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ABSTRACT: A series of all-conjugated diblock copoly(3-alkylthiophene)s with varying alkyl chain length,
poly(3-butylthiophene)-b-poly(3-hexylthiophene) (P3BT—P3HT), poly(3-butylthiophene)-h-poly(3-dodecyl-
thiophene) (P3BT—P3DDT), and poly(3-hexylthiophene)-b-poly(3-dodecylthiophene) (P3HT—P3DDT),
were synthesized by modified Grignard metathesis polymerization. The obtained diblock copoly(3-alkyl-
thiophene)s have well-controlled block ratios and molecular weights with narrow polydispersity indices. The
diblock copoly(3-alkylthiophene)s comprised by the blocks with the alkyl side-chain length different by two
carbon atoms (represented by P3BT—P3HT) have the ability of cocrystallizing into an uniform crystal
domain, with the mutual interdigitation of the different side chains of the two blocks into a common
interchain lamella. Other diblock copoly(3-alkylthiophene)s with the side chains different by more than two
carbon atoms prefer to microphase separating into two crystal domains formed by the independent
crystallization of each block. The AFM images revealed the characteristics of microphase-separated
morphology in P3BT—P3DDT and P3HT—P3DDT diblock copoly(3-alkylthiophene)s.

Introduction

All-conjugated molecules have attracted great interest in recent
years due to their promising applications in organic field-effect
transistors (OFETs),'~* organic light-emitting diodes (OLEDs),*°
and organic photovoltaic cells (OPVs).”” It has been enormously
reported that the performance of these semiconducting polymers
relies crucially on their morphology on the nanometer scale.'®
One of the elegant way to manipulate the nanoscale pattern is
to develop block copolymers (BCPs) containing semiconducting
polymer with excellent electronic properties such as poly(3-alkyl-
thiophene)s (P3AT), since BCPs can allow the formation of well-
defined one-, two-, or three-dimensional microphase-separated
domains in nanoscale dimension,'>" driven by factors such as
immiscibility or the crystallinity difference between the two seg-
ments. Indeed, synthesis, self-assembly, and properties of rod—coil
BCPs containing a conjugated rod-like block and a coil-like
nonconjugated block have been extensively studied."*”' For
example, Dai et al. reported that poly(3-hexylthiophene)-b-poly-
(2-vinylpyridine) (P3HT—P2VP) with low molecular weight can
self-assemble into sphere, lamellae, hexagonal cylinder, and nano-
fiber gradually as the weight fraction of P3HT increases.'* Iovu et
al. reported that BCPs containing poly(3-hexylthiophene) (P3HT)
as the rod block and polystyrene (PS), polyisoprene (PI), or
various poly(methacrylates) (PMAs) as the coil block exhibit
nanofibrillar morphology when cast from toluene solution.'”!
Although the coil blocks can support the self-assembly and
improve the mechanical properties, the introduction of those
insulating segments does not carry any electronically active func-
tion and would lead to the decline in total electronic properties.
Tovu et al. figured out that the field-effect transistor mobility of
poly(3-hexylthiophene)-h-poly(methacrylate) (P3HT—PMA) de-
creases as PMA content increases.'® Thereby, the investigation of
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all-conjugated BCPs composed of blocks all taking electronically
active function has profound significance in optimizing the poly-
mer electronic devices.

Thus, the research of rod—rod BCPs has been strongly intensi-
fied in recent years. Many of these researches put emphasis on the
highly crystalline, semiconducting poly(3-alkylthiophene)s rod—
rod BCPs, due to their large charge carrier mobility, bandgap in
the visible region of the spectrum, environmental stability, solu-
tion processability, and synthetic versatility.”*~> Tovu et al. have
already reported the synthesis of poly(3-hexylthiophene)-b-poly-
(3-dodecylthiophene) (P3HT—P3DDT) via Grignard metathesis
polymerization (GRIM).?® However, its physical properties in-
cluding crystalline properties and microphase morphology remain
to be fully investigated. Wu et al. reported the synthesis of
crystalline—crystalline poly(3-butylthiophene)-b-poly(3-octylthio-
phene) (P3BT—P30T) via a similar method as above and pointed
out that the microphase separation of P3BT—P3OT results in two
distinct crystalline domains with the lamellar structure.”” Unfortu-
nately, the polydispersity indices of the polymers in their report
were relatively high (PDI = 1.60) due to the poor selectivity of
activation by isopropylmagnesium chloride of 2,5-dibromo-3-
butylthiophene and 2,5-dibromo-3-octylthiophene monomers,
while the narrow PDI is necessary for the formation of clear
microphase-separated nanopatterns.

