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Abstract: The development of new conjugated organic mate-
rials for dyes, sensors, imaging, and flexible light emitting
diodes, field-effect transistors, and photovoltaics has largely
relied upon assembling p-conjugated molecules and polymers
from a limited number of building blocks. The use of the
dithiolodithiole heterocycle as a conjugated building block for
organic materials is described. The resulting materials exhibit
complimentary properties to widely used thiophene analogues,
such as stronger donor characteristics, high crystallinity, and
a decreased HOMO–LUMO gap. The dithiolodithiole (C4S4)
motif is readily synthetically accessible using catalytic process-
es, and both the molecular and bulk properties of materials
based on this building block can be tuned by judicious choice
of substituents.

The importance of conjugated organic materials can hardly
be overstated. They have proved invaluable to established
applications such as dyes,[1] sensors,[2] and imaging[3] as well as
emerging technologies including flexible light emitting
diodes,[4] field-effect transistors,[5] and photovoltaics.[6] The
development of new materials with desirable properties has
largely relied upon assembling p-conjugated molecules and
polymers from a limited number of building blocks.[7] We
describe herein the use of the dithiolodithiole heterocycle as
a conjugated building block for organic materials. The
resulting materials exhibit complimentary properties to
widely used thiophene analogues such as stronger donor
characteristics, high crystallinity, and a decreased HOMO–
LUMO gap.

As part of an ongoing research program dedicated to the
development of novel conjugated materials[8] we seek new
building blocks for conjugated materials which might serve to
not only widen the scope of available building blocks, but also
to introduce attractive properties to the resulting material. A
rudimentary analysis of some commonly employed conju-
gated units is shown in Figure 1. Phenylene and thiophene
units are aromatic in the ground state and upon absorption of
a photon populate a formally non-aromatic quinoidal excited
state. Thiophenes have a lower aromatic stabilization energy
which contributes to lower HOMO–LUMO gaps in the

resulting analogous materials, which is demonstrated by the
difference in lmax between p-terphenyl (274 nm) and 2,5-
diphenylthiophene (326 nm). Substitution with 2-benzothio-
phene leads due a further reduction in HOMO–LUMO gap
(369 nm), which can be attributed to the benzo-substitution
leading to partial retention of aromatic character in the
excited state. Additionally, (benzo)thiophenes can exhibit
S�S contacts in the solid state, which can be crucial for
favorable change transport characteristics.[9]

We were inspired by the successful implementation
(benzo)thiophene-based materials for a variety of applica-
tions,[10] which are ascribable to the range of desirable
properties they exhibit. Given that these properties can be
attributed to the presence of a sulfur atom and/or fused ring
system, we hypothesized that a heterocycle that contains
multiple sulfur atoms in a fused ring systems may lead to
a material with enhanced properties. A survey of possible
atomic arrangements revealed that the dithiolodithiole (C4S4)
heterocycle could be a viable candidate. Examination of the
C4S4 unit reveals a 12e� (formally anti-aromatic by H�ckel�s
rule) p system in the ground state and a non-aromatic p

system in the quinoidal excited state, leading to potentially
interesting optical and electronic properties. Illustratively, the
absorption maximum of 3,6-diphenyldithiolodithiole
(458 nm) is at significantly longer wavelength than the
analogous (benzo)thiophene materials.

Despite the potential advantages of the C4S4 system,
reports of examples are scant.[11] To study C4S4 derivatives in
more detail, synthetic accessibility is required. A suitable
approach was demonstrated by Blum and co-workers who
reported the synthesis of a single example of a C4S4 derivative
in 26 % yield from 1,4-diphenylbutadiyne and elemental

Figure 1. Comparison of various conjugated building blocks.
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sulfur at 150 8C for 52 h.[11] Although butadiynes and ele-
mental sulfur are convenient starting materials, a reduction of
reaction times and increase in yields would be beneficial.
Upon screening various reaction conditions, we identified two
sets of conditions, using either thermal (conditions A) or
microwave heating (conditions B), which improved both the
reaction time and product yield (Scheme 1). In most cases,
addition of a disulfide catalyst proved beneficial for achieving
shorter reaction times and/or lower reaction temperatures.

