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ABSTRACT: A new approach to control the supramolecular organization of conjugated polymers is
proposed, based on stereocomplex formation. It is illustrated by mixing polymer solutions of block
copolymers, i.e., poly(3-hexylthiophene)-b-poly(rL-lactide) and poly(3-hexylthiophene)-b-poly(p-lactide).
The block copolymers were successfully synthesized via a three-step procedure including the use of metal-
free organic catalysts in the ring-opening polymerization of - and p-lactide. The thermal properties and
microscopic morphology of sterecomplexed diblock copolymers show that the stereocomplexation of the
polylactide blocks is able to prevent the crystallization of the regioregular poly(3-hexylthiophene) block into
long-range ordered parallel fibrillar structures. Stereocomplexation is also observed when mixing poly-
(p-lactide) homopolymer and poly(3-hexylthiophene)-b-poly(L-lactide) block copolymer.

Introduction

Poly(3-hexylthiophene) (P3HT) has been intensively studied and
progressively optimized over the past two decades,' ™ as a poten-
tially useful component in organic field-effect transistors,*”’ solar
cells,®"" chemical electronic sensors,'> and light-emitting devices."
The interest for P3HT stems from the combination of high charge
carrier mobility, chemically tunable electronic properties, and good
solubility. While the first regioirregular P3HTs with head-to-tail
couplin%s of 50—80% were obtained chemically'*'* and electroche-
mically,'® the drastic improvement of the optoelectronic properties
was reached via the introduction of controlled 1Bolymerization
schemes pioneered by the groups of McCullough'” and Rieke.'®
Recently, a method called Grignard metathesis (GRIM) providing
highly regioregular P3HT with approximately 98—100% head-to-
tail couplings, narrow polydispersitg, and good end-group control
was established by McCullough.' 2! The synthesis of those highly
regioregular P3HTSs brought a dramatic enhancement of the elec-
trical properties due to a planarization of the backbone, zz-stacking
of flat polymer chains, and formation of well-ordered lamellar
assembly of the chains. Such well-defined and organized three-
dimensional polycrystalline structures™ >* provide efficient inter-
chain and intrachain charge carrier pathways, leading to high
mobility.

Besides those advances, the efficiency of end-group control of
the P3HT chains now allows a number of block copolymers
between P3HT “rod-like segments” and other polymers “coil-like
segments” to be garezgared and subsequently tested in organic
electronic devices.” *® The addition of a second block not only
seems to have an effect on the crystallinity of the conjugated
materials but also leads to new morphological behavior. Recent
preliminary findings have shown little difference in the film micro-
structure upon changing the nature of the second block, except in
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the case of oly(2-vinylpyridine;.26’2873 ! Copolymers with poly-
(pr-lactide)** and poly(L-lactide)*® were used as structure-directing
agents to pattern conjugated materials into ordered nanostructures,
followed by the selective removal of the polylactide moieties. By
expanding the structure and characteristics of the nonconjugated
blocks covalently bonded, a better understanding can be gained
regarding how the nature of the second block affects the copolymer
microscopic morphology and the optoelectronic properties. In this
work, we propose a new approach to control the supramolecular
organization of P3HT chains and the microscopic morphology of
thin films based on the stereocomplexation between poly(L-lactide)
and poly(p-lactide) chains, each of which is part of a block copoly-
mer with P3HT.

Poly(lactide)s (PLA) are biodegradable, biocompatible, and
easily erodible aliphatic polyesters, nontoxic to human body and
environment, which are produced from renewable resources.**
They have been used as biomedical materials for tissue regeneration,
matrices for drug delivery systems, and alternatives for commercial
polymeric materials to reduce the impact on the environment.*’ >’
Since 1987 when Ikada et al. discovered the phenomenon of stereo-
complexation or stereocomplex formation between optically active
poly(i-lactide) (PLLA) and poly(p-Lactide) (PDLA) homopoly-
mers based on (S)-lactic acid (L-lactoyl) and (R)-lactic acid (p-
lactoyl) repeating units,* numerous studies have been carried out,
dealing with the formation, structure, proinerties, degradation, and
applications of the PLA stereocomplexes.*' Stereocomplexation of
PLA appears when PLLA and PDLA are mixed in equimolar ratio
between the partners, r-lactide and p-lactide units, in solution
(solution cast) or in bulk (crystallization from the melt). Stereo-
complexation gives rise to a polymer with entirely new crystalline
structure possessing triangular lattice.**** The new three-dimen-
sional organization in the PLA stereocomplex improves the
mechanical properties, the thermal resistance, and to some extent
the hydrolytical stability of PLA-based materials. These improve-
ments arise from a peculiarly strong interaction between L-lactoyl
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and p-lactoyl units in the PLLA/PDLA stereocomplexes, which
does not exist in the single PLLA or PDLA homopolymers.

