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- UV absorbance spectra of dibenzo-p-dioxin measured with synchrotron radiation

- Polarization spectroscopy in the near and vacuum UV spectral regions

- Linear dichroism enables experimental symmetry assignment of molecular states

- Revision of previous assignments of the excited singlet states of dibenzo-p-dioxin

- Electronic transitions predicted with time-dependent density functional theory



ABSTRACT. The UV absorbance bands of dibenzo-p-dioxin (dibenzo-1,4-dioxin, DD) are
investigated by synchrotron radiation linear dichroism (SRLD) spectroscopy on molecular
samples aligned in stretched polyethylene. The investigation covers the range 58000-30000
cm ' (170-330 nm), thereby providing new information on the transitions of DD in the
vacuum UV region. The observed polarization data enable experimental symmetry
assignments of the observed transitions, leading to revision of previously published
assignments by Ljubi¢ and Sablji¢ (J. Phys. Chem. A 109 (2005) 8209-8217). In general, the
experimental spectra are well predicted by the results of quantum chemical calculations using
time-dependent density functional theory (TD—-DFT). The observed absorbance in the region
5800055000 cm™* (170-180 nm) in the vacuum UV is almost entirely short-axis polarized,

in pleasing agreement with the predicted spectrum.



1. Introduction

“Dioxins” is a class of chemicals that causes serious concern as persistent organic
pollutants in the environment [1-8]. The most harmful dioxins are believed to be halogen
derivatives of dibenzo-p-dioxin (DD, Chart 1) and these compounds have attracted particular
attention. The molecular and electronic structure of DD and its derivatives have thus been
studied by several authors [9-22].

The most advanced theoretical study of the electronic states of parent DD is probably the
one published in 2005 by Ljubi¢ and Sablji¢ [16]. They computed several valence excited
states by using ab initio multi-configurational CASSCF/CASPT2 theory. The predicted
transitions to excited singlet states were compared with the observed near-UV absorption
spectrum of DD in an isopentane matrix at 77 K [10-12]. However, the comparison was not
entirely satisfactory and the authors produced a “theoretically fitted” curve empirically
adjusted to reproduce the appearance of the observed absorbance curve [16].

The aim of the present publication is to resolve some of the discrepancies by providing
additional experimental evidence. In this work, we investigate the UV absorption spectrum of
DD by synchrotron radiation linear dichroism (SRLD) spectroscopy on molecular samples
partially aligned  in stretched polyethylene (PE). Compared with traditional absorption
spectroscopy, SRLD spectroscopy provides two significant advantages. In the first place,
linear ~dichroism (LD) spectroscopy [23-26] on oriented molecular assemblies yields
information on the polarization directions of the recorded absorption bands, thereby
frequently providing an experimental symmetry assignment of the observed molecular states.
Secondly, the use of synchrotron radiation [27,28] enables a substantial expansion of the
investigated spectral range, compared with the use of a traditional light source [29-33]. In the
present investigation, the measurement is thus extended into the vacuum UV, covering the
region up to 58000 cm™ (170 nm). This is an extension of the previously investigated spectral

range [10-12] by about 10000 cm™. The observed absorption bands are discussed with



reference to theoretical transitions predicted with time dependent density functional theory
(TD-DFT) calculations [34-36]. Additional information is provided as Supplementary data,

referred to in the ensuing text as S1 and S2.
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Scheme 1. Dibenzo-p-dioxin (DD) with definition of the molecular coordinate system.

2. Experimental
2.1 Sample Preparation

A sample of dibenzo-p-dioxin (DD) was purchased from TCI Europe n.v. (purity >99%).
Low-density polyethylene (PE) 100um sheet material without any additives was obtained
from Hinnum Plast A/S. A 2.5x6 cm PE piece cut from the sheet was washed with
chloroform (Merck Uvasol) at 50 °C for one day to extract possible impurities. DD was then
introduced into the dried PE sample from a saturated solution of the substance in chloroform.
Subsequently, the chloroform was allowed to evaporate from the doped sample and
crystalline deposits on the surface were removed with ethanol (Merck Uvasol). The sample
was finally uniaxially stretched by approximately 500%. A reference sample without solute
was produced in the same manner. Further details on stretched polyethylene samples can be

found in the literature [23,24].
2.2 Linear Dichroism (LD) Spectroscopy

SRLD spectra were measured at room temperature as previously described [29-33] on the
CD1 beamline [27,28] at the storage ring ASTRID at the Centre for Storage Ring Facilities
(ISA). Two absorbance curves were recorded with the electric vector of the sample beam

parallel (U) and perpendicular (V) to the stretching direction of the PE polymer. The



observed baseline-corrected LD absorbance curves E,; (¥) and E}, (¥) are shown in Fig. 1

(top).

