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ABSTRACT: A series of monomers has been synthesized and characterized on the basis of the incorporation
of tetrathianaphthalene (1) and its saturated (2) and open cyclic (3) forms as fused side groups onto polythiophene
chains. The X-ray crystal structures of compounds 1 and 2 are reported. Tetrathianaphthalene (TTN) is an isomer
of tetrathiafulvalene (TTF); however, monomer and polymer versions of 1 do not show any similarity to TTF in
cyclic voltammetry (CV) or spectroelectrochemical measurements. CV experiments have shown that 1 and 3 are
easier to oxidize than 2, whereas 1 also has an additional reduction peak, giving it a smaller HOMO-LUMO gap
than the other two monomers. All three polymers of 1-3 have nearly the same oxidation and reduction potentials
as well as band gaps; small variations can be attributed to the differences in the side groups. Spectroelectrochemical
measurements revealed that the polymers showed electrochromic behavior; switching times and colorimetry
measurements are reported. From this data, all three polymers have a color change of red to yellow with poly(3)
having the best color contrast and percentage change in absorbance from various switching times.

Introduction

Organic conjugated monomers and polymers have attracted
a great deal of attention over the last three decades since the
discovery that conductivity could be achieved in p-doped
polyacetylene.1 Since then, these materials have found use in
many applications such as electrochromics,2-5 light emitting
diodes,6-9 field effect transistors,10-13 photovoltaics,14-17 and
sensors.18-21 Tetrathiafulvalene (TTF) is one of the most studied
electroactive materials and is well known for its easily accessed
TTF+• and TTF2+ oxidation states.22 TTF and its derivatives
have traditionally been used in the creation of superconductors
as charge-transfer salts,23,24 but in recent years, they have also
been incorporated into conjugated polymers. Examples include
attachmentas thesidegroupinpolythiophenes.25-27Tetrathianaph-
thalene (TTN), comprising two fused 1,4-dithiin rings, is an
isomer of TTF and is often used as a precursor in the synthesis
of TTF.28 To date, there has been no electrochemical analysis
on TTN incorporated into conjugated polymers. In this article,
we report the synthesis and characterization of three monomers
(1-3) and their electrochemically prepared polymers by elec-
trochemical and spectroelectrochemical experiments. In this
comparative study, monomer 1 has a TTN group attached to a
terthiophene unit, whereas monomer 2 is the saturated form of
1 and monomer 3 is the open bridge form.

Polymers of these three monomers were grown electrochemi-
cally through the polymerization of the terthiophene group. A
terthiophene monomer unit was chosen instead of a single
thiophene to minimize steric effects and to lower the oxidation
potential for electropolymerization.29,30 In a previous work, it
was shown that TTN and 1,4-dithiin rings adopt boat conforma-
tions in the neutral state and planar conformations when
oxidized.31-33 Moses et al.34,35 have shown that TTN can be
electrochemically transformed to give TTF through oxidation

and then rearrangement. However, Sugimoto et al.36 have shown
that this reaction will not occur if there is extended conjugation;
therefore, monomer 1 would be unlikely to take part in any
rearrangement reactions when oxidized.

Polythiophene and its variants have good environmental and
thermal stability, which has allowed them to be employed in
many applications, especially in electrochromics.37,38 Electro-
chromic materials have the ability to reversibly change from
one state of absorption to another by applying a potential; this
effect is caused by modifying the band gap of the material,
creating doped states.39,40 Polythiophene itself is red in the
neutral state and blue when doped,30,37 and through variation
of the side group, the three primary colors can be created, thus
allowing the development of devices based solely on conjugated
polymers.41,42 In this article, we have investigated the polymers
of all three compounds as electrochromic materials by measuring
the percentage change in absorbance through different switching
times and CIE color coordinates.

Results and Discussion

Synthesis. The synthetic procedures for monomers 1-3 are
summarized in Scheme 1. Compound 4a43 can be easily
converted to the carbonyl derivative 4b in 90% yield using
mercury(II) acetate. Cyclization of 4b with phosphorus penta-
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sulfide under basic conditions gave the terthiophene 5 in 84%
yield. Generation of the disodium dithiolate reagent 6 in THF
solution was accomplished by the addition of freshly prepared
sodium methoxide to compound 5. The subsequent treatment
of 6 with 1,2-dibromoethane, methyl iodide, and 3-bromopro-
prionitrile (in situ) gave compounds 2, 3, and 7 in 65, 90, and
79% yields, respectively. The reaction of intermediate 6 with
cis-1,2-dichloroethylene did not give the desired product when
the reaction was carried out at room temperature. It was possible
to convert 6 to the product only upon microwave heating, but
the reaction did not proceed cleanly and gave a series of
byproducts that was difficult to remove from the reaction
mixture. It is assumed that the dithiolate acts as a base to convert
the dichloro reagent to an acetylenic byproduct by dehydro-
chlorination. In support of this statement, the reaction of the
bis(tetrabutylammonium) analogue of 6, generated from 7, with
cis-1,2-dichloroethylene gave the target compound 1 in 92%
yield under mild conditions (room temperature). The bis(tetra-
butylammonium) dithiolate can be regarded as a better nucleo-
phile and softer base than intermediate 6. A complication from
the reaction of 6 with cis-1,2-dichloroethylene could arise from
the possibility of redox chemistry between the dithiolate
intermediate and the target compound 1. An indication of this
arises from the electrochemistry of the TTN derivative; CV
reveals a reduction peak (-2.03 V), which is absent for 2 and
3, corresponding to the reduction of the TTN group (vide infra).
The more facile reduction of compound 1 in comparison with
compound 2 might also be seen in the MS LDI-TOF (-)
experiment. (See the Experimental Section.) In the spectrum
of 2, the peak with the largest molecular mass ion corresponds
to the deprotonated molecular ion (M-1)-, whereas the mo-
lecular ion peak in the spectrum of 1 is exactly M-. In the course
of the investigation, the rearrangement of compound 1 to the
TTF analogue was attempted using strong bases such as MeONa
and t-BuOK. After treating terthiophene 1 with these bases in

