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ABSTRACT: An alkylated semiconducting polymer comprising

alternating bithiophene-[all]-S,S-dioxide and aromatic mono-

thiophene units in the polymer backbone was synthesized with

the intent of modifying the energy gap and lowest unoccupied

molecular orbital for use as a stable n-type semiconductor.

Films spun from this semiconducting polymer were character-

ized utilizing X-ray scattering, near edge X-ray absorption fine

structure spectroscopy, ultraviolet photoelectron spectroscopy,

and thin-film field effect transistors to determine how oxidation

of the thiophene ring systems impacts the structural and elec-

tronic properties of the polymer. The thiophene-S,S-dioxide

polymers have lower optical and electrical band gaps than cor-

responding thiophene polymers. X-ray scattering results indi-

cate that the polymers are well ordered with the p–p stacking

distances increased by 0.4 Å relative to analogous thiophene

polymers. The electrical stability of these polymers is poor in

transistors with a drop in the field effect mobility by approxi-

mately one order of magnitude upon addition of just 5% of the

thiophene-S,S-dioxide unit in a copolymer with thiophene. VC
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INTRODUCTION Significant research efforts have been
directed at the synthesis of new materials for organic-based
electronics. The majority of semiconducting polymers exhibit
p-type (hole-transporting) behavior.1(a–d) In contrast, organic
semiconductors that exhibit air stable n-type (electron-trans-
porting) and ambipolar conduction are far less developed.2

Efficient complementary logic circuits require thin-film tran-
sistors (TFTs) with comparable electron and hole mobilities
within the range of 1 cm2 V�1 s�1 for relatively fast opera-
tion. Achieving this goal requires the development of stable,
n-type organic semiconductors where the energy of the low-
est unoccupied molecular orbital (LUMO) is lowered to allow
efficient injection of electrons from air-stable metallic con-
tacts, such as aluminum.

A number of n-channel and ambipolar semiconductors have
been developed through synthetic design that lowers the
LUMO for injection and stability. Although there are exam-
ples of homopolymers with n-type conduction,3 the majority
are copolymers with a donor–acceptor structure. For exam-
ple, acceptors with low-lying LUMOs such as perylenedicar-

boximide,4(a,b) benzo[1,2-c;4,5-c0]bis[1,2,5]thiadiazole,5 and
indenofluorenebis (dicyanovinylene)6 have been copolymer-
ized with thiophene to achieve semiconducting polymers
with high electron mobility. In these systems, it is beneficial
to lower both the LUMO of the donor and the acceptor to
achieve a substantially lowered LUMO in the combined do-
nor–acceptor unit. A successful strategy to lower the LUMO
of conjugated units, such as thiophene, has been incorpora-
tion of substituents with electron withdrawing groups, such
as fluorine and/or carbonyl.7(a–d) Additional methodologies
to control the LUMO of conjugated moieties will increase the
range of accessible materials with n-type behavior.

A promising modification of thiophene to lower the energy
of its LUMO involves oxidation of the thiophene sulfur atom
to the corresponding S,S-dioxide.8 This oxidation causes the
thiophene ring to lose aromaticity while inserting a strong
electron-withdrawing group into the p-conjugated main
chain.9(a–e) Although stable monothiophene-S,S-dioxides were
described long ago,10(a–c) their fully oxygenated oligomers
remained unknown because of the lack of synthetic

Additional Supporting Information may be found in the online version of this article.
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methodology to produce them. Recently, access to oligothio-
phene-[all]-S,S-dioxides became possible with the introduc-
tion of a strong oxidizing reagent, HOF�CH3CN, which allows
complete oxygenation of aromatic oligothiophenes.11 Signifi-
cant reductions in both energy gap (Eg) and LUMO levels
were reported for the oligothiophene-[all]-S,S-dioxides in
comparison with their aromatic precursors.

Here, we report morphological and electrical characterization
in TFTs of an alkylated semiconducting polymer containing
alternating bithiophene-[all]-S,S-dioxide and aromatic mono-
thiophene units in the polymer backbone (1).12 In this poly-
mer, the incorporation of the highly electron-deficient bithio-
phene-[all]-S,S-dioxide unit lowers the LUMO energy,
enhances polymer rigidity, and p-conjugation, affording a
low-band gap material. Polymer 1 had good molecular order-
ing as measured by wide angle X-ray scattering and the mo-
lecular ordering in the polymer appears similar to that
observed in oligomers. The field-effect mobility of carriers
and their stability in 1 was studied in comparison with its
aromatic analogue 2. Despite the promising reduction in the
LUMO in 1, the introduction of S,S-dioxide resulted in a
decrease to a complete loss in the electrical properties of
TFTs depending on the degree of incorporation of the unit.