The reaction likely proceeds through sulfur-centered radicals
with the disulfide catalyst acting as a radical mediator.[12]

The synthesis of a variety of different C4S4 derivatives was
carried out using the newly developed conditions. The
reaction is tolerant of a variety of functional groups, including
halogens, alkyl, ester, cyano, and boronic esters.[13] The
reaction yields are adequate (11–66%) to obtain material to
study the photophysical and electrochemical properties,
which are shown in Table 1.[14] Substrates containing only

strong electron-donating group lead to a complex mixture of
products of which some have been completely character-
ized.[13] The C4S4 derivatives generally display a relatively
broad absorption band with absorption maxima (lmax) ranging
from 449 nm to 649 nm with molar extinction coefficients (e)
ranging from 5700–26300 Lmol�1 cm�1. Compounds with
electron withdrawing groups generally exhibit a bathochromic
shift as well as an increase in e values, which is most likely due
to the increased donor–p-acceptor nature of the chromo-
phore. The ability of the C4S4 to act as a strong electron-
donating group was also confirmed by the relatively low
oxidation potential this family of compounds exhibits. Cyclic
voltammetry of this series of compounds reveals two rever-
sible oxidations with E1/2 values ranging from 0.01 V to 0.21 V
for the first oxidation and 0.62 V to 0.78 V for the second
oxidation relative to a Fc/Fc+ reference. The UV/Vis and CV
data was used to estimate Eg and HOMO/LUMO values,
which are also summarized in Table 1.

Materials that undergo significant redox induced changes
in their absorption properties have demonstrated utility in
electrochromic devices,[15] and electrochemical oxidation of
C4S4 derivatives were studied using spectroelectrochemistry.
An illustrative example using 7 is depicted in Figure 2. As
shown, the radical cation produces the longest wavelength
absorptions, whereas further oxidation to the closed shell
dication produces a shift to a larger bandgap. Apart from the
drastic change in UV/Vis absorption properties upon oxida-
tion, further evidence for oxidation of the p-system as
opposed to oxidation of sulfur atoms is provided by the fact
that 6 does not undergo oxidation within the solvent window.

Scheme 1. Reaction conditions.

Table 1: Dithiolodithiole scope and photo/electrochemical properties.

[a] Yield of isolated product. [b] Measured in CH2Cl2. [c] CV measured in CH2Cl2 with 0.1m nBu4NPF6 as supporting electrolyte using a Pt button
working electrode, Pt counter electrode with Fc/Fc+ reference. [d] Estimated from the absorption onset: Eg = 1240/l. [e] Calculated from the first
oxidation E1/2 : HOMO =�(E1/2

ox+4.80); LUMO= HOMO�Eg. EH = 2-ethylhexyl, Pin = pinacolato.
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Compound 6 would be expected to have similar E1/2 values as
other C4S4 compounds if oxidation occurred at the sulfur atom
but very different E1/2 values if oxidation occurs at the p-
system given the disparate nature of the conjugated systems.

The X-ray crystal structures of compounds 1 and 12 are
shown in Figure 3 along with some elements of their packing
characteristics. The morphology of organic materials in the
solid state is an important parameter that strongly affects
performance in a variety of potential applications.[16] Thio-
phenes have been shown to exhibit favorable charge transport
properties, due in part to their ability of form S�S con-
tacts.[9, 17] The presence of multiple sulfur atoms in the C4S4

heterocycle will likely lead to a higher degree of S�S contacts
in the solid state and perhaps to favorable charge transport
properties. Indeed, X-ray crystallography of 1 reveals multi-
ple possible S�S contacts for the sulfur atoms of the C4S4

heterocycle. “Internal” sulfurs exhibit two S�S contacts,
whereas the “external” sulfurs exhibit one S�S contact.
Overall, this leads to six S�S contacts for a single molecule
which compares favorably to analogous thiophene com-
pounds.[9, 17] Additionally, the presence of a large number of
S�S contacts imparts highly crystalline character, thus not
only aiding the ability to obtain suitable single crystals for X-
ray analysis but perhaps leading to favorable properties
attributed to crystalline organic materials. Moreover, the
crystal structure of 1 reveals there is a significant dihedral
angle of 24.54(4)8 between the planes defined by the central
C4S4 heterocycle and the pendant phenyl rings, presumably
limiting the effective conjugation length of the molecule.
However, other C4S4 derivatives can exhibit very different
molecular packing depending on the nature of the substitu-
ents employed. For example, the molecular packing of 12,
which contains strong electron-withdrawing groups (2-cya-
noacrylate), is dominated by intermolecular charge transfer
interactions between electron-rich C4S4 heterocycle and
electron poor 2-cyanoacrylate groups while not exhibiting
any close S�S contacts. The intermolecular distance for 12 of
3.312 � indicates the close proximity of the conjugated
systems within the crystal packing which should be favorable
for charge transport properties. Furthermore, the dihedral

