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Self-Organization and Charge Transport Properties of
Selenium and Tellurium Analogues of Polythiophene

Shuyang Ye, Lukasz Janasz, Wojciech Zajaczkowski, Joseph G. Manion,
Anirban Mondal, Tomasz Marszalek, Denis Andrienko, Klaus Miillen,

Wojciech Pisula,* and Dwight S. Seferos*

A series of conjugated polymers comprising polythiophene, polyselenophene,
and polytellurophene with branched 3,7-dimethyloctyl side chains, well-
matched molecular weight, dispersity, and regioregularity is synthesized.

The ionization potential is found to vary from 5.14 to 5.32 eV, with polytel-
lurophene having the lowest potential. Field-effect transistors based on these

The study of charge transport in
m-conjugated polymers continues to be
an area of intense materials chemistry
research.lll. These disordered organic
semiconductors behave differently than
their ordered inorganic counterparts.
Early work focused on regioregular poly(3-

materials exhibit distinct hole transport mobility that varies by nearly three
orders of magnitude, with polytellurophene having the highest mobility
(2.5 X 102 cm? V-1 s7"). The large difference in mobility demonstrates the
significant lmpa.\ct.lof' l.leteroatom su:s.tltutll?n. Although tI'!e series -:: poly- for achieving high charge carrier mobility
mers are very similar in structure, their solid-state properties are different. Indeed, P3HT and close analogues
While the thin film microstructure of polythiophene and polyselenophene is like poly(3,3-dodecylquaterthiophene)
identical, polytellurophene reveals globular features in the film topography. achieved the highest mobility at that time,
Polytellurophenes also appear to be the least crystalline, even though their on the order of 107! cm? V=" s71.1%
charge transport properties are superior to other samples. The torsional More recently, new dasses,of polymers
] ] s B such as N-alkyl dithieno[3,2-b:2’,3"-d]pyrroles
barrier and degree of planarity between repeat units increase as one moves . 5] o
- . . (DTP)-thiophene copolymers,P! benzothiadi-
down group-16 elements. These studies show how a single atom in a polymer azole—cyclopentadithiophene copolymers,*
chain can have a substantial influence on the bulk properties of a material, 1,4-diketopyrrolo[3,4-c|pyrrole (DPP)-thieno
and that heavy group-16 atoms have a positive influence on charge transport [3,2-bjthiophene  copolymers,®! indaceno-
properties when all other variables are kept unchanged.

alkylthiophene)s (P3ATs) (such as poly(3-
hexylthiophene) [P3HT]) because these
polymers readily form polycrystalline
films, which were thought to be essential

dithiophene-benzothiadiazole (C;cIDT-BT)

copolymers and 3-hexylthiophene-thiophene

copolymers began to emerge that have
mobilities exceeding that of P3HT!®l This is somewhat surprising
given that these polymers have similar HOMO-LUMO band-
gaps to P3HT and are overall less crystalline. In general, striking
a balance between disorder and aggregation leading to better
chain—chain coupling is thought to lead to enhanced transport
properties.’!

With regard to consistent structure and properties, P3ATs
are prime examples of polymers that can be prepared with
precise length, dispersity, sequence and end groups.® While
their performance has been usurped by more elaborate donor-
acceptor (D-A) type polymers,’! P3ATs still reign supreme in
terms of controlled synthesis. Valiant efforts by some labora-
tories to control the chain length of D-A polymers using the
Carothers equation model should be noted.'”) However, P3ATs
remain the only conjugated polymers that are synthesized in a
controlled manner.

