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Abstract

Melt-crystallization of conjugated polymers has potential as an environmentally-friendly
alternative to solution processing, but the specific role of molecular attributes and potential
control strategies remain largely unexplored. Here, two series of regioregular poly(3-
hexylthiophene) (P3HT) reveal that the effects of chain length depend strongly on the amount of
chain defects (regioregularity). Beyond the chain-folding transition, increasing molecular weight
M for 90% regioregular P3HT results in slower crystallization kinetics and crystallites of reduced
thermal stability, while 95% regioregularity renders crystallization nearly insensitive to chain
length. Melt self-seeding can be used to manipulate the crystallization temperature of P3HT, but
is most efficient when crystallization is hindered the most—i.e. for longer, more defective chains.
P3HT self-seeding is dominated by the thermal stability of the crystallites originally present, and
not by diffusion effects solely dependent on My,. Overall, the results underscore the critical need
to control and report both regioregularity and molecular weight.
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1 Introduction

Conjugated polymers are currently the subject of much interest due to their optical and
electrical conductivity properties, which make them candidates for applications such as flexible
electronics, solar cells, light-emitting diodes and sensors [1-3]. A workhorse among this class of
materials is regioregular poly(3-hexylthiophene) (P3HT), which has been widely explored in
literature as a model conjugated semicrystalline polymer. Similarly to classical polymers,
conjugated polymers exhibit strong relationships between their semicrystalline structure and
final properties (conductive, mechanical, optical, etc.). For example, charge transport in P3HT is
strongly influenced by a complex relationship between crystallinity, tie chains between
crystalline aggregates, lamellar thickness, and long-range orientation [4-8]. In turn, the detailed
semicrystalline morphology that forms in conjugated polymers is thought to depend strongly on
the specific resin used and on the conditions under which crystallization occurs. However, the
exact interplay between molecular attributes, processing conditions, and final structure is
complex and remains elusive.

Solvent-free crystallization of P3HT—and of other conjugated semicrystalline polymers—has
received much less attention than solution processing [5, 9-12]. Indeed, the vast majority of
studies on P3HT involve the use of organic solvents, so crystallization occurs in solution [13-19].
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While solvents afford relative ease of processing, melt-crystallization has potential as an
environmentally-friendly alternative that does not require the use of toxic organic solvents, and
crystallizing directly from the melt may result in structures not attainable through solution-
crystallization. However, in order to envision potential use of melt-processing to yield optimal
morphologies and properties in P3HT, the interplay between molecular variables (i.e. molecular
weight, regioregularity, etc.), processing conditions, and crystallization must be understood and
controlled.

The combined effect of molecular weight and regioregularity on crystallization of P3HT has
not been explored, although each of these parameters has been examined individually while
keeping the other approximately constant. When isolating the effect of chain length, most
studies have examined P3HT samples in the lower molecular weight range which typically exhibit
poor charge transport due to lack of connectivity between crystalline aggregates [4, 5, 20-22].
For such short P3HT chains—where chain-end effects are important and which may not yet be
highly entangled—increasing molecular weight results in increasing melting temperature,
crystallization temperature, and crystallinity [5, 11, 22-24]. Furthermore, below Mw ~ 19 kg/mol
(Mn ~ 11 kg/mol), the lamellar period increases with molecular weight and closely tracks the
length of a fully extended chain, indicating extended-chain crystallization [25]. In contrast, fewer
studies have explored the effect of chain length on crystallization of P3HT for molecular weights
large enough that charge transport is no longer limited by crystalline connectivity, most relevant
for applications. Indeed, increasing Mw quickly improves charge transport due to formation of
tie chains, but beyond certain Mw tie chains cease to be limiting and transport within crystalline
aggregates—weakly dependent on Mw—becomes the constraining factor. Above Mw ~ 19 kg/mol
(Mn~ 11 kg/mol), the lamellar thickness saturates at ~ 25 nm indicating the onset of chain-folding
[25], while levelling of melting and crystallization temperatures has been reported beyond My, ~
30 - 45 kg/mol (Mn ~ 25 kg/mol) [11, 24].

