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ABSTRACT: The carrier mobility of poly(2,5-bis(3-alkylthiophen-2-yl)thieno[3,2-b]thiophene) semiconductors
can be substantially enhanced after heating through a thermotropic mesophase transition, which causes a significant
improvement in thin film structural order. By directly measuring film structure throughout a heating and cooling
cycle, we identify the molecular origin of this mesophase transition as the melting of interdigitated linear alkane
side chains, in this case quaterdecyl. The morphology and phase behavior throughout the thermal cycle are controlled
by the changing conformation of the side chains. Surprisingly, the melting of the side chains allows increases in
the backbone order, 7—s stacking, and carrier mobility. Upon cooling, the side chains recrystallize to preserve
the excellent mesophase order and enhanced electrical performance.

Introduction

Organic semiconductors are promising active layers for low-
cost and flexible electronics that can be deposited by additive
processes such as printing."* An important consequence of
solution deposition is that the semiconductor microstructure
forms dynamically upon solidification. The low molecular
diffusivity of polymer semiconductors during solidification
typically results in poor packing and nonequilibrium micro-
structures,” often yielding domains less than ~20 nm with many
boundaries where st overlap is poor.* Polymer semiconductor
films therefore typically exhibit lower carrier mobility than
highly crystalline films of vapor-deposited small molecules such
as pentacene,” which have greater diffusivity during solidifica-
tion, facilitating assembly into large, micrometer-scale domains.

A promising approach to improve the order of solution-
deposited polymer films has recently been demonstrated with
the development of polymers®™® that exhibit a thermotropic
mesophase transition. Heating films of these new polymers
above this mesophase transition results in the growth of
relatively large, highly ordered domains. Carrier mobility after
a thermal cycle through the mesophase rivals that of vapor-
deposited small molecules and even amorphous silicon.” This
transition is not observed® in earlier semiconducting polymers
such as regioregular poly(3-hexylthiophene) (rr-P3HT).’ Mi-
crostructure measurements of films before and after mesophase
heating have revealed dramatic improvements in film order,®®
yet the molecular origins of this mesophase transition and its
relationship to the development of order have not been
established.

In this report we determine the molecular origin of the three-
dimensional order that develops when one of these high carrier
mobility polymers, poly(2,5-bis(3-quaterdecylthiophene-2-yl)-
thieno[3,2-b]thiophene) (pBTTT, Figure 1), is heated to its
mesophase. Microstructure development throughout a heating
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Figure 1. Primary chemical structure of pBTTT.

cycle is characterized in situ by specular X-ray diffraction
(XRD) to follow changes in the film order perpendicular to the
substrate, while a combination of in situ polarized absorption
spectroscopies (infrared, visible, and X-ray) are applied to
determine changes in the conformations and orientations of the
side chains and conjugated backbone. This combined approach
allows characterization of virtually all aspects of film structure
as they change with temperature.

Materials and Methods

pBTTT was synthesized by previously described methods.”
Differential scanning calorimetry (DSC) measurements were per-
formed on pBTTT powder using a TA-Q1000°° with a heating and
cooling rate of 10 °C/min. Silicon substrates were hydrophobically
modified by cleaning in an ultraviolet ozone cleaner for 10 min,
rinsing with deionized water, and immersing in a 0.002 mol/L
hexadecane solution of octadecyltrichlorosilane (OTS8) at room
temperature for 16 h. Substrates were then cleaned in a Bransonic
ultrasonic cleaner for 15 min in chloroform, isopropanol, and
deionized water and heated atop a hot plate to 150 °C for 10 min.
Hydrophobic substrate modification was confirmed by a water
contact angle of 105°—107°. pBTTT was dissolved at 3.5 mg/mL
in a mixture of 8:1 by volume chloroform to dichlorobenzene. Films
were spin-cast from 80 °C solution at 3000 rpm with fast
acceleration. Typical film thickness by spectroscopic ellipsometry
(SE) measurement was ~25 nm. All pBTTT formulation and
processing were performed in a nitrogen environment.