Recent efforts to extend P3ATs to more high-performance
materials have focused on the use of other heterocycles. Poly(3-
alkylselenophene)s (P3ASs) for example were first reported by
Heeney et al.'!l and have inspired work on heavier analogues
of thiophene containing polymers.l'2l The selenium analogues
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are more polarizable, have a higher dielectric constant, and
stronger Se-Se interaction that should promote better chain—
chain coupling, all of which should be advantageous for
charge transport. By the time of writing certain selenophene-
containing polymers now out-perform their thiophene counter-
parts.'3l Notable examples include high performance n-channel
polymers reported by Jenekhe, organic photovoltaic polymers
from McCulloch and others.'* In addition to their homopoly-
mers, selenophene and tellurophene are also widely utilized as
flanking units in numerous high performance small molecules
and copolymers, including D-A polymers.*>15] The Seferos
group has focused on the heaviest group-16 heterocycle, telluro-
phene.l!% Although efforts to synthesize tellurophene polymers
appeared in the literature as early as 1985,17! their controlled
synthesis was only developed a few years ago.['®]

Despite many recent advances in the synthesis of more
and more challenging polymers that contain main group ele-
ments, an understanding of their material properties does not
always keep up with the synthetic advances. Here we describe
our initial attempts to establish structure-property relationships
for regioregular tellurium and selenium analogues of poly(3-
alkylthiophene)s. The poly(3-alkylthiophene) was prepared
and serves as an important reference in this study. To make
the compound labels clearer the tellurium-, selenium-, and
sulfur-containing polymers will be referred to as PTe, PSe, and
PTh, respectively. All samples have a very similar high molec-
ular weight, narrow dispersity, identical side chains, and high
regioregularity. We focus on the unique charge transport of
each of the samples and how it relates to crystallinity, film mor-
phology, HOMO-LUMO band-gap, and the predicted polymer
confirmation.

For this study, monomers were designed to yield polymers
with good solubility and processibility at molecular weights
(M, = 30 kDa) generally thought to have high charge car-
rier mobilities.’! Whereas P3HTs are quite soluble at these
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molecular weights, solubility diminishes as one moves to larger
heteroatoms. To solve this issue, we used larger, branched
3,7-dimethyloctyl (DMO) side chains. From a molecular design
standpoint, the DMO side chain is seldom used in homopoly-
mers or copolymers; however, it is commercially available (as
the alcohol) and provides considerable solubility due to the two
branching points.

The three polymers were synthesized by the catalyst transfer
polycondensation (CTP) method, starting from the dihalogen-
ated species. Briefly, the dihalogenated compounds were acti-
vated with isopropylmagnesium chloride and treated with
Ni(dppe)Cl, (Figure 1a). The polymerizations were carried out
with the same monomer:catalyst ratio (150:1). Due to the quasi-
living character, one nickel catalyst initiates one polymer chain
that propagates resulting in all three polymers having a very
similar degree of polymerization or polymer length.

Further support of the controlled nature of the polymeriza-
tion comes from gel permeation chromatography (GPC) anal-
ysis relative to polystyrene standards (Figure 1b, Figure S1,
Table S1, Supporting Information). While GPC tends to
overestimate the absolute molecular weight of conjugated
polymers,?% it is useful for determining their relative elution
volumes and hydrodynamic radii. The GPC-determined relative
molecular weight is consistent with the monomer:catalyst ratio.
This relative measurement shows that the polymers are similar
in size and degree of polymerization. The dispersities (D) of all
polymers are as low as 1.2 indicating the chain lengths in one
polymer sample vary over a narrow range of molecular masses.

In addition to molecular weight and D,1°21l the regioregu-
larity of a conjugated polymer has been shown to greatly impact
the morphology and properties.?2l To compare the effects of
different heteroatoms (S, Se, Te), similar regioregularity is
required. Due to the high monomer selectivity, CTP conditions
produce polymers with almost pure head-to-tail linkages. Theo-
retically, the only tail-to-tail defect originates from the initiation
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Figure 1. a) Synthetic scheme of the three regioregular poly(3-alkylchalcogenophene)s used in this study. R represents the 3,7-dimethyloctyl alkyl chain.
Full synthetic details can be found in Supporting Information. b) GPC elution profile of PTh in 1,2,4-trichlorobenzene at 140 °C. c) 'H NMR spectrum

of PTh in CDCls.
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reaction, which couples two monomer molecules.?3] The 'H
NMR spectrum of PTh (Figure 1c) shows one aromatic singlet
at 6.98 ppm corresponding to the protons on the polymer back-
bone. The high regioregularity of the three polymers (over 96%)
is confirmed by the relative intensity of the two spectroscopi-
cally distinct regioregular and regiorandom methylene signals.