THF solution (under microwave heating at 120 °C for 30 min),
we recovered about half of the starting material along with
highly polar side products (tlc evidence). Therefore, we suspect
that the reaction of compound 1 under such harsh conditions
mostly leads to the decomposition of the starting material by
ring opening of the peripheral dithiin unit.

Absorption Spectroscopy and Electrochemistry of
Monomers. The electronic absorption spectra for the three
monomers in dichloromethane are shown in Figure 1. The
absorption maxima are all similar given their near identical
structures. Compounds 1 (356 nm), 2 (360 nm), and 3 (362
nm) give expected absorption maxima for the π-π* transition
of standard terthiophenes with heterocyclic side chains. The
onset of the absorption edge gives the HOMO-LUMO gap for
the terthiophenes.44 The values were found to be 2.95 eV for
monomer 3 and 2.99 eV for monomers 1 and 2, indicating that
the different side groups had little effect on the π-π* transitions.

Scheme 1

Figure 1. Solution-state electronic absorption spectra for compounds
1 (s), 2 (---), and 3 ( · · · ). Spectra were recorded from solutions in
dichloromethane.
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All three monomers have been studied by CV in dichloro-
methane solution using a silver wire pseudoreference electrode
and tetrabutylammonium hexafluorophosphate as the supporting
electrolyte. The oxidation of 1-3 (Figure 2a) shows one
reversible and one irreversible wave in all three cases. The first
reversible peak represents a two-electron loss to give a dication
species, whereas the second, irreversible peak is a one-electron
oxidation. In comparison with TTF, monomer 1 does not show
the famous two-wave reversible oxidation to the radical cation
and dication. Instead, the results indicate that electrons are
removed from the terthiophene component and the TTN unit
simultaneously. Despite the similarities of the structures within
the series of monomers, the potentials at which the electrons
are removed are different (Table 1). Monomers 1 and 3 have a
reversible oxidation at E1

1/2 ) +0.68 V and +0.64 V,
respectively, whereas 2 has a higher first oxidation wave at a
half-wave potential of +0.71 V. The differences are accounted
for by the different side-group structures. Monomer 1 has a
lower oxidation potential compared with 2 because there are
two additional π electrons and oxidation tends toward an
aromatic charged intermediate within two dithiin rings. The
lowering of the oxidation potential in 3 is somewhat unexpected
and is discussed in more detail below. Similarly, the potential
for the second oxidation waves is higher for 2 (+1.12 V)

compared with that for 1 (+0.99 V) and 3 (+0.98 V).
Irreversible reduction of the monomers (Figure 2b) occurs at
-2.28, -2.27, and -2.30 V for 1, 2, and 3 respectively.
However, compound 1 shows an additional reduction peak
(-2.03 V) that corresponds to the irreversible reduction of the
TTN group.

The electrochemical HOMO-LUMO gaps of the monomers
were calculated from the difference in the onsets of the first
oxidation and reduction peaks. Using data referenced to the
ferrocene/ferrocenium redox couple, we calculated HOMO and
LUMO energies by subtracting the onsets from the HOMO of
ferrocene, which has a known value of -4.8 eV. A summary
of these data can be seen in Table 1. The HOMO-LUMO gaps
are similar for 2 and 3, with 1 being the smallest. An interesting
comparison is the electrochemical value of the HOMO-LUMO
gap with respect to the value determined from absorption
spectroscopy. For monomers 2 and 3, the experimental gaps
for both techniques are very similar, but for 1, there is a
significant difference (2.99 and 2.56 eV for optical and
electrochemical, respectively), suggesting that the TTN side
group shows some reductive electroactivity that is independent
of the terthiophene chain.

Structural Characterization by X-ray Crystallography
and Molecular Modeling. The structure of the TTN derivative
(1) was determined by single-crystal X-ray diffraction studies
using synchrotron radiation. The asymmetric unit consists of
two molecules, differing slightly in geometry (conformers A
and B, Figure 3). (See the Supporting Information for tables of
bond lengths, angles, and experimental data). Of particular note
is the fact that the three C-C bonds within the dithiin units of
conformer A are 0.03 to 0.08 Å shorter than the corresponding
bonds in conformer B. Although these differences are individu-
ally marginal (with standard uncertainties of ∼0.02 Å), there is
a systematic pattern: comparing analogous C-S bonds between
the two conformers reveals that almost all of these bonds are
longer in A than in B. (The difference ranges from -0.003 to
0.042 Å). Therefore, conformer B appears to have a more
delocalized π-electron distribution. A least-squares fit of the
three fused rings of conformers A and B shows a root-mean-
square difference of 0.048 Å, with only small differences in
the orientations of the terminal thiophene rings relative to this
central core.

