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Sulfur-bridged chromophores for photofunctional
materials: using sulfur oxidation state to tune
electronic and structural properties

Jennifer Yuan, & § Zhen Xu @+ and Michael O. Wolf®*

The use of a heteroatom, such as sulfur, as a linker or bridge, in T-conjugated materials has advantages over
purely carbon-based ones due to the accessibility of higher oxidation states as a result of hypervalence.
Materials containing a sulfide bridge (S) can be systemically oxidized into sulfoxides (SO) and sulfones
(SO,), each of which can then influence how a material interacts with light, playing a large role in
dictating the photophysical and sometimes photochemical properties. In this perspective, we summarize
the progress that our group and others have made, showing how oxidation of a sulfur bridge in
symmetric bichromophoric dimers and in diimine ligands can influence the excited state behavior in

rsc.li/chemical-science

Introduction

Sulfur is an essential element for all living organisms and is
utilized biologically in various oxidation states. The oxidation
and reduction of sulfur and its compounds occurs in different
species of bacteria and plants."” Chromatia oxidize sulfides via
elemental sulfur to sulfate, whereas sulfur assimilation
(reduction of sulfates into sulfides by plants) is a vital metabolic
pathway to form the amino acids cysteine and methionine.?
Furthermore, sulthydryl groups of cysteine residues found in
proteins can be oxidized to disulfide bridges, playing an
important role in the stability of proteins by maintaining
tertiary structures.*® The various biological functions of sulfur
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organic tt-conjugated materials and metal complexes.

are related to its hypervalence, which allows for oxidation-
reduction transformations to occur. Due to the accessibility and
reactivity of sulfur in different oxidation states, sulfur-
containing molecules are now widely used in the fields of
pharmaceuticals,® agrochemicals,”® and materials.” Contribu-
tions to such diverse fields highlight the importance of design
and synthesis of novel organosulfur compounds.®
Sulfur-containing heterocycles have been extensively used in
organic semiconductors for electronic applications in organic
light-emitting devices (OLEDs)** and organic field-effect
transistors (OFETs).">** Among these, thiophene-based
systems are one of the most versatile conjugated materials
due to their stability and ease of synthetic modification result-
ing in controllable optical properties, good charge mobility and
low band gaps.*'”** As such, methods to increase the fluores-
cence efficiency and modulate the redox properties of thio-
phene building blocks have been widely explored to enhance
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the performance of such devices. Oxidation of the thienyl sulfur
to S,S-dioxides was a strategy first proposed by Tanaka to lower
the HOMO-LUMO gap in oligothiophenes.” Barbarella was the
first to synthesize a series of oligothiophenes with S,S-dioxide
moieties and demonstrate effectiveness of this strategy in
enhancing luminescence efficiency, in particular in the solid-
state.?**> Since then, numerous studies on the effect of oxida-
tion on oligothiophenes have been carried out.**>* While
oxidation of heterocyclic sulfur atoms has shown promising
results, the incorporation of a sulfur atom as a linker group or
bridge provides an interesting design principle for conjugated
materials. Electronic interactions between conjugated rings
mediated by sulfur bridges may be possible and could result in
interesting new electronic properties. Additionally, higher
oxidation states are intriguing, and are not available for carbon-
based (saturated and unsaturated) linkers where hypervalence
is not possible.

To develop efficient solar cells, researchers have taken
inspiration from nature, mimicking light harvesting (LH)
complexes used in photosynthesis. LH complexes contain an
antenna composed of an assembly of hierarchically ordered
identical chromophores, which deliver energy (from absorbed
photons) efficiently over a large distance, to the reaction center
where electron and hole separation occurs. A clear under-
standing of the excited state properties and their organization is
required in fabricating artificial systems. The magnitude of
electronic coupling (degree of electronic interactions between
neighboring molecules) plays an important role in dictating the
rate of the electron and energy transfer processes that occur in
these large assemblies.”**” Efficient coupling can be induced in
crystals,*® aggregates®*® and covalent dimers®*-** via through-
space or through-bond interactions. In covalently linked
systems, rates of energy and electron transfer can be precisely
controlled. Through rational design, the linker (or bridge) can
bring together the subunits in the correct orientation and
distance, inducing characteristic properties compared to the
corresponding monomers due to their closely packed -
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systems. Additionally, the bridge can participate electronically
through through-bond interactions.