Specular XRD was performed on a modified commercial
diffractometer with a Cu Ko source. Samples were kept under
vacuum in a beryllium-windowed chamber atop a heated copper
block. Typical collection time for specular XRD was ~30 min per
temperature. Grazing incidence X-ray diffraction (GIXD) was
performed at the Stanford Synchrotron Radiation Laboratory on
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beamline 7-2; the films were illuminated with an 8 keV beam at a
constant incidence angle of ~0.2°. Samples were kept under flowing
helium in the poly(ethyl ether ketone) dome of an Anton-Parr
temperature chamber. The diffracted beam resolution was set by
1 mrad Soller slits. To account for thermal drift, the sample was
realigned at each temperature.

Near-edge X-ray absorption fine structure (NEXAFS) spectros-
copy was performed at National Institute of Standards and Technol-
ogy beamline U7A of the National Synchrotron Light Source.
Carbon K-edge collection was performed in partial electron yield
mode with a grid bias of —50 V. Spectra were collected at five
incident angles and normalized with respect to carbon concentration
by their intensity at 330 eV. NEXAFS carbon K-edge measurements
were performed by necessity a high-vacuum environment. Typical
soak/collection time for NEXAFS was ~20 min per temperature.

SE was collected at three angles from the surface plane (45°,
30°, and 15°) with an M 2000 series ellipsometer (J.A. Woollam
Co., Inc.) and analyzed using vendor supplied software. To reduce
correlations in the extracted uniaxial dielectric functions, measure-
ments were made on identical films on two substrates: Si wafers
terminated with an OTS8-modified native oxide or 200 nm thick
thermal oxide. Typical soak/collection time for SE was A17 min
per temperature for the sample pair.

Polarized, Transmission Fourier Transform IR. Fourier
transform IR (FTIR) spectroscopy was performed using a Magna
860 FTIR (Thermo Nicolet) on films cast on double side polished
Si substrates with the sample tilted at Brewster’s angle of 16.3°
with respect to the incident beam. Polarization was controlled via
a wire grid polarizer. Typical soak/collection time for FTIR was
~14 min per temperature. Samples were kept under nitrogen for
both SE and FTIR measurements.

Organic field effect transistors (FETs) were prepared by spin-
coating pBTTT onto bottom gate, bottom contact test structures
with an OTS-modified, 230 nm thick thermally grown silicon oxide
gate dielectric and a common gate of highly doped silicon. Source
and drain contacts were afforded by an interdigitated gold electrode
array of channel length of 20 um and channel width of 1 cm
fabricated by lift-off photolithography. Devices were probed in a
nitrogen-purged Cascade probe station; electrical measurements
were performed with two Keithley 6430 and one Keithley 2100
with a common floating ground. Field-effect hole mobilities were
extracted in the saturation regime from the linear fit of the square
root of source-drain current vs gate potential. A typical soak/
collection time for FET measurement was 210 min per temperature.

Results and Discussion

The temperature of the mesophase transition in pBTTT
powder was determined by differential scanning calorimetry
(DSC), shown in Figure 2, which reveals two transitions during
the first heating ramp. A lower temperature transition is observed
at Ty, ~ 60 °C, and a higher transition is observed at Ty, ~
158 °C. Upon cooling, only a single transition is observed at
Tc =~ 100 °C. No lower temperature cooling transition analogous
to the Ty transition is observed down to —50 °C. Over the
second heating cycle, the Ty transition is not observed, and
the Ty transition occurs at a slightly lower temperature
(148 °C) and with greater heat flow. The T¢ transition of the
second cycle is identical with the first.