In general, dithiin rings adopt boat conformations.33 The
degree of bending in the dithiin rings can be expressed as a
folding along the S · · ·S vectors within each ring. The differences
between the corresponding folding angles in each conformer
of compound 1 are small; the outer dithiin rings have angles of
47.5(4) (S6 · · ·S7) and 46.0(5)° (S13 · · ·S14), whereas the inner
rings have values of 52.1(4) (S4 · · ·S5) and 53.7(4)° (S11 · · ·S12).
The terthiophene units possess a high degree of coplanarity
between adjacent thiophene units, with torsion angles of 179.3(9)
(S1-C4-C5-S2), 178.5(9) (S2-C8-C9-S3), 176.0(9)
(S8-C20-C21-S9), and 179.9(9)° (S9-C24-C25-S10). In
our studies on 3,4-dithio-substituted terthiophenes,25,45-49 we
have found that high degrees of coplanarity within the conju-
gated chain are formed from an all-anti arrangement of the
thiophene rings in which the sulfur atoms of the peripheral rings
form close intramolecular S · · ·S contacts with the 3,4-dithio
substituents on the central ring. This is elegantly demonstrated

Table 1. Electrochemical Data for Compounds 1-3a

monomer E1ox (V) E2ox (V) E1red (V) E2red (V) HOMO (eV)b LUMO (eV)b Eg (eV)c

1 +0.69/+0.66 +0.99d -2.03d -2.28d -5.44 -2.88 2.56
2 +0.75/+0.66 +1.12d -2.27d -5.49 -2.56 2.93
3 +0.68/+0.60 +0.98d -2.30d -5.38 -2.49 2.89

a Experimental conditions are the same as those given in Figure 2. b HOMO and LUMO values are calculated from the onset of the first peak of the
corresponding redox wave and referenced to ferrocene, which has a HOMO of -4.8 eV. c Eg is the HOMO-LUMO energy gap. d Irreversible peak.

Figure 2. Cyclic voltammograms of (a) oxidation and (b) reduction of
1 (s), 2 (---), and 3 ( · · · ) in CH2Cl2 solution (carbon working electrode,
silver wire pseudoreference, (TBA)PF6 as the supporting electrolyte
(0.1 M), substrate concentration 10-4 M, scan rate 100 mV/s). The
data are referenced to the Fc/Fc+ redox couple.

2572 Forgie et al. Macromolecules, Vol. 42, No. 7, 2009



in the structure of compound 1, which has close S · · ·S contacts
at distances of 3.182(6) (S1 · · ·S4), 3.230(6) (S3 · · ·S5), 3.238(6)
(S8 · · ·S11), and 3.184(7) Å (S10 · · ·S12). These values are much
smaller than the sum of the van der Waals radii for two sulfur
atoms (3.6 Å) and indicate weak bonding between the chalco-
gens. Finally, one intermolecular short contact exists between
the two conformers (S7 · · ·S8, 3.506(7) Å; Supporting Informa-
tion) to link pairs of molecules, but there are no other short
intermolecular interactions within the packing diagram.

In compound 2, the folding vectors are significantly different
between the two types of sulfur heterocycles. For the dithiin
ring fused to the central thiophene, the value is similar to those
in compound 1 (51.6(1)°, S4 · · ·S5), whereas the fold in the
dihydro-dithiin ring gives a tighter angle (32.5(2)°, S6 · · ·S7).
Again, the conformation within the terthiophene unit is all-anti.
The torsion angles between the thiophenes are 168.0(3) Å
(S1-C1-C5-S2) and 175.7 Å (S1-C4-C9-S3), and the
S · · ·S contacts between peripheral thiophenes and the 3,4-dithio
substituents on the central ring are 3.228(2) (S2 · · ·S4) and
3.183(2) Å (S3 · · ·S5). The molecules pack with no evidence
of π-π stacking. However, weak intermolecular contacts

between S3 and S5 atoms (3.575(2) Å) give rise to a remarkable
packing motif, in which groups of six molecules are held
together, almost in a spherical arrangement, to give clusters with
a diameter of ca. 2.2 nm. (See the Supporting Information.)

To assign the redox processes taking place within the series
of terthiophenes, computational calculations were performed
using density functional theory at the B3LYP/6-31G* level
(Spartan ’06). Compound 1 was considered from the initial
geometry of its crystal structure (conformer A), as was the case
for compound 2. Calculations performed on terthiophene 3 were
based on the crystal structure of 1 with SCH3 groups substituting
the vinylene bridge, followed by relaxation to an equilibrium
geometry. In almost all cases, the thiophene units retain anti
conformations, apart from one peripheral thiophene in 3.
Compared with the crystal structures of compounds 1 and 2,
planarity is lost in the relaxed structures with torsion angles in
the range ca. 20-35°. The calculations were performed for
molecules in the gas phase, and it can be assumed that crystal
packing forces will have a significant effect on the geometry of
the molecule. The folding vectors observed in the dithiin rings
of 1 and 2 are in the range 48.2-53.2°, whereas that of the

Figure 3. Molecular structures of (a) compound 1 showing the crystallographic asymmetric unit that consists of two conformers and (b) compound
2. Hydrogen atoms are omitted for clarity. (c) Geometry-optimized structures of compounds 1-3 (left to right, respectively). Calculations were
performed at the B3LYP/6-31G* level, starting from the observed crystal structures of compounds 1 (for 1 and 3) and 2.
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dihydro-dithiin is 30.8°; these values are in good agreement
with the crystal structure data.