EXPERIMENTAL

Material Synthesis
Chemical structures of the polymers 1 and 2 are shown in
Figure 1. The synthetic route to polymer 1 can be found in
ref. 12 and a brief description can be found in the Support-
ing Information. Polymer 2 was obtained by removing the
oxidation step from the synthesis of 1. Polymer 1 and poly-
mer 2 were soluble in chloroform or chlorobenzene and had
Mn ¼ 10 K (polydispersity [PDI] ¼ 1.9) and Mn ¼ 11 K (PDI
¼ 1.5), respectively. As discussed previously, the molecular
weight of 1 is relatively low owing to the lower reactivity of
the bithiophene-[all]-S,S-dioxide comonomer.12 The molecular
weight of the thiophene analog, 2, was synthesized to match
that of 1 to isolate the electronic effects on transport rather
than the effects of molecular weight.

Fabrication of Thin Films
Solutions consisting of 10–20 mg/mL of polymers 1 and 2
were mixed with a teflon stir bar in anhydrous chloroben-
zene or a mixture of 1:1 anhydrous chlorobenzene: ortho-
dichlorobenzene. Antimony-doped silicon consisting of a
native oxide, 1–2 nm, or 150 nm thermal oxide was used as
substrate. Substrates were cleaved to sizes ranging from 1 �
1 cm to 2.5 � 2.5 cm and then cleaned in piranha acid fol-
lowed by sonication in acetone and isopropanol for 20 min
each and finally plasma cleaned for 2 min just before use. A
monolayer of n-octadecyltrichlorosilane (OTS) was solution
deposited from a mixture of OTS and n-hexadecane.13 Sub-
strates were then rinsed with hexane, acetone, isopropanol,
and dried with nitrogen gas. Polymer solutions were spin
cast onto clean bare substrates, OTS-modified substrates,
and substrates with 90 nm of thermally evaporated gold at
speeds between 800 and 1400 rpm to form films between
60 and 100 nm thick. Films were either stored as-cast or

annealed in a nitrogen-filled glovebox for 10 min at varying
temperatures, between 110 and150 �C, to remove residual
solvent and promote crystallization.

X-ray Scattering
Samples on silicon substrates with a native oxide layer were
measured at the Stanford Synchrotron Radiation Lightsource.
A grazing incidence wide-angle X-ray scattering (GIWAXS) ge-
ometry was used for beamline 11-3 with a MAR345 image
detector, whereas a point detector was used for specular dif-
fraction on beamline 2-1. GIWAXS beamline 11-3 was set at
an energy of 12.7 keV, corresponding to a wavelength of
0.97 Å, and specular beamline 2-1 was set at an energy of 8
keV. Two pairs of soller slits defined the diffracted beam re-
solution as 0.002 Å. GIWAXS samples were annealed in situ
for direct comparison between annealed films under a nitro-
gen atmosphere, whereas specular samples were different
films/substrates due to time limitations resulting in a 5- to
8-nm thickness variation. All X-ray-characterized films were
kept to within a 615-nm thickness variation to avoid issues
with thickness dependence. All X-ray samples were meas-
ured under a helium environment to minimize beam damage.
Under GIWAXS conditions, the films were illuminated at an
incident angle of 0.12� so that the beam penetrates the
entire polymer film and only a portion of the silicon sub-
strate.14 Data are expressed in terms of the scattering vector,
q, with a magnitude equal to (4p/k)sin y, where y is one half
the scattering angle and k is the wavelength of the incident
radiation. The peak d-spacing was calculated by setting it
equal to 2p/q. GIWAXS data were analyzed using WxDiff15

and an analysis routine in Igor Pro (courtesy of R. J. Kline,
NIST).