The observation of two heating endotherms but only a single
cooling exotherm suggests that the powder contains some
pBTTT that is not in the thermodynamic equilibrium state but
is instead at a local free energy minimum, described as a
transient or metastable state. This state is eliminated by heating
above Ty and recrystallizing through T¢. The sharp definition
of the Ty endotherm suggests that the microstructure of the
metastable state is well-defined rather than disordered. The
change in position and magnitude of the Ty, transition in the
second cycle suggests that pBTTT in the metastable phase for
the first cycle contributes to the Ty, transition in the second
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Figure 2. Differential scanning calorimetry of pBTTT powder.
Experimental standard uncertainty is less than 1%.

cycle. A higher temperature phase change, not shown here but
reported previously,” occurs at ~233 °C.

Thin pBTTT films, after they are heated above Ty, and
recrystallized through 7¢ (a process we will hereafter call
annealing), exhibit a layered microstructure of slightly tilted,
m-stacked conjugated backbones. The microstructure of pPBTTT
becomes substantially more aligned and ordered upon annealing,
and the carrier mobility increases.” Annealed pBTTT films
exhibit exceptional levels of backbone positional order in the
layer stacking and s stacking directions compared to rr-P3HT
of similar molecular mass.” The alkane side chains of pBTTT
are substantially tilted from the surface normal and significantly
interdigitated between layers.'® The density of the interdigitated
pBTTT side chains in their closest-packed plane is nearly that
of crystalline polyethylene, and their methylene groups exhibit
few gauche defects. It is suggested that interdigitation of the
side chains promotes three-dimensional ordering and is a key
advantage of polymers such as pBTTT over earlier, lower-
performance semiconducting polymers such as rr-P3HT."!

The molecular origin of the pPBTTT mesophase transition is
suspected to relate to the side-chain conformation because Ty»
shifts with changing alkane side-chain length, whereas the
temperature of the higher temperature transition remains constant
near 233 °C. The packing of the conjugated backbone contrib-
utes strongly to the energetic stability of the pBTTT crystal,"’
so it is reasonable to expect that the phase transition near
233 °C may result from the disordering of backbone packing.

We have characterized the Ty/Tc mesophase transition in
pBTTT films ~25 nm thick prepared by spin-coating atop
octyltrichlorosilane (OTS8)-treated silicon oxide. We focus
primarily on first heating and cooling cycles to examine the
technologically important mechanism of microstructure and
mobility improvement by annealing. We consider second cycle
data for certain measurements to highlight the molecular nature
of the mesophase. The temperature of a mesophase change can
be sensitive to the rate of temperature change, which for this
study varies depending on the requirements of the analytical
technique used. Even with significant differences in measure-
ment times among techniques, 7y and 7¢ agree reasonably well
with the DSC transition temperatures when they are detected
by relevant structure measurements as described below.

The layered microstructure of pBTTT films results in a series
of (h00) diffraction peaks in specular XRD (Figure S1). The
(200) Bragg peak is the most straightforward to analyze because
it is intense but unaffected by the reflectivity background.
Specular XRD of the (200) peak was collected while an as-cast
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Figure 3. pBTTT lamellar order from analysis of the (200) peak in
thin film specular XRD for first cycle heating: (a) overall peak area
(integrated intensity), note logarithmic scale; (b) layer spacing; (c)
approximate domain size along surface normal from the Scherrer
relationship. Arrows indicate the development of these quantities
through the first heating cycle. Lines are to guide the eye. Error bars
represent the uncertainty of fit; in (a) error bars are less than the marker
thickness. Raw XRD data are provided in the Supporting Information.

pBTTT film was heated to 180 °C and then cooled. Analysis
of the (200) diffraction peak provides the extent of layer order/
alignment, the layer spacing within domains, and the ap-
proximate thickness of well-ordered domains.