In this paper, we report the synthesis, characterization, and
stereocomplex formation of P3HT-h-PLLA and P3HT-b-PDLA
copolymers. The synthesis procedure consisted of three steps. The
first one comprises the preparation of regioregular P3HT block
by the GRIM method. The second one relies on the modification
of the end groups, leading to a hydroxyl-terminated polythio-
phene macroinitiator (P3HT—OH) which is used, in the last step,
to initiate the ring-opening polymerization (ROP) of - or p-
lactide as catalyzed by metal-free organic catalysts.* The macro-
molecular parameters of the block copolymers were determined
by "H NMR spectroscopy and size exclusion chromatography
(SEC). The stereocomplexes of P3HT-h-PLLA and P3HT-b-
PDLA diblock copolymers were prepared via solvent casting,
and they were evidenced by differential scanning calorimetry
(DSC), X-ray diffraction (XRD), and atomic force microscopy
(AFM) investigation. The goal of the study is to understand how
the stereocomplex formed between the PLA (co)polymer blocks
affects the supramolecular organization of the P3HT block and
its typical fibrilar microstructure.

Experimental Section

Synthesis of Regioregular Head-to-Tail Poly(3-hexylthio-
phene) with a-Bromine and w-Hydrogen End Groups (P3HT).
To a dry 100 mL two-neck flask under a nitrogen atmosphere
was charged 2-bromo-3-hexyl-5-iodothiophene (1.12 g, 3.00 mmol)
prepared previously in 90% yield according to the synthetic
procedure published in the literature.**® After three azeotropic
distillations by toluene, anhydrous THF (15 mL) was added via a
syringe, and the solution was cooled down to 0 °C. Isopropylmag-
nesium chloride (iPr-MgCl, 2 M solution in THF, 1.50 mL, 3.00
mmol) was added via a syringe, and the mixture was stirred at 0 °C
for 0.5 h. That mixture was transferred via a cannula to a flask
containing a suspension of Ni(dppp)Cl, (37.9 mg, 0.07 mmol) in
THF (15 mL). The polymerization was carried out at 5—10 °C for
24 h and was quenched by rapid addition of 5M HCI (5 mL). After
termination, the reaction was stirred for 0.5 h and precipitated in
cold methanol. The product was washed well with methanol and
hexane to afford a purple solid (375 mg, yield 75%). "H NMR (300
MHz, CDCly): 6.97 (1H, s), 2.79 (2H, t), 1.69 (2H, quint), 1.50—
1.36 (2H, m), 1.36—1.25 (4H, m), 0.90 (3H, t). *CNMR (75 MHz,
CDCl5): 140.0, 133.9, 130.7, 128.8, 31.9, 30.7,29.7, 29.5, 22.9, 14.4.
FT-IR, cm™': 724, 819, 1376, 1454, 1510, 1562, 2854, 2923, 2953.
UV—vis (CHCl;), nm: 450. MALDI-ToF: mainly Br/H end-
capped, m/z = [166n(repeat unit) + 79(Br) + 1(H)]. SEC: M,, =
7850 g/mol, PDI = 1.14.

Modification of Regioregular Head-to-Tail Poly(3-hexylthio-
phene) to o-Bromine and w-Hydroxyl Group Terminated Initia-
tor (P3HT—OH). a-Bromine, w-hydrogen, end group-bearing
P3HT (M, = 7850, PDI = 1.14) (300 mg, 0.038 mmol) was dis-
solved in anhydrous toluene (~80 mL) under an inert atmo-
sphere. N,N-Dimethylformamide (DMF) (1.2 mL, 15.5 mmol,
~400 equiv excess) and phosphorus oxychloride (POCI;)
(1.4 mL, 15.3 mmol, ~400 equiv excess) were then added to
the solution. The temperature was increased, and the reaction
was stirred at 75 °C for 24 h. The solution was cooled down to
room temperature, and 10 mL of saturated aqueous solution of
sodium acetate was added carefully to quench the reaction. The
mixture was stirred for another 4 h, poured in cold methanol,
filtered, extracted with 3 x 50 mL portions CHCl; from water,
and dried. Next, a-bromine and w-aldehyde end group bearing
P3HT (M, = 7850, PDI = 1.14) (300 mg, 0.038 mmol) was
dissolved in anhydrous THF (90 mL) under an inert atmo-
sphere, and NaBH, (powder) (0.0114 g, 0.304 mmol, ~8 equiv
excess) was then added at 0 °C to the solution. The temperature
was increased, and the reaction was stirred at room temperature
for 1 h 30 min. After the reaction completion, the solvent (THF)
was evaporated, and 10 mL of 1 N HCI was then added to
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quench the excess of NaBH,. The obtained polymer was washed
with water (2 x 20 mL) and methanol (2 x 20 mL), filtered, and
dried (285 mg, yield 95%). "H NMR (300 MHz, CDCls): 6.96
(1H, s), 4.76 (s, signal of small intensity for terminal —CH,OH
group), 2.79 (2H, t), 1.69 (2H, quint), 1.50—1.36 (2H, m),
1.36—1.25 (4H, m), 0.90 (3H, t). FT-IR, cm™': 724, 819, 1376,
1457, 1509, 1561, 2854, 2923, 2953. MALDI-ToF: mainly Br/
CH,OH end-capped, m/z = [166n(repeat unit) + 79(Br) +
32(CH,0OH)]. SEC: M, = 7900 g/mol, PDI = 1.18.

