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olymeric organic semiconductors, like many other macro-

molecular systems, can display the full spectrum of micro-
structures, from essentially disordered, or amorphous, to highly
crystalline. Many electronic properties and processes are criti-
cally depending on this molecular and supramolecular order." ™
However, it often is still unclear which particular microstructural
aspects contribute to the macroscopic electronic attributes of
these materials. In the field of commodity polymers, such as
polyethylene (PE), isotactic polypropylene (i-PP), nylons, and
polyesters, one structural characteristic that has been found to be
of paramount importance for optimizing mechanical functional-
ities, including Young’s modulus and, in particular, tensile
strength, is the degree of chain extension and associated lamellar
crystal thickness [ (see for a schematic Figure 1a). In analogy, in
the present study we focused on this specific feature and explored
whether [, varied through different processing schemes, influ-
ences charge transport in conjugated polymeric matter. Initial
indications for such a relation exist. On the basis of a range of
poly(3-hexylthiophene)s (P3HT) of relatively low weight-aver-
age molecular weight M,, (2.4 kg mol " < M,, < 18 kg mol '),
Zhang et al. have, for example, established a correlation between
“weight-average contour length Lyy” and field-effect transistor
charge-carrier mobilities #ggT, with ggr increasing with L.’
Considering the relatively low molecular weight of the materials
investigated by Zhang et al., one can assume from Brinkmann and
Rannou’s work that these P3HT's form chain extended crystals,
which would imply that Lyy ~ L.

Here, we focus on P3HTSs of larger molecular weights to
ensure that the macromolecules are of a length well above the
range where they naturally form extended-chain crystals, i.e., in
the regime where chain folding sets in, and chain entanglements
form in their melt or concentrated solutions (schematically in-
dicated in Figure 1b; see also refs 6—11). Two different P3HTs
(weight-average molecular weight M,, = 60 and 344 kg mol ')
were selected and solidified from the melt at ambient and under
elevated pressure. For comparison, both polymers were also cast
from solution, as this is the most frequently adopted processing
method for this polymer family. In addition, thin films were

prepared from solution at ambient from a low-molecular-weight
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P3HT of M,, = 22 kg mol ™, which does not feature molecularly
connected crystalline moieties and can be expected to form chain
extended crystals also when processed at ambient conditions. The
latter is evident from their brittle tensile behavior (Supporting
Information Table S1). [N.B. We observe the onset of plastic
deformation for the material of M, = 60 kg mol *, indicating that
elastic percolation is reached. This implies that the crystalline
entities are connected through individual macromolecules (“tie
molecules”; see schematic in Supporting Information Figure S1),
which results in the typical structure of common semicrystalline
“plastics” of alternating crystalline lamellae and amorphous (largely
unordered) regions, as they are processed at ambient from the melt
or concentrated solutions.*'?]

Standard protocols were followed for solution- (2 wt % P3HT
in xylene) and melt-crystallization at ambient.">”'* Pressure-
induced solidification was performed in a cubic anvil press. More
specifically, 0.1 g of P3HT was heated in a boron nitrite (BN)
crucible inside a pyrophyllite cube with a graphite heater from
room temperature to ~300 °C at ambient pressure, at a rate of
10 °C min" . Subsequently, the pressure on the assembly was
increased from ambient to 5 kbar at a rate of 0.33 kbar min ™'
through use of six tungsten carbide anvils. Thereafter, the
polymer was cooled to room temperature at 10 °C min~ ' under
S kbar, followed by release of the pressure. [N.B. These proces-
sing parameters were selected based on the fact that for most
polymers featuring weak secondary van der Waals bonding (such
as P3HT) application of a pressure of 5 kbar results in an increase
in their melting temperature Ty, by ~100 °C,'"*° thereby
creating a pressure-induced supercooling, which in turn causes
the phenomenon of pressure-induced solidification.®]