Both greater layer order and better layer alignment parallel
to the substrate plane increase the (200) Bragg peak area.
Changes in peak area over a heating cycle are shown in Figure
3a. The peak area modestly increases by a factor of 3.0 upon
heating from 25 to 100 °C. This temperature range corresponds
to the Ty transition, so the melting of the transient phase may
be responsible for the increased order and/or alignment. The
peak area increases by a much larger factor of ~20 from 140
to 170 °C, across the Ty transition and into the mesophase.
The relatively constant peak area above 160 °C indicates that
the layer structure no longer changes substantially within the
mesophase. Upon cooling, the peak area remains constant to
~120 °C, where it begins to further increase, consistent with
Tc from DSC. The peak area thereafter appears relatively stable
at temperatures lower than 100 °C.

Changes in the vertical layer spacing over a heating cycle,
determined from the position of the (200) Bragg peak center,
are shown in Figure 3b. The layer spacing does not increase
significantly when heating from 25 to 100 °C. The pBTTT
crystal should exhibit thermal lattice expansion, but the mea-
sured layer spacing also includes contributions from the
metastable state, which could have a different layer spacing and
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furthermore melts across this temperature range, as shown by
the DSC data. After the metastable state is completely melted,
we observe a nearly linear increase in layer spacing from 100
to 140 °C. The layer spacing expands abruptly to 2.30 nm over
the Typ transition and then once again exhibits a linear increase
once within the mesophase. The recystallization contraction
occurs at 120 °C. The cooling trend reveals linear dependences
of layer spacing on temperature within each phase and in
particular shows the expected thermal dependence of the pBTTT
lattice that was obscured during heating.

A final quantity that can be extracted from specular XRD is
the approximate domain size normal to the substrate. If one
assumes that the Scherrer relationship'? is valid, the domain
size along the surface normal (the “domain thickness”) can be
related to the full width at half-maximum of a Bragg peak.'?
The development of domain thickness with temperature is shown
in Figure 3c. Domain thickness is 212 nm as cast and increases
modestly to 216 nm as temperature increases to 100 °C. Domain
thickness appears to decrease approaching 140 °C, and then it
increases abruptly from 140 to 160 °C, where it achieves a
plateau of ~26 nm, which is the approximate total film
thickness. Upon cooling, the domain thickness remains near the
film thickness. The small dips in domain thickness that appear
near the Ty, phase transition while heating and cooling are most
likely due to broadening of the Bragg peak by the coexistence
of crystalline and mesophase components with different layer
spacings and therefore may not accurately reflect the domain
thicknesses at those temperatures. For the same reason, it is
likely that contributions from the metastable state and its melt
decrease the apparent domain thickness during the heating ramp
at temperatures below Tip.

We note that in some cases 11-P3HT can exhibit a small
increase in crystallinity with film heating to 150 to 180 °C.>'*"7
This increase may be analogous to the modest increase we
observe in pBTTT (200) peak area from 25 to 140 °C. It has
been reported that heating in this temperature range can improve
the field effect mobility of some rr-P3HT films,'* but not
others.”>™'7 Importantly, equilibrium phase changes do not
appear to be responsible for these modest improvements in
P3HT microstructure. It is possible that the melting of a
metastable state is instead responsible. Microstructure improve-
ments of the magnitude caused by the pBTTT Ty mesophase
transition have not been observed in P3HT for heat treatments
below its sole consistently reported phase transition, a
~240 °C backbone melt that is analogous to the ~233 °C phase
transition of pBTTT.

The development of in-plane order in pBTTT films over its
mesophase transition can be further examined with GIXD, which
reveals in-plane positional order. GIXD results are shown in
Figure 4. Two significant peaks are observed: the (003),
corresponding to regular order along the pBTTT backbone, and
the (010), corresponding to regular order between backbones.
The location of the (003) corresponds to a spacing of
~1.34 nm, which is approximately the pBTTT repeat unit
length. At room temperature, the 77— interplane backbone
spacing taken from the location of the (010) peak is ~0.370
nm. At 180 °C, both peaks remain. The spacing between
backbones expands to 20.381 nm, while the (003) peak does
not shift position. The t—u stacking of pBTTT therefore persists
above the mesophase transition 7.