Synthesis of Poly(3-hexylthiophene)-b-poly(L-lactide) Block
Copolymer (P3HT-b-PLLA). To a dry 50 mL two-neck flask
under a N, atmosphere was charged P3HT—OH (50 mg, 0.0063
mmol) and dried by three azeotropic distillations by anhydrous
toluene. The flask was transferred inside a glovebox, and a solution
(10 mg/mL in CHCI;) of the TBD catalyst was added (0.0087
mmol, 121 uL, 2.5% of L-LA monomer). After that, anhydrous
CHCl; (0.6 mL) was added to reach a final 1-LA monomer
concentration of 0.5 M. The molecular weight of the PLA block
was chosen to be equal to that of the P3HT block used as macro-
initiator, and consequently L-LA monomer (50 mg, 0.35 mmol) was
added to the reaction. The flask was brought outside the glovebox,
and the reaction was stirred at 50 °C under a N, atmosphere for
24 h. The obtained block copolymer (97 mg, yield 94%) was quenched
by benzoic acid (~5 mg) and precipitated in cold methanol. 'H
NMR (300 MHz, CDCl;): 6.96 (1H, s, P3HT backbone), 5.25—
5.00 (2.6H, m, PLA backbone), 2.78 (2H, t, P3HT backbone), 1.69
(2H, quint, P3HT backbone), 1.50—1.63 (7.8H, m, PLA back-
bone), 1.50—1.36 (2H, m, P3HT backbone), 1.36—1.25 (4H, m,
P3HT backbone), 0.90 (3H, t, P3HT backbone). SEC: M, =
14600 g/mol, PDI = 1.48.

Synthesis of Poly(3-hexylthiophene)-b-poly(p-lactide) Block
Copolymer (P3HT-b-PDLA). The procedure for block copo-
lymerization of D-LA onto the P3HT macroinitiator is the same
as described above for L-LA, but instead of TBD, DBU (0.0087
mmol, 133 uL, 2.5% of b-LA monomer) was used as metal-free
organic catalyst. The block copolymer (80 mg, yield 60%) was
obtained. 'H (300 MHz, CDCl5): 6.96 (1H, s, P3HT backbone),
5.25-5.00 (1.2H, m, PLA backbone), 2.78 (2H, t, P3HT back-
bone), 1.69 (2H, quint, P3HT backbone), 1.50—1.63 (3.6H, m,
PLA backbone), 1.50—1.36 (2H, m, P3HT backbone), 1.36—
1.25 (4H, m, P3HT backbone), 0.90 (3H, t, P3HT backbone).
SEC: M, = 11350 g/mol, PDI = 1.33.

Preparation of Stereocomplex Cast Films. The stereocomplex
formation was studied on thin films from the PLLA/PDLA, P3HT-
b-PLLA/HPDLA, and P3HT-6-PLLA/P3HT-b-PDLA pairs,
obtained by evaporation of the polymer solutions in dichloromethane
(CH,Cl,) at room temperature. For that purpose, the (co)polymer
pairs (0.025 g) were dissolved in CH,Cl, (2.5 mL); the obtained
solutions were mixed under vigorous stirring at equimolar ratio
between the polyester partners (L-LA and p-LA) with respect to the
PLA block length and the total polymer concentration was main-
tained at 1 wt %. Then the solutions were cast on a flat glass Petri
dish surface forming films for the purpose of DSC investigation, and
the solvent was left to evaporate at room temperature for 24 h. After
evaporation of the solvent at room temperature all films were dried
at 80 °C under vacuum for another 24 h. Similar, the cast films were
prepared on a glass substrate (20 x 25 mm) suitable for XRD
measurements. In the case of AFM analysis a mica substrate (15 x
15 mm) was used, and the polymer solutions were diluted to a
concentration of 0.01 wt %. Before AFM measurement all thin films
were annealed in closed vessel with a saturated chloroform vapor for
12 h. For the sake of comparison, films were also prepared from the
(co)polymers alone using the same procedure described above.