The isolated effect of regio-defects on P3HT crystallization has been much less explored than
molecular weight, despite the advent of synthetic innovations allowing control over
regioregularity [26-29]. It is thought that regio-defects in the P3HT chain may either be excluded
from the crystal or, if incorporated, result in an enthalpy penalty. Recently, Snyder et al. showed
that more defective chains of P3HT yield thinner lamellae [30], while Luscombe demonstrated
that regio-defects can be incorporated into the crystal lattice [31]. In general, studies which
isolate the effect of regioregularity at fixed molecular weight find that higher regioregularity
results in increasingly ordered morphologies and faster charge transport [32-36]. However, the
combined role of regioregularity and molecular weight on P3HT crystallization has not been
examined.

In contrast to conjugated polymers, the role of molecular weight and chain defect content on
crystallization and melting of classical polymers has been extensively investigated over a wide
range of molecular weights [37-40]. For very low molecular weights where chain end effects are
still important, melting and crystallization temperatures increase with increasing molecular
weight. As the molecular weight becomes large enough that chain end effects no longer
dominate, the behavior changes: linear homopolymers generally exhibit a plateau and then slight
decrease in their crystallization temperature along with nearly invariant melting temperatures,



while random copolymers or branched polymers show a clear decrease in both crystallization
and melting temperatures with increasing chain length [37-39, 41].

Even though the crystallization process plays a key role on final morphology and properties,
strategies to control crystallization of conjugated polymers are limited —particularly for solvent-
free processing. Self-nucleation (SN) is a technique for control of nucleation first described by
Keller that consists of dissolving or melting selected crystalline populations to yield either small
crystal fragments or polymer chain bundles with residual segmental orientation, which can
subsequently act as “seeds” or “self-nuclei” from which crystallization ensues [42-44]. The
resulting increase in number of nuclei/volume yields increased crystallization temperatures,
faster kinetics, and changes in semicrystalline morphology [43]. SN has been widely applied to
traditional polymers, but there are few examples of SN in conjugated polymers and most are in
the presence of solvents [13, 45-47]. Solvent-free SN has rarely been applied to P3HT and was
found to be ineffective for particular P3HT grades, attributed to relatively high densities of
nuclei/volume in P3HT [48-50]. However, it is unknown whether the effectiveness of a SN
protocols remains limited across P3HT melts of various regioregularities and molecular weights.

In this study, we investigate the combined role of chain defects (regioregularity) and chain
length (Mw) on the process of melt-crystallization of P3HT. The used molecular weights are large
enough that chain-folded crystallization and significant chain entanglement is expected, and the
examined regioregularities are relatively high (> 90%). Then, we examine the self-nucleation
behavior of P3HT and its effectiveness in manipulating the crystallization process and increasing
crystallization temperature across a range of chain molecular characteristics.

2 Experimental
2.1 Materials

Two series of poly(3-hexylthiophene) (P3HT) of varying molecular weights were obtained
from Rieke Metals and used without further purification (Table 1). Each series had matched
regioregularities of either ~ 90% (named “R90” series hereafter) or ~ 95% (“R95” series). Each
sample name reflects the corresponding series and the weight-averaged molecular weight M.
Characterization data from GPC and 'H NMR is provided in Figure S1 and S2 in Supplementary
Data.

Series Sample Muw Mn PDI rr
(kg/mol) (kg/mol) (%)

R90-25k 25.0 14.4 1.7 91

R90-46k 46.1 20.5 2.2 90

RO0-P3HT R90-66k 66.4 27.6 24 90
R90-79k 78.7 35.1 2.2 89

R90-91k 91.3 37.5 2.4 90

R95-29k 29.3 14.6 2.0 95

R95-P3HT R95-40k 40.4 19.3 2.1 95
R95-55k 55.2 23.7 2.3 95

R95-83k 834 37.1 2.2 96




Table 1. Molecular characteristics of R90 and R95 series. My: weight-average molecular weight,
My: number-average molecular weight, PDI: polydispersity index, rr: regioregularity.

2.2 Differential Scanning Calorimetry (DSC)

Samples of approximately 3-4 mg of P3HT were punched from a press-molded film, placed
inside a Tzero aluminum pan-lid assembly, and crimped with a T-zero press. Care was taken to
ensure that the sample had optimal contact with the bottom of the pan. DSC measurements were
performed with a TA Instruments Q250 differential scanning calorimeter under nitrogen
atmosphere. Prior to non-isothermal and self-nucleation experiments, each sample was
thermally erased to remove previous history. The heating and cooling rates were fixed at 10
°C/min for both non-isothermal and self-nucleation experiments.