Surprisingly, the XRD measurements clearly show that the
exceptional vertical layer order of pBTTT is established upon
entering the mesophase through Ty, not upon recrystallization
to the room temperature phase through 7. Heating to the
mesophase apparently provides molecular mobility sufficient to
grow highly ordered domains of a single phase to the full film
thickness. When the film cools, this high level of layer order is
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Figure 4. GIXD patterns of a pBTTT film as cast and then when heated
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Figure 5. Response of pBTTT side-chain conformation to heating. FTIR
methylene antisymmetric stretch position for the (a) first heating cycle
and (b) second heating cycle. Raw FTIR data are provided in the
Supporting Information. Experimental standard uncertainty of peak
position is smaller than symbols.

maintained. The architecture of the mesophase provides a
template for layer packing upon recrystallization.

While the XRD measurement explains at what temperature
the pBTTT layer order develops, it does not reveal the molecular
origin of the mesophase transition. To isolate conformational
changes in the side chains and backbone, we apply polarized
photon absorption spectroscopies, also with in situ heating. We
first study changes in the side-chain conformation and orienta-
tion over a heating/cooling cycle.

The most important aspect of side chain conformation is the
extent of gauche defects, which determines whether the chains
are linear or coiled/random and qualitatively describes chain
crystallinity. The extent of gauche defects can be qualitatively
monitored by the energy of the antisymmetric methylene stretch,
VcH2a in IR spectroscopy. The vepp, can vary from 222928 cm™!
for a liquidlike alkane to ~2918 cm™! for a fully crystalline
alkane.'®'? The evolution of the vcuo, over a heating cycle is
shown in Figure 5a. The chains are initially quite well ordered.
The chains exhibit a significant increase in the extent of gauche
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defects at Ty, indicating that the melting of the metastable state
is associated with alkane chain melting. The extent of side-
chain disorder then increases monotonically, exhibits a signifi-
cant increase near Ty, and then reaches a plateau at ~160 °C
where the side chains are essentially liquidlike. Upon cooling,
the side chains remain liquidlike until ~T¢, where the chains
appear to recrystallize. Below T¢, defects are gradually elimi-
nated, and when annealing is complete, the chains are more
ordered than they were initially, with vcpp, ~ 2919.5 cm™!.

The behavior of the side chain conformation during a second
heating cycle, shown in Figure 5b, further confirms that the
metastable state only occurs in films that have not been
previously heated above Ty». No inflection of vcpp, is observed
near Ty in the second heating cycle. Instead, v, first increases
monotonically, exhibits an inflection near 7>y, and then reaches
a plateau at ~160 °C where the side chains are liquidlike. When
returning to room temperature, vcpp, Significantly decreases at
~Tc.

IR spectroscopy reveals that the origin of the mesophase
transition in pBTTT thin films is side-chain melting. The side
chains must melt significantly before the layers can reorganize.
This requirement is consistent with the significant level of side-
chain interdigitation in the crystalline phase, both before and
after annealing.'' Crystalline and interdigitated side chains can
be regarded as rigid links extending vertically that constrain
the lateral motions of backbones and packed backbone layers.
Only when the side chains are completely melted can the
backbones freely move. At that point layer order defects can
be removed and the quality of layer ordering dramatically
improves (see Figure 3a). Upon cooling, the side chains
recrystallize to capture and maintain the high level of layer order/
alignment achieved in the mesophase. Side-chain interdigitation
therefore provides a general mechanism to achieve and then
preserve layer order because it both allows “repairs” to defective
or small crystals that form during solidification from solution
and then “locks in” the order.