Results and Discussion

Synthesis and Characterization of P3HT-h-PLA Block
Copolymers. Poly(3-hexylthiophene)-b-poly(L-lactide) and
poly(3-hexylthiophene)-b-poly(p-lactide) block copolymers
were synthesized via a three-step procedure beginning with
Grignard metathesis (GRIM) for the preparation of the P3HT
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Scheme 1. Synthetic Route of P3HT-5-PLA Diblock Copolymers and Their Stereocomplexes
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Table 1. Molecular Properties of the (Co)polymers

(co)polymer M,“ (g/mol) M,“ (g/mol) PLA bl yield” (%) M, exp (g/mol) M, (g/mol) pPDI?
P3HT—OH 6320 75 7150 7900 1.18
P3HT-b-PLLA 14540 8220 94 15800 14600 1.48
P3HT-h-PDLA 10110 3790 60 15800 11350 1.33

“Number-average molecular weight of the (co)polymer and PLA block, as determined by '"H NMR spectroscopy in CDCls. ® Determined
gravimetrically after purification of the sample. ¢ Expected number-average molecular weight of the (co)polymer. ¢ Number-average molecular weight
of the (co)polymer and polydispersity index, as determined by SEC in THF (4 2 wt % NEt;) vs polystyrene standards.

block, followed by modification of this block to a hydroxyl-
terminated poly(3-hexylthiophene) macroinitiator (P3HT—OH)
and the ring-opening polymerization (ROP) of 1- and p-lactide
catalyzed by metal-free organic catalysts (Scheme 1).

The controlled GRIM method was used for the preparation
of the well-defined regioregular head-to-tail P3HTs with tailored
molecular weight and low polydispersity index (PDI)."” 2! The
GRIM polymerization started with treating 2-bromo-3-hexyl-5-
iodothiophene with 1 equiv of iPr-MgCl, resulting in a magne-
sium—iodine exchange reaction. The “Grignard intermediate”
was then polymerized in the presence of Ni(dppp)Cl, at a
monomer-to-nickel catalyst molar ratio of 43:1, yielding a
a-bromo-poly(3-hexylthiophene) (Br-P3HT-H) snnllar to proce-
dures described by McCullough and Yokozawa groups.”** 7
The polymerization was performed in cold THF (5—10 °C) for
24 h and quickly terminated by instantaneous addition of 5 M
HCI to prevent any trans-halogenation side reaction. Our
observations showed that applying cold conditions during the
GRIM polymerization produces poly(3-hexylthiophene)s that
exhibit even lower PDI compared to those synthesized at room
and higher temperatures (Table 1).4>%

Narrow PDIs associated with monomodal chromatograms
attest for the good control over the GRIM polymerization. The
high regioregularity content (>98%) was determined by 'H
NMR (Figure 1) and F TIR based on the standard calculations
published in the literature, while the presence of the expected
end groups (H/Br) was fully evidenced by the 51§nals atm/z =
(166n 4+ 79 + 1) in the MALDI-ToF spectrum.

Two modification reactions were performed on the P3HTs to
convert the bromide/hydrogen into bromide/methylol end
groups. First, the bromide/aldehyde end groups were obtained
quantitatively via the Vilsmeier—Haack reaction®® which can be
easily detected by the appearance of a strong band at 1649 cm ™
in the FTIR spectrum, typical for the aldehyde group, and by the
signalsatm/z = (166n + 79 + 30) in the MALDI-ToF spectrum.
Second, those bromide/aldehyde groups were converted to