The above experimental procedure resulted in dense cubes of
P3HT of a few mm® in size, which were of a conspicuous golden
appearance and featured characteristic striations generally
observed for extended-chain crystals,® as the photograph in
Figure 1c illustrates. Of note is that the crystal unit cell of these
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Figure 1. (a) Depending on the experimental conditions under which
polymers solidify, a variety of structures can be obtained that comprise
crystalline building blocks similar to those found in single crystals.
Characteristic periodicities, i.e., the long period L and the lamellar crystal
thickness J, are indicated in the left panel. Fully extended structures may
be obtained if the chain length (i.e., the molecular weight) is sufficiently
small or the density of entanglements is reduced prior to solidification by
selection of suitable processing routes. (b) Schematic of a polymer melt
or polymer solution of high concentration. The molecular weight
between two entanglements M, is indicated. (c) Photograph of a
P3HT sample (M,, = 344 kg mol ') solidified at 5 kbar.

materials was unaltered; i.e., application of a high pressure of
5 kbar appeared not to induce another crystal polymorph, as
evidenced by the wide-angle X-ray diffractograms presented in
Figure 2. Thus, from a crystallographic perspective, the high-
pressure-solidified samples are comparable to solution- and
melt-crystallized material. However, the (100) reflection (g =
0.399 A™") was found to be more intense for the high-pressure-
solidified specimen when compared with solution- and melt-
crystallized (at ambient pressure) samples. This finding is indi-
cative of an increased degree of crystallinity of the former.

This conclusion is supported by differential scanning calorim-
etry (DSC) studies. Significantly higher enthalpies of fusion
AH; were recorded for the high-pressure-solidified materials
(AHfhigh-pressure ~ 30_] g—l Vs AHfmelt»crystallized ~ 23_] -1 for
P3HT60K, and AHfhigh-pressure ~ 29_] g—l vs AHfmelt-crysta lized ~
17] g~ " for PBHT***; see Table 1 and Figure 3a). These values
correspond to a degree of bulk crystallinity of 30% (28%) and
23% (17%) for respectively pressure- and ambient melt-solidified
P3HT of M, = 60 kg mol ' (344 kg mol '), assuming
an enthalpy of fusion for a 100% crystalline materials AH;® =
99] g " (with X = AHy/AHP).>!
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Figure 2. Wide-angle X-ray diffractograms of P3HTs crystallized from
the melt at ambient pressure (dark gray pattern) and at S kbar (black)
and from solution at ambient (light gray). (a) P3HT of M,, = 60 kg
mol~'; (b) P3HT of M,, = 344 kg mol . [Data for P3HT structures
produced at ambient were obtained from the same film, which was first
cast and then analyzed, after which it was molten, solidified, and
remeasured. ]

Table 1. Microstructural Data Deduced from Small-Angle
X-ray Scattering, Wide-Angle-X-ray Dffraction, and Differen-
tial Scanning Calorimetry for Poly(3-hexylthiophene)
(P3HT) of M,, = 60 and 344 kg mol ', Melt-Crystallized at
Ambient Pressure and S kbar

P3HT long period  crystallinity lamellar
gradeProtocol q9 nm ! L, nm X, % thickness I, nm
60K™ " 0.3 21 23 4.9
60K high-pressure 03 19 30 58
344 K™t 0.2 31 17 54
344 Khigh-pressur 0.2 31 28 8.9

More strikingly, though, the calorimetric studies revealed a
distinct increase of the melting temperature T, of the high-
pressure-crystallized polymer, from 235 to 248 °C for P3HT of
M,, = 60 kg mol ' and 240 to 252 °C for the 344 kg mol ™!
material, compared to the identical species solidified from the
melt at ambient (Figure 3a and Table 1). This increase in melting
temperature of high-pressure-solidified P3HT is suggestive of a
larger lamellar crystal thickness and a partial chain extension in
these materials (schematically depicted in Figure la, right),
as a correlation between T, and [ is well-known and well
established ' %>>~>*