2.2.1 Non-isothermal (NI) experiments

The thermal protocol for non-isothermal crystallization/melting experiments consisted of
heating to T = 260 °C, isothermally holding for 5 min, cooling to 100 °C and holding for 1 min,
and then heating again to 260 °C. Data was analyzed using TA Instruments TRIOS software to
obtain peak crystallization and melting temperatures (T. and Tm), and melting enthalpies (AHm).

2.2.2 Self-nucleation (SN) experiments

The self-nucleation (SN) thermal protocol consists of alternating “non-isothermal cycles”
(non-shaded segments in Figure 1) and “Ts-cycles” (shaded segments in Figure 1). First, the
polymer was heated to an erasing temperature T. = 260 °C, held isothermally for 5 min, and then
cooled to 100 °C where it was allowed to stabilize for 1 min. At this point, a “standard state” of
the sample had been created. The polymer was then heated to a pre-selected holding
temperature Ts and held isothermally for 5 min. Next, the sample was cooled to 100 °C (shaded
cooling ramp), stabilized for 1 min, and then heated to Te again (shaded heating ramp).
Afterwards, alternating non-isothermal and Ts—cycles with varying values of Ts were performed.
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Figure 1. Thermal protocol for self-nucleation experiments.

The crystallization trace after holding at Ts as well as the subsequent melting trace (shaded
cooling and heating ramps in Figure 1, respectively) were analyzed with TA instruments TRIOS
software to extract crystallization and melting temperatures as well as melting enthalpies. The
results served to determine whether a particular value of Ts resulted in the desired self-
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nucleation domain (Domain Il). From higher to lower Ts, three possible domains of behavior were
described by Fillon as follows [43]:

- Domain I or full melting domain: subsequent crystallization and melting are unchanged when
compared to a non-isothermal cycle.

- Domain Il or self-nucleation domain: some self-nuclei survive the partial melting process at
Ts, so subsequent crystallization occurs at higher temperatures due to the increased number
of nuclei.

- Domain Ill or annealing domain: some crystallites anneal at Ts, resulting in an extra high
temperature endothermic peak in the subsequent heating. Upon cooling from Ts, a high
temperature exothermic shoulder or peak may emerge, attributed to recrystallization.

Recently, further subdivision of the self-nucleation Domain Il has been proposed: self-seeding
Domain llb, when Ts is low enough for some crystal fragments or self-seeds to survive—i.e. Ts <
Tm,end Of the DSC melting endotherm—and melt-memory Domain lla, for Ts is well above the
melting endotherm such that only non-crystalline self-nuclei could survive [51].

2.2.3 X-ray diffraction

Ex-situ transmission X-ray diffraction was performed at the 12-ID-B beamline at the Advanced
Photon Source (Argonne National Laboratory) using incident x-rays with energy 13.30 keV. 2D
scattering patterns were simultaneously collected on two detectors (a Pilatus 300k and a Pilatus
2M mounted ~ 0.4 and 2.0 m from the sample, respectively) to cover the desired g-range. An
exposure time of 1 s was used. The 2D patterns were radially averaged and stitched to produce
1D intensity vs. g plots.

3 Results and discussion

3.1 Role of regioregularity and molecular weight on melt-crystallization
Thermal properties.

The effect of molecular weight Mw on P3HT non-isothermal crystallization and melting
temperatures (Tc and Tnm, respectively) is strongly dependent on chain defect content, exhibiting
very different trends for 90% and 95% regioregularity. On one hand, Tm and T for R95 samples
do not significantly vary with Mw and the crystallization peak remains sharp, nearly unchanged
for all samples (Figure 2a,b). In stark contrast, the lower regioregularity R90 series exhibits a clear
decrease in both Tm and Tc with increasing Mw (Figure 2c,d), and the crystallization peak
progressively broadens with increasing chain Mw. For 90% regioregular P3HT, the decrease in T
is more pronounced than that of Tm. A small high temperature shoulder is observed during
melting of all R90-P3HT samples as well as for R95-29k; it is possible that some melting-
recrystallization process may occur during heating.
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Figure 2. DSC traces for samples of varying Mw during (a) cooling of P3HT-R95; (b) heating of
P3HT-R95; (c) cooling of P3HT-R90; (d) heating of P3HT-R90.