bromide/methylol groups via a reduction reaction®” by a selec-
tive and mild reagent such as sodium borohydride. The efficiency
of the reaction was proven by the appearance of a —CH,OH
peak at 4.76 ppm in the '"H NMR spectrum (Figure 1a) and by the
signals at m/z = (166n + 79 + 32) in the MALDI-ToF spec-
trum. The molecular weight of the PSHT—OH macroinitiator was
also determined from the intensity of the —CH,OH end group
signal and will be used in all further steps (Table 1). The molecular
weights were determined preferably via NMR due to the fact that
SEC-calculated molecular weights of rodlike polymers (especiall ly
polythiophenes) vs polystyrene standards can be overestimated.
Nonmetallic organic catalysts such as triazabicyclodecene
(TBD) and diazabicycloundecene (DBU) were used for the
ring-opening polymerization (ROP) of both r-lactide and
p-lactide monomers from the PBHT—OH macroinitiator. The
advantage of metal-free organic catalysts over well-known
metal-containing tin and aluminum catalysts is obvious when
the resulting polymer is likely to be applied in microelectronics
and in living systems. For those applications, the obtained
(co)polymer must be free of metal residues which are undesirable
in the microelectronic devices and toxic for the organisms. Here
we explored the procedure for macroinitiated ROP of L- and
p-lactide by organic catalysts providing polymers of controlled
molecular weight and polydispersity, similar to that described
by Hedrick et al>"3> The reaction consists of treating the
P3HT—OH macroinitiator with 2.5% (based on LA content)
metal-free organic catalyst and addition of the LA monomer ata
monomer-to-initiator molar ratio of 55:1. The polymerization
was performed in CHCl; at 50 °C for 24 h and terminated by the
addition of an excess of benzoic acid. The application of slightly
elevated temperatures (50 °C) during the block copolymeriza-
tion reaction is absolutely necessary for the dissolution of the
P3HT—OH macroinitiator and the controllable ROP of the
lactide monomer. The "H NMR spectra of the PSHT-h-PLLA
and P3HT-»-PDLA block copolymers shown in parts b and ¢ of
Figure 1, respectively, display the complete disappearance of the
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Figure 1. 'H NMR spectra of (a) PSHT—OH macroinitiator, (b) P3HT-
b-PLLA block copolymer, and (c) P3HT-»-PDLA block copolymer.

weak signal at 4.76 ppm typical for —CH,OH end group of the
P3HT—OH macroinitiator and the appearance of new intense
signals at 5.00—5.25 ppm for the methine groups of PLA and at
1.50—1.63 ppm for the methyl groups of PLA. The areas under
these peaks were integrated, and the relative intensities were
compared with the main-chain resonances associated with the
P3HT chain to calculate the molecular weight of the PLA seg-
ment. Additional evidence for the synthesis of copolymers can be
obtained from the data evaluated by SEC (Figure 2) which
clearly shows the shift to lower elution volumes of the diblock
copolymers compared to the trace initially recorded for the
macroinitiator. Some increase of polydispersity with the length
of PLA chain was found to be characteristic for that type of
copolymers.* The low-molecular-weight tails observed on the
traces could be explained by the presence of some remaining
unreacted macroinitiator (or free polylactide chains).

Itis known that the degree of stereocomplexation is affected by
the molecular weight> of PLLA and PDLA chains: the stereo-
complexation between polylactides of molecular weight higher
than 6 x 10* g/mol was proved to be hindered by homopolymer
crystallization of the enantiomeric PLLA and PDLA poly-
mers, while complete stereocomplexation can be observed for
polylactide chains of sufficiently low molecular weights (<4 x
10* g/mol). Thus, in order to facilitate the stereocomplexation of

Grancharov et al.

—— P3HT-OH
---- P3HT-b-PLLA
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Figure 2. SEC traces of the P3HT—OH macroinitiator (solid line),
P3HT-H-PLLA block copolymer (dashed line), and P3HT-b-PDLA block
copolymer (dotted line) in THF (4 2 wt % NEt;) as a mobile phase.

Table 2. Molecular Characteristic Features of the PLA
Homopolymers

M yield” M€ exp M,

homopolymer  (g/mol) (%) (g/mol) (g/mol)  PDI
PLLA 6770 75 7210 7150 1.49
PDLA 5040 90 7210 5400 1.26
HPDLA 9370 97 10670 10000 1.16

“Number-average molecular weight of the homopolymer, as deter-
mined by "H NMR spectroscopy in CDCls. ® Determined gravimetri-
cally after purification of the sample. “Expected number-average
molecular weight of the homopolymer. “ Number-average molecular
weight of the polymer and polydispersity index, as determined by SEC in
THF (+ 2 wt % NEt3) vs polystyrene standards.

the PLA blocks, their targeted average molar mass was kept low:
8220 and 3790 g/mol for the PLLA block and the PDLA block,
respectively (Table 1). For the same reason, the PLLA and
PDLA homopolymers that were synthesized for the sake of
comparison with the block copolymers have a molecular weight
of 6770 and 5040 g/mol, respectively. A poly(p-lactide) homo-
polymer of higher molecular weight (HPDLA, 9370 g/mol) was
also synthesized (Table 2).

The homopolymerization of L-LA and p-LA monomers
was performed using 2-thiophenemethanol as initiator. That
reaction proceeds in milder conditions because the applica-
tion of elevated temperatures was not necessary. Room
temperature was sufficient for the controllable ROP of the
lactide monomers, and a lower amount of organic catalyst
was used (only 0.5% based on LA content) compared with
the block copolymerization.