3. Calculations

Quantum chemical calculations were performed by using the GAUSSIAN16 - software
package [37]. The ground state equilibrium geometry of DD was computed by using B3LYP
[38-40] DFT and the cc-pVTZ basis set by Dunning and co-workers [41,42]. The molecule is
predicted to have Dy, symmetrical nuclear configuration, in consistency with the results of
previous investigations [13-18]. The computed nuclear coordinates are provided as
Supplementary data S1. Vertical electronic transitions from the ground state to excited singlet
states were computed with the TD-DFT [34-36] procedure by using the long range-corrected
functional CAM-B3LYP [43] and the basis set aug-cc-pVTZ [41,42]. A constant term was
subtracted from the computed wavenumbers in order to facilitate comparison of observed and
predicted trends [44]; an empirical correction of 4000 cm ' was found to be adequate for
transitions predicted with . TD-CAM-B3LYP [32,33]. The main calculated transitions are
listed in Table 1, a full listing is provided as Supplementary data S2. Gaussian convolutions
of the predicted transitions were computed by representing the contribution due to the i’th
transition by the following expression [45]:

2.175-108

fi - exp [—2.772 (Mi)z] (1)

@) = "
where ¢;(#) = molar absorption coefficient (L mol™ cm™) as a function of wavenumber (cm™
Yy, ¥, = predicted vertical wavenumber, f; = predicted oscillator strength, and w = full width
at half height, taken as 3000 cm™. The resulting convoluted curves corresponding to

transitions to states of By, By, and B, symmetry in the D,y point group are shown in Fig. 2

(bottom).



4. Results and Discussion
4.1 Linear Dichroism: Orientation Factors and Partial Absorbance Curves

The observed SRLD absorption curves Ey,(¥) and E,(¥) for DD partially aligned in
stretched PE are shown in Fig. 1 (top). Relative to traditional spectroscopy on isotropic
samples, the additional information that can be extracted from the LD curves is represented
by the orientation factors K; for the moments of the observed transitions i [23-26]:

K; = {cos?(M, U)) (2)
Here (M, U) is the angle of the transition moment vector M; of transition i with the
stretching direction U of the polymer. The pointed brackets indicate an average over all solute
molecules in the light path. The orientation factors Ki may be determined by the graphical
TEM (Trial and Error Method) stepwise reduction procedure [23,24] which involves
construction of linear combinations of E;(¥) and E, (). Here we consider the reduced
absorbance curves r (V) [46]:

() = (1 — K)Ey(¥) — 2KE, (V) 3)
A family of curves r(¥) for DD is shown in Fig. 1. A spectral feature due to transition i
vanishes from the linear combination 7, (¥) for K = K; and the K; value may thus be
determined by visual inspection. In the present case of molecular D,, symmetry, allowed
transitions must be polarized along the three symmetry axes X, y, and z, corresponding to
excited states of Bay, By, and By, symmetry, respectively. Within experimental error, we thus
expect to observe only three different K; values equal to Ky, Ky, and K, and the three
characteristic values should add up to unity [23-26]. In the previously published FTIR-LD
investigation of DD partially aligned in stretched PE the following orientation factors were
determined: (Ky, Ky, K;) =(0.130 + 0.005, 0.60 + 0.01, 0.26 + 0.01) [18]. From the curves in
Fig. 1 we obtain K = 0.60 for the peaks at 34000 and 43000 cm* and a value close to 0.25
can be estimated for the band peaking at 55900 cm*. These K values must evidently be

assigned to Ky and K, indicating absorption due to transitions polarized along the in-plane
7



long and short molecular axes y and z. We shall assume that absorbance polarized along the
out-of-plane x axis is negligible in the observed spectral range; this assumption is confirmed
by the calculated transitions, see Table 1, Fig. 2 (bottom), and S2. It is then possible to

construct the partial absorbance curves A,,(¥) and A,(¥) corresponding to y- and z-polarized
intensity, respectively [46]:

4,@) = (K, = K,) " 1, (@) (4)