angle between the C4S4 heterocycle and the phenyl rings of 12
is 0.49(8)8 which indicates a higher degree of p-orbital overlap
and increased effective conjugation length than that of 1,
which is due to enhanced electronic communication between
the electron-rich C4S4 heterocycle and electron-poor 2-
cyanoacrylate group. These altering characteristics demon-
strate the tunability of properties for this series of compounds
by varying substituents.

Given that many high performance organic electronic
materials include thiophene moieties, a direct comparison of
a thiophene- with C4S4-based material would be germane.
Figure 4 outlines a comparison of C4S4-based 7, 9, and 10 with
thiophene-based 14, 15, and 16, respectively. The compounds
compared have the same substitution pattern and functional
groups, the only difference being the central heterocycle.
Additionally, both chromophores have equal p-conjugation
lengths with both C4S4 and thiophene being a four carbon p-
conjugated unit. However, the disparity of the resulting
properties is striking. UV/Vis spectroscopy reveals that
compounds 7, 9, and 10 exhibit much broader absorption
than 14, 15, and 16. Moreover, the absorption maximum and
onset of absorption is, on average, red-shifted by 160 nm and
175 nm, respectively, when moving from thiophene to anal-

Figure 2. Spectroelectrochemistry of a solution of 7 in 0.1m TBAPF6

dichloromethane solution. Time between each absorption measure-
ment is 15 s. a) At 450 mV. b) At 900 mV.

Figure 3. X-ray crystal structure of 1 and 12. Ellipsoids are set at 50%
probability. Characteristics of molecular packing for 1 and 12 are also
depicted with hydrogen atoms and some alkyl groups omitted for
clarity.[18]
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ogous C4S4-based materials. Cyclic voltammetry (CV) dem-
onstrates that C4S4 donates electrons much more readily than
thiophene since 14, 15, and 16 have an average 0.84 V higher
E1/2 value for the first oxidation event. Moreover, C4S4

derivatives will lose a second electron to form a dication at
a lower oxidation potential than it takes analogous thiophene
derivatives to lose the first electron. UV/Vis and CV data
were also used to estimate the energy-level diagram for
comparison between C4S4 and thiophene compounds. C4S4

derivatives have significantly smaller HOMO–LUMO gaps,
ranging from than 0.85 eV difference between 9 and 15 to
1.00 eV difference between 10 and 16. This difference is due
mainly to a much higher lying HOMO level, but also in part
a slightly lower lying LUMO level.

In conclusion, we have demonstrated the use of the
dithiolodithiole heterocycle as a new building block for
organic electronic materials. The dithiolodithiole motif is
readily synthetically accessible using catalytic processes.
Materials containing dithiolodithioles tend to be highly
crystalline owing to multiple close S�S contacts or charge-
transfer interactions in the solid state, and they exhibit
complimentary optical and electronic properties compared to

the analogous and widely used thiophene derivatives. The
varying properties of C4S4 derivatives should lead to ability to
fine-tune both the molecular and bulk properties of materials
based on this building block by judicious choice of substitu-
ents. This work should contribute meaningfully to the
repertoire of available building blocks for conjugated organic
materials and lead to the discovery of new materials with
exciting properties.
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Swager, Adv. Funct. Mater. 2013, 23, 3061 – 3069; b) R. R.
Parkhurst, T. M. Swager, J. Am. Chem. Soc. 2012, 134, 15351 –
15356; c) Y. Takeda, T. L. Andrew, J. M. Lobez, A. J. Mork,
T. M. Swager, Angew. Chem. 2012, 124, 9176 – 9180; Angew.
Chem. Int. Ed. 2012, 51, 9042 – 9046; d) B. VanVeller, D. J.
Schipper, T. M. Swager, J. Am. Chem. Soc. 2012, 134, 7282 –
7285; e) D. Izuhara, T. M. Swager, Macromolecules 2011, 44,
2678 – 2684.