Thermal Analysis. One of the most effective and simplest
tools for monitoring PLA stereocomplexation is differential
scanning calorimetry (DSC).*! Stereocomplex formation was
studied on cast films obtained by evaporation of polymer solu-
tions in dichloromethane at room temperature. The following
stereocomplex (co)polymer pairs PLLA/PDLA, P3HT-b-
PLLA/P3HT-b-PDLA, and P3HT-»-PLLA/HPDLA were dis-
solved in CH,Cl,, mixed in equimolar ratio between the partners
(L-LA and p-LA) with respect to the PLA block and then cast on
a glass Petri dish surface. The total polymer concentration was
maintained at 1 wt %, and solid films were obtained after drying.
The thermal properties of the (co)polymers and related stereo-
complexes are shown in Table 3.

DSC analysis shows a melting temperature (7y,) for the
low-molecular-weight PLLA and PDLA homopolymers at
144 and 137 °C, respectively (Figure 3). The stereocomplex
(sc) formed from the PDLA/PLLA pair shows a largely
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Table 3. Thermal Properties of the (Co)polymers and Their
Respective Polylactide Stereocomplexes

T, (°C) T (°C) T (°C) AH,
sample” PLA bl PLA bl P3HTbl J/g)
PLLA 51 144 325
PDLA 49 137 55
sc PLLA/PDLA 50 200 90
P3HT-OH” 202.5 20
P3HT-h-PLLA” 57 155 207.5 28‘1'
20°
P3HT-5-PDLA’ 45 145 197 24.]5“
10¢
sc P3HT-b-PLLA/ 55.5 203 41
P3HT-b-PDLA”
sc P3HT-b-PLLA/ 52 203 40
HPDLA®
mix P3HT-h-PLLA/ 52 152 201.5 40¢
PLLA®
134

“The samples were analyzed at a heating rate of 10 °C/min in a
nitrogen flow. T, of the P3HT block was too diffuse to be evaluated.
“AH,, related to the melting of the PLA block. “YAH,, related to the
melting of the P3HT block.

05

0.0+

054

sc PLLA/PDLA

Heat Flow (W/g)

20

50 0 50 100 150 200 250
Temperature (°C)

Figure 3. DSC thermograms of PLLA homopolymer, PDLA homo-
polymer, and PLLA/PDLA stereocomplex measured at heating rate
10 °C/min.

increased T, value at 200 °C, which is about 50— 60 °C above the
melting temperature of the initial PLLA and PDLA homopo-
lyesters. These results are in good agreement with the data pub-
lished in literature for low-molecular-weight polylactides.>* Tt
is known that the melting enthalpy (AH,,,) of infinity size crystals
is different for polylactide homocrystallites (106 J/g)>® compared
to stereocomplex crystallites (142 J/g).”’ In the present study, the
enthalpy value of the homopolymers is 32.5 J/g for PLLA and
55 J/g for PDLA, whereas the AH,, of the PDLA/PLLA
stereocomplex has a significantly higher value of 90 J/g.

The DSC analysis also indicates that the presence of the
P3HT block does not impede the stereocomplex formation
between the PLLA and PDLA segments in the copolymers.
The film obtained from the combined solutions of the P3HT-
b-PLLA/P3HT-h-PDLA diblock copolymers exhibit only
one intense melting peak centered at 203 °C, very similar to
that of the starting PZHT—OH macroinitiator (202.5 °C),
very close to that of the PLLA/PDLA stereocomplex (200
°C) and, interestingly enough, significantly higher than the
melting temperatures of the PLA blocks in the separate block
copolymers (155 and 145 °C for the PLLA and PDLA block,
respectively, Figure 4). This clearly indicates the existence of
stereocomplex formation between the PLA segments in the
combined solutions of the diblock copolymers.
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Figure 4. DSC thermograms of P3HT—OH macroinitiator, P3HT-b-

PLLA block copolymer, P3HT--PDLA block copolymer, and P3HT-b-
PLLA/P3HT-b-PDLA stereocomplex measured at heating rate 10 °C/min.
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Figure 5. DSC thermograms of P3HT-b-PLLA/HPDLA stereocom-
plex and mixture of P3HT-h-PLLA/PLLA measured at heating rate
10 °C/min.

Ascan be seen from Table 3, the AH,,, values for copolymers
P3HT-h-PLLA (22 J/g for the P3HT block and 28 J/g for the
PLLA block), P3HT-5-PDLA (10 J/g for the P3HT block and
24.5J/g for the PDLA block), and their stereocomplex (41 J/g)
are lower compared to those of the homopolymers. This can be
attributed to the presence of P3HT segments, which disturb
the microstructural organization of the PLA segments into
highly crystalline domains. At this stage, one cannot discrimi-
nate between the melting of the P3HT blocks and stereocom-
plexed PLA sequences since only one intense endotherm is
observed at 203 °C.