Near Edge X-ray Absorption Fine Structure Spectroscopy
NEXAFS spectra were acquired in transmission mode at the
5.3.2.2 beamline of the Advanced Light Source. A scanning
transmission X-ray microscope rastered the beam across the
film and through a hole in the film for each energy to record

FIGURE 1 Energies of the HOMO for the as-cast polymers 1

and 2 determined from UPS measurements. The energies of

the LUMOs were estimated by addition of the optical gap.
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the incident and transmitted beam simultaneously with the
same detector. The energy was calibrated with a partial pres-
sure of CO2, noting the carbon and oxygen Rydberg states.
The acquired spectra were then normalized above the edge
(�380 eV) for carbon and below the edge (�520 eV) for ox-
ygen to the bare atom mass absorption of a monomer. Poly-
mer 1 was spin cast onto silicon substrates with 150 nm of
thermal oxide. Films were annealed under nitrogen at 110
�C for 10 min and then initially floated in a 5% solution of
hydrofluoric acid to etch off part of the thermal oxide. The
final set of as-cast and annealed films were floated in deion-
ized water and picked up on copper transmission electron
microscopy (TEM) grids for spectral measurements. For com-
parison, NEXAFS of poly(3-hexylthiophene) (P3HT) films
were also acquired, were spun cast from chlorobenzene solu-
tions onto sodium polystyrene sulfonate-coated Si wafers.
The films were annealed at 150 �C for 30 min to improve
crystallinty. The P3HT film was floated in deionized water
and picked up in copper TEM grids for spectral
measurements.

Infrared spectroscopy
Fourier transform infrared (FTIR) spectroscopy was per-
formed on thin films of 1 and 2 using a Perkin Elmer Spec-
trum 100 FTIR spectrometer. Films were spun on silicon
substrates and processed in the same manner as X-ray and
transistor samples.

Fabrication of TFTs
Bottom gate TFTs were made on thermal SiO2/Si wafers
where the gate contact was made by scratching through the
oxide layer and utilizing silver paint to form contact with the
probe station chuck. Source and drain contacts of either gold
or aluminum were evaporated through a shadow mask onto
the semiconducting film to a thickness of 90 nm. TFTs were
measured under ambient, nitrogen, and vacuum using a
Lakeshore TTP5 probe station and 2 Kiethley 2400 SMU run
under a Lab View routine. The parameters of the TFTs,

including mobility and threshold voltage, were extracted
from the transfer curves.16

RESULTS AND DISCUSSION

Electronic Structure
The electronic structure of the S,S-dioxide polymer 1 shows
significant differences from the thiophene analog 2 as
reported previously.12 The optical bandgap of 1 with the
bithiophene-[all]-S,S-dioxide unit was 1.55 eV, estimated by
the onset point of the absorption band, is significantly lower
than the optical bandgap of polymer 2 (1.85 eV) and rr-
P3HT (1.9 eV). The energies of the HOMO levels determined
by ultraviolet photoelectron spectroscopy (UPS) for as-cast
films of polymers 1 and 2 are �5.58 and �4.90 eV, respec-
tively (Fig. 1 and Supporting Information Material). The
energies of the LUMOs were estimated by adding the optical
gap to the energy of the HOMO level; the uncertainty in the
energy of the LUMO is the unknown value of the exciton
binding energy, typically �0.4 eV.17 The LUMO energy of the
aromatic polymer 2 is �3.05 eV, whereas the LUMO of poly-
mer 1 is lower by about 1 eV (�4.03 eV). UPS measure-
ments also revealed that annealing at 110 �C for 5 min low-
ered the HOMO energies in both polymers to a value of
�5.77 eV for 1 and �4.97 eV for 2.

To further explore the electronic structure of the two poly-
mers and their ordering in thin films, we obtained NEXAFS
spectra of the polymers at the carbon and oxygen edges. Car-
bon NEXAFS spectra of annealed and as-cast films of 1 are
shown along with that of P3HT for comparison (Fig. 2).
There are two p* resonances for 1 at 284.3 and 285.0 eV,
both of which are lower in energy than that of the single
resonance of P3HT at 285.3 eV. The lower energy of the res-
onance is consistent with a lowered LUMO level relative to
P3HT and the estimates from UPS spectra. Interestingly, the
two features for 1 are similar to those reported for cis and
trans polyacetylene.18 This observation in combination with
the shift in electronic levels suggests that the thiophene-S,S-
dioxide ring more resembles a conjugated diene than a