The results above indicate that crystallization kinetics and thermal stability of the resulting
crystallites are strongly dependent on both chain length and chain defect content, with just a 5%
difference in regioregularity leading to significantly different behaviors. Indeed, the strong
decrease in Tc and Tm with increasing Mw reveals that longer chains of 90% regioregularity
experience increasingly sluggish crystallization kinetics and progressively reduced crystalline
stability, while P3HT with ~ 5% higher regioregularity exhibits crystallization kinetics and thermal
stability that are nearly insensitive to chain length (Figure 3a-b).
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Figure 3. Effect of Mw on (a) crystallization and (b) melting temperature for R90-P3HT and R95-
P3HT. (c) Comparison of non-isothermal Tp, for P3HT-R90 and P3HT-R95 with Tp reported in
previous studies for melt-crystallized samples where literature data has been replotted in terms
of Mw (adapted with permission from [24] copyright 2014 American Chemical Society and from
[11] copyright 2013 Elsevier).

The steep reduction in Tc and Tm with increasing My for 90% regioregular P3HT can be
qualitatively explained in terms of the need to select crystallizable chain segments combined with
the increasing sluggishness of longer chains. P3HT of lower regioregularity has a larger proportion
of defects and, thus, smaller availability of chain segments between defects that are long enough
(i.e. “crystallizable”) to be incorporated into a crystal. Therefore, there is higher probability that
a crystallizable chain segment may not be available near the growing crystal. When that occurs,
crystallization will only proceed when a long enough crystallizable chain segment diffuses to the
growth front. In samples of higher My, the longer polymer chains are increasingly entangled so
diffusion of crystallizable chain segments to the growth front is expected to be more sluggish
(Figure 4b), resulting in a slower, hindered crystallization process that occurs at lower
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temperatures and yields thinner crystallites of lower thermal stability. Conversely, faster
diffusion in lower My, P3HT can provide adequate supply of crystallizable segments to the growth
front (Figure 4a).

In contrast, the selection and transport process of crystallizable chain segments does not
significantly hamper crystallization of 95% regioregular P3HT, even for the longest chains with
My = 83 kg/mol. The molecular weight range probed for the R90 and R95 series is similar, so
their chain dynamics should be comparable. Thus, the increasingly sluggish diffusion process of
longer 95% regioregular chains is not a limiting factor for crystallization, likely due to the presence
of enough available crystallizable segments near the crystalline growth front. In other words,
because R95-P3HT has less chain defects than R90-P3HT, there is a larger pool of crystallizable
sequences, increasing the probability that crystallizable chain segments are available near the
growth front (Figure 4c, d) and thus leading to adequate supply of suitable chain segments to the
growth front during crystallization regardless of molecular weight (i.e. of diffusion rate).
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Figure 4. Schematic depicting transport of crystallizable chain segments to the growth front
for P3HT of different molecular weights and regioregularities. Crystallizing chain is depicted in
green (crystallizable segments) and red (defect-rich segments). Other chains in the melt are
depicted in grey.

Interestingly, the T and T for the R90 and R95 series become progressively similar as Mw
decreases, (Figure 3a-b), indicating that crystallization kinetics and crystallite thermal stability
become increasingly comparable despite the 5% difference in regioregularity. In other words,
faster chain diffusion in R90-P3HT of decreasing Mw increasingly enables adequate supply of
crystallizable segments to the growth front, so the behavior of shorter 90% regioregular chains
approaches that of their 95% counterparts. Likewise, as Mw increases, the behavior of the R90
and R95 P3HT progressively diverges: for example, Mw ~ 80 kg/mol, 95% regioregular P3HT
crystallizes ~ 29 °C and melts ~ 23 °C higher than 90% regioregular P3HT. It should be noted that,
while molecular weight distribution can exert some influence on thermal properties, the P3HT
samples in this study have similar polydispersity indices. Furthermore, because the crystallization
and melting behavior is inferred from the overall trend across a wide range of molecular weights



in each series, any effects arising from small differences in molecular weight distribution are
expected to be negligible.

The few studies that examine molecular weights well beyond the chain folding transition
report behavior matching that of R95-P3HT, i.e. nearly constant T, above M, ~ 30 kg/mol (Figure
3c). Clearly, the My, range of the R95 series corresponds to the beginning of a plateau in Tn;
furthermore, T of R95 samples closely matches the melting temperatures reported by Russell
(94-96% regioregular P3HT) and Stingelin (P3HT of matched but unreported regioregularity) [11,
24]. In contrast, the behavior of R90-P3HT strongly diverges, and the resulting thermal stability
strongly decreases for longer chains (filled squares in Figure 3c). The disparate effect of M, for
R90 and R95-P3HT highlights the key role of regioregularity on melt-crystallization and
underscores the need to account for chain defect content.