In this perspective, we highlight two classes of sulfur-bridged
bichromophoric dimers found in (1) organic m-conjugated
materials and as (2) ligands for luminescent transition metal
complexes (Fig. 1). In addition, we focus on the unique photo-
physical and photochemical phenomena that arise from
different oxidation states. Herein, we review the most recent
progress made by our group and others.

Role of sulfur bridges in bichromophoric systems

Sulfur has been previously used as a non-conjugated bridge to
covalently link identical chromophores to induce inter-
chromophoric interactions. Depending on the position and type
(sulfide versus disulfide) of linker, the degree of electronic
coupling can be controlled by the orientation of the m-systems.
For example, the photophysical properties resulting from the
dimerization of boron difluoride (BF,) complexes using such
bridges have been examined by several groups. In these cases,
the dimers were often compared to their monomeric species (a
single chromophore with a sulfur substituent) and the effect of
oxidation on electronic coupling was not examined.

Broring bridged boron dipyrromethenes (BODIPYs) using
sulfur to form dimers 1a-1c (Fig. 2a).”® Regioisomers 1a and 1c
(et- versus B-linked, respectively) with sulfur bridges were used to
study the effect of the linking position, and the distance
between the subunits was varied by increasing the number of
sulfur atoms in the bridge using compound 1b (sulfide versus
disulfide). Both sulfide- and disulfide-bridged dimers 1a and 1b
exhibit exciton coupling with splitting of the S; level, observed
as two peaks in the absorption spectrum (Fig. 2b). This splitting
is more pronounced for sulfide 1a than disulfide 1b, due to the
closer spatial arrangement of the BODIPY subunits. B-Sulfur-
bridged dimer 1c exhibits less exciton splitting than 1a and
1b, which the authors attribute to increased distance between

(1) Organic n-conjugated materials

lncrea_se elgctrqnic coupling 3
with oxidation state

(2) Ligands for luminescent transition metal complexes

O

—_—
Ir(ity)
Cu(l)
Ru(ll)

Fig. 1 Introduction of sulfur bridges into (1) organic m-conjugated
materials and (2) ligands, as a molecular design strategy for controlling
electronic coupling and photophysical properties of luminescent
transition metal complexes as a function of oxidation state (n = 0-2).

© 2022 The Author(s). Published by the Royal Society of Chemistry
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(a) Structures of a- or B-sulfide-bridged 1a and 1c and a-disulfide-bridged 1b BODIPY dimers reported by Bréring. (b) UV-vis absorption

(solid line), emission (dashed line) and excitation (dotted line) spectra of the dimers in CH,Cl,. Adapted with permission from ref. 29. Copyright

2013 Wiley.

the subunits linked through the B-position compared to the a-
position. Both sulfides 1a and 1c exhibit negative sol-
vatochromic behavior in emission, with enhanced quantum
yields in nonpolar solvents, suggesting an intramolecular
charge transfer (ICT) process in the excited state under solvent-
induced symmetry breaking. In contrast, the excited state
behavior of disulfide 1b is not influenced by solvent polarity and
intramolecular excimer formation is proposed for low quantum
yields. Here, the position and length of the sulfur bridge is used
to control the relative orientation of the BODIPY subunits which
influences the intensity of exciton splitting.

Boron complexes linked together in the meso-position should
show greater overlap of their m-systems than a- or B-linked
dimers due to the increased dihedral angle § which can influence
the electronic properties (Fig. 3b). Maeda used a disulfide bridge
to bridge two boron dipyrrolyldiketones in the meso-position to
form dimers 2a and 2b (Fig. 3a).** Although disulfide bonds show
typical 6 of 90° to 100°, smaller # for more efficient m-overlap can
be achieved using intramolecular bonding interactions between
the subunits. A blue-shift with the appearance of a shoulder
band in the absorption spectrum of dimer 2a (Fig. 3c) compared
to its monomer 2c¢ suggests the formation of “oblique H-aggre-
gated” dimers, with dihedral angles of ca. 30° to 40° in solution,
promoted by intramolecular m-m and N-H---F hydrogen-
bonding interactions. A C-S-S-C dihedral angle of 39.4° was
also estimated at the B3LYP-GD3B]/6-31G(d,p) level of theory, in
the optimized geometry, consistent with the observed absorption
spectrum. Single crystal X-ray analysis of 2a reveals a dihedral
angle of 90.3°, contrasting with the results of DFT calculations.
However, two pseudopolymorphs were obtained of 2b: plates and
needles, exhibiting dihedral angles of 86.7° and 39.1°, respec-
tively. While both 2a and 2b (plate polymorph) showed typical C-
S-S-C dihedral angles in the 90° to 100° regime, 2b (needle