FIGURE 2 NEXAFS spectra measured at the (a) carbon edge for the reference P3HT film, blue line, and the as-cast, black line, and

annealed, red line, film of 1 as well as at the (b) oxygen edge for the as-cast, black line, and annealed, red line, film of 1.
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FIGURE 3 FTIR spectra of thin films of 1 in the region 950–1400 cm�1 The as-cast film is the solid black line, whereas the red

dashed line is a film annealed at 150 �C. The labeled peaks are SO2 stretches at 1150 and 1310 cm�1, CAH bending at 1105 cm�1,

and CAC inter-ring stretches at 1264 cm�1.

FIGURE 4 GIWAXS scattering pattern for (a) as-cast and (c) annealed films of polymer 1. Scattering data along qxy (black line) and

model peaks (red) are given for the (b) as-cast and (d) annealed films. The proposed crystallographic indices are listed in Table 2.
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thiophene ring.19 Electronic structure calculations also show
that the LUMO orbital has little contribution from the S,S-
dioxide group in agreement with this interpretation (Sup-
porting Information Material). Annealing of the films results
in a small increase of the p* resonance intensities in the
spectra, which could be attributed to changes in chemical
bonding or a change in molecular orientation relative to the
substrate.20

NEXAFS spectra taken at the oxygen edge provided more
insight into the spectral changes with thermal annealing. The
overall height of the edge is not affected by annealing, show-
ing that very little oxygen if any has been lost, while the r*
resonance at 534.6 eV is significantly enhanced upon anneal-
ing. This change suggests that the nature of bonding
between the oxygen and the sulfur has changed in character

to resemble that of an ether rather than a sulfonic acid and
demonstrates that a change in the bonding state in the mole-
cule, rather than loss of oxygen, is a predominant effect of
thermal annealing.21 These data suggest that the shift in the
HOMO upon annealing in 1 is also due to the change in
bonding in the thiophene-S,S-dioxide unit.

Chemical Degradation
IR spectroscopy was performed on thin films of 1 and 2 to
determine if chemical degradation of the oxygenated thio-
phene units occurred during thermal annealing. Sulfur–oxy-
gen vibrational modes are typically found between 1000 and
1420 cm�1. The results for as-cast films of 2 and one
annealed at 150 �C showed no indication of symmetric or
asymmetric SO2 stretches, indicating that there is no
observed oxidation of the thiophene ring as expected (Sup-
porting Information Fig. S2). For polymer 1, both symmetric,
1150 cm�1, and asymmetric, 1307 cm�1, SO2 stretches are
observed in the as-cast and annealed films (Fig. 3).22(a,b) The
intensity of these peaks decreases upon annealing and can
be seen by the change in ratio of the SO2 stretches to nearby
CAC inter-ring stretching modes at 1264 cm�1 and CAH
bending mode at 1105 cm�1.23 These data support the inter-
pretation of the changes in the NEXAFS spectra and provide
evidence that a chemical change in the backbone occurs
upon heating. This change in chemical composition also
rationalizes the changes in structural ordering from X-ray
scattering (vide infra).

Structural Ordering
Wide-angle X-ray scattering (WAXS) from films of 1 and 2
was measured to assess the structural changes caused by
incorporation of thiophene-S,S-dioxide into the conjugated
backbone. WAXS was measured for the polymers both at
specular and at grazing incidence (GIWAXS). Similar to other
conjugated polymers, the specular scattering from as-cast
films of 1 and 2 revealed a progression of first and higher
order peaks with the fundamental (100) d-spacing of 19.9
and 19.57 Å respectively (Fig. 4 and Table 1). In the GIWAXS,

TABLE 1 Observed d-Spacings, FWHM, and Crystallite

Thickness (tWH) from High-Resolution Specular Scattering and

GIWAXS for Polymers 1 and 2

Specular

Scattering

Polymer film

(100)

(Å)

FWHM

(Å�1)

(200)

(Å)

FWHM

(Å�1)

tWH (h00)

(Å)

1 As–cast 19.92 0.047 10.08 0.063 148.7

1 Annealed 110 �C 19.88 0.065 9.84 0.060 111.2

1 Annealed 150 �C 19.67 0.055 9.76 0.063 152.9

2 As–cast 19.57 0.034 9.73 0.045 207.9

2 Annealed 150 �C 19.63 0.020 9.78 0.027 365.2

GIWAXS

Polymer film

(100)

