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Regioregular poly(3-alkylthiophene)s are some of the best-
performing semiconducting polymeric materials and are
increasingly finding use in device applications such as organic
field-effect transistors') and photovoltaics,” in which their
high degree of order yields high charge-carrier mobilities. The
more easily oxidized poly(3,4-ethylenedioxythiophene)
(PEDOT) has been used as the active material in electro-
chromic devices, antistatic coatings, and capacitors, and as a
hole-injecting layer in organic light-emitting diodes
(OLEDs).P! Poly(3,4-ethylenedioxythiophene):poly(styrene-
sulfonate) (PEDOT:PSS) provides an interesting alternative
to indium tin oxide (ITO); it has better mechanical properties,
low surface roughness, and allows more facile processing from
aqueous dispersions. Although it was used successfully in the
fabrication of flexible, all-plastic electrochromic devices,™
PEDOT:PSS has a relatively low conductivity relative to
ITO (100-500 Scm ™' vs. 4000 Scm ).l Tt is desirable to
synthesize easily oxidizable, low-band-gap conjugated poly-
mers with a high degree of order, useful processability, and
flexible mechanical properties.

In recent publications, the groups of both Ritter®® and
Roncali”! introduced 3,4-phenylenedioxythiophene
(PheDOT) as an attractive synthon for obtaining highly
ordered polythiophenes, as X-ray crystal structures show that
the thiophene and phenylene rings are fully coplanar. This
arrangement should provide a strong driving force for a high
degree of ordering in the solid state. PheDOT, and more
recently its dimer and trimer, were electropolymerized to
yield electroactive films.*®¥ As is common with electropoly-
merized materials, the resulting polymers are insoluble
because of strong m-stacking interactions, and therefore
cannot be solution-processed.
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Herein we report the synthesis of the first soluble and
processable polyPheDOT, specifically poly[3,4-(4,5-didode-
cylphenylene)dioxythiophene] (poly[Phe DOT-(C,),]), which
is highly ordered. The introduction of two dodecyl side chains
induces significant solubility in organic solvents. The self-
assembly of the side chains, which extend within the plane of
the polythiophene backbone, provides additional order in the
solid state.

PheDOT-(C,,), (1) was synthesized by using a modified
procedure of Roncali and co-workers, who synthesized
PheDOT-(Cy),.[" Following bromination with N-bromosuc-
cinimide to form 2, the monomer was chemically polymerized
by  Grignard  metathesis  (GriM)  polymerization
(Scheme 1).1 At room temperature, poly[PheDOT-(C,,),]
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Scheme 1. Synthesis of 3 by Grignard metathesis. NBS = N-bromosuc-
cinimide; DMF = N,N-dimethylformamide; dppp = propane-1,3-diyl-
bis(diphenylphosphine) (full synthetic details for 1, 2, and 3 are
provided in the Supporting Information).

(3) forms purple colloidal suspensions in toluene, tetrachloro-
ethane, xylenes, and THF. This result is consistent with the
presence of strong interchain interactions, which force
aggregation. However, upon heating to around 80°C, poly-
[PheDOT-(Cy,),] becomes readily soluble in a variety of
aromatic or halogenated solvents. The solubility of the
polymer is important, as it enables easy processing and
allows the structure of the polymer to be fully characterized
(in particular, molecular weight determination). High-tem-
perature gel-permeation chromatography (GPC), carried out
at 140°C in trichlorobenzene, yields M, = 14800 gmol ' and a
polydispersity of 1.95, which corresponds to a molecular
structure of approximately 30 number-average repeat units.

Spray-coated films of poly[PheDOT-(C,,),] are electro-
active: they switch from dark purple to transmissive green in
the oxidized state. Differential-pulse voltammetry (see the
Supporting Information) shows a low onset of oxidation at
—0.2 V vs. ferrocene/ferrocenium (Fc/Fc*). This value corre-
sponds to a HOMO level at 4.6 eV, which is substantially
lower in energy (higher oxidation potential) than neutral
PEDOT (4.1 eV)."!! This result is consistent with the trend
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reported recently for theroretical and experimental studies on
the PheDOT dimer and trimer which showed that the
phenylene ring decreases the electron release of the oxygen
atoms into the thiophene."! This higher oxidation potential
gives the neutral polymer greater air stability and allows for
long-term storage without the need to keep the materials
under an inert atmosphere. Spectroelectrochemistry was
carried out on a film drop-cast onto an ITO-coated glass
slide. As the potential applied to the film is increased to 0.2 V,
the —mt* transition is progressively bleached (Figure 1) and
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Figure 1. Spectroelectrochemistry of poly[PheDOT-(C;,),]. The films
were drop-cast from a solution (5 mgmL™") in hot toluene (100°C)
onto an ITO-coated glass slide. The film was electrochemically
oxidized in 0.1 M TBAP/propylene carbonate solution (TBAP=tetrabu-
tylammonium perchlorate). A silver wire was used as a quasi-reference
electrode and was calibrated against Fc/Fc'. Applied potentials: a) 0.0,
b) +0.1,¢) +0.2,d) 403, e) +0.4,f) +0.5,g) +0.6, h) +0.7,