© 2022 The Author(s). Published by the Royal Society of Chemistry

polymorph) corroborates theoretical studies. In this case, the
arrangement of the boron dipyrrolyldiketones subunits was held
using a disulfide-bridge in the meso-position and with the help of
intramolecular interactions, unusually small C-S-S-C angles
were observed.

Sulfur-bridged porphyrins have been synthesized by Senge,**
but their photophysical properties were not examined in detail.
Related to the aforementioned BF, complexes are sub-
porphyrins, a ring-contracted derivative of porphyrins devel-
oped by Kim and Osuka.*® Subporphyrin dimers linked by
sulfide and disulfide bridges through the meso-position (3a and
3b, respectively) were synthesized and their photophysical
properties were examined in detail (Fig. 4a). Sulfide 3a exhibits
exciton coupling between the two subunits observed as a split
Soret-like band and broad Q-bands in the absorption spectra
(Fig. 4b). The red-shifted emission profile of 3a with a large
Stokes shift (2670 cm™") indicates a substantial structural
change in the excited state. Comparatively, disulfide 3b does not
exhibit exciton splitting and is non emissive (quantum yield of
<0.01), suggesting that electronic perturbation by the individual
subunits on each other is less than in 3a. Likewise, contrasting
transient absorption (TA) profiles were observed for sulfide 3a
versus disulfide 3b. The evolution and red-shift of the transient
stimulated emission (SE) band in the TA spectrum of 3a (Fig. 4c)
suggests effective electronic communication through the sulfur
bridge whereas the TA spectrum of 3b (Fig. 4d) shows a rapid
decay of the singlet induced absorption, quenching the excited
state. The authors suggest a deactivation pathway involving
rotation along the S-S axis, originally postulated by Broring in
regard to disulfide-bridged BODIPY dimer 1b.*

It has been demonstrated that incorporation of sulfide and
disulfide bridges into dimeric systems can impose drastic
changes to the electronic properties of the resulting materials.

Chem. Sci., 2022, 13, 5447-5464 | 5449
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(a) Structures of meso-disulfide-bridged boron dipyrroyldiketone dimers 2a and 2b and monomers 2c and 2d reported by Maeda. (b)

Cartoon representation showing how meso-linked chromophores have greater areas of overlap compared to a- or B-linked dimers. (c) UV-vis
absorption spectra of dimer 2a (blue) compared to monomer 2c (red) in CH,Cl,. Adapted with permission from ref. 33. Copyright 2017 American

Chemical Society.

The sulfide bridge can bring the subunits closer together
spatially, allowing for strong electronic coupling. While
disulfide bridges tend to be more flexible, separating the
subunits at greater distance, intramolecular interactions within
the dimer can help promote efficient electronic coupling.
Additionally, depending on the position of the linkage and thus
the conformation of the subunits, the strength of exciton
coupling can be controlled. The bridge serves as a non-
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conjugated linker to enable through-space interactions
between the subunits, however the question of whether the
sulfur bridge participates in the electronic states was not

examined in these works.

Sulfone bridges in luminescent materials

The use of a sulfone (SO,) moiety as the linker has been
extensively explored as an acceptor group in the design of

3a
—— 3b

‘n'e / ANsuaiu| 90uadsaI0N|4

500 600 700
wavelength / nm

800

(@)
Time (ps)
104 3b v
—_ —05
S | —_
2 05 J 15
= - = 2
< 00 vﬁ; sy 3
< —8
—10
054 — 20
— 100