(Å)

FWHM

(Å�1)

(010)

(Å)

FWHM

(Å�1)

tWH (h00)

(Å)

1 As–cast 20.33 0.048 4.1 0.08 335.1

1 Annealed 110 �C 20.63 0.050 4.1 0.08 306.6

FIGURE 5 Specular X-ray scattering of the as-cast (black lines) and annealed (red dashed lines) films of (a) polymer 1 and (b) poly-

mer 2.
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four peaks along qz assigned as (100) through (400) are
observed for polymer 1, whereas only three peaks are
observed in the specular scan (Fig. 5). This difference may
be a result of beam damage in the specular scans; the (400)
peak is measured under the longest exposure time at the
end of the acquisition. A small peak at a qz of 0.82 Å�1 can
be observed in the as-cast films of polymer 1 in both the
GIWAXS and the specular scans but disappears upon anneal-
ing. A diffuse scattering region in the GIWAXS image is visi-
ble near a qz of 1.5 Å�1 that is, in part, due to the amor-
phous halo and possibly the associated (010) band (Fig. 4).24

For polymer 1 under both processing conditions, peaks are
observed along qxy at d-spacings of 3.68, 4.14, 4.38, and 5.47

Å; fit parameters can be found in the Supporting Information
data and Figure 4.

To develop a structural model for the molecular packing of
1, we first consider a structurally similar poly(thiophene).
The backbone structures of polymers 1 and 2 are similar to
that of poly(3,30-dihexylterthiophene), P33DHTT, reported by
Gallazzi et. al.25 They proposed that the side chains of
P33DHTT interdigitate, resulting in a smaller interchain
spacing than for noninterdigitated sidechains.20 The d-spac-
ing values reported for P33DHTT were 13.03 Å for the sepa-
ration of the backbones by the side chains (lamellar spacing)
and 3.76 Å for the p–p stacking spacing.20,26

The lateral interactions of the p-stacked backbones in 1
were expected to differ from poly(dialkylterthiophenes)
owing to addition of the thiophene-S,S-dioxide unit. Most
reported values for p-stacking distance of poly(alkylthio-
phenes) chains are 3.8 6 0.04 Å; therefore, any significant
change outside of this range is likely caused by the presence
of the oxygenated thiophene unit. There is also the possibil-
ity that the electron-rich oxygen units will repel nearby thio-
phene-S,S-dioxide units causing the adjacent chains of 1 to
shift relative to each other. This shift would be similar to the
stacking interactions observed in single crystal structures of
oligomers of thiophene-S,S-dioxide.11 This motif is referred
to as slip-stacked packing and has been observed in substi-
tuted acenes depending on substituent size and position.27

The slip-stacked packing motif allows for smaller p–p stack-
ing distances at the cost of p-overlap between adjacent aro-
matic units.

Our WAXS data support a structural model for 1 where the
side chains are interdigitated and that adjacent chains are
slip-stacked relative to each other. The n-dodecyl side chains
of 1 and 2 are longer than the n-hexyl chains in P33DHTT
and are expected to cause an increase in the (h00), interlayer
d-spacing of �1.25 Å/methylene, which is close to the
observed spacing difference.28 The result of alkyl chain inter-
digitation is that the oxygenated thiophene units on each
monomer unit are forced to be in a syn configuration; the
resulting chain-to-chain backbone interactions lead to slip-
ping along the adjacent backbone to accommodate electronic
and steric interactions. The geometry of the repeat units was
calculated using molecular orbital theory at the HF/6-31G*
level of theory, which is known to produce reasonable bond

FIGURE 6 Theoretical packing model showing the repeat unit

with respect to the a,b, and c-axis. The slip-stacking packing

motif is shown (b) by following the shift in the red oxygen

atoms.