) +0.8,j) +0.9,k) +1.0,and l) +1.1V.

two near-infrared optical transitions appear which are char-
acteristic of the polaronic and bipolaronic states. The optical
bandgap, determined from the onset of absorption in the
spectrum, is estimated at 1.85 eV, which is 0.25 eV higher than
that of PEDOT (1.6 V). The presence of vibronic features in
the absorption spectrum reinforces our conclusion that this
polymer contains a high degree of order.

In solution, poly[PheDOT-(C;,),] displays a strong ther-
mochromic effect: it changes from dark purple at low
temperature to red-orange at higher temperatures. Figure 2
shows the UV/Vis spectrum of a polymer solution in xylenes
as it is heated from 25 to 95°C. The absorption maximum
shifts by almost 70 nm (from 614 to 546 nm) as the temper-
ature increases. This thermochromic effect is well known in
solutions of poly(3-alkylthiophene)s, but its origin is still
controversial. It was first proposed that intramolecular
interactions were mainly responsible for the shift in absorp-
tion.'” In this perspective, increasing temperature induces
twisting of the polythiophene backbone, which lowers the
effective conjugation. However, more recent studies sug-
gested that intermolecular interactions might play a more
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Figure 2. Solution thermochromism of poly[PheDOT-(C;,),] (6x107° m,
relative to the repeat unit) in xylenes. Pictures show the solution at
25°C (right) and 95°C (left).

significant role than originally thought, and that twisting of
the conjugated polymer is only responsible for smaller shifts
at temperatures above the thermochromic transition.™ In the
case of poly[PheDOT-(C,,),], we attribute the thermochrom-
ism to the transition from aggregates to isolated, intermolec-
ular planar chains. The presence of vibronic features at high
temperature indicates that the chains retain a planar (or
highly conjugated) conformation. In poly(3-alkylthiophene)s,
the absorption spectrum above the phase transition is broad
and featureless, and arises from intrachain twisting of the
polythiophene backbone.!"¥! This difference is consistent with
studies on short oligothiophenes with alkyl or alkoxy
substituents which show that the presence of the oxygen
atoms induces planar conformations of the oligomers. This
effect is attributed to the smaller steric demand of the oxygen
atom, mesomeric effects, as well as sulfur—oxygen interac-
tions.[1%16]

The conformation of the polymer chains in the processing
solution (aggregated versus isolated chains) plays an impor-
tant role in the solid-state ordering. AFM imaging was carried
out for films spin-coated onto mica from either hot (130°C) or
cold (25°C) solutions of ortho-dichlorobenzene (ODCB). The
films spin-coated from the hot ODCB solution yield a
nanofibrillar structure (Figure 3). The average height of the
fibrils is 3 nm, a value slightly lower than, but close to, the
polymer chain width for a conformation in which the
thiophene rings are in a frans conformation and the dodecyl
chains are extended. This lower value is not surprising given
that at high temperature in ODCB the dodecyl chains are
disordered. During spin-coating of the hot solution, the fast
evaporation of the solvent does not allow the side chains to
order properly. The fibrils are estimated to have widths of
about 10 nm (after correction for the lateral tip broadening
effect!'”), which is consistent with the estimated length of the
polymer chains in their fully extended conformation. From
these data, we propose that the material forms ribbons of -
stacked polymer chains, whereby the polymer chains are
arranged perpendicular to the plane of the substrate
(Figure 3). Similar self-assembled nanostructures have been
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Figure 3. A) AFM image (5x5 um?) of poly[PheDOT-(C;,),] spin-coated
on mica from hot ODCB (C=0.2 mgmL™'); B) cross-sectional analysis
and magpnification (1x1 pum?). The fibril marked by the red arrow in
the surface profile has a height of 3.2 nm; C) proposed 3D model of
the arrangement of nanoribbons on the mica surface.

proposed for alkyl-substituted poly(phenyleneethynylene)
(PPE), polyfluorene copolymers, and poly(3-alkylthio-
phene)s.'®! For the films obtained by spin-coating from a
cold ODCB solution, we observed the formation of aggre-
gates that were heterogeneous in both structure and size (see
the Supporting Information). This result can be explained by
comparison with the solution thermochromism results de-
scribed above. Similar to the behavior in xylenes solution, the
polymer chains in ODCB form stable colloidal suspensions of
aggregates at room temperature. During spin-coating of this
solution, the solvent evaporates, and the concentration of the
aggregates increases, which leads to their collapse into larger,
ill-defined structures. This difference of morphology is an
important result, as order within crystalline domains, and
order of the crystalline domains with respect to one another,
have dramatic consequences on charge mobilities, as previ-
ously shown in regioregular poly(3-hexylthiophene)."”