According to the HOMO and HOMO-1 plots of all three
compounds (Supporting Information), the removal of the first
electron from each molecule originates from different sites. In
compound 1, the TTN unit is a better electron donor than the
terthiophene fragment, and this is similar to the redox behavior
of a closely related TTF-terthiophene-fused analogue (vide
infra).25 In 2, the outer vinylene unit is reduced to a saturated
bridge between the corresponding sulfur atoms, and the result
is that the electron-donating property of the dihydro-TTN is
decreased to the extent that the HOMO is spread over both types
of sulfur heterocycles (dithiin and thiophene). For compound
3, the dithiin ring holds little electron density, and the HOMO
is dominant over the terthiophene chain. From the CV data, we
observe that the difference between the two oxidation processes
is ca. 0.35 to 0.40 V. From the computational data, the HOMO

and HOMO-1 orbitals are close-lying with differences in the
range 0.1 to 0.2 eV. Although the latter cannot be compared
directly to the CV data (because there are charges involved in
the latter), the HOMO-1 orbitals give some indication for the

Figure 4. Electrochemical growth of (a) poly1, (b) poly2, and (c) poly3
by cyclic voltammetry in CH2Cl2 using a carbon working electrode,
Ag wire pseudoreference electrode, (TBA)PF6 as the supporting
electrolyte (0.1 M), substrate concentration 10-4 M, and scan rate 100
mV/s. The data are referenced to the Fc/Fc+ redox couple.

Figure 5. Cyclic voltammograms for (a) oxidation and (b) reduction
of poly1 (s), poly2 (---), and poly3 ( · · · ) as films on a carbon working
electrode. Experiments were conducted in monomer-free acetonitrile
solution under the same conditions as those in Figure 4. The data are
referenced to the Fc/Fc+ redox couple.

Figure 6. Plot of current versus scan rate for polymers.

Table 2. Electrochemical and Absorption Spectroscopy Data for
Thin Films of Poly1, Poly2, and Poly3a

E1ox/V E2ox/V E1red/V HOMO/eV LUMO/eV Eg/eV λmax/nm

Poly1 +0.42 +0.77 -1.97 -5.05 -3.01 2.04 436
Poly2 +0.56 +0.80 -1.82 -5.21 -3.14 2.07 471
Poly3 +0.60 +0.83 -1.93 -5.30 -3.19 2.11 450

a Experimental conditions are the same as those given in Figures 5 and
6. b HOMO and LUMO values are calculated from the onset of the first
peak of the corresponding redox wave and referenced to ferrocene, which
has a HOMO of -4.8 eV.
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sites of the second oxidation process. For compounds 2 and 3,
the first oxidation already involves the terthiophene unit,
indicating that polymerization can proceed from the cation
radical species. Examination of the SOMO of the radical cation
of 1 reveals that electron density is localized within the TTN
unit. (See the Supporting Information.) Removal of a second
electron to give the triplet diradical results in the spin density
residing within the terthiophene unit. From these calculations,
it is evident that the dication state must be reached to achieve
polymerization of 1. The following section describes the
electropolymerization of compounds 1-3.

Electrochemical Polymerization. The three monomer sys-
tems were polymerized electrochemically by repetitive cycling
over both redox-active peaks. All three monomers polymerized
readily, and the growth traces for the corresponding polymers
are displayed in Figure 4. The electrochemistry of the three

polymers was investigated in monomer-free acetonitrile with
the same concentration of supporting electrolyte as before; the
cyclic voltammograms of poly1, poly2, and poly3 are shown
in Figure 5. Prior to experiments, each polymer was dedoped
to the neutral state by repetitive cycling in a region of no
electroactivity (typically -0.4 to +0.1 V). The oxidation of the
three polymers is shown in Figure 5a; in each case, the polymers
feature a quasi-reversible oxidation wave followed by a large,
broad, reversible wave. It is unlikely that the first wave
represents a localized oxidation of the dithiin side group of the
polymer because this is a fresh peak that emerges during the
growth of the polymer. The potentials at which this first
oxidation occurs differ for each polymer, with poly1 consider-
ably lower than its analogues (+0.42 V compared with poly2
at +0.56 V and poly3 at +0.60 V). The difference in this
electrochemical behavior can be attributed to two factors: (i)
the electronic contribution of the side groups and (ii) the
morphology of the polymer films and subsequent interchain
interactions. The second oxidation peaks are larger and broader
than the first, and the potentials are similar (E2ox for poly1, poly
2, and poly3 is +0.77, +0.80, and +0.83 V, respectively.) In
view of these results, it can be envisaged that the removal of
the first electrons from the polymers involves the dithiino-
thiophene heterocycle, whereas the second wave arises from
the oxidation of bithiophene units in the polymer chain. This
assumption is corroborated by UV-vis spectroelectrochemical
measurements (see below) because the emergence of main-chain
polarons is observed only after reaching the second oxidation
wave. Furthermore, the quasi-irreversible nature of the first
oxidation wave could be due to persistent, stabilized conformers
generated within the dithiin rings upon removal of an electron.
This phenomenon has been demonstrated in a related derivative,
in which the dithiin ring becomes stabilized by reaching an

Figure 7. Electronic absorption spectra of poly1 (s), poly2 (---), and
poly3 ( · · · ). Spectra were recorded on thin films deposited on ITO glass.