TABLE 2 Predicted and Observed Peak Positions for In-Plane

Scattering Peaks of Polymer 1a

Peak

Assignment [hkl]

Predicted

d-Spacing (Å)

Observed

d-Spacing (Å)

[010] (2) 4.14 4.1

[004] (0) 5.48 5.5

[005] (1) 4.39 4.4

[006] (3) 3.66 3.7

a The numbers in parenthesis next to the peak assignment correlate to

the peaks labeled in Figure 4.
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lengths and angles for ground-state organic molecules.29 A
model monoclinic unit cell with b ¼ 69� and a c-axis length
equals to that of two monomer units has a predicted (010)
d-spacing of 4.14 Å as shown in Figure 6. This model
enabled the assignment of the additional in-plane peaks (Ta-
ble 2). Although we have made an assignment of the unit
cell, we have not attempted to model the exact placement of
the polymer chains in the cell and therefore do not know
whether the chains are tilted with respect to one another as
observed for other thiophene copolymers.30 Despite this
uncertainty, it is still clear that the backbones in 1 are far-
ther away from each other than typical semicrystalline poly-
(alkylthiophenes). This increase in ‘‘p–p’’ spacing has a
potential adverse effect on transport because of the decrease
in p-overlap reducing the intermolecular coupling.31 An
increase in ‘‘p–p’’ spacing coupled with a decrease in p-over-
lap, due to the slip of the backbone, could cause a decrease
in the measured field effect mobility of 1 when compared to
the aromatic analogue 2.

The change from thiophene to thiophene-S,S-dioxide also
affects the microstructure of the films. Comparison of the as-
cast films of polymer 1 and 2 indicates that addition of the

SO2 unit causes an increase in the full width at half maxi-
mum (FWHM) of the (100) of 1 correlating to a decrease in
crystallite size, 20.8 nm (2) compared to 14.9 nm (1), as cal-
culated by the Williamson–Hall method (Supporting Informa-
tion). A similar scattering pattern is observed in the polymer
1 GIWAXS annealed in situ and as-cast samples. The in-plane
scattering, qxy, peaks show an increase in intensity upon
annealing but no change in peak position or width. No new
peaks were observed in the GIWAXS pattern after the in situ
annealing. The spread of the scattering intensity with respect
to the polar angle provides information about the distribu-
tion of orientation of crystalline grains in a polycrystalline-
film; the spread of the (h00) peaks of 1 increases with
annealing indicating an increase in the range of orientations.
This is shown in Figure 4 by comparing the arching of the
(200) peaks for the two film conditions of 1. These observa-
tions are attributed to an increase in the number of crystalli-
tes misoriented relative to the surface normal and are con-
sistent with the decrease in size of crystallite.32 These
results are different to those observed for 2 (Table 1) and
other thiophene-based systems where an increase in inten-
sity and a decrease in peak width is observed upon

FIGURE 7 Device characteristics of TFTs for each of the polymers. (a) n-Type and (b) p-type output characteristics of polymer 1 (c)

p-type output characteristics of polymer 2 at a VG of 0, �30, and �50 V. (d) Transfer characteristics at VSD ¼ �20 V for polymer 2,

5% incorporation of thiophene-S,S-dioxide, and 20% incorporation of thiophene-S,S-dioxide.

JOURNAL OF
POLYMER SCIENCE WWW.POLYMERPHYSICS.ORG FULL PAPER

WWW.MATERIALSVIEWS.COM JOURNAL OF POLYMER SCIENCE: PART B: POLYMER PHYSICS 2012, 000, 000–000 7



annealing.22,33 The change in bonding observed in the NEX-
AFS and FTIR spectra upon annealing suggests that at least
part of the disorder induced by thermal annealing results
from chemical changes. Based on these observations, one can
conclude that the oxygenated thiophene unit has an adverse
affect on film order, causing a decrease in crystallite size and
increase in disorder in films of 1.

Electrical Performance
The electrical performance of both 1 and 2 was investigated
using TFTs fabricated with contacts to probe hole and elec-
tron injection. The energy levels as measured by UPS indi-
cate that holes can readily be injected from Au contacts into
both 1 and 2, but electrons could also be injected from Al
contacts for 2. The current–voltage (I–V) data for TFTs made
with polymer 2 had ‘‘ideal’’ behavior as p-type TFTs and
good stability, similar to other thiophene devices (Fig. 7).16