[9] a) Y. Liu, C. A. Di, C. Du, Y. Liu, K. Lu, W. Qiu, G. Yu, Chem.
Eur. J. 2010, 16, 2231 – 2239; b) M. D. Curtis, J. Cao, J. W. Kampf,
J. Am. Chem. Soc. 2004, 126, 4318 – 4328.

[10] a) J.-M. Raimundo, P. Blanchard, H. Brisset, S. Akoudad, J.
Roncali, Chem. Commun. 2000, 939 – 940; b) Y. Sun, L. Tan, S.
Jiang, H. Qian, Z. Wang, D. Yan, C. Di, Y. Wang, W. Wu, G. Yu,

Figure 4. Comparison of dithiolodithiole to thiophene derivatives.

.Angewandte
Zuschriften

5960 www.angewandte.de � 2014 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Angew. Chem. 2014, 126, 5957 –5961

http://dx.doi.org/10.1016/j.progpolymsci.2004.03.002
http://dx.doi.org/10.1016/j.progpolymsci.2004.03.002
http://dx.doi.org/10.1016/j.ccr.2006.08.017
http://dx.doi.org/10.1126/science.1124618
http://dx.doi.org/10.1016/j.cbpa.2003.08.007
http://dx.doi.org/10.1016/j.cbpa.2003.08.007
http://dx.doi.org/10.1002/pi.1974
http://dx.doi.org/10.1002/adma.201003128
http://dx.doi.org/10.1002/(SICI)1521-4095(199803)10:5%3C365::AID-ADMA365%3E3.0.CO;2-U
http://dx.doi.org/10.1021/cr100380z
http://dx.doi.org/10.1021/ar200006r
http://dx.doi.org/10.1021/ar200006r
http://dx.doi.org/10.1021/cm102419z
http://dx.doi.org/10.1021/ja2073643
http://dx.doi.org/10.1021/ja2073643
http://dx.doi.org/10.1021/cm102189g
http://dx.doi.org/10.1021/cm102189g
http://dx.doi.org/10.1021/cr900356p
http://dx.doi.org/10.1021/ar900141y
http://dx.doi.org/10.1021/ja310680x
http://dx.doi.org/10.1002/chem.201204375
http://dx.doi.org/10.1002/chem.201204375
http://dx.doi.org/10.1002/pola.26531
http://dx.doi.org/10.1002/chem.201202878
http://dx.doi.org/10.1002/chem.201202878
http://dx.doi.org/10.1016/j.tetlet.2011.02.041
http://dx.doi.org/10.1021/ol101647f
http://dx.doi.org/10.1002/ange.200461301
http://dx.doi.org/10.1002/anie.200461301
http://dx.doi.org/10.1021/cm402219v
http://dx.doi.org/10.1021/cm402219v
http://dx.doi.org/10.1002/adfm.201203251
http://dx.doi.org/10.1021/ja3043883
http://dx.doi.org/10.1021/ja3043883
http://dx.doi.org/10.1002/ange.201204066
http://dx.doi.org/10.1002/anie.201204066
http://dx.doi.org/10.1002/anie.201204066
http://dx.doi.org/10.1021/ja3018253
http://dx.doi.org/10.1021/ja3018253
http://dx.doi.org/10.1021/ma102566u
http://dx.doi.org/10.1021/ma102566u
http://dx.doi.org/10.1002/chem.200902755
http://dx.doi.org/10.1002/chem.200902755
http://dx.doi.org/10.1021/ja0397916
http://dx.doi.org/10.1039/b002369h
http://www.angewandte.de


S. Yan, C. Wang, W. Hu, Y. Liu, D. Zhu, J. Am. Chem. Soc. 2007,
129, 1882 – 1883; c) G. Sonmez, H. Meng, F. Wudl, Chem. Mater.
2003, 15, 4923 – 4929; d) D. L. Vangeneugden, D. J. M. Vander-
zande, J. Salbeck, P. A. van Hal, R. A. J. Janssen, J. C. Humme-
len, C. J. Brabec, S. E. Shaheen, N. S. Sariciftci, J. Phys. Chem. B
2001, 105, 11106 – 11113; e) H.-Y. Chen, J. Hou, S. Zhang, Y.
Liang, G. Yang, Y. Yang, L. Yu, Y. Wu, G. Li, Nat. Photonics
2009, 3, 649 – 653.