Given that side-chain melting is the origin of the pBTTT
mesophase transition, it follows that the metastable state of
pBTTT may arise from an alternative side-chain packing
arrangement. This packing arrangement apparently has a
substantially lower melting temperature (7y; &~ 60 °C) than the
interdigitated, lowest free energy side-chain packing arrange-
ment (Ty, ~ 145 °C). Importantly, no observable amount of
the metastable state is formed after recrystallization through T¢.
It is possible that formation of the metastable state requires that
pBTTT pass through a solvent-induced (lyotropic) liquid crystal
phase on solidification from solution or that pBTTT have a
differently packed or less ordered backbone.

It is important to identify whether the dramatic film restruc-
turing upon side-chain melting is accompanied by changes in
the backbone conformation because it is within the backbone
layers that charge carriers are formed and transport occurs.
Ultraviolet—visible spectroscopic ellipsometry (SE) can simul-
taneously measure changes in the absorbance spectrum and
backbone long-axis orientation.'®?° The SE measurement
provides the complex dielectric function € = €' + i€" from 350
to 800 nm, which is assumed to be uniaxial with distinct
components within the film plane and normal to it. The
imaginary component €"(4) scales with pBTTT absorbance,
which is dominated by its first singlet 7 — sr* transition.
Changes in the peak energy of this transition (Am.) with
temperature, called thermochromism, provide insight into the
torsional order of the backbone rings because A, systematically
varies with conjugation length. Long conjugation lengths lead
to higher values of A, (bathochromic or red shifts) while
decreases in conjugation length lead to lower values of Amax
(hypsochromic or blue shifts). The m — 7* singlet transition
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constant; (¢) NEXAFS 7* dichroic ratio R, which indicates the average
tilt of the conjugated planes of the pBTTT backbone. Raw SE and
NEXAFS data are provided in the Supporting Information.

dipole moment lies along the pBTTT backbone, and the
changing in-plane (e,,") to out-of-plane (e;") contributions to
€" arise from the net backbone orientation with respect to surface
normal.

The thermochromism of pBTTT is shown in Figure 6a.
Initially, Amay is 534 nm, and it remains approximately constant
until ~120 °C, when it begins to trend toward shorter
wavelengths. No abrupt increase in torsional disorder is observed
at Ty or Tip; the Anax instead continues a gradual hypsochromic
shift. Similarly, upon cooling, An.x exhibits a gradual batho-
chromic shift, although we do observe a small jump in Apax
near Tc. The final A,y is at a longer wavelength than it was
initially, reflecting a longer backbone conjugation length that
is consistent with the improved layer order measured by XRD.
Upon a second heating (not shown), An,y essentially retraces
the cooling curve. This second-pass behavior suggests that the
temperature-independent absorbance during first cycle heating
is associated with competition between thermally activated ring
torsion and the elimination of the metastable state, which
modestly improves layer order. The generally monotonic shift
in absorption, and the lack of transitions or inflection points, is
consistent with a single structure for the backbone over the
relevant temperature range. This is further supported by the lack
of an isosbestic point in the dielectric spectra, similar to the
thermochromism of regioregular P3AT’s below their melting
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transitions.>! The lack of backbone transitions is also consistent
with the GIXD result that st—m stacking persists in the
mesophase above Tp.

The average backbone long-axis orientation is indicated by
the ratio of €,," to €;". A film with perfect lamellar order would
exhibit no €.". The temperature dependence of this ratio is shown
in Figure 6b. The backbone orientation modestly improves to
150 °C, where it increases abruptly toward greater orientation
at Typ. The backbone orientation appears to reach a plateau
within the mesophase. Upon cooling, much of the in-plane
backbone orientation achieved in the mesophase is lost. The
greatest reductions in backbone orientation are observed near
120 °C. The final backbone orientation is more in-plane than it
was initially, but not as much as it was in the mesophase. In
general, the backbone orientation trend follows the trend in
overall layer order determined by specular XRD, which is
reasonable because the in-plane character of individual back-
bones should be closely correlated to the planar alignment of
the packed backbone layers. A measurable extent of backbone
orientation is lost upon the recrystallization of the side chains,
and we note that some peak intensity is also lost in the last
stages of cooling in specular XRD. These losses suggest that
the side-chain interdigitation in the crystal phase is not
completely compatible with the structure of the mesophase,
resulting in slight crystallization-induced strain and the formation
of defects.