Melting enthalpies (AHm) are impacted by both molecular weight and regioregularity, and
vary between ~ 19 - 11 J/g for R90-P3HT and 21 - 17 J/g for R95-P3HT (Figure 5). Both series
exhibit a decrease in AHm with increasing Mw, which indicates that longer chain lengths
somewhat hinder the overall ability to crystallize at fixed regioregularity and is attributed to the
accompanying increase in chain entanglements. For fixed molecular weight, the AHn is always
smaller for 90% regioregularity, indicating that a larger amount of chain defects results in lower
attainable crystallinity for comparable chain lengths.
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Figure 5. Melting enthalpy after non-isothermal crystallization vs. Mw for samples with 95%
RR (empty squares) and with 90% RR (filled squares).

Crystallinity and lamellar thickness.

Crystallinity (Xc) may be extracted from the experimental AHn, by dividing by 4H,y,, the heat
of fusion of a perfect crystalline structure of form | P3HT. The specific value of 4H,; remains the
subject of discussion: 33 —99 J/g have been reported, and recent studies favor values between
33-491J/g[9, 48, 52-54]. Using AH,; =49 J/g, a lower bound for crystallinities can be estimated:
with increasing Mw, Xc for R95-P3HT decreases from ~ 43 to 36% while Xc for R90-P3HT decreases
from 37 to 24%.

All  non-isothermally crystallized samples—irrespective of molecular weight and
regioregularity—exhibit transmission WAXD patterns with isotropic rings for both (100) and (020)
reflections, indicating that there is no overall preferential orientation on the plane of the film
(Figure S3 in Supplementary Data). The interplanar distance in the alkyl-chain stacking direction
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d(100) ~ 1.66 nm is consistent with form I of P3HT [23] and does not significantly vary with chain
length or regiodefect content; likewise, pi-pi stacking distance is d(020) ~ 0.38 nm for all samples
(Figure 6). Therefore, the dimensions of the crystalline unit cell are invariant for the range of
chain lengths and defect content examined in this study.
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Figure 6. XRD patterns of R90 and R95 series after non-isothermal crystallization.

Lamellar thickness Ic generally correlates well with melting temperature of polymers, and the
Gibbs-Thompson expression has been widely used to describe the decrease in T due to finite
crystallite thickness [55]. However, Gibbs-Thompson does not take into account the presence of
chain defects: as described by the Sanchez-Eby theory, partial inclusion of chain defects in the
crystalline phase can additionally decrease melting temperature through an enthalpic penalty
[56, 57]. In the current study, the melting temperatures of R90-25k and R95-29k are similar in
spite of their disparate defect content, suggesting that the proportion of defect inclusion in the
crystals is not dramatically different for 90% and 95% regioregular P3HT and that the trends in
Tm with My, are likely dominated by l.. Consequently, it may be inferred that crystalline thickness
of 95% regioregular P3HT does not significantly vary with My, while Ic of 90% regioregular P3HT
decreases with increasing chain length.

Comparison with classical polymers.

The combined effect of molecular weight and regioregularity on melt-crystallization of P3HT,
exhibits similarities with the behavior reported for classical polymers—such as polyethylene—of
various chain lengths, defect content, and defect types (such as branching or copolymerization).
For example, the non-isothermal crystallization behavior of R95-P3HT samples is similar to that
of classical linear polymers and homopolymers; likewise, R90-P3HT resembles that of classical
copolymers and branched polymers (for molecular weights large enough to render chain-end
effects negligible). Indeed, increasing My, results in only small variations in Tr, for polyethylene
homopolymers, while random ethylene copolymers exhibit a clear decrease in Tn, attributed to
kinetic constraints during crystallization due to the selection and transport process of
crystallizable chain segments [37, 38, 41]. Likewise, increasing My, in linear polyethylene results
in a plateau and slight decrease of T. and nearly constant Tm, while low density polyethylene
exhibits a clear decrease in Tc and T attributed to the presence of short-chain branches [39].
Therefore, R95-P3HT is deemed to have a small enough amount of defects that allow it to behave
similarly to a classical homopolymer or linear polymer (at least under the crystallization
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conditions used in this study), while the greater quantity of chain defects in R90-P3HT renders its
behavior similar to a copolymer or a branched polymer. Indeed, P3HT with regio-defects is
thought to effectively behave as a copolymer [30].