The thermal behavior of poly[PheDOT-(C,,),]
in the solid state was investigated. Thermogravi-
metric analysis shows that the polymer is thermally
stable up to 300°C under both oxygen and nitro-
gen. After the polymer was conditioned by ramp-
ing the temperature at 10K min~' up to 220°C and
cooling to 0°C, the second differential scanning
calorimetry (DSC) scan shows an endothermic
transition at 132°C on heating and an exothermic
transition at 110°C on cooling (Figure 4). The
small phase-transition enthalpy suggests that there
is little structural rearrangement during the tran-
sition. We assign this thermal transition to the
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Figure 4. DSC plot (2nd scan) of poly[PheDOT-(C,,),]. The sample was

heated and cooled at a rate of 10K min~".

tion confirms the presence of strong intermolecular m—-
stacking interactions, as expected from the planarity of the
monomer. As mentioned earlier, sulfur-oxygen interactions
and mesomeric effects contribute to rigidification of the
planar conformation of the phenylene dioxythiophene back-
bone. As a result, only the transition corresponding to the
melting of the side chains is observed.

The organization of poly[PheDOT-(C,,),] in the solid
state was investigated by using two-dimensional wide-angle
X-ray scattering (2D-WAXS) measurements. The samples
were prepared by shear-alignment at 150 °C with a home-built
mini-extruder.”” At ambient temperatures, the 2D pattern
displayed sharp and distinct reflections, which indicate a well-
ordered structure of the conjugated polymer with a pro-
nounced alignment of the chains in the extrusion direction.
(Figure 5a). The equatorial small-angle reflection is related to
a lateral distance of 3.88 nm of the polymer chains. This
relatively large distance is in good accordance with the
polymer configuration (Figure 5b), in which the monomer
units are arranged in one plane to form a lamella structure of
rigid, stacked conjugated chains. Additional higher-order
equatorial reflections, positioned at multiple angle values,
confirms the well-defined order of the filament. The wide-
angle reflection, positioned also in the equatorial plane of the
X-ray pattern, is assigned to the m-stacking distance of

periphery filled by disordered
flexible alkyl side chains

n-stacking distance
b of 0.46 nm
) P

lamellar structure
of the rigid,
stacked conjugated

_—" polymer chains

. monomer repeating
distance of 0.76 nm

lateral distance of 3.88 nm
between polymer chains

melting and recrystallization of the side chains. No
further transitions corresponding to a melting of
the crystalline regions are observed. This observa-
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Figure 5. a) 2D-WAXS pattern at 30°C (the inset displays the small-angle reflections
at a lower contrast) and b) packing of poly[PheDOT-(C,,),] as indicated by the X-ray
results.
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0.46 nm of the polymer chains, whereas the low-intensity
anisotropic halo is assigned to the poorly ordered alkyl side
chains, which fills the periphery between the rigid conjugated
units. The meridional reflection corresponds to a period of
0.76 nm and therefore to every second monomer unit along
the polymer backbone being in an identical arrangement, as
illustrated in Figure 5b.

The organization of the polymer changed slightly above
the phase transition of 132°C (see the Supporting Informa-
tion). The shape and intensity of the equatorial reflections
were unchanged, but the reflections were shifted to lower
angles indicating smaller lateral distances of 3.15 nm at the
higher-temperature phase. Such a decrease in distance
between rigid, well-packed polymer chains might be
explained by the melting of the alkyl substituents. Indeed,
the diffuse anisotropic halo is characteristic for the melting of
the alkyl side chains. The change of the side-chain dynamics
does not affect the correlations between the repeat units
along the polymer chain, but does lead to an increase of their
steric demand and thus to a hindrance of the polymer
stacking. This change is reflected by the lowered intensity of
the reflection corresponding to the stacking distance; the full
intensity was recovered upon cooling the sample back to
30°C.

In conclusion, the new, electron-rich, electroactive soluble
polymer with a regiosymmetric structure  poly-
[PheDOT-(Cy,),] was synthesized by chemical polymeri-
zation. The polymer possesses a high degree of intra- and
interchain order, both in solution and the solid state. At high
temperature in ODCB or xylenes, the polymer possesses a
planar conformation, which leads to aggregation at low
temperature. Spin-coating from a hot ODCB leads to the
formation of nanoribbons. Structural investigation by 2D-
WAXS of mechanically aligned filaments revealed a pro-
nounced 2D organization of the conjugated polymer. Strong
correlations along the polymer backbone and between the
polymer chains were observed. Because the order of con-
jugated polymers, as organic semiconductors, is an essential
requirement for charge-carrier transport, and thus for their
implementation in electronics, this work has shown that
poly[PheDOT-(C},),] is a promising candidate for device
applications.
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