We, therefore, set out to generate more quantitative informa-
tion regarding the thickness of the crystalline entities constituting
the various P3HT solids. For this purpose, we employed small-
angle X-ray scattering (SAXS; for experimental methods see
ref 25). In Figure 3b, the SAXS profiles of both high-pressure-
solidified material and P3HT melt-crystallized at ambient are
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Figure 3. (a) Differential scanning calorimetry of P3HT of M,, = 60 kg mol ™' (top panel) and 344 kg mol " (bottom panel). Material solidified at
S kbar (black) and crystallized from the melt at ambient pressure (gray). (b) Small-angle X-ray patterns for the two respective polymers (P3HT of M, =
60kgmol ™ : left panel; M,, = 344 kg mol ~ *: right panel). Top: P3HT crystallized at ambient. Bottom: at high pressure. Average long periods, as deduced

from peak intensities in the SAXS profiles, are indicated with arrows.

shown. Employing these data, average long periods L (i.e., the
periodicity of a lamellar crystalline stack and amorphous inter-
lamellar phase; cf. Figure 1a, left) were deduced from the peak
positions indicated with arrows in Figure 2b. Values of L were
found to be of similar magnitude (~20 nm for the P3HT of M,, =
60kgmol ™ ' and ~30 nm for the polymer of M,, = 344 kgmol ")
in both the high-pressure and the melt-solidified materials and
were in the range previously reported for other P3HTs.”**°As a
matter of fact, Wu et al. regorted long periods of 27 nm for
P3HTs of M, =21 kg mol ™ ! 26 and Canetti et al. found L to be in
the range of 11.7 and 16.8 nm for systems of M, ~ 16 kg
mol ™ ',** depending on the annealing protocol followed,*® both
in agreement with the transmission electron microscopy data
reported by Brinkmann and Rannou." Taking into account the
difference in degree of crystallinity X of our P3HT samples (melt-
crystallized at high vs ambient pressure), we arrived at the
conclusion that pressure-induced crystallization resulted in an
increase of the crystal thickness I = (AHg/AH{°)L = XL of up to
65% for the higher molecular weight material (pmelt-solidified g 4
nm to [MEPrSUe & 8 9 nm ) while an increase of more than 15%
was observed for the P3HT of M,, = 60 kg mol ! (Jme!t-sclidified
4.9 nm; [MEPPTESUE & S 8 ),

Further exploring the above-mentioned correlation between
crystal thickness and T,,, we adopted the commonly applied
Gibbs—Thomson equation,”” which for polymers generally is
presented in the form of

T = T,,[1=[2y/(AH;))] (1)

where Tf is the equilibrium melting temperature, AH; the
enthalpy of fusion per unit volume, ) the lamellar surface free
energy (or “fold-surface” free energy), and [ the lamellar
crystal thickness. Extrapolating the increase in T, found for

high-pressure-solidified material to the melting point of P3-
HT crystals of infinite size T°,%” we find for the P3HT of M,, =
344 kg mol ' TS, to be 270 °C. Note that this value is slightly
higher than previously reported for P3HT by Canetti et al.”* We
attribute this discrepancy to the higher molecular weight of the
P3HT we used for our study—a relation which has been quan-
titatively described by Flory and Vrij.*®

From the above microstructural analysis, we conclude that
pressure-induced solidification indeed caused formation of P3-
HT solids not only of higher degrees of bulk crystallinity but also
of increased crystal thickness. We now turn to the electronic
characteristics of such P3HT samples and their dependence on
these structural features. To this end, the bulk charge-transport
properties of P3HT samples were assessed by time-of-flight
(TOF) photoconductivity measurements (Figure 4). Dispersive
hole photocurrent transients similar to those reported previously
for solution-processed P3HT"? were found for all our materials;
however, the inflection point arrival times t, (indicated in
Figure 4a with arrows) differed considerably. Remarkably indeed,
for the high-molecular-weight P3HT, the transient arrival time
(at electric field E = 10° Vs~ ') decreased by more than 2 orders
magnitude from close to 10° us to less than 10* us, as is evident
from Figure 4a. The latter, faster transport corresponds to an
improvement in charge-carrier mobility #ror of close to 100
(Figure 4b, circles), as deduced from the expression

Utor = dZ/Vtt (2)

where d is the sample thickness, t, the inflection point arrival time
obtained from a double-logarithmic plot of the photocurrent
transient (see Figure 4a), and V the applied voltage.