The decrease in crystallinity with increasing P3HT chain length—regardless of content
defect—has also been observed in both polyethylene homopolymers and copolymers at
moderate molecular weights, prior to plateauing at very high molecular weights [37, 40, 58].
Likewise, an increase in percentage of chain defects in polyethylene copolymers at fixed Mw
correlates with a decrease in crystallinity [37].

3.2 Crystallization through self-nucleation

Upon application of a self-nucleation protocol, all P3HT samples exhibited the typical Domain
I (melting), Domain Il (self-nucleation), and Domain IIl (annealing), although the range of Ts for
each domain and the maximum attainable crystallization temperature varied across samples. In
Figure 7a, the set of crystallization exotherms obtained for R90-66k when cooling from various
Ts is displayed as a representative example of the self-nucleation behavior. For the highest
holding temperatures (Ts = 233 °C), the ensuing crystallization process is indistinguishable from
non-isothermal crystallization (compare red vs. black in Figure 7a), indicating that full melting
was attained (Domain I). Upon further decrease of Ts (225 °C < Ts £ 232 °C), the self-nucleation
Domain Il is reached (green traces) and T starts shifting to higher temperatures. Finally, the
annealing Domain Ill (blue traces) is attained at Ts = 224 °C when a high temperature endothermic
peak emerges in the melting trace (black arrow in Figure 7b) revealing that some annealing of
crystallites occurred at the holding temperature Ts, while a small high temperature shoulder—
due to recrystallization typical of Domain Ill—starts emerging during cooling in addition to the
self-nucleation crystallization peak.
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Figure 7. (a) DSC crystallization exotherms for non-isothermal cycle (black), and for cooling after

Ts = 234 - 224 °C (red for Domain I, green for Domain Il, blue for Domain Ill). (b) Melting

endotherms after cooling from Ts = 226 - 225 °C (green, Domain Il) and Ts = 224 - 223 °C (blue,
Domain Ill). Emergence of an annealing peak for Ts = 224 °C is indicated with an arrow.

The maximum attainable self-nucleation crystallization temperature Tcmax for all samples
occurred for the lowest holding temperatures Ts in Domain Il —i.e. near the boundary between
Domains Il and /ll)—through a self-seeding (SS) process, in the absence of detectable annealing
of crystallites. A representative example is shown in Figure 8, where the peak crystallization
temperature attained due to self-seeding for R90-66k (filled circles) is plotted against Ts and
superimposed with its non-isothermal melting endotherm (solid line). Clearly, Domain Il occurs
near—but still within—the end of the non-isothermal melting trace, indicating that the increase
in Tc is caused by residual crystallite fragments (self-seeds) and not by melt-memory effects
arising from self-nuclei well above the melting endotherm. The width in Ts of Domain Il was
similar across the P3HT samples, ranging between 7 — 10 °C. Upon decreasing Tsin Domain Il, Tc
firstincreases, then plateaus reaching the maximum attainable Tc.max near the domain boundary,
and finally starts decreasing once Domain Ill is reached. A plateau in Tc at the lower end of
Domain Il has been observed in other polymers and attributed to reaching a critical nucleation
density (~ 10%° - 10* nuclei/cm? for iPP and PVDF) high enough that further increase in nucleation
density does not result in significant shift of the calorimetrically measured Tc [43, 59].
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Figure 8. Peak crystallization temperature due to self-seeding for each T; (circles) and non-
isothermal melting trace (solid line) for R90-66k. Vertical dashed lines separate Domains I, I, and
Ill. The maximum crystallization temperature attainable through self-seeding (Tcmax) is indicated
with an arrow.