Figure 8. Absorption spectroelectrochemical plots of oxidation of (a) poly1, (b) poly2, and (c) poly3 and reduction of (d) poly3. Potentials are
given versus Ag wire pseudoreference electrode. The solvent was acetonitrile.
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aromatic state upon oxidation.31 For each of the polymers, a
plot of scan rate versus current maximum for the first oxidation
wave gives a linear fit (Figure 6), with R2 values of 0.9991,
0.9996, and 0.9879 for poly1, poly2, and poly3, respectively.
This confirms that charge transport through the polymer film is
not diffusion limited.50

The reduction of the polymers is shown in Figure 5b. The
irreversible reduction of poly1 occurs at the most negative
potential (-1.97 V), compared with the irreversible reductions
of poly2 (-1.82 V) and poly3 (-1.93 V). Following the
calculations for the terthiophene monomers, the electrons are
added to the polythiophene chain, and the drop in potential
(compared with that of the monomers) is due to the increased
ability of the polymers to stabilize a negative polaron. For poly1,
the small peak that is observed in its monomer would be hidden
by the large peak at -1.97 V, so it is impossible to say if this
additional reduction process exists in the polymer.

A useful analogy between 1, poly1, and their TTF analogues
can be made by considering the electrochemical properties of
compound 8 and its polymer, the latter of which has been
prepared from a chemical coupling route because compound 8
cannot be polymerized by oxidative coupling.25 Referenced to
ferrocene, 8 gives two reversible oxidation waves at E1

1/2 )
+0.24 V and E2

1/2 ) +0.62 V. The decrease in oxidation
potentials compared with 1 shows that the TTF derivative is a
better electron donor than the TTN analogue (1), and this reflects
the difference between the electroactivity of the parent systems
TTF and TTN, in which the former is more easily oxidized
(TTF,51 +0.34 and +0.71 V; TTN,52 +0.69 and +1.16 V, vs
SCE in acetonitrile solution). For poly8, the oxidation potentials
are +0.29 and +0.67 V, which are higher than those of
monomer 8 but still lower than those for poly1 (by ca. 0.1 V).
The electroactivity of poly8 is complex, and the first oxidation
is assigned to the TTF unit and the second to both TTF and
polythiophene components.25

The electrochemical band gaps of poly1, poly2, and poly3
were determined from the difference between the onsets of
oxidation and reduction processes, which represent the HOMO
and LUMO levels, respectively. To calculate the energy levels
of these bands, the onsets were once again subtracted from the
HOMO of ferrocene (-4.8 eV). A summary of these data can
be seen in Table 2. The three polymers possess similar band
gaps ranging from 2.04 to 2.11 eV, which are very similar to
the optical band gap calculated for the polymers and to that of
polythiophene itself.53,54 This suggests that the side group has
only little effect on conjugation. The optical band gap was
calculated from the onset of the maximum absorption band of
the three polymers (Figure 7) measured from films deposited
on indium tin oxide (ITO) glass. The values calculated are 1.98,
1.98, and 2.00 eV for poly1, poly2, and poly3, respectively.
The absorption maximum for poly1 was found to be at 436
nm, which is shorter than that of poly8 (λmax ) 496 nm, Eg )
1.82 eV, solid state).25 This analogy demonstrates that a less-
conjugated polymer is formed when the six-membered dithiin
ring replaces the five-membered dithiole ring of poly8, possibly

as a consequence of steric hindrance between thiophene sulfurs
and the sulfurs of the larger dithiin unit.

UV-vis spectroelectrochemical measurements were per-
formed on films deposited on ITO glass over the oxidation range
of all three polymers and then dedoped. Dedoping is used to
expel trapped electrolyte by repetitive cycling in an electro-
chemical range where no activity takes place. The spectroelec-
trochemical plots of the oxidation of poly1, poly2, and poly3
(Figure 8) all show similar p-doping. As mentioned above, there
are no changes in the absorption spectra over the first oxidation
waves, suggesting that the first electrons to be removed do not
originate from the π-conjugated chain. New absorption waves
form at +0.9 V in the wavelength region 600-800 nm and ca.
900 nm, attributed to the formation of positive polarons.
Oxidation of the polymer chain leads to a disruption in the
π-conjugated chain and hence a decrease in the absorbance of
the π-π* band. For poly1, there is very little decrease in the

Figure 9. Stability of polymers (a) poly1, (b) poly2, and (c) poly3 on
ITO in monomer-free acetonitrile solution.
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π-π* transition band (5% change in absorbance compared with
17 and 8% change for poly2 and poly3), suggesting that
oxidation involves the TTN side group instead of the poly-
thiophene chain. This tends toward the effect seen with TTF
attached to polythiophene in which the electroactivity is
dominated by the TTF unit.25,55 Reduction spectroelectrochem-
istry measurements were performed for the three polymers as
well, but the only film that showed any significant change was
poly3 (Figure 8d), which gave a slight broadening of the
absorbance in the range 600-800 nm between -0.8 and -1.2
V. There is also a decrease in the π-π* transition after -1.0
V, and these effects can be attributed to n-doping of the
polythiophene chain.

We measured polymer stability for the three polymers on ITO
(Figure 9) by subjecting the materials to repetitive oxidation
cycles. It can be seen that poly2 is the most stable toward
p-doping with a decrease of only 17% in current response; poly1
and poly3 had decreases of 49 and 64%, respectively.