T T T T T /T T
450 500 550 600 650 700 750 810 840

Wavelength / nm

(a) Structures of sulfide-bridged 3a and disulfide-bridged 3b subporphyrin dimers reported by Kim and Osuka. (b) UV-vis absorption (solid)

and fluorescence (dashed) spectra of 3a (black) and 3b (gray) in CH,Cl,. (c and d) Transient absorption spectra of 3a and 3b in toluene (A¢xc = 490

nm). Adapted with permission from ref. 35. Copyright 2016 Wiley.
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luminescent materials exhibiting thermally activated delayed
fluorescence (TADF).'** TADF is a radiative process from the
first singlet excited state (S,). It requires a small singlet-triplet
energy gap (AEsy) to enable reverse intersystem crossing
(RISC) from the triplet excited state to the singlet excited state.
This approach efficiently harvests triplet excitons through RISC
and is beneficial for applications in OLEDs. The tetrahedral
geometry of sulfur provides the opportunity to limit the conju-
gation between donors and acceptors.’” In 2012, Adachi and co-
workers prepared three compounds (4a-4c) with donor-
acceptor-donor (D-A-D) structures.®® The diphenyl sulfonyl
acceptor in the presence of N-containing donors leads to charge
transfer (CT) character in the singlet excited state, resulting in
a small AEsy, The introduction of the tert-butyl group enhances
the donor strength while the carbazole group raises the energy
level of the first triplet excited state (T, ). Therefore, 4c shows the
smallest AEsy and highest luminescence efficiency (0.80 at 423
nm) as a film doped into a bis[2-diphenylphosphino)phenyl]
ether oxide (DPEPO) host. An OLED device was also fabricated
with 4c as the emitting layer with an external quantum effi-
ciency (EQE) of 9.9%. Replacing the tert-butyl group with
methoxy substituents (4d) reduces AEgy from 0.32 eV (4c) to
0.21 eV,* and the maximum EQE was improved to 14.5% with
an emission peak at 460 nm. Since then, various donor groups
(Fig. 5) have been chosen to tune AEsy and TADF efficiency,***>
and features such as aggregation-induced emission (AIE) have
also been imbued within the structure (4g and 4j) to improve
efficiency in undoped OLED devices.*»** In these cases, the
sulfone bridge functions as the acceptor and the interaction
between monomers (donor groups) was not explored.

Luminescence enhancement by sulfur oxidation

Although sulfide- and sulfone-bridged systems have been used
in novel photofunctional m-conjugated materials, systematic
studies on how oxidation of the sulfur bridge alters the struc-
tural and electronic properties of these materials are scarce.
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Rodembusch and Silveira designed a class of asymmetric
5aS0,-5bS0O,, and symmetric 5¢SO,-5€SO,, dyes containing
a (di)vinylsulfide bridge, which could readily be oxidized to the
sulfoxide and sulfone (Fig. 6).***® Oxidation increases the
electron-withdrawing capacity of the sulfone as an acceptor
compared to the sulfide, inducing ICT. No apparent trend in
photoluminescence quantum yields (PLQYs) was noted.

In 2013, our group reported how oxidation effects the pho-
tophysical properties of symmetric sulfur-bridged chromophore
dimers. The chromophores studied were bithiophene (T,), ter-
thiophene (T3), naphthalene (Nap) and pyrene (Pyr) (Fig. 7a).*®
All four systems exhibited a systematic increase in their PLQYs
upon oxidation of the sulfur (S) to the sulfoxide (SO) and sulfone
(SO,) derivatives (Fig. 7). In most cases, the sulfoxide- and
sulfone-bridged dimers are more emissive than the parent
arenes (Fig. 7c). It was also found that CT character, indicated
by solvatochromism in the fluorescence of the compounds, is
more prevalent in the sulfoxide- and sulfone-bridged species.
This approach provided a general and facile method to improve

Q )
d@—\;g% C:}N o ’ 8

5¢S0, R = phenyl
5dSO, R = CgHy;

()
Goro8

5eS0,

Ay
5bS0,

Fig. 6 Structures of asymmetric 5aSO,, and 5bSO,, and symmetric
5cSO,, to 5eSO,, dyes containing a (di)vinylsulfide bridge (n = 0-2)
reported by Rodembusch and Silveira.

4h 4i 4

Fig. 5 Structures of TADF emitters containing diphenyl sulfonyl acceptors reported previously.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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(a) Structures of sulfur-bridged bithiophene T,SO,, terthiophene T3SO,, naphthalene NapSO,, and pyrene PyrSO,, dimers (n = 0-2)

reported by our group. (b) Emission spectra of T3SO,, and Tz in CH,Cl,. (c) Photoluminescence quantum yields (&) of sulfur-bridged dimers with
increasing oxidation states, in comparison to parent arenes. Adapted with permission from ref. 45. Copyright 2013 American Chemical Society.