3.3 Role of regioregularity and Mw on effectiveness of self-seeding

Although the crystallization temperature can be manipulated through self-seeding in all P3HT
samples, the maximum attainable Tcmax as well as the relative increase in Tc of each specimen
were strongly dependent on regioregularity and Mw. The R90 series exhibited a strong
dependence of T¢ with My, with samples of lower molecular weight reaching higher
crystallization temperatures than those with longer chains (Figure 9a). In contrast, the 95%
regioregularity series did not exhibit much change in Tc across different molecular weights (Figure
9b). Likewise, the holding temperature Ts needed to attain the maximum crystallization
temperature was nearly invariant with My, for R95-P3HT but decreased strongly with increasing
chain length for R90-P3HT, indicating that the boundary between Domain Il and Domain Il was
nearly fixed for 95% regioregular P3HT but occurs at progressively lower Ts for longer 90%
regioregular chains. Similarly, the transition from Domain | to Domain ll—evident by the sudden
increase in Tc with decreasing Ts in Figure 9—occurs at similar T for all R95-P3HT samples but at
decreasing Ts with increasing Mw for R90-P3HT.
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Figure 9. Effect of Ts on the crystallization temperature attainable by self-seeding Tc for (a) 90%
regioregular and (b) 95% regioregular P3HT.

Although self-seeding increased the crystallization temperature in all P3HT samples, it was
found to be most effective for P3HT of lower regioregularity and higher Mw—i.e. it produced the
highest relative increase in Tc. The maximum attainable crystallization temperature Tc,max was
extracted from Figure 9 and compared with the non-isothermal Tc of each sample in Figure 10,
where the shaded area corresponds to the maximum possible increase in crystallization
temperature due to self-seeding (ATc,max). The largest increase ATcmax ~ 26 °C occurred for R90-
91k P3HT, that is, the longest and most defective chains. As the molecular weight of 90%
regioregular P3HT is decreased, ATc,max becomes progressively smaller until it reaches ~ 5 °C for
R90-25k. In contrast, the series with higher 95% regioregularity exhibits a relative increase in T¢
of ~ 9-13 °C, almost invariant with Mw.
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Figure 10. Tcmax attainable by self-seeding (filled circles) and non-isothermal T. (empty squares)
vs. Mw for 90% regioregularity (red) and 95% regioregularity (blue). The shaded areas represent
the maximum relative increase in crystallization temperature ATc max.

The results above reveal that the impact of self-seeding on P3HT melt-crystallization depends
strongly on both chain length and amount of chain defects. Self-nucleation most effectively
increases Tc for P3HT samples with lowest regioregularity and highest Mw: in other words, SN
causes the largest rise in Tc in samples for which the process of crystallization was hindered the
most. The magnitude of the increase in Tc of polymers through self-nucleation is thought to
depend not only on the relative increase in nuclei number-density but also on the temperature
dependence of the linear growth rate [60]; whether one of these two factors dominates the large
ATc observed in longer, more defective P3HT chains in this study remains an open question.

To date, few studies have used self-nucleation in P3HT so its potential remains largely
untapped. It was previously considered that self-nucleation protocols are not particularly
influential in P3HT samples with ~ 94 and 96% regioregularity attributed to high nucleation
densities; a separate study reported a ATc of only ~ 6 °C for a 96% regioregular P3HT [49, 50]. In
contrast, the results here show that the impact of self-nucleation on crystallization of P3HT can
be significant but is highly dependent on the specific molecular weight and regioregularity of
P3HT. The largest ATc observed here in P3HT is comparable to AT¢ reported for iPP (~ 25 - 30 °C),
and larger than those for polyvinyledene fluoride (up to ~ 19 °C). The smallest ATc¢ exhibited by
P3HT (~ 5 °C) is comparable to ATc ~ 5 °C for polyethylene and polyvinyl alcohol [43, 44, 59, 61,
62].

As a consequence of self-seeding, P3HT samples exhibited increased crystalline stability
during subsequent melting: after crystallizing at Tc-max, 90% regioregular samples exhibited an
increase ranging from 1 to 6 °C for increasing chain length, while the melting peak increased by
~ 3 °C for R95-P3HT regardless of molecular weight (Figure 11). The ATwm induced by self-seeding
tracks the trend of ATcmax with chain defect content and molecular weight: in other words,
crystals develop at higher temperatures through self-seeding than during non-isothermal
crystallization and, consequently, are thermally more stable. The melting enthalpies, however,
do not significantly change for non-isothermal and self-seeded cycles (Figure S4 in
Supplementary Data). Likewise, self-seeded P3HT exhibited the same crystalline structure and
similar unit cell parameters as non-isothermally crystallized samples (Figure S5 in Supplementary
Data).
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Figure 11. Increase in Tr, after self-seeded crystallization at Tc.max for 90% regioregularity (red
symbols) and 95% regioregularity (blue symbols).