Herein, we synthesized three categories of crystalline—crystal-
line all-conjugated diblock copoly(3-alkylthiophene)s, poly-
(3-butylthiophene)-H-poly(3-hexylthiophene) (P3BT—P3HT), poly-
(3-butylthiophene)-b-poly(3-dodecylthiophene) (P3BT—P3DDT),
and poly(3-hexylthiophene)-h-poly(3-dodecylthiophene) (P3HT—
P3DDT) with well-controlled molecular weight and narrow
PDI of 1.2—1.3 via a modified GRIM method®*? to explore
the crystalline nature and nanoscale morphology of these BCPs.
The GRIM polymerization is a quasi-living chain-growth syn-
thesis”®*® and thereby enables molecular weight to be controlled
by changing the molar ratio of monomers to Ni catalyst. The
monomers used here were 2-bromo-5-iodo-3-butylthiophene,
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2-bromo-5-iodo-3-hexylthiophene, and 2-bromo-5-iodo-3-dodecyl-
thiophene, which all have good selectivity of activation by iso-
propylmagnesium chloride and hence ensure the narrow PDI.
Since the length and bulkiness of the side chains strongly influence
the physical properties of ?01;/(3-alkylthiophene)s (P3ATs), such as
solubility, melting point,*'** crystallinity,*** and charge carrier
mobility,*>*’ the combination of different P3AT blocks into one
BCP is expected to lead to the formation of intriguing physical
properties, caused by the differences in melting point, solubility, and
crystalline nature of these blocks. Our research revealed that in a
slow cooling process these BCPs cocrystallized into a common
interchain lamella with the mutual interpenetration of the different
side chains when their alkyl side chains were different by two carbon
atoms (P3BT—P3HT). However, when the side-chain length of
the two blocks was different by more than two carbon atoms
(P3BT—P3DDT and P3HT—P3DDT), cocrystallization did not
happen, and two crystal domains composed of the interdigitation of
each side chain were observed.

Experimental Section

Materials. The monomers 2-bromo-5-iodo-3-butylthiophene
(M}), 2-bromo-5-iodo-3-hexylthiophene (M,), and 2-bromo-
S-iodo-3-dodecylthiophene (M3) were synthesized according to
the literature.” Isopropylmagnesium chloride (2.0 M solution
in THF) (i~-PrMgCl) and [1,3-bis(diphenylphosphino)propane]-
dichloronicke(Il) (Ni(dppp)Cl,) were purchased from Sigma-
Aldrich, and the other reagents and solvents were purchased
from Sinopharm Chemical Reagent Co., Ltd. (SRC). Tetra-
hydrofuran (THF) was distilled from sodium benzophenone
ketyl, and all other reagents and solvents were used as received.

General Aspects on the Synthesis of Diblock Copoly(3-alkyl-
thiophene)s. All polymerizations were carried out in dry THF
solvent and under the non-water and non-oxygen atmosphere.
Monomer concentrations were typically 0.1 M. The molar ratio
of Grignard reagent (i-PrMgCl) to the monomers was 1:1. All
activation reactions of Grignard reagent were carried out at
0 °C. The molecular weight was controlled by fixing the ratio of
the amount of Ni catalyst to the total monomer amount at 1:100.
All polymerizations were carried out at 35 °C. All polymeriza-
tions were terminated by adding hydrogen chloride aqueous
solution (aqueous HCI, 50 wt %), and the products were precipi-
tated in methanol. The resulting polymer precipitates were filtered
and successively washed by Soxhlet extraction using methanol and
hexane and finally extracted using chloroform. The solvent was
removed by evaporation to give a purple solid.