Polymer Switching. We measured the switching abilities of
the three polymers by monitoring the absorbance of each
polymer between two different potentials that will change the
state from neutral to p-doped. The polymers were grown on
ITO and dedoped. The potential was switched between -0.4
and 1.5 V, and the absorbance was measured at 755 nm, which

provided the greatest change in absorbance. The switching times
measured were 10, 5, 2.5, 1.25, 0.5, and 0.25 s. The changes in
the absorbance can be seen in Figure 10 and are summarized
in Table 3. Comparison of the percentage change in absorbance
for the three polymers shows that poly3 gives the greatest
change; this is not unexpected because more open polymers
give faster switching times because a less-packed morphology
allows an efficient flow of counterions into and out of the
polymer film.40

Colorimetry. The CIE color coordinates of the polymers were
measured for the neutral and doped states as the 1931 (Yxy)
and 1976 (L*a*b*) CIE representation of color space to
determine the color transformation. Y is the luminance of the
color with x and y coordinates of the chromaticity diagram.56

L* is lightness of the material with a* and b* opponent

Figure 10. Change in absorbance upon p-doping at various switching rates for (a) poly1, (b) poly2, and (c) poly3. Absorbance was monitored at
755 nm between potentials of -0.4 and 1.5 V. The solvent was acetonitrile.

Table 3. Switching Times and Percentage Change in Absorbance

switching
time (s)

% change
poly1

% change
poly2

% change
poly3

10 45.9 42.7 79.8
5 36.1 35.4 66.2
2.5 28.2 26.9 51.6
1.25 18.9 16.9 39.3
0.5 10.0 6.8 19.0
0.25 6.3 3.5 9.3
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dimensions of color. A positive a* is red and a negative a* is
green. A positive b* is yellow and a negative b* is blue.57 For
all three of the polymers, the color changes from red (neutral)
to yellow (doped). A summary of the color coordinates is shown
in Table 4. Of the three polymers, poly3 gives the greatest color
contrast.

Conclusions

Three new monomers and their respective polymers have been
synthesized and characterized by absorption spectroscopy, CV,
UV-vis spectroelectrochemistry, electrochromic switching times,
and colorimetry. The first monomer (1) has a fused TTN side
group, which is an isomer of TTF. The other two monomers
are the saturated (2) and open cycle form (3). Despite the
similarity in structure to TTF, monomer 1 does not show any
similar electrochemistry traits, such as the famous TTF two-
wave oxidation or the formation of a new band at 390 nm in
spectroelectrochemistry measurements upon p-doping. All three
monomers show differences in oxidation and reduction potentials
as well as band gap calculations; these effects have been
explained in relation to structure comparisons. All three
polymers showed electrochromic behavior with a visible color
change from red to yellow with p-doping of the polymers. Poly3
showed the best color contrast between neutral and oxidized
states but was the least stable toward repetitive oxidation cycles.

Experimental Section

General. Melting points were taken using a Stuart Scientific
SMP1 Melting Point apparatus and are uncorrected. 1H and 13C
NMR spectra were recorded on a Bruker Avance/DPX400 apparatus
at 400.13 and 100.61 MHz in CDCl3. Chemical shifts are given in
ppm; all J values are in Hz. Elemental analyses were obtained on
a Perkin-Elmer 2400 analyzer. Electron absorption spectra were
measured on a Unicam UV 300 spectrophotometer. MS LDI-TOF
spectra were run on a Shimadzu Axima-CFR spectrometer (mass
range 1-150 000 Da).

Electrochemistry. CV measurements were performed on a CH
Instruments 660A electrochemical workstation with iR compensa-
tion using anhydrous dichloromethane or acetonitrile as the solvent.
The electrodes were glassy carbon, platinum wire, and silver wire
as the working, counter, and reference electrodes, respectively. All
solutions were degassed (Ar) and contained monomer substrates
in concentrations ca. 10-4 M, together with n-Bu4NPF6 (0.1 M) as
the supporting electrolyte. All measurements are referenced against
the E1/2 of the Fc/Fc+ redox couple. Spectroelectrochemical and
switching experiments were conducted on ITO glass. Absorption
spectra and CIE coordinates were recorded on a UNICAM UV 300
instrument.

1,3-Di(thiophene-2-yl)-2,4,5,8,9-pentathia-cyclopenta[b]-
naphthalene (1). To an ice-cold solution of 2,3-bis(2-cyanoethyl-
thio)-5,7-di(thiophen-2-yl)thieno[3,4-b][1,4]dithiin (7) (167 mg, 330
µmol) in THF, a solution of tetrabutylammonium hydroxide in
methanol (1 M, 0.67 mL) was added dropwise, and the mixture
was stirred for 1 h to form the corresponding 5,7-di(thiophen-2-
yl)thieno[3,4-b][1,4]dithiine-2,3-dithiolate. cis-1,2-Dichloroethylene
(28 µL, 360 µmol) was added, and the mixture was allowed to
reach room temperature and was stirred for 3 days. The reaction
was poured into 150 mL of NH4Cl saturated solution. The
precipitate formed was filtered and, after drying, dissolved in CS2