A,@) = (K, — Ky) ™ 1, ()
The curves A, (¥) and A,(¥) produced with (Ky, K;) = (0.60, 0.25) are shown in Fig. 2 (top).
Four long-axis (y) polarized features 4, B, D, and E and three short-axis (z) polarized features
C, F, and G are indicated. The observed wavenumbers, relative absorbances, and polarization

directions are listed in Table 1.
4.2 Electronic transitions

The observed partial absorbance spectra are compared with the predicted transitions in
Table 1 and in Fig. 2. The spectrum starts with a medium intense band A with a maximum at
34200 cm* and a feature close to 33200 cm™* which may correspond to the onset of the band.
Band A is predominantly long-axis (y) polarized, overlapping weaker, short-axis polarized
absorbance. We assign the long-axis polarized intensity to the 1 'B,, n—n* state predicted at
34400 cm* with oscillator strength f = 0.11 (Table 1). The short-axis polarized intensity may
be due to the optically forbidden m—m* states 1 1ng and 2 1Ag predicted at 32200 and 33000
cm *, possibly obtaining intensity by distortions of the molecular geometry and by vibronic
coupling with the 1'B,, state.

This assignment is at variance with the one suggested by Ljubi¢ and Sablji¢ [16]. In the
cryogenic matrix spectrum considered by these authors, two features of band A are observed
near 33300 cm* (300 nm) and 35100 cm ™ (286 nm). They assigned the first feature to the 1
!B,, state, but they assumed that the major part of the intensity of band A was due to the 2 1Ag

state, responsible for the observed maximum of the band. The authors suggested that the 2 lAg
8



state gained optical intensity because of distortion of the molecular geometry of DD in the
condensed phase to a “butterfly” conformation with C, symmetry [16]. However, transition
to the 2 'A, state in the distorted conformation would be “out-of-plane” polarized, in
disagreement with the observed long-axis polarized intensity. Ljubi¢ and Sablji¢ [16] found a
large inconsistency between the observed intensity of band A and the oscillator strength
predicted with CASSCF/CASPT2 for the 2 'A, state in a mildly folded conformation. They
characterized this inconsistency as a “large discrepancy”, suspecting that another mechanism
might be responsible for the intensity gain. The present reassignment of band A resolves the
discrepancy.

The strong band B has a sharp peak at 43300 cm* and a component at 44200 cm ™ (Fig. 2).
The band is y-polarized band and is easily assigned to the 2 !By, n—m* state computed at
43900 cm* with f = 0.93. Two well-resolved features of band B are also observed in the low-
temperature matrix spectrum considered by Ljubi¢ and Sablji¢ [16], near 43200 cm™ (221
nm) and 46700 cm* (214 nm). These authors assigned the two features to two different
electronic states, 2 'By, and 2 *Byy; respectively. But assignment of the second feature to 2
!By, seems unlikely since the corresponding peak is y-polarized in the stretched PE spectrum.
This feature is_probably due to a vibronic component of band B, involving a totally
symmetric vibrational mode. Inspection of Fig. 2 (top) shows that the peaks at 43300 and

44200-cm *in the partial absorbance curve A, (¥) are associated with S-shaped “wiggles” in

the curve A,(¥). This phenomenon is frequently observed in reduction procedures with sharp
peaks and can be explained by orientation-dependent inhomogeneous line-broadening
(different solvent effects for differently oriented solute molecules) [23,24].

The high-energy region of the spectrum is very complex, with broad and overlapping long-
and short-axis polarized band systems. Our assignment of observed features in this region to

calculated electronic transitions is necessarily tentative.



Short-axis (z) polarized features C, F, and G are observed at 47600, 52900, and 55900 cm™
! C and F can possibly be assigned to the n—m* states 2 By, and 3 'By, predicted at 48100
and 51800 cm* (Table 1). Band G peaking at 55900 cm* in the vacuum UV may be due to
overlapping contributions from the two states 5 'By, and 6 'By, computed at 55800 and 57600
cm. This region of the observed spectrum is almost entirely z-polarized, in pleasing
agreement with the predicted spectrum (Table 1, Fig. 2).

Long-axis (y) polarized bands D and E are observed with maxima at 48300 and 51000 cm™
! The feature E at 51000 cm™* can probably be assigned to contributions from the 3 'B,, and
4 'B,, states predicted at 51200 and 52100 cm . The present theoretical results offer no
obvious assignment of the absorption D with maximum at 48300 cm™. This absorption may
be of vibronic origin, possibly involving the strong, long-axis polarized bands B and E with
maxima at 43300 and 51000 cm . On the ‘other hand, the apparent failure to predict an
electronic state corresponding to band D may also be due to shortcomings of the applied TD-

DFT procedure, which may be less reliable in the high-energy region.