Further investigations on the stereocomplex behavior of
P3HT-h-PLA block copolymers showed that stereocomplexation
can also be observed between the higher molecular weight poly(p-
lactide) (HPDLA) homopolymer and the P3HT-A-PLLA diblock
copolymer. The DSC thermogram shown in Figure 5 reveals that
the melting temperature of the P3HT-b-PLLA/HPDLA film is
again centered on 203 °C, and no trace of a Ty, specific for indivi-
dual PLLA or PDLA segments can be detected. For comparison,
the mixture (mix) of the poly(L-lactide) homopolymer and the
P3HT-h-PLLA diblock copolymer leads to the presence on the
DSC thermogram of two melting temperatures typical for each
component of the mixture: 201.5 °C for the crystalline P3HT
segment and 152 °C for the PLLA segment in both the homo-
polymer and the copolymer (Figure 5).
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Figure 6. DSC thermograms of thermal treated stereocomplexes:
P3HT-h-PLLA/P3HT-b-PDLA (tt) measured at heating rate 3 °C/
min and in modulated temperature mode.

The melting signatures of both PLA stereocomplex and
P3HT block are overlapping each other into one broad
endotherm centered on 203 °C in all stereocomplexed samples,
i.e., in the mixture of the two diblock copolymers and in the film
of diblock copolymer added with the homopolymer. A successful
way to resolve that strong endotherm into two separated peaks
has been found out by applying a specific thermal treatment to
the sample, decreasing the heating rate to 3 °C/min and using the
modulated mode of DSC apparatus. The thermal treatment
includes the melting of the polymer sample at a temperature of
225 °C, followed by cooling procedure to 125 °C. When cooled
down, samples were kept for an additional hour at that tem-
perature, allowing all stereocomplexed PLA chains to organize
and crystallize.* The thermograms of thermally treated (tt)
stereocomplexed samples P3HT-b-PLLA/P3HT-b-PDLA (tt)
and P3HT-»-PLLA/HPDLA (tt) are shown in Figure 6. The
sample based on P3HT-»-PLLA and P3HT-»-PDLA copoly-
mers contains approximately the same quantity of PLA and
P3HT segments and exhibits this time a clear separation of the
melting peak into two components. The first one is centered on
198 °C and can be assigned to the stereocomplexed PLA
segments, while the second melting situated at 209.5 °C corre-
sponds to the P3HT blocks.

X-ray Diffraction (XRD) Analysis. The stereocomplex
formation between the P3HT-h-PLLA/P3HT-h-PDLA copo-
lymers, the PLLA/PDLA homopolymers, and the P3HT-h-
PLLA/HPDLA copolymer/homopolymer pair was also stu-
died by means of XRD. All XRD profiles are measured on
films cast from methylene chloride solutions, in a 26 interval
from 4° to 30° and targeted signals are pointed by arrows (see
Supporting Information, Figure S1). The PLLA and PDLA
homopolymers show an identical diffraction profile: a strong
signal at 20 = 16.5° for the (110)/(200) reflections and a weak
signal at 20 = 18.9° for the (203) reflection. The diffraction
peaks for the stereocomplexed PLLA/PDLA pair are situated
at different 20 positions, consistent with the different crystalline
structure of the polymer complex. Those signals are a strong
peak at 260 = 11.8° for the (100) reflection and weak signals at
20 = 20.7° and 20 = 23.8° for the (110) and (210) reflections,
respectively. The XRD data for the PLA homopolymers and
the stereocomplex based on them are in good agreement with
the data published in literature.*>*>**-> The XRD profile of the
P3HT—OH initiator shows the typical sequence of the (1200)
reflections (with n = 1—3) for P3HT at 20 = 5.4°, 26 = 10.9°,
and 260 = 16.7°, with decreasing intensity, as previously
observed by many authors.****> The XRD patterns for the
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two block copolymers, P3HT-b-PLLA and P3HT-»-PDLA,
are very similar to that of the PHT—OH macroinitiator. As far
as the diffraction peaks of the polylactide blocks are concerned,
the signal at 26 = 16.6° is more likely superimposed to the peak
at the 20 = 16.7° assigned to the P3HT block as attested by its
increased intensity. The diffraction peaks of the P3HT-b-
PLLA/P3HT-h-PDLA stereocomplex are also situated at
similar 26 positions: 20 = 5.4° and 26 = 10.8° for the (100)
and (200) reflections of the P3HT block, along with a new
signal at 20 = 11.8° corresponding to the (100) reflection of the
PLA stereocomplex. Besides the appearance of that signal at
20 = 11.8°, the existence of the PLA stereocomplex is also
marked by the total disappearance of the signals at 26 = 16.5°
typical for PLLA and PDLA blocks. Consistently, in the XRD
profile of the P3HT-/-PLLA/HPDLA stereocomplex, all the
peaks are situated as the sc P3HT-»-PLLA/P3HT-b-PDLA
system, and the characteristic signal at 26 = 11.8° shows higher
intensity due to the larger amount of PLA. In contrast, in the
XRD pattern of the P3HT-b-PLLA/PLLA mixture, the peaks
are at the same 26 positions as in the pattern of the P3HT-h-
PLLA block copolymer, and the signal at 260 = 16.5° is of
higher intensity due to the contribution of crystalline PLA.