A final important aspect of backbone conformation is the
orientation of the conjugated planes. The conjugated planes of
pBTTT and other thiophene polymers typically adopt an edge-
on orientation that allows st overlap in the film plane, although
the planes prefer to tilt 20°—30° from a perfect edge-on
arrangement.'®?? The carbon—carbon 1s — 7* transition in
near-edge X-ray absorption fine structure (NEXAFS) spectros-
copy>* can be used to follow the conjugated plane tilt over a
heating cycle, with results shown in Figure 6¢. The conjugated
plane orientation is quantified by a dichroic ratio, R, which is
positive with a maximum of 0.7 for “edge on” conjugated planes
and negative with a maximum of —1.0 for plane-on or flat
conjugated planes. R = 0 indicates a tilt of the conjugated plane
normal near the magic angle of 54.7° or random tilt. The partial
electron yield method employed is intrinsically surface sensitive,
sampling approximately the top 6 nm of the film. We assume
that the orientation is similar at the top and bottom of the film,
as we previously showed for annealed pBTTT films using a
delamination technique.'® The conjugated plane dichroic ratio
R decreases gradually at temperatures above ~130 °C, indicating
either greater tilt or increased disorder about the mean tilt. This
decrease is consistent with the onset of the hypsochromic
absorbance shift. No abrupt change of conjugated plane orienta-
tion is observed at Ty or Ty, and significant edge-on orientation
is maintained through the mesophase transition and beyond.
Upon cooling, the preferred edge-on orientation is gradually
restored, with a small step coincident with T¢, and the final
conjugated plane orientation is more edge-on than it was
initially. The conjugated plane orientation trend exhibits
some similarity to the thermochromism trend, consistent with
the assumption that thermally activated ring torsion causes the
decrease in conjugation length and alters absorbance. The
maintenance of a reasonably high level of edge-on conjugated
plane orientation in the mesophase is consistent with the
maintenance of sr-stacking in the mesophase observed by GIXD.

This combination of measurements allows us to draw a
detailed picture of the pBTTT mesophase above Ty,. It consists
of highly ordered layers of m-stacked backbones separated by
melted side chains. This phase may be classified as a high order
smectic liquid crystal; it has layers lacking vertical registry that
have aromatic subdomains within them with two-dimensional
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spatial order and a preferred surface-relative tilt. We cannot
explicitly exclude the possibility that Ty is a crystal—crystal
transition as recently proposed for thiophene oligomers;**
however, it seems unlikely that vertical registry would be
maintained by the disordered side chains. The melted side chains
presumably afford sufficient molecular diffusivity to allow layer
order and vertical domain size to improve dramatically.
However, the mesophase must be quite viscous, as we do not
observe film dewetting (atop OTS8) upon exceeding Ty, but
we do see it upon exceeding the phase transition temperature
near 233 °C. Atomic force microscopy indicates that the lateral
size of domains is greatly increased after annealing, confirming
the high-viscosity yet liquidlike rheology of the mesophase.'”