The as-cast saturation hole mobility was 2.3 6 0.4 � 10�3

cm2 V�1 s�1, comparable to P3HT of similar molecular
weight, geometry, and processing but lower than values pub-
lished for poly(3,30-dioctylterthiophene).20,21 Although I–V
measurements of TFTs of polymer 1 suggested the possibil-
ity of ambipolar behavior, the TFTs had relatively low abso-
lute currents, on the order of 10�9 A and never exhibited
single-carrier transport characteristics even at high gate vol-
tages, >680 V, in either hole or electron accumulation
regimes (Fig. 7). Although OTS-modified SiO2 can be a poor
dielectric for ambipolar material due to tunneling and poten-
tial charge trapping by silanol groups,2 TFTs should operate
for a short period before the charge traps fill. Even pulsed
gate measurements, pulse width on the order of 100 ls, did
not reveal stable gated conduction with contacts formed
from either gold or aluminum. It was also observed that the
low current observed in TFTs with gold contacts was de-
pendent on the history of operation including the direction
of voltage sweep and the sign of the applied bias.

As both 1 and 2 had similar molecular weight and similar
morphology, we hypothesized that the difference in perform-
ance of TFTs is because of the instability of the S,S-dioxide
unit. Although the films of 1 used in TFTs were not thermally
annealed, it is likely that the formation of charge carriers could
also impact the labile SO2 functionality. To test this possibility,
we examined a series of random copolymers with a lower den-
sity of thiophene-S,S-dioxide units, 5% (95% S:5% SO2) and
20% (80% S:20% SO2) by monomer. These polymers exhibited
similar structural ordering to 1 and 2 (Supporting Information
Fig. S6). For direct comparison to polymer 2, the same geome-
try, dielectric, and processing conditions were used. TFTs with
these polymers exhibited saturation hole mobilities of 1.9 6

0.6 � 10�3 cm2 V�1 s�1 (5%) and 8.5 6 0.3 � 10�4 cm2 V�1

s�1 (20%) (Fig. 7). Higher incorporation of the oxygenated thi-
ophene unit resulted in a threshold voltage shift as well as a
decrease in mobility. Upon thermal annealing at 110 �C (where
we expect degradation of the SO2 group based on FTIR data),
both devices exhibited lower currents with complete failure
observed with �20% incorporation. These results suggest that
despite the ability to control the HOMO and LUMO levels, the
S,S-dioxide unit has an adverse impact on electrical operation

at the high carrier densities in TFTs. The charge carrier mobil-
ity in semiconducting polymers is highly sensitive to impurities
that are difficult to detect with bulk analytical methods, for
example 1 part per million of contaminant can have a detri-
mental impact on conduction if the contaminant forms an elec-
trically active species.34(a,b) Degradation of the dioxygenated
thiophene would likely result in a break in the conjugation of
the backbone or a disruption in the p-stacking, all of which
can decrease the carrier mobility.

CONCLUSIONS

We have synthesized and characterized a series of polymers
and copolymers based on thiophene and thiophene-S,S-diox-
ide. X-ray scattering shows that the thiophene-S,S-dioxide
polymer 1 forms semicrystalline, textured films with a simi-
lar structure to poly(3,30-dialkyterthiophenes). Incorporation
of the oxygenated thiophene units in the backbone leads to
films that are still semicrystalline, but with smaller estimated
crystallite sizes. An increase in the in-plane d-spacing com-
pared to the structurally similar terthiophene polymer 2.
Upon thermal annealing, polymer 1 undergoes a decrease in
crystallite size, but does not undergo changes in texture.
NEXAFS and FTIR data suggest that the S,S-dioxide units
undergo a change in bonding during thermal treatment.

Based on the electrical data from TFTs with polymers with
varying ratio of thiophene-S,S-dioxide to thiophene, it is clear
that incorporation of small amounts of oxygenated thiophene
in the polymer backbone has a minimal impact on overall de-
vice performance, resulting in a slight performance decrease
and stability. It appears that increasing the number of oxygen-
ated thiophene units above 5% by monomer in the backbone
results in significant degradation, limiting the ability of charge
carriers to traverse the film. It is important to note that
although polymer 1 is relatively crystalline it does not directly
indicate good electronic properties.34 The incorporation of a
significant quantity of thiophene-S,S-dioxide into the backbone
leads to a more pronounced ‘‘slip-stacking’’ effect changing the
electronic coupling between chains. In addition, the degrada-
tion products of the oxygenated thiophene units may be act-
ing as localized long lifetime trap sites thereby decreasing the
carrier mobility of both holes and electrons.
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