Synthesis of Poly(3-butylthiophene)-b-poly(3-hexylthiophene)
(P3BT—P3HT). The molar feed ratios of M; to M, in the
polymerization of P3BT—P3HT BCPs were 2:1, 1:1, and 1:2.
The typical synthesis procedure of the P3ABT—P3HT BCP with
the feed molar ratio of 1:1 was as follows: two round-bottom
flasks with side tubes (flask A and B) were dried by heating
under reduced pressure and cooled to room temperature. M,
(1.38 g, 4 mmol) was added into flask A under N, and then
evacuated under reduced pressure to remove water and oxygen
inside. After adding dry THF (40 mL) into the flask via a
syringe, the solution was stirred at 0 °C. A 2.0 M solution of
i-PrMgCl in THF (2 mL, 4 mmol) was added via a syringe, and
the mixture was stirred at 0 °C for 30 min. Then the solution in
flask A was heated up to 35 °C and followed by the addition of
Ni(dppp)Cl, catalyst (43.38 mg, 0.08 mmol). The resulting
mixture was stirred at 35 °C for 1 h. Meanwhile, in flask B,
M, (1.50 g, 4 mmol) was reacted with i-PrMgCl (2 mL, 4 mmol)
at 0 °C for 30 min. After the 1 h reaction in flask A, the solution
in flask B was added to flask A in one portion, and the resulting
mixture was reacted at 35 °C for 7 h. The reaction was quenched
by adding HCl(aq) (50 wt %), and the product was precipitated
into methanol. The residue was filtered and successively washed
by Soxhlet extraction using methanol and hexane and finally
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extracted using chloroform. The solvent was removed by eva-
poration give a purple solid (0.64 g, 53%). P3BT—P3HT BCPs
with the molar ratios of 1:2 and 2:1 were synthesized in the same
way to give the purple solid (0.64 g, 51% and 0.59 g, 50%,
respectively) as the final product. On the basis of the ratio of the
integration areas of the two peaks at 0.98 and 0.91 ppm assigned
to the resonances of terminal methyl groups in butyl and hexyl
side chains derived from 'H NMR spectra, the actual molar
ratios of the P3BT and P3HT blocks were calculated to be 36:64,
51:49, and 66:34, denoted as B36H64, B51H49, and B66H34,
respectively.

B36H64: "H NMR (CDCls), & (ppm): 6.98 (1 H), 2.83—2.78
(2 H), 1.72—1.68 (2 H), 1.49—1.34 (4.56 H), 0.98 (1.08 H), 0.91
(1.92 H).

B51H49: "H NMR (CDCls), 6 (ppm): 6.98 (1 H), 2.83—2.79
(2 H), 1.70—1.67 (2 H), 1.49—1.34 (3.96 H), 0.98 (1.53 H), 0.91
(1.47 H).

B66H34: "H NMR (CDCls), & (ppm): 6.98 (1 H), 2.83—2.79
(2 H), 1.72—1.68 (2 H), 1.49—1.34 (3.36 H), 0.98 (1.98 H), 0.91
(1.02 H).

Synthesis of Poly(3-butylthiophene)-h-poly(3-dodecylthiophene)
(P3BT—P3DDT). The molar feed ratio of M; and M3 in P3BT—
P3DDT was 1:1. The polymerization of M; (1.38 g, 4 mmol) and
M3 (1.20 g, 4 mmol) was carried out in the same manner as above
to give the object P3BT—P3DDT product of 0.84 g (54% yield).
As shown in 'H NMR spectra, the peaks observed at 6 0.98 and
0.87 ppm could be assigned to the resonance of the terminal
methyl groups in butyl and dodecyl side chains, respectively. By
the same method as above, the actual molar ratio of the P3BT
and P3DDT blocks in P3BT—P3DDT BCP was calculated to be
54:46, denoted as B54DD46.

B54DD46: '"H NMR (CDCly), 6 (ppm): 6.98—6.96 (1 H),
2.83—2.79(2H), 1.71-1.67(2H), 1.49—1.34 (9.36 H), 0.98 (1.62 H),
0.87 (1.38 H).

Synthesis of Poly(3-hexylthiophene)-b-poly(3-dodecylthiophene)
(P3HT—P3DDT). The molar feed ratio of M, and M3 in P3HT—
P3DDT was 1:1. Similarly, the synthesis of PAHT—P3DDT was
carried out in the same manner as above from M, (1.50, 4 mmol) and
M; (1.20 g, 4 mmol) to obtain the final PSHT—P3DDT product
(0.88 g, 53% yield). In "H NMR spectra, the peaks observed at ¢ 0.91
and 0.87 ppm could be assigned to the resonance of the terminal
methyl groups in hexyl and dodecyl side chains, respectively. Thus,
derived from the ratio of the integration areas of these two peaks, the
actual molar ratio of the P3HT and P3DDT blocks in P3HT—
P3DDT BCP was calculated to be 46:54, denoted as H46DDT54.