The structure of the pPBTTT mesophase invites comparisons
to the liquid-crystalline mesophases of other so-called “hairy
rod” polymers with rigid backbones and alkane side-chain
substitution. No structure or classification has yet been proposed
for the few reports of well-defined mesophases in “hairy rods”
with thiophene backbones.”*> We note that early thermal cycle
studies of P3HTs synthesized without regioregular control
suggest the existence of a poorly defined, nematic-like disor-
dered state at temperatures exceeding 100 °C, formed by the
cooperative thermal disordering of side chains and back-
bones.?>?” In contrast, the liquid crystalline properties of the
polyfluorenes (PFs, both pure and copolymerized with thiophene)
have been widely studied. Grell et al. first reported that PFs
with branched side chains can exhibit a well-defined nematic
mesophase and further demonstrated that heating films to this
mesophase caused the PF backbones to adopt in-plane alignment
on rubbed polyimide surfaces.?® The alignment of PF backbones
has been used to study anisotropy in carrier mobility* and
electroluminescence.® Backbone alignment has also been used
as a valuable tool to study the packing details of PFs. When PF
backbones do exhibit regular spatial order, they typically assume
a hexagonal structure in what is called an a-phase, which lacks
regular 77-stacking between backbones.'** Other types of “hairy
rods”, with aromatic amide or ester backbones and linear side
chains, can form smectic-like layered structures. These structures
were termed “sanidic” by Ringsdorf in recognition of the
“boardlike” behavior of the backbones,**** which in these
phases adopt a preferential conjugated plane orientation with
respect to the smectic-like layering direction. The mesophase
of pBTTT above Ty, very closely resembles this classification
because it exhibits well-defined layers that have sz-stacking order
and preferential conjugated plane orientation within. The
technological role of the high-order smectic pBTTT mesophase
is distinct from that of the PF nematic state because it allows
the formation of laterally large, well-ordered domains with
excellent alignment with respect to the surface normal, leading
directly to the high carrier mobility that can be achieved with
this class of polymer semiconductors.

Heating to the mesophase improves the carrier mobility of
pBTTT (and other polymer semiconductors that exhibit a
mesophase®”), by a factor of 2—35. It is possible to follow the
change in carrier mobility through a heating cycle. The
interpretation of this data is complicated, as is convolves at least
four distinct processes: intrinsic thermally activated transport
in the channel; intrinsic thermally activated injection at the
contacts; thermal induced morphology changes in the channel;
and thermal induced morphology changes at the contacts. A
complete separation of these effects is beyond this paper.
Nonetheless, we report the carrier mobility of pBTTT transistors
throughout a thermal cycle in Table 1. The mobility increases
gradually and monotonically through the Ty, transition. Above
T, the mobility decreases somewhat but remains of a similar
magnitude, consistent with the maintenance of w—s stacking
observed in GIXD, the high levels of layer order/alignment in
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Table 1. Saturation Mobility of pBTTT TFTs over a First
Heating Cycle”

temperature (°C) mobility (cm?/(V s))

25 as-cast, room temperature 0.11
100 above Ty 0.30
180 above T 0.22
80 below Tc 0.40
25 annealed, room temperature 0.37
“ Data are extracted from transfer curves where Vps = —100 V, transistor

L = 20 yum, and W = 10 mm. Raw transfer curves are provided in the
Supporting Information. Standard uncertainty of mobility is +5%.

specular XRD, the in-plane backbone orientation from SE, and
the edge-on conjugated plane orientation from NEXAFS. Upon
cooling, mobility gradually increases, with the most rapid gains
near Tc suggesting that the influence of the improved micro-
structure outweigh thermal activation in this region. The carrier
mobility at 80 °C increases to a maximum factor of ~4 over
the as-cast mobility.

Conclusions

These measurements reveal that the molecular origin of the
mesophase transition in high-performance semiconducting
polymers is the melting of interdigitated and crystalline alkane
side chains. Heating above this transition reaches a liquid-
crystalline state with improved levels of layer order, m—x
stacking, backbone orientation, and excellent carrier mobility.
Reinterdigitation of the chains upon cooling preserves the high
level of order. Further advances in polymer semiconductor
synthesis must consider the interplay among (1) the backbone/
side chain interactions driving lamellar order, (2) side chain
crystallinity and interdigitation (influenced by areal attachment
density'" and possibly attachment point) that provide a mech-
anism for three-dimensional crystallization, and (3) the me-
sophase and its liquidlike yet ordered structure that permits
lateral domain growth. Careful synthetic design may soon result
in new polymer semiconductors with even higher carrier
mobilities and further improved processability.
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