Atomic Force Microscopy (AFM) Analysis. The tapping-
mode AFM phase images of P3HT—OH macroinitiator thin
films show long-range parallel arrangement of fibrillar objects,
which is the well-known morphological signature for most
regioregular polyalkylthiophene homopolymers®® (Figure 7a).
Thin films of the P3HT-h-PLLA and P3HT-A-PDLA copoly-
mers present similar long-range morphology (Figure 7b). These
fibrillar objects are often referred to as nanoribbons and are
typical for regioregular poly(3-alkylthiophene) crystallization.
In P3HT-H-PLLA thin films, the average width of the fibrils is
15 £ 2 nm, consistent with an assembly made of parallel
m-stacked P3HT blocks perpendicular to the fibrils long axes
and PLLA blocks in compact configuration on the edges of the
P3HT lamellae, as in other rod—coil copolymers comprising
P3HT rod block.?>2¢?°~336! The long-range parallel ordering of
fibrils in P3HT-H-PLLA films suggests that the crystallization of
the P3HT block is barely disturbed by domains of the PLA
block (only small areas show a different morphology visible
as dark spots in Figure 7b). However, for the thin films of
the P3HT-h-PLLA/P3HT-b-PDLA stereocomplex, the AFM
images (Figure 7c) show that the long-range parallel arrange-
ment of fibrils is clearly disturbed: even though a few hundreds
nanometer long fibrils are still observed, these are isolated from
each other and surrounded by a matrix showing no specific
texture. That reveals that the stereocomplex crystal formation
prevents the crystallization of P3HT to a certain extent.

To confirm this hypothesis, we studied thin films of blends
of the P3HT-5-PLLA copolymer with the pure PLLA homo-
polymer (Figure 7d) and with the pure HPDLA homopoly-
mer (Figure 7e). In the first case, only mixing without
stereocomplexation occurs, and AFM shows parallel fibrils
close-packed into large domains (similar to those of the
diblock P3HT-A-PLLA copolymer), which are separated
by dark untextured domains, probably containing the pure
PLLA homopolymer. In the second case, stereocomplexa-
tion occurs, the fibrillar morphology disappears, and AFM
shows a rather untextured morphology made of different
domains which cannot be identified. Note that the morphol-
ogy of pure PLLA and PDLA homopolymer thin films
prepared in the same conditions also presents untextured
morphologies (Figure 7f). Altogether, these results suggest
that in copolymers or in blends the PLA stereocomplexation
prevents the crystallization of regioregular P3HT into long-
range parallel fibrillar domains and creates novel supramo-
lecular organization in the thin films.
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Figure 7. TM-AFM phase images of thin films of (a) the pure PHT—OH macroinitiator, (b) the P3HT-»-PLLA copolymer, (c) the PHT-5-PLLA/
P3HT-h-PDLA stereocomplex, (d) a mixture of P3HT-A-PLLA and PLLA, (e) the P3BHT-b-PLLA/PDLA stereocomplex, and (f) the pure PDLA
homopolymer. The white scale bars in the bottom right corners of the images are 250 nm long.

Conclusion

In summary, poly(3-hexylthiophene)-b-poly(L-lactide) and
poly(3-hexylthiophene)-b-poly(p-lactide) block copolymers were
successfully synthesized via a three-step procedure including the
use of metal-free organic catalysts in the ring-opening polymer-
ization of L- and p-lactide. The interest of these diblock copoly-
mers relies upon the presence of a polylactide block that is able to
form stereocomplex even in the presence of a regioregular poly(3-
hexylthiophene) block. The thermal, crystalline, and micros-
copic morphology properties of stereocomplexed P3HT-»-PLA
diblock copolymers were evaluated by DSC, XRD, and AFM.
Stereocomplexation was confirmed also by the formation of
stereocomplexes between a high-molecular-weight PDLA homo-
polymer and the P3HT-/-PLLA block copolymer. The forces
driving the PLA stereocomplex formation are able to suppress
the long-range ordered fibrillar structure of P3HT and to form
nanoscale PLA domains, which after selective etching and
successful filling with electron acceptor compound could lead

to novel nanostructured materials for bulk heterojunction organic
solar cell devices.
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