Optical and electrochemical characterizations reveal clear dif-
ferences in polymer properties. Consistent with previous litera-
ture reports,['8224 heavy atoms are found to decrease the optical
band-gap, resulting in red-shifted absorption onsets (Figure S5,
Supporting Information). This change in optical properties
results from a combination of increased electron affinity and
decreased ionization potential.*! Tonization potential is found
to vary from 5.32 eV for PTh, to 5.26 eV for PSe, and 5.14 eV
for PTe, as determined by cyclic voltammetry (Figure S6, Sup-
porting Information).

Transistors based on the individual polymers exhibit dis-
tinct hole transport behavior. Figure 2 displays the output
and transfer characteristics of devices based on PTh, PSe and
PTe spin-cast from a toluene solution with a concentration of
15 mg mL™%. The drain current of the transistors continuously
increases with larger mass of the heteroatom in the five-mem-
bered ring. The shape of the output curves in the low Vg regime
indicated higher contact resistance with increasing mass of the
heteroatoms (Figure 2). Accordingly, the absolute values of the
threshold voltage increased from 0.14 V for PTh up to -17.0 V
for PTe (Table 1). The OFETs showed a small gate leakage and
negligible hysteresis (Figure S9, Supporting Information). The
square root of the drain current in the transfer characteristics
of the OFETs with PTh and PSe showed a deviation from the
ideal linear shape (Figure S7, Supporting Information). This
behavior indicates a dependency of the charge carrier mobility
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on the charge carrier density. When the gate voltage increases,
more deep-trap states are filled and, as a result, the transport
activation energy decreases resulting in a noticeable increase
of the mobility.?! In the case of OFETs with PTe, the transfer
characteristics revealed an almost ideal behavior indicating less
charge carrier trapping. To evaluate charge carrier mobility and
avoid overestimation, a narrow Vy region from —20 to —40 V
was chosen for the straight-line fitting on the I4/%/ Vg, plots
for all three polymers (Figure S7, Supporting Information)
(details provided in the Experimental Section). The charge car-
rier mobilities of PTh and PSe are within an order of magni-
tude whereas PTe is nearly three orders of magnitude larger
than PTh. Correspondingly, the charge carrier mobilities are
Uy = 6.2 x 10° cm? V' s7! for PTh and 8.0 x 10™* cm? V™! 57!
for PSe to ty, = 2.5 x 1072 cm? V! 57! for PTe. The threshold
voltage and the on/off ratio are also enhanced in the heavy ana-
logues as summarized in Table 1. Since the non-ideal behavior
of the transfer characteristics typically leads to an incorrect
estimation of the charge carrier mobility, a comprehensive
analysis of the transistor data was performed to confirm the
improved device performance for PTe. Firstly, the charge carrier
mobility in both saturation and linear regimes was plotted as
function of the gate voltage (V) (Figure S8, Supporting Infor-
mation). Tt proved that for any given Vj, the mobility signifi-
cantly increased with the mass of the heteroatom in the order
PTh < PSe < PTe. The mobility of PTh and PSe continuously
raised with increasing Vy, over the whole measured V,, regime,
while a saturation was noticed for PTe above approx. —25 V.
This behavior is characteristic for a more ideal device opera-
tion of PTe. Based on recent literature, the reliability factors and
effective carrier mobilities were also determined (see details in
the Experimental section). The reliability factor indicates the
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Figure 2. Output characteristics of FETs based on a) PTh, b) PSe, and c) PTe; d) transfer characteristics of all three polymers.
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Table 1. Average charge carrier mobility with standard deviation, reli-
ability factor, effective charge carrier mobility, threshold voltage, and on/
off ratio for transistors based on spin-coated PTh, PSe, and PTe films.