For the lower-molecular-weight material (60 kg mol '), the
enhancement in charge-carrier mobility in pressure solidified
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Figure 4. (a) Time-offlight (TOF) photoconductivity transients for
P3HT of M,, = 344 kg mol ', crystallized from solution (light gray) and
the melt (dark gray: solidified at ambient pressure; black: solidified at
S kbar). Transient arrival times ¢, are indicated with arrows. Again the
same film was used for characterization of samples produced at ambient.
(b) Field dependence of TOF charge-carrier mobility. A comparison
between high-pressure-solidified (black symbols) P3HT and material-
crystallized from solution (light gray symbols) is shown (square
symbols: P3HT®; circles: PAHT>*X). [Note: the electronic response
time of the circuit T was at all times kept well below the time base of the
measurement. |

materials was less pronounced (Figure 4b, square symbols).
According to classical polymer science, such behavior may have
been expected as polymers of shorter length (lower molecular
weight) more readily form extended chain crystals and, hence,
benefit less from pressure-induced formation of solids. This
insight is further supported by the fact that the high-pressure-
solidified P3HT of M,, = 60 kg mol * displayed essentially
identical time-of-flight mobility values as material of M,, =
22 kg mol ' cast from solution at ambient (see Supporting
Information Figure S2). As discussed above, the latter sample will
feature a chain-extended solid-state microstructure, indicating
that a saturation in #tor has been reached. The latter observa-
tions is also in accord with work by Ballantyne et al,* who
showed that the time-of-flight mobility increases with decreasing
M,,, leveling off around a value pror ~1 X 10 *em?V 'slat
M,, ~ 20 kg mol .

Questions remain why we find improved bulk charge-trans-
port in high-pressure-solidified materials. While thermal analysis,
in combination with wide-angle X-ray diffraction and small-angle
X-ray scattering, strongly implies that the lamellar crystal thick-
ness in P3HT structures can be increased through pressure-
induced crystallization, clearly also their overall degree of crystal-
linity was enhanced (see Table 1). Therefore, it may be difficult
to fully disentangle the effects of these two microstructural
aspects on charge-transport properties. Indeed, in the P3HT
investigated here the material of M,, = 60 kg mol ! (high-
pressure solidified) displayed higher TOF moblities than the
material of M, = 344 kg mol * processed in the same manner,

despite the latter featured crystalline lamellae of higher values
of I. This probably is due to a number of reasons: P3HT of M,, =
60 kg mol ' is possibly chemically more pure and of lower
polydispersity, but it is also more crystalline. A more fair com-
parison may be based on systems of similar—if not identical—
M,,. For instance, in recent work we have shown that blends of
P3HT with high-density polyethylene (HDPE) resulted in a
considerably improved bulk charge transport, while the degree of
crystallinity of the semiconductor in such binaries was not signi-
ficantly affected.'® A noticeable increase in melting temperature
was observed, however, for these semiconducting:insulating
systems, which suggests that crystals of increased thickness
and more extended chain structures were obtained through the
blending procedure, resulting in the observed enhanced elec-
tronic properties.

In summary, our data strongly indicates that the lamellar
crystal thickness can influence the electronic properties of con-
jugated polymers of M,, > M,. Therefore, further improvements
in these characteristics may be possible when employing the
necessary physicochemical means to fully extent high-molecular-
weight polymer semiconductors during assembly of the solid
state. Intuitively, high-pressure solidification is not likely to be
the appropriate tool for this purpose, especially for fabrication of
architectures for commercial usage, but results obtained with the
above-mentioned P3HT:HDPE blends illustrate that various
other means exist that permit tailoring specific structural char-
acteristic of functional materials of polymeric nature. Advanta-
geous alternative pathways toward increased crystal thickness
are, of course, crystallization at elevated temperature from dilute
solutions, or the so-called “virgin” processing routes. The latter
takes advantage of the observation that under favorable thermo-
dynamic/kinetic conditions during their creation macromole-
cules can be retrieved from the reactor in a solid form that is
highly ordered (“crystalline”) and in which the polymer chains
are virtually free of chain entanglements and thus can be
processed directly in highly extended chain structures.® >
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