and filtered through a plug of silica. After evaporation of the solvent,
the crude product was recrystallized from CS2/hexane to afford 128
mg (301 µmol, 92%) of yellow needles; mp 210-212 °C. Expected
for C16H8S7: C, 45.25; H, 1.90; S, 52.85. Found: C, 45.22; H, 2.13;
S, 52.66. MS LDI-TOF +: 423.79 (M+). MS LDI-TOF -: 397.95
((M-C2H2)-), 423.96 (M-). 1H NMR (CDCl3, δ): 7.38 (dd, 2H, 3J
) 5.1 Hz, 4J ) 1.1 Hz), 7.25 (dd, 2H, 3J ) 3.7 Hz, 4J ) 1.2 Hz),
7.09 (dd, 2H, 3J ) 5.1 Hz, 3J ) 3.7 Hz), 6.49 (s, 4H). 13C NMR
(CDCl3, δ): 133.6, 129.1, 128.4, 127.9, 127.2, 127.0, 126.6, 122.6.

1,3-Di(thiophene-2-yl)-6,7-dihydro-2,4,5,8,9-pentathiacyclo-
penta[b]naphthalene (2). A freshly prepared solution of sodium
methoxide (1.55 M, 0.32 mL) was added dropwise to an ice-cooled
mixture of 5,7-di(thiophen-2-yl)-[1,3]dithiolo[4,5-e]thieno[3,4-
b][1,4]dithiin-2-one (5) (100 mg, 234 µmol) in 10 mL of THF,
and the mixture was stirred for 0.5 h. 1,2-Dibromoethane was added
(22 µL, 253 µmol), and the mixture was stirred for 0.5 h. The
reaction was allowed to reach room temperature, stirred overnight,
and then subjected to MW heating for 1 h at 120 °C. After cooling,
the solvent was removed under reduced pressure. The residue was
dissolved in chloroform, filtered, and, after removal of the solvent,
subjected to column chromatography on silica gel with DCM/
petroleum ether (1:5) as the eluent. The main fraction was
recrystallized from DCM/hexane to afford 65 mg (154 µmol, 65%)
of yellow solid; mp 200-202 °C. Expected for C16H10S7: C, 45.04;
H, 2.36; S, 52.60. Found: C, 45.03; H, 2.34; S, 52.59. MS LDI-
TOF +: 425.83 (M+). MS LDI-TOF -: 397.95 ((M-C2H4)-),
424.99 ((M-H)-). 1H NMR (CDCl3, δ): 7.36 (dd, 2H, 3J ) 5.1
Hz, 4J ) 1.1 Hz), 7.29 (dd, 2H, 3J ) 3.7 Hz, 4J ) 1.1 Hz), 7.08
(dd, 2H, 3J ) 5.1 Hz, 3J ) 3.7 Hz), 3.27 (s, 4H). 13C NMR (CDCl3,
δ): 134.0, 130.1, 128.7, 127.8, 126.8, 126.7, 121.9, 32.0.

2,3-Bis(methylthio)-5,7-di(thiophen-2-yl)thieno[3,4-b][1,4]-
dithiin (3). A freshly prepared solution of sodium methoxide (0.64
M, 0.6 mL) was added dropwise to an ice-cooled mixture of 5,7-
di(thiophen-2-yl)-[1,3]dithiolo[4,5-e]thieno[3,4-b][1,4]dithiin-2-
one (5) (73 mg, 171 µmol) in 10 mL of THF, and the mixture was
stirred for 0.5 h. Iodomethane (25 µL, 0.4 mmol) was added. The
mixture was allowed to reach room temperature and was stirred
overnight. The solvent was removed under reduced pressure. The
residue was dissolved in chloroform, filtered and, after removal of
the solvent, subjected to column chromatography on silica gel using
DCM/petroleum ether (1:5) as the eluent. The main fraction was
recrystallized from acetonitrile to afford 66 mg (154 µmol, 90%)
of yellow plates; mp 122-124 °C. Expected for C16H12S7: C, 44.83;
H, 2.82; S, 52.35. Found: C, 44.84; H, 2.72; S, 52.11. MS APCI
429 ((M+H)+). 1H NMR (CDCl3, δ): 7.37 (dd, 2H, 3J ) 5.1 Hz,
4J ) 1.1 Hz), 7.29 (dd, 2H, 3J ) 3.7 Hz, 4J ) 1.1 Hz), 7.08 (dd,
2H, 3J ) 5.1 Hz, 3J ) 3.7 Hz), 2.49 (s, 6H). 13C NMR (CDCl3, δ):
134.2, 131.5, 129.7, 128.5, 127.6, 126.7, 126.6, 18.9.

5,6-Bis(2-thienoyl)-5,6-dihydro-[1,3]dithiolo[4,5-b][1,4]-
dithiin-2-one (4b). A mixture of 5,6-bis(2-thienoyl)-5,6-dihydro-
[1,3]dithiolo[4,5-b][1,4]dithiin-2-thione (4a) (2.14 g, 4.82 mmol),
mercury acetate (2.55 g), acetic acid (90 mL), and dichloromethane
(270 mL) was stirred for 16 h. The precipitate was filtered off and
rinsed with dichloromethane. The combined filtrates were washed
with water, sodium hydrogen carbonate, and water again. Drying
with magnesium sulfate and evaporation of the solvent afforded
1.86 g (4.33 mmol, 90%) of the yellow solid; mp 180-184 °C.
Expected for C15H8O3S6: C, 42.03; H, 1.88; S, 44.89. Found: C,
41.68; H, 1.70; S, 44.60. MS LDI-TOF -: 426.87 ((M-H)-). 1H
NMR (CDCl3, δ): 7.92 (dd, 2H, 3J ) 3.9 Hz, 4J ) 1.1 Hz), 7.78
(dd, 2H, 3J ) 4.9 Hz, 4J ) 1.1 Hz), 7.21 (dd, 2H, 3J ) 4.9 Hz, 3J
) 3.9 Hz), 5.56 (s, 2H). 13C NMR (CDCl3, δ): 188.5, 184.3, 140.7,
136.1, 134.1, 128.5, 123.8, 54.4.