[11] a) J. Blum, Y. Badrieh, O. Shaaya, L. Meltser, H. Schumann,
Phosphorus Sulfur Silicon Relat. Elem. 1993, 79, 87 – 96; b) U.
Chiacchio, A. Corsaro, V. Pistara, A. Rescifina, G. Purrello,
Phosphorus Sulfur Silicon Relat. Elem. 1998, 134/135, 463 – 474;
c) U. Chiacchio, A. Corsaro, A. Rescifina, M. G. Testa, G.
Purrello, Heterocycles 1993, 36, 223 – 229; d) H. D. Stachel, M.
Schorp, T. Zoukas, Liebigs Ann. Chem. 1992, 1039 – 1044.

[12] TEMPO also served as a suitable radical mediator catalyst.
[13] See the Supporting Information for details.
[14] Raw UV/Vis and CV data can be found in the Supporting

Information.
[15] a) P. M. Beaujuge, J. R. Reynolds, Chem. Rev. 2010, 110, 268 –

320; b) C. M. Amb, A. L. Dyer, J. R. Reynolds, Chem. Mater.

2011, 23, 397 – 415; c) A. A. Argun, P.-H. Aubert, B. C. Thomp-
son, I. Schwendeman, C. L. Gaupp, J. Hwang, N. J. Pinto, D. B.
Tanner, A. G. MacDiarmid, J. R. Reynolds, Chem. Mater. 2004,
16, 4401 – 4412.

[16] a) A. W. Hains, Z. Liang, M. A. Woodhouse, B. A. Gregg, Chem.
Rev. 2010, 110, 6689 – 6735; b) M. M. Ling, Z. Bao, Chem. Mater.
2004, 16, 4824 – 4840.

[17] a) Y. Mazaki, K. Kobayashi, J. Chem. Soc. Perkin Trans. 2 1992,
761 – 764; b) X.-C. Li, H. Sirringhaus, F. Garnier, A. B. Holmes,
S. C. Moratti, N. Feeder, W. Clegg, S. J. Teat, R. H. Friend, J. Am.
Chem. Soc. 1998, 120, 2206 – 2207; c) K. Xiao, Y. Liu, T. Qi, W.
Zhang, F. Wang, J. Gao, W. Qiu, Y. Ma, G. Cui, S. Chen, X. Zhan,
G. Yu, J. Qin, W. Hu, D. Zhu, J. Am. Chem. Soc. 2005, 127,
13281 – 13286.

[18] CCDC 996630 (1), 996631 (2), 996632 (17), and 996633 (12)
contain the supplementary crystallographic data for this paper.
These data can be obtained free of charge from The Cambridge
Crystallographic Data Centre via www.ccdc.cam.ac.uk/data_
request/cif.

Angewandte
Chemie

5961Angew. Chem. 2014, 126, 5957 –5961 � 2014 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.angewandte.de

http://dx.doi.org/10.1021/ja068079g
http://dx.doi.org/10.1021/ja068079g
http://dx.doi.org/10.1021/cm034115o
http://dx.doi.org/10.1021/cm034115o
http://dx.doi.org/10.1021/jp013073t
http://dx.doi.org/10.1021/jp013073t
http://dx.doi.org/10.1038/nphoton.2009.192
http://dx.doi.org/10.1038/nphoton.2009.192
http://dx.doi.org/10.1080/10426509308034401
http://dx.doi.org/10.1002/jlac.1992199201171
http://dx.doi.org/10.1021/cr900129a
http://dx.doi.org/10.1021/cr900129a
http://dx.doi.org/10.1021/cm1021245
http://dx.doi.org/10.1021/cm1021245
http://dx.doi.org/10.1021/cm049669l
http://dx.doi.org/10.1021/cm049669l
http://dx.doi.org/10.1021/cr9002984
http://dx.doi.org/10.1021/cr9002984
http://dx.doi.org/10.1021/cm0496117
http://dx.doi.org/10.1021/cm0496117
http://dx.doi.org/10.1039/p29920000761
http://dx.doi.org/10.1039/p29920000761
http://dx.doi.org/10.1021/ja9735968
http://dx.doi.org/10.1021/ja9735968
http://dx.doi.org/10.1021/ja052816b
http://dx.doi.org/10.1021/ja052816b
http://www.angewandte.de