3.4 Effect of molecular weight on relaxation in the self-nucleation domain

Because molecular weight influences chain dynamics, the effect of chain length on Ty
provides an opportunity to examine whether the relaxation of self-nuclei or self-seeds is
ultimately governed by chain diffusion or by thermal stability of the crystals originally present.
For R90 and R95-P3HT, the range of Ts necessary for inducing self-seeding appears to be
dominated by thermal stability of the crystallites initially present in the samples—which is
dependent on both regioregularity and Mw—and not by chain diffusion effects which are solely
dominated by Mw. Indeed, the transition temperature between Domain | and Domain Il (Tiu)
follows the same dependence with M as the non-isothermal Tm,end (compare filled squares vs.
empty circles in Figure 12), which corresponds to melting of the most stable crystallites present
in the standard state of the sample. In other words, the original presence of crystals of greater
thermal stability in the standard state results in self-seeds that are increasingly persistent and
that must be held at higher Ts to be fully erased. If relaxation of self-seeds were dominated by
chain diffusion effects, their vanishing process would be increasingly hindered in samples of
higher My, and the self-seeds would be able to survive at higher Ts. In that case, one would expect
to observe an increase of Ty with increasing My; instead, Ty exhibits a clear decrease for the
90% regioregular P3HT (Figure 12a) and little variation for R95-P3HT (Figure 12b).
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Figure 12. Effect of Mw on domain transition temperature T..; compared to non-isothermal end
melting temperatures Tmends and peak melting temperature Tm for (a) 90% and (b) 95%
regioregular P3HT.

In contrast to the P3HT results here, Alamo et al. found that melt memory effects present at
unusually high temperatures in ethylene random copolymers exhibited an increase in T with
increasing molecular weight, following a trend opposite to their non-isothermal Tm (which
decreased with increasing Mw) [41]. It was inferred that clusters of molten ethylene sequences
which vanished slowly due to sluggish diffusion were responsible for the melt memory effects,
i.e. relaxation of self-nuclei was dominated by chain dynamics. Only a handful of other studies
have examined the effect of My on the boundary between the melting and the self-nucleation
domains [51, 63]. However, when increasing molecular weight also results in increased melting
temperatures, it becomes difficult to deconvolute whether higher original crystalline stability or
slower chain diffusion dominates Domain Il. For example, Lorenzo and Perez observed melt-
memory in polycaprolactones where Ty increased with molecular weight; the trend was
explained in terms of increased entanglements for longer chains—i.e. diffusion-limited relaxation
of self-nuclei—but the end melting temperature of those samples also increased with chain
length [44, 64]. Likewise, larger values of Ti.y were found for self-seeded, rheologically-controlled
isotactic polypropylenes of increasing My and attributed to the initial presence of thicker
lamellae—deduced from the higher Tr, in samples of larger molecular weight [65]. However, the
possible effect of slower diffusion in samples of higher My—which might also contribute to the
increase in Ti.y1—was not considered.
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4 Conclusion

This work reveals that the combined effect of regioregularity and molecular weight dictate
non-isothermal crystallization and self-nucleation behavior of P3HT. The disparate effect of My
for P3HT—with only 5% difference in regioregularity—underscores the key role of chain defects
on the crystallization process, and stresses a critical need to report regioregularity.

The effect of Mw is strongly dependent on regioregularity: non-isothermal crystallization of
90% regioregular P3HT becomes increasingly hindered with higher Mw, while higher 95%
regioregularity renders crystallization nearly insensitive to Mw. The slower crystallization kinetics
and decreased crystalline stability in longer 90% regioregular chains is attributed to smaller
availability of long-enough crystallizable chain segments combined with slower chain diffusion,
while the amount of chain defects in 95% regioregular P3HT is small enough that even higher Mw
samples can maintain adequate supply of crystallizable segments at the growth front.

The effectiveness of a self-nucleation protocol is also extremely dependent on the
combination of molecular weight and regioregularity: self-seeding is significantly more effective
for samples where crystallization is hindered the most—i.e. those with more defective, longer
chains—resulting in larger ATc of up to ~ 26 °C. In addition, it is revealed that relaxation of P3HT
self-seeds is governed by thermal stability of the crystals originally present, and not by chain
diffusion—which would be solely dependent on Mw.

Overall, the results provide insight into the complex relationship between molecular
attributes, thermal processing, and melt crystallization of P3HT that must be understood before
rational design of materials and conditions to direct the crystallization process can be attained.
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