystal spectra. This red-shifted by ca. 5 nm from the vertical, and blue-shifted from
sequence of transitions is now confirmed by the calculations. the CASSCF/CASPT2 adiabatic excitation energies (Figures 2
The CASSCF/CASPT2 'A; and 1B, adiabatic excitation and 3). Two more systems, denoted V and VI, were observed
energies (Figure 2) are very close to the two sharp maximain the higher frequency region (26@30 nm), which would
within the systems Il and llI, which indicates that th@1band correspond to the calculated moderately inten'ge 3— 1'A;
might also have a very strong Origin, even stronger than the (207 nm) and the very strong'B, < 1*A; (193 nm) band
21A1 has. Overall, the calculations suggest that thg 2— 11A; systems (Table 8). Here our calculations confirmed the tentative
and B, — 1'A; band systems are solely responsible for the assignment of system V to amAnd system VI to a Btype
absorptions in the broad intense 2680 nm region. Therefore,  transition!4

some surprisingly strong transitions within the former band  The spectra of TCDF and particularly OCDF are more
should be explained in terms of a very efficient mechanism of complex (Figures 3 and 4). The equivalent transitions are red-
vibronic intensity borrowing from the latter, and not by yet shifted relative to DF on average by 0.2 eV (0.4 eV) in TCDF
another transition present in the region, which was proposed as(OCDF), with some larger deviations present. Similarly to the
an alternativé* That is, earliel® as well as very recent spectrum of octachlorodibenzgedioxin,1%28 the spectrum of
experimental studi@$23 confirmed that a host of transitions to  OCDF. (Figure 4) is largely broadened, making it impossible
the first vibrational levels of thebmodes of the A; state, to resolve any finer structures. Because this feature is very much
most prominently 5§ (observed at 8)—1— 443 cnt1),28 gain unlike the spectra of DF and TCDF, it was suggested that the
remarkably in intensity via vibronic coupling with the near- rate of intersystem crossing (ISC) increases considerably in the
lying 1'B, state. Here TD-B3P86 (Table 6) confirmed that no fully chlorinated congenel® This is supported by the notably
transition other than the—x* type emerges in the observed larger phosphorescence yields with increasing chlorination in
UV region, which contradicts some previous conjectdfés. DFs and dioxin$. Our results indicate that the increasing
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Figure 2. Experimental absorption spectrum of DI~ 50 °C)* supplemented by the rules denoting the CASSCF/CASPT2 vertical (red) and
adiabatic (blue) excitation energies. The heights of the rules are proportionate to the calculated vertical oscillator strengths (Table 8).
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Figure 3. Experimental absorption spectrum of TCXRF( 165 °C)'° supplemented by the rules denoting the CASSCF/CASPT2 vertical (red) and
adiabatic (blue) excitation energies. The heights of the rules are proportionate to the calculated vertical oscillator strengths (Table 8).
complexity of TCDF and OCDF spectra is at least in part due ordering of the CASSCF roots by energy, and consequently,
to the progressive crowding of high-intensity spin and sym- e.g., the 3B, roots are not equivalent by the dominant
metry allowed transitions in the 26220 nm region (Figures  excitations in the multiconfigurational and DFT treatments,
3 and 4). although the majority of the roots remain so. Whereas for the
A poorer reliability of the TD-DFT excitation energies lower singlet states the agreement with the experiment is still
compared to those of CASSCF/CASPT2 was previously estab-reasonable, albeit inferior to CASSCF/CASPT2, above 5 eV
lished in the case of polychlorinated dioxi#fdn particular for the majority of the TD-B3P86 excitation energies appear
the higher excited states that approached the threshold roughlydrastically underestimated. Consequently, the use of TD-B3P86
set by the KohaSham highest occupied molecular orbital was limited to complementing the TCDF and OCDF spectra
(HOMO) energy criteriort® The herein used TD-B3P86 per- by indicating the positions of a few additional lower lying states
forms quite similarly to TD-B3LYF2 By analysis of the orbitals ~ not of thez—zx* origin. The additional states are either orbitally
and dominant excitations, it is possible to establish a clear-cut forbidden (A) or confirmed to have negligible to very small
correspondence between the TD-B3P86 and CASSER* intensities (B); hence they should have a negligible effect on
states. The second-order correction occasionally reverses thahe appearance of the UV absorption spectra. These states appear
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Figure 4. Experimental absorption spectrum of OCOR(225°C)! supplemented by the rules denoting the CASSCF/CASPT2 vertical (red) and
adiabatic (blue) excitation energies. The heights of the rules are proportionate to the calculated vertical oscillator strengths (Table 8).