PLQYs in organic chromophores, which is anticipated to be
beneficial for OLED applications.

The mechanism of this photoluminescence enhancement in
the terthiophene dimers T3SO,, was further investigated using
ultrafast TA spectroscopy and computational approaches.”
Methyl-terminated monomers T;SO,Me were synthesized as
model compounds (Fig. 8a). Their fluorescence spectra are
relatively invariant with increasing solvent polarity and excited
state dynamics such as photoluminescence decays resemble

() s s s. (9), s s

\_/ \_/
T4S0,

(b)

electron

hole

hole
S, S;*

Fig. 8

electron

those of parent arene T;. These results demonstrate that the CT
character originates from the interaction between two T;
monomers and not from the linker itself. On the other hand,
fast relaxation (~5 ps) from the first excited singlet state (S,) to
an intermediate singlet excited state (S;) was exclusively
observed in T3SO,, dimers by femtosecond TA. This excited state
exhibits solvent sensitivity and CT character. With the aid of
DFT calculations, S; was identified as a symmetry breaking CT
state with a net dipole, in which one of the T; moieties

s s s s (9),
\ / YayaYass
T4S0,Me
© Sl ““““ 2-10 ps

~_ V_

(a) Structures of sulfur-bridged terthiophene dimers T3SO,, and monomers T3SO,Me (n = 0-2) reported by our group. (b) Electron and

hole natural transition orbitals (NTOs) of T3SO,, singlet excited states S; and Si in CH,Cl,. (c) Simplified Jablonski diagram illustrating the excited-
state relaxation in T3SO,,. Adapted with permission from ref. 46. Copyright 2015 American Chemical Society.
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(a) Structures of sulfur-bridged naphthalene dimers NapSO,, (n = 0-2) reported by our group. (b) Simplified Jablonski diagram illustrating
. (c) Frontier molecular orbitals (n(SO) and o*) at the symmetric and asymmetric So/S; conical inter-

section (Cl) points for NapSO. Adapted with permission from ref. 47. Copyright 2017 Royal Society of Chemistry.

planarizes, localizing the charge (Fig. 8b). S; cannot couple
efficiently with the triplet excited states due to the one electron
nature of the spin-orbit operator. This leads to a decrease in ISC
rate resulting in greater fluorescence efficiency compared to T;
(Fig. 8c). Computational studies reveal that the electron lone
pairs on the sulfur atom plays a role in mediating intra-
molecular interactions. Specifically, they “shield” the electronic
coupling between monomers by electrostatic screening and
suppress relaxation to S;. By oxidizing the sulfur atom, lone pair
screening is reduced, and the CT state can be stabilized, which
leads to the enhanced PLQYs. Not only do these findings
provide insight into the excited state dynamics of sulfur-bridged
dimers, but they also open the door to design of efficient
organic chromophores for OLEDs and solar energy conversion.

Unlike terthiophene, naphthalene does not suffer from ISC
as the major non-radiative pathway due to its planarity and lack
of thienyl rings. In order to further understand the origin of
enhanced emission by sulfur oxidation and to validate the lone-
pair screening theory proposed above, naphthalene dimers
NapSO,, (Fig. 9a) were investigated with computational simu-
lations.*® In this case, the differences in PLQY were shown to be
the result of energetically favorable non-radiative decay path-
ways available in NapS and NapSO, and not NapSO, (Fig. 9b),

© 2022 The Author(s). Published by the Royal Society of Chemistry

indicating that the electron lone pairs on the sulfur atom are
largely involved in such transitions. It has previously been
proposed that pyramidal inversion of the excited state in aryl
sulfoxides results in efficient internal conversion (IC) as the
main non-radiative relaxation pathway.* Calculations show
that this inversion is thermally accessible for the NapSO system,
but due to a large S¢/S; energy gap of the inversion TS in NapS
and NapSO, non-radiative relaxation by IC was ruled out as the
main deactivation pathway. We identified a conical intersection
(CI) (a So/S; state crossing), which is energetically accessible
upon photoexcitation, allowing for relaxation back down to the
ground state without emission (Fig. 9c). The lack of electron
lone pairs on the sulfur in NapSO, blocks low-lying So/S; state
crossings, resulting in much higher PLQYs compared to NapS
and NapSO. Therefore, it can be concluded that the sulfur
electron lone pairs dictate the excited state dynamics in sulfide
and sulfoxide dimers, and sulfur oxidation is a general and
novel approach for the design of strongly luminescent
materials.