Polymer Uy [em? VT s Reliability Heffective Vin [V On/off
factorr  [cm?V~'s7]

PTh 6.2x 107 (£0.5x 107) 43 2.7x107* 0.14 210

PSe 8.0x 107 (£2x 1074 2.6 21%x1073 -14 4000

PTe 2.5%1072 (0.2 x 107?) 0.5 1.6x 1072 -17 11000

deviation from an ideal transistor operation and the effective
carrier mobility provides the charge transporting properties of
an electrically equivalent device with the same maximum drain
currents, but without the non-linear behavior of the transfer
characteristics. The shape of the I4'/?/V,, plots for these the-
oretically ideal OFETs are indicated as dashed lines in Figure
S7, Supporting Information. The calculated effective mobilities
of OFETs with PTh and PSe are higher than determined from
the transfer curves (Table 1). However, the effective mobility of
PTe is still almost an order of magnitude higher than for PSe
and almost two orders of magnitudes higher than PTh, which
further confirms the enhancement in charge transport. The
electrical results from the transistor measurements imply that
embedding heavier atoms in the five-membered rings of a con-
jugated polymer improves the charge carrier transport. While
the PTe values are similar to P3HT,?’] it should be noted that
all of these polymers have branched side groups, and this dra-
matically decreases the mobility of the sample,?®! for example
P3EHT has a mobility of around 1 x 10~ cm? V-1 s71.7 In light
of this, a value of t, = 2.5 X 102 cm? V! 57! for PTe indicates
that heavy atom substitution leads to high mobility in spite of
potentially problematic branched side chains.

Interestingly, charge carrier mobility of PTe with DMO
side chains is three orders of magnitude higher when com-
pared with polymers bearing 2-ethylhexyl side chains.'%¥ The
2-ethylhexyl side chain was reported to be detrimental for
the synthesis of this type of polymer,'®"! leading to fairly low
molecular weights (Table S2, Supporting Information), which
has been shown to decrease the charge carrier mobility of con-
jugated polymers.'®"! Previous reports found that alkyl chains
with branch points closer to the heterocycle result in a more
twisted polymer backbone.'®! The shorter and more distant
branch in DMO side chain improves the polarity of the polymer

a) b)
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backbone as well. In summary, the 3,7-dimethyloctyl side chain
enables highly controlled polymerizations and yields solution
processable polymers with improved charge carrier mobility.

The polymer packing and crystallinity were investigated in
both bulk and thin films. For the bulk measurements, macro-
scopically oriented fiber samples were prepared by extru-
sion and after annealing at 90 °C placed vertically in front of
a two-dimensional wide-angle X-ray scattering (2DWAXS)
detector (Figure 3).?! The annealing temperature was below
the melting point of PTh and PSe (Figure S10, Supporting
Information). Polymer PTe did not undergo any phase transi-
tion within the investigated temperature range. The patterns in
Figure 3 reveal distinct differences between the three polymers.
In all three fiber specimens, the polymer chains are aligned
along the extrusion direction as evident from the small-angle
equatorial 100 reflections. From these scattering intensities,
the interlayer distance is derived as 2.30 nm for PTh, 2.26 nm
for PSe and 1.92 nm for PTe. The smaller interlayer distance
in heavier analogous polychalcogenophenes with an identical
side chain (PTh > PSe > PTe) has been previously observed by
us and others and is related to the polymer packing within the
layers.[11:182.30] Specifically, the large heteroatom is thought to
increase the n-stacking distance which allows more side chain
interdigitation and decrease the interlayer distance. Remark-
ably enough, PTe does not show any higher order or m-stacking
reflections which suggests poor order (Figure 3c). In contrast,
the large number of reflections suggests high crystallinity for
PTh (Figure 3a), while it slightly decreases for PSe (Figure 3b).
Both polymers also reveal n-stacking with a distance of 0.37 nm
for PTh and 0.38 nm for PSe.