5,7-Di(thiophen-2-yl)-[1,3]dithiolo[4,5-e]thieno[3,4-b][1,4]-
dithiin-2-one (5). A mixture of 5,6-bis(2-thienoyl)-5,6-dihydro-
[1,3]dithiolo[4,5-b][1,4]dithiin-2-one (4b) (1.41 mg, 3.28 mmol),
phosphorus pentasulfide (6.97 g), and NaHCO3 (2.25 g) in 70 mL
of dioxane was stirred at 90 °C for 2 h. After cooling, water (150
mL) was added to destroy excess phosphorus pentasulfide, and the
mixture was stirred at 70 °C for 1 h. After the mixture was poured
into 200 g of ice water, the precipitate was filtered off and washed

Table 4. CIE Yxy and L*a*b* Color Spaces for Poly1, Poly2, and
Poly3 for Neutral and Doped Polymers

Y x y L a* b*

poly1 neutral 47.67 0.3393 0.3313 74.62 6.74 7.87
poly1 doped 52.72 0.3296 0.3358 77.71 1.21 8.04
poly2 neutral 81.09 0.3212 0.3226 92.17 3.58 3.13
poly2 doped 90.22 0.3178 0.3271 96.09 -0.22 4.27
poly3 neutral 117.44 0.3145 0.3173 106.38 3.3 0.05
poly3 doped 122.93 0.3131 0.3223 108.26 -0.28 1.87
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with water. The crude product was dried, dissolved in hot toluene,
and filtered through a plug of silica. After the solution was
concentrated under reduced pressure, the filtrate was cooled down,
and the product was filtered off and washed with cold toluene to
provide 1.17 g (2.74 mmol, 84%) of light-yellow powder; mp
260-264 °C. Expected for C15H6OS7: C, 42.23; H, 1.42; S, 52.61.
Found: C, 42.18; H, 1.34; S, 52.64. MS LDI-TOF +: 425.68 (M+).
1H NMR (CDCl3, δ): 7.42 (dd, 2H, 3J ) 5.1 Hz, 4J ) 1.0 Hz),
7.28 (dd, 2H, 3J ) 3.6 Hz, 4J ) 1.0 Hz), 7.12 (dd, 2H, 3J ) 5.1
Hz, 3J ) 3.7 Hz).

2,3-Bis(2-cyanoethylthio)-5,7-di(thiophen-2-yl)thieno[3,4-b]-
[1,4]dithiin (7). To an ice-cold mixture of 5,7-di(thiophen-2-yl)-
[1,3]dithiolo[4,5-e]thieno[3,4-b][1,4]dithiin-2-one (5) (215 mg, 504
µmol) in THF was added sodium methoxide (25%, 4.37 M, 0.36
mL) dropwise, and the mixture was stirred for 0.5 h. 3-Bromopro-
pionitrile (0.24 mL, 2.9 mmol) was added. The mixture was allowed
to reach room temperature and was stirred overnight. The solvent
was removed under reduced pressure, and the residue was dissolved
in chloroform, filtered and, after removal of the solvent, subjected
to column chromatography on silica gel using DCM as the eluent.
The main fraction (240 mg) was recrystallized from toluene to
afford 202 mg (79%) of yellow needles; mp 164-165 °C. Expected
for C20H14N2S7: C, 47.40; H, 2.78; S, 44.29. Found: C, 47.58; H,
2.87; N, 5.22; S, 44.28%. MS LDI-TOF +: 505.73 (M+). 1H NMR
(CDCl3, δ): 7.42 (dd, 2H, 3J ) 5.1 Hz, 4J ) 1.1 Hz), 7.29 (dd, 2H,
3J ) 3.7 Hz, 4J ) 1.1 Hz), 7.10 (dd, 2H, 3J ) 5.1 Hz, 3J ) 3.7
Hz), 3.26 (t, 4H, 3J ) 7.0 Hz), 2.56 (t, 4H, 3J ) 7.0 Hz). 13C NMR
(CDCl3, δ): 133.5, 132.2, 129.8, 128.5, 127.9, 127.2, 127.1, 117.7,
30.5, 19.0.

X-ray Crystallography. The weakly scattering small crystals
of 1 required synchrotron radiation for successful study (Daresbury
SRS station 9.8, Bruker APEXII diffractometer), which was also
hampered by crystal twinning, leading to relatively high R factors,
generally low precision, and some residual electron density peaks;
however, there is no apparent disorder, and the conformations of
the two crystallographically independent molecules in the asym-
metric unit are clear. Compound 2 was investigated using a Bruker-
Nonius KappaCCD diffractometer and rotating-anode Mo KR
radiation; this structure is also fully ordered. Details of crystal-
lographic data and results are in the Supporting Information.
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