5. Conclusions

In this study, polarization data for DD is provided by SRLD polarization spectroscopy in
the region 58000—-30000 cm* (170-300 nm), leading to the observation of four long-axis and
three short-axis polarized major features. The results demonstrate the usefulness of LD
spectroscopy in the assignment of electronic transitions to molecular states. The observed
polarization directions thus lead to experimental symmetry assignments of the observed
transitions, thereby suggesting revision of previous assignments by Ljubi¢ and Sablji¢ [16].
According to these authors, the bulk of the intensity of the first medium intense absorbance
band A, with maximum observed at 34200 cm™* (292 nm) in the present work, is due to the 2
1Ag state, presumably gaining optical intensity by distortion of the molecular geometry to a

“butterfly” conformation. However, this does not account for the observation that the band is

10



predominantly long-axis polarized, which indicates assignment to the 1 'B,, state. Moreover,
Ljubi¢ and Sablji¢ assigned the two features of band B, observed at 43300 cm™ (231 nm) and
44200 cm™ (226 nm) in the present study, to two different electronic states, 2 By and 2 *By,,
respectively. But assignment of the second feature to the 2 'By, state is unlikely since our
polarization spectra show that both features of band B are long-axis polarized. The peak at
44200 cm™ is most likely a vibronic component of band B. In general, the results of the
present TD-CAM-B3LYP/AUG-cc-pVTZ calculations account well for the observed
polarization spectra, but the observed long-axis polarized feature D with - maximum at 48300
cm* (207 nm) is not easily assigned to a computed electronic state. This feature may possibly

be of vibronic origin.
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Table 1

Observed features of the SRLD absorption spectrum of dibenzo-p-dioxin (DD) and
theoretical electronic transitions predicted with TD—-CAM-B3LYP/AUG-cc-pVTZ.

Observed TD-CAM-B3LYP?
7°  Abs® Pol®  Term #° f' Leading configurations®
1'Bsy; 322 0 95% [3bsy(n)—2a,(n*)]
2'A, 340 0  82% [3bsy(n)—4bs,(n*)]
A 342 010 vy 1'Byy 344 0.11 76% [3bsy(m)—3b1g(m*)]; 14% [2byg(m)—2a,(n*)]
2'Bay 42.2 0.02  37% [3bsy(m)—13a4(6™)], 30% [3bsy(n)—15a4(c*)]
B 433 1.09 vy 2By 439 0.93  66% [2byg(m)—2a (*)], 21% [3bay()—3big(m*)]
C 476 024 z 2'By, 48.1 0.31 62% [3bsy(1t)—>3hag(m)], 30% [2bag(r)—4bsy(7*)]
D 483 021 vy
4'Bs, 51.3  0.08.79% [2byy(n)—11by,(c*)]
E 510 028 vy 3'Byy 51.2 0.37 49% [3bs,(m)—4b1g(1t*)], 35% [2bs4(rr)—4bs,(m*)]
4'By, 52.1 0.15 46% [2byy(r)—4bsy(*)], 42% [3bsy(rr)—4bsg(n*)]
F 529 029 z 3'Bi, 51.8 0.18 68% [2byg(m)—2au(m*)], 11% [2bag(rn)—4bs,(n*)]
G 559 056 z 5By 55.8 0.25 629% [1a,(m)—3hig(m*)], 23% [2hyg(n)—5bsy(m)]
6'Bi, 57.6 0.14 62% [2byy(m)—>5bsy(m*)], 21% [Lay(m)—3bag(n*)]

#Main transitions only. Complete list of calculated transitions provided as Supplementary data S2.

b Peak wavenumber in 1000 cm ™.

¢ Peak absorbance estimated from the partial absorbance curves in Fig. 2.

Polarization direction; y and z refer to the in-plane long and short molecular axes.

® An empirical correction of 4000 cm ™ has been subtracted from the calculated wavenumber.

"Oscillator strength.

9 Diagrams of = and wt* orbitals in Fig. 3.
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Fig. 1. Top: Synchrotron Radiation Linear Dichroism (SRLD) absorbance curves E, (V) and
E, () for dibenzo-p-dioxin (DD) in stretched polyethylene measured with the electric vector
of the sample beam parallel and perpendicular, respectively, to the uniaxial stretching
direction U. 3E\5o(V) = Ey (V) + 2E,, (V) is three times the absorbance that would have been
measured in an isotropic experiment on the same sample. Bottom: Family of reduced
absorbance curves rx (V) = (1 — K)E, (V) — 2KE,, (¥) according to the TEM procedure
[23,24,46] with K varying from 0 to 1 in steps of 0.1.
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z- and y-polarized absorbance (see text). Bottom: Gaussian convolutions of optically allowed
transitions predicted with TD-CAM-B3LYP/AUG-cc-pVTZ (see text). 4000 cm* have been

subtracted from the calculated wavenumbers.
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