The thin film organization of the polymers was further
explored by grazing incidence wide-angle X-ray scattering
(GIWAXS) which confirmed the differences in order observed
for the bulk extruded samples (Figure 4). The highest crystal-
linity is found for PTh and the lowest for PTe. The main sur-
face arrangement for the three polymers is assigned to edge-on
as evident by the strong out-of-plane reflections related to the
interlayer organization. The interlayer distance in thin films is
in a similar range as in the bulk with 2.19 nm for PTh, 2.24 nm
for PSe and 1.91 nm for PTe (Figure S11a, Supporting Informa-
tion). Similarly, m-stacking is only observed for PTh (0.36 nm)
and PSe (low intensity reflection, 0.37 nm), while PTe shows no
packing of polymer chains within the layer structures. Interest-
ingly, in PTh, besides the edge-on arrangement, the coexistence

c)

Figure 3. 2DWAXS patterns recorded at 30 °C for fiber specimens after annealing at 90 °C of a) PTh, b) PSe, and c) PTe.
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Figure 4. GIWAXS patterns recorded for films of a) PTh, b) PSe, and c) PTe.

of a face-on phase is evident from the out-of-plane n-stacking
and additional in-plane interlayer reflections (Figure S11b, Sup-
porting Information).l3!

To better understand the origin of these different micro-
structures, surface topologies were analyzed by AFM. The thin
films of the polymers that were used in FET studies all exhibit
a similar nodular morphology by AFM (Figure 5), which is typ-
ical for thin films of conjugated polymers.13?l However, slight
differences were discerned between the film of PTe (Figure 5c)
and those of the other two polymers (Figure 5ab). Films
obtained from PTe revealed a morphology consisting of small
and dense globular features, whereas no such microstructure
was observed in the other films. In these globular structures,
the relatively poorly soluble polymer was quite disordered. The
reduced solubility complicates solution processing and dis-
rupts polymer packing, consistent with decreased m-stacking in
PTe. Given that PSe exhibited a mobility that was more than a
factor of 10 greater than PTh, but no distinct difference could
be observed in the film microstructures, the AFM determined
surface morphology appears insignificant.

To rationalize the dependence of mobility on the chemical
structure of the polymer chain, a series of theoretical calcula-
tions were carried out. We first calculated ionization poten-
tial and electron affinities of corresponding tetramers. For all
polymers, the variation of IPs and EAs is small (Table S3, Sup-
porting Information) as confirmed experimentally by cyclic vol-
tammetry.®*l Hence the change in mobility cannot be attributed
to a drastically different HOMO level or different injection bar-
rier (Scheme S2, Supporting Information).

We then evaluated the energy profile of a rotation about the
inter-ring bond (Figure 6). The simulations show that the rela-
tive stability of the cis conformation increases with heteroatom
size, suggesting more cis conformers along the respective

Figure 5. AFM height images of a) PTh, b) PSe, and c) PTe films.
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xy

polymer chains. This is consistent with the lower crystallinity
of heavier polychalcogenophenes, particularly polytelluro-
phene. Additionally, the rotational barrier gradually increases.
A higher rotational barrier increases the difficulty in removing
the conformational defects during processing resulting in
their higher density along the backbone. This is evident from
the increase in full width at halfmaximum in the absorption
spectra (Figure S5, Supporting Information).} Most impor-
tantly, the large rotational barrier indicates that internal rota-
tion in the tellurophene-based polymer (PTe) is more confined
than in selenophene (PSe) and thiophene (PTh) analogues,
leading to higher intrachain charge carrier mobility. The torsion
angle between two repeat units decreases in the heavier ana-
logues (Table S4, Supporting Information), indicating that the
polymer chains are more planar. Again, the increasing planarity
improves intrachain carrier transport. The more confined and
planar backbone is consistent with the higher Ayy/A; transi-
tion observed in the absorption spectra of PTe (Figure S5, Table
S5, Supporting Information), which can be interpreted as an
increase in conjugation length and better intrachain order.’’
Overall, our findings suggest that heavy atoms increase rota-
tional barriers and planarity, ensuring higher carrier mobility
even in low-crystallinity polymers.[36]