in quasi-degenerate,AB; pairs (Table 6), which reflects the  numbers in the 3A; and B, minima from Table 1). The
quasi-degeneracies of the orbitals involved in the transitions. experimental energies of the lowest DF and TCDF triplet states
The lower lying states (R\,, 2'A,, 1'B;, and 2B;) are of the (Table 7) originate from the room-temperature phosphorescence
m—oc—cf* origin, whereas excitations from the in-plane chlorine maxima, and thus cannot be compared directly to the calculated
lone pairs (g—x*) emerge around 0:20.5 eV higher (3A; values, while Shpolskii phosphorescence spectra analogous to
and 3B;). Estimating from the discrepancies between the those of dioxind® are to our knowledge lacking. Still the
CASSCF/CASPT2 and TD-B3P86—x* excitation energies phosphorescence maxima can be well reproduced, provided the
in the corresponding energy regions, the lower of these statesexcitation energies are calculated relative to th&;lstate in
require on average 0-80.8 eV, and the upper more than 1 eV  the BB, minimum geometry, thus simulating vertical emissions.
of blue shifting to correspond better to the physical reality. The This results in 2.83 and 2.69 eV for DF and TCDF, respectively,
TD-B3P86 oscillator strengths (Table 8) also show some notable which approach the maxima well within the usual CASSCF/
deviations from those of the CASSCF (Table 8), in particular CASPT2 error bounds#0.20 e\?9).

in predicting the 1B, transition to be much more intense than

2'B,, which contradicts the experiment. Conclusions
Finally, it is of interest to compare the electron spectra to
those of dioxing728 The equivalent excited states are-6(®5 Multiconfigurational (CASSCF) and density functional theory

eV higher than in the dioxin analogues. In DFs the singlet B (B3P86) methods were used in calculating the equilibrium
states are generally above thesAates in a given energy region, geometries and harmonic vibrational wavenumbers of the ground
which is contrary to dioxins, where the Bquivalent states @ states of DF, TCDF, and OCDF, while state-averaged CASSCF

and By) are always lower than thefequivalent (4) states. calculations enabled these properties to be calculated also for
The reason is that in dioxins the lowest singlet and triplet states several of the lower lying excited states. The electronic
are dominated simply by the LUMG- HOMO excitation, transitions in these compounds were studied via combined

whereas in DFs the strong (LUM® 1) ~— HOMO and LUMO multireference CASSCF/CASPT2 treatment, as well as the time-
— (HOMO — 1) configurational mixing dominate the'&; dependent DFT (TD-B3P86). From comparison between the
states (Table 2), which agrees with the recent CIS calculatfons. calculations and abundant experimental data for the parent DF,
The state dominated exclusively by the LUM& HOMO it can be deduced that B3P86 results in more reliable equilibrium
configuration is as high as!B,. Omission of one of the oxo  Structures and harmonic wavenumbers than CASSCF, whereas
bridges promotes the conjugation delocalization between thethe reliability of CASSCF/CASPT2 is largely superior to TD-
two benzene rings lowering both HOMO and LUMO, and B3P86 in predicting the electronic excitation energies. Thus the
increasing the KohaSham HOMG-LUMO gap by 0.16 eV two approaches complement each other nicely, and the accuracy
in DF compared to DD. Interestingly, unlike the singlets, the bounds established for the parent DF are valuable in view of
sequence of the triplet states is identical in DFs and dioxins. the difficulties in obtaining the experimental data for the toxic
The remarkable similarity is reflected even in the quasi- chlorinated congeners.
degeneracy of the3A; and 2B, states (Table 7), which The equilibrium structures of DF and TCDF are of {@g,
correspond to the quasi-degeneratB;} and By, states in symmetry, and in the case of B3P86 compare very well to the
dioxins2728 X-ray parameters. One or two discrepancies are still of dubious
The BA; and BB, states retain th€,, symmetry (please, origin, because they are absent in related compounds (fluorene
refer to the Supporting Information for the harmonic wave- and carbazole). This probably indicates that there is a space for
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further refinement of the crystal structure of DF and TCDF,
particularly in view of the structural disorder inherent to the
DF crystals. The OCDF minimum is of th&,, symmetry by
B3P86, but relaxes to @, structure by CASSCF via the mode
that involves the out-of-phase wagging of the two proximate
chlorine atoms. Similarly to the butterfly relaxation observed
in longitudinally substituted dioxins, this effect can probably
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uncertainty. Apart from that, the accuracy of the scaled B3P86
is entirely comparable to the SQM tailored force field. The
features of the IR spectra that could prove particularly useful
in analysis include some low-frequency out-of-plane wagging
modes, which differ considerably in intensity between different
congeners, as well as the high-intensity band in the $2@G0
cm? region corresponding mainly to the—<© asymmetric
stretching. While this band has its analogue in dioxins, its
appearance, position, and especially intensity should differ
considerably between dibenzofuran and dioxin structures.
The equivalent electronic transitions invariably undergo red-
shifting with increasing chlorination. The extent of the red shift
relative to the parent DF varies in the range of-0015 eV in
TCDF and 0.2-0.6 eV in OCDF. The lowest transition in all
three congeners is'&; < 1'A;. The experimental band origin
and the rotational constants of th¥A2 state agree remarkably
well with the CASSCF/CASPT2 predictions in case of the parent
DF. The comparison of the electron transitions in DFs and
dioxins revealed certain dissimilarities in the ordering and origin
of the singlet states and a great analogy of the triplet states.
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