After demonstrating the mechanism of fluorescence
enhancement by sulfur oxidation in small molecules, we further
employed this strategy on oligomeric and polymeric substrates
(Fig. 10a).® Other examples of polymeric materials which

Chem. Sci., 2022, 13, 5447-5464 | 5453
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(a) Structures of thiophene-based oligomers OligoSO,, and polymers PolySO,, containing a sulfur bridge (n = 0, 2) reported by our group.

(b) Calculated frontier energy levels obtained from cyclic voltammetry measurements and UV-vis absorption spectra. Adapted with permission

from ref. 49. Copyright 2017 American Chemical Society.

exhibit enhanced emission focus on the oxidation of thienyl
sulfur in polythiophene systems.>** We designed thiophene-
containing oligomers and polymers in which the main back-
bone contained alternating (ter)thiophene and sulfide or
sulfone moieties. Similar to the trend observed in the small
molecules T3S0, OligoSO, and PolySO, exhibited higher PLQYs
than OligoS and PolyS. As the number of repeat units increases,
the HOMO-LUMO gap gets smaller, and this effect is more
prevalent in the sulfide-bridged system compared to the
sulfone-bridged system (Fig. 10b). This suggests that the
sulfone bridge insulates the interactions between the individual
thienyl units. Additionally, while the energy of the HOMO-
LUMO gap is lowered upon sulfur oxidation due to the electron
withdrawing nature of the sulfone group, the magnitude of the
energy gap is also increased upon oxidation.

Recently, organic room temperature phosphorescence (RTP)
has attracted much attention due to the ability to utilize long-
lived (>ms) radiative triplet states, yielding potential applica-
tions in OLEDs, data encryption, and chemical and biological
sensing and imaging.**"*” In order to increase phosphorescence
efficiency, functional groups with lone pairs such as carbonyl
and sulfone groups are commonly used, due to the capability of
facilitating (n, 7*) transitions from the first singlet excited (S;)
to triplet excited states (T,) to enhance ISC, according to El
Sayed's rule.*®*® On the other hand, RTP lifetimes can be pro-
longed by utilizing the (7, 7*) transition from the first triplet
excited state (T;) to the ground state (S,).”** These excited state
transitions can be controlled by both molecular structure and
packing. Having demonstrated that sulfide bridges can enhance
intersystem crossing by lone pair screening, we examined the
effects of sulfur oxidation state on RTP.* In the sulfur-bridged
carbazole dimers CBZSO,, (Fig. 11a), it was found that the
single crystal packing modes are almost identical among three
compounds with different oxidation states, providing a rare
molecular model to study the electronic effects alone without
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simultaneously altering the intermolecular interactions. All
three compounds also exhibit similar RTP lifetimes, largely due
to the strong (, 7*) character localized at carbazole groups.
Unlike in T3S, sulfur lone pairs in this case can participate in (n,
m*) transitions due to the similar energy levels with the HOMO
(Fig. 11c). Even though CBZSO has the strongest (n, 7*) char-
acter indicated by its spin-orbit coupling (SOC) constant, CBZS
shows the highest phosphorescence efficiency (Fig. 11b). It can
be rationalized that the combination of the (n, ©*) transition
and electrostatic screening results in the sulfide having the
highest phosphorescence. It is also worth noting that the
oxygen lone pair orbitals in SO, lie at much lower energies and
do not contribute to SOC between low-lying triplet excited states
and the ground state. Sulfone groups have been extensively
explored in TADF and RTP materials***"*~** while sulfides have
been largely neglected. These findings provide a new perspec-
tive for the design of triplet-harvesting luminescent materials.

Oxidation-dependent photochemistry

In the search for additional chromophores to examine the effect
of oxidation of the bridging sulfur on the photophysical prop-
erties, we found that when the substituent was anthracene,
sulfur-bridged dimers AnSO,, exhibited different photophysical
trends than the aforementioned dimers.* Although anthracen