A series of regioregular, high molecular weight, low
dispersity poly(3-alkylchalcogenophene)s (S, Se, Te) has been
prepared. A 3,7-dimethyloctyl side chain imparts similar pro-
cessability to all three samples. The charge carrier mobility in
transistors increases from PTh to PSe to PTe. PTh and PSe have
similar surface morphology whereas PTe shows unique fea-
tures. X-ray scattering reveals that the crystallinity of the sam-
ples follows the opposite trend in mobility. Importantly, we find
that the increased torsional barrier and planarity conferred by
heavier heteroatoms imparts high mobility despite the presence
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Figure 6. Dihedral potential between two neighboring repeat units cal-
culated at B3LYP/6-31g+(d,p) level of theory (arrows indicate the lowest
energy conformation).

of larger, branched alkyl chains. The results improve our under-
standing of “heavy” group-16 containing polymers and further
support that high degrees of crystallinity are not necessary for
high performance in FETs.

Experimental Section

Synthesis: Monomers were prepared according to literature
procedures'8! starting with commercially available 3,7-dimethyl-1-
octanol (Scheme S1, Supporting Information).

General Procedure for Polymerizations: 1sopropylmagnesium chloride
(0.98 equiv.) was added to a solution of 2,5-diiodo-3-(3,7-dimethyloctyl)
tellurophene (350 mg, 0.61 mmol) in THF (5.2 mL). The mixture
was stirred at r.t. for 15 min and then transferred to a Schlenk flask
containing Ni(dppe)Cl, catalyst (2.16 mg, 0.0041 mmol, 0.67 mol%)
and stirred at 40 °C for 1 h before quenching with dilute HCl. The
polymer was precipitated into methanol and purified by sequential
Soxhlet extraction (methanol, hexanes, and chloroform). The chloroform
fraction was concentrated under reduced pressure to give a dark purple
solid (113 mg, 58%). The polymer was further purified by column
chromatography in chloroform before use.

Cyclic  Voltammetry:  Cyclic voltammetry measurements were
conducted with a BASi Epsilon potentiostat on drop-cast polymer
films (10 mg mL™" in CHCl;) on gold electrodes. Measurements
were run in acetonitrile/tetrabutylammonium hexafluorophosphate
(0.1 M) solutions versus Ag/AgCl at a scan rate of 100 mV s™' with Fc/
Fc* as an internal reference. The onset values were determined using the
intersection of the baseline with the steepest tangent to the curve.

Ultraviolet-Visible Spectroscopy: Optical absorption spectra of polymer
thin films were obtained using a Varian Cary 5000 spectrometer. Glass
slides were cleaned with aqueous detergent, thoroughly rinsed and
washed in deionized water, acetone, and isopropanol for 15 min cycles
in an ultrasonic bath. Slides were dried with pressurized nitrogen and
treated with oxygen plasma for 10 min. Thin films were prepared by
spin casting polymer solutions (10 mg mL™" in chlorobenzene stirred at
70 °C for 3 h) on clean glass slides at 2000 rpm for 30 s. Solutions were
filtered through 0.45 um PTFE syringe filters before deposition. Spectra
were recorded on films annealed at 100 °C for 10 min in a nitrogen
glovebox at <5 ppm O,.

Charge Transport Measurements: Silicon substrates with a 300 nm
silicon dioxide dielectric layer were used for the fabrication of field-effect
transistors (FETs) using each polymer as the active material. Substrates
were successively washed in acetone and isopropanol respectively
for 15 min cycles in an ultrasonic bath. After drying with compressed
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nitrogen, the substrates were treated with oxygen plasma for 5 min.
Finally, the substrates were functionalized with hexamethyldisilazane
(HMDS) vapor at 140 °C for 6 h. Substrates were then transferred to
a nitrogen glove-box system. All FET fabrication and measurement
was performed under inert atmosphere. All three polymers, PTh,
PSe, and PTe, were dissolved in toluene at a concentration of
15 mg mL™" and stirred at 75 °C for 3 h. Solutions of other solvents
such as chlorobenzene (CB) or 1,2-dichlorobenzene (DCB) were
also prepared, but no continuous layers were obtained on HMDS
functionalized substrates. OFETs prepared from CB and DCB solutions
on untreated substrates exhibited a poor field-effect and are not included
in this work. The semiconducting films were obtained by spin-coating at
3000 rpm for 2 min. After deposition, the films were annealed at 90 °C
for 10 h in vacuum. Subsequently, gold source and drain top electrodes
were thermally evaporated through a shadow mask to ensure the
same configuration for all transistors. The channel dimensions of the
bottom gate and top contact devices were 30 um and T mm in length
and width, respectively. The output and transfer characteristics were
measured with needle micromanipulators connected to a Keithley 2636b
electrometer. The charge carrier mobilities were calculated from transfer
characteristics in the saturation regime, using the following formula:

Iy = a0 Ct(Vy —Van)’

FETs based on PSe and PTh exhibited nonlinear behavior of the drain
current in the transfer characteristics, especially for high gate voltages
(Figure S7, Supporting Information). This may be the result of non-
Ohmic contacts or charge trapping and scattering at the interface.}’l A
linear fit to the square root of the transfer curve in the region of high
gate voltages would result in significantly overestimated values of the
threshold voltages. Therefore, the parameters were extracted from
the linear fit in the range between —20 and —40 V of the gate voltage.
Non-ideal behavior of the OFETs, expressed as a deviation from the
linearity of the transfer characteristics, causes ambiguity in the mobility
estimations. To provide more information on the charge carrier mobility
in saturation and linear regimes, a relation between the mobility and
gate voltage was derived as shown in Figure S8, Supporting Information.
Mobility in the linear region was calculated from the transfer curves at
Vys =—20V, according to the following formula:

w
la=Cittin (Vg - Vth)vds

Effective mobilities were calculated according to recent literature.®l
This parameter describes an equivalent electrical performance of a
device in which the relation between drain current and gate voltage
would follow the ideal (linear) pattern. The calculation of the effective
carrier mobility is based on the following formula:

Hefr =1 X Hclaimed

where Uguimed Stands for the mobility calculated by fitting the straight
line to the chosen region of the Iy;'/2/V,, relation and r is the reliability
factor (the closer this factor is to the value of 1, the more ideal is the
behavior of the OFET). The reliability factor is calculated according to
the following formula:

o™ —ial” |

|VG| max
—
NN
BVG

where [I4|™ is the maximum source-drain current, |I4° is the source-
drain current at Vg = 0V and |V¢|™ is the maximum gate voltage.

© 2018 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Differential Scanning Calorimetry: Differential scanning calorimetry
(DSC) was performed on a Mettler DSC 30 at a heating/cooling rate of
10 °C min™" under nitrogen flow.

Atomic Force Microscopy: Height imaging of the films was performed
in tapping mode using a Nanoflex atomic force microscope (AFM).
All images were obtained with Olympus silicon cantilevers at 320 kHz
resonance frequency.

X-Ray Scattering: 2DWAXS measurements of the thin films were
performed using a custom setup consisting of a copper solid-anode
X-ray tube (Bruker AXS Krystalloflex 760, operated at 35 kV and 30 mA),
Osmic confocal MaxFlux optics and a three pin-hole collimation system.
The X-ray beam size has 1.0 mm radius. The samples were prepared as
a thin filament, 0.7 mm in diameter, via filament extrusion at 25 °C using
a custom-built miniextruder.?°l For the measurements, the samples were
firstly annealed at 90 °C below the melting point of PTh and PSe and
then positioned perpendicular to the incident X-ray beam and vertical
to the 2D detector. The scattering intensity was detected on a 2D image
plate (MAR-345) with a pixel size of 100 um (2345 x 2345 pixels), and
the detector was placed 300 mm from the sample center. Scattering
data are expressed as a function of the scattering vector: g = 47/A sin©,
where O is half the scattering angle and A = 0.154 A is the wavelength
of the incident radiation. GIWAXS measurements of thin films were
performed using the same equipment. For thin films, the samples were
irradiated just below the critical angle for total reflection with respect
to the incoming X-ray beam (=0.1°). All X-ray scattering measurements
were performed under vacuum (=20 mbar) to reduce air scattering and
beam damage to the samples. All 2DWAXS data processing and analysis
was performed using the software package Datasqueeze (http://www.
datasqueezesoftware.com).

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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