H46DD34: '"H NMR (CDCls), 6 (ppm): 6.98—6.97 (1 H), 2.80
(2 H), 1.72—1.69 (2 H), 1.44—1.34 (8.48 H), 0.91 (1.38 H), 0.87
(1.62 H).

Synthesis of Homopolymers. Poly(3-butylthiophene) (P3BT),
poly(3-hexylthiophene) (P3HT), and poly(3-dodecylthiophene)
(P3DDT) were also synthesized in the similar way except the
addition of a second monomer. The typical synthesis procedure
exemplified by P3BT was as follows: M (2.76 g, 8 mmol) was
added into a predried round-bottom flash with side tubes and
then evacuated under reduced pressure to remove water and
oxygen inside. After the addition of dry THF (80 mL), the
solution was stirred at 0 °C, and then 2 M solution of i-PrMgCl
in THF (4 mL, 8 mmol) was added via a syringe followed by
stirring at 0 °C for 30 min. Subsequently, Ni(dppp)Cl, catalyst
(43.38 mg, 0.08 mmol) was added in one portion, and the
obtained mixture was reacted at 35 °C for 8 h. The reaction
was quenched by adding HCl(aq) (50 wt %), and the product
was precipitated into methanol. The residue was filtered and
successively washed by Soxhlet extraction using methanol and
hexane and finally extracted using chloroform. The solvent was
removed by evaporation to give a purple solid.

Characterization. 'H NMR spectra in CDCl; were collected
on a DMX 500 MHz spectrometer using tetramethylsilane
(TMS) as the internal standard. Gel permeation chromato-
graphy (GPC) was operated using a Agilent 1100 system equipped
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with a UV detector (eluent: THF; calibration: polystyrene
standards). UV —vis absorption spectra were recorded on Perkin-
Elmer Lambda 35 UV-—vis spectrophotometers. Differential
scanning calorimetry (DSC) was performed using TA DSC
Q2000 at a heating rate of 5 °C/min under N, flow. X-ray
diffraction (XRD) data were recorded by a PANalytical X Pert
PRO X-ray diffractometer using Cu Ka radiation (1 = 1.541 A)
operating at 40 kV and 40 mA.

Film Preparation. Thick films of the homopolymers and
diblock copoly(3-alkylthiophene)s for XRD measurements
were first drop cast from 10 mg/mL chloroform solutions on
precleaned 24 x 24 mm? glass slides. The films were then treated
in the slow cooling process under argon flux: first melt at the
temperature higher than their melting points for 15 min and then
cooled to the room temperature at the rate of 5 °C/min. B36H64,
B51H49, and B66H34 were melts at 280 °C; B54DD46 was melt
at 260 °C, and H46DD54 was melt at 220 °C. Thin films of
B51H49, B54DD46, and H46DD54 for AFM observations were
first spin-coated from 10 mg/mL chloroform solutions onto Si
substrate precleaned by piranha solution at the speed of 3000
rpm for 60 s at room temperature, then thermal annealed at 250,
230, and 200 °C for 30 min under the argon flux, respectively,
and finally quenched to room temperature under argon flux.

Results and Discussion

Synthesis of Diblock Copoly(3-alkylthiophene)s. We used
the modified GRIM method reported by Yokozawa et al.?>?’
to synthesize a series of diblock copoly(3-alkylthiophene)s, as
illustrated in Scheme 1. First, the first block was polymerized
with the Ni catalyst to obtain the end living P3AT polymers.
Subsequently, a new portion of activated monomers was added
to the reacting solution to obtain the final diblock copoly-
(3-alkylthiophene)s.

Figure 1 shows the GPC profiles of P3ATs synthesized in
the first step and the final diblock copoly(3-alkylthiophene)s
after the second-stage polymerization. Compared to the
peaks of the P3ATs obtained in the first stage, the peaks of

Scheme 1. Synthesis of Diblock Copoly(3-alkylthiophene)s Exempli-
fied by Poly(3-butylthiophene)-b-poly(3-hexylthiophene)
(P3BT—P3HT)

Ge et al.

the final diblock copoly(3-alkylthiophene)s all shift to a
higher molecular weight with the maintenance of the single
peak, indicating the production of the object BCPs with little
P3ATs contaminant. These three categories of diblock
copoly(3-alkylthiophene)s with different block ratios ob-
tained here all show relatively high number-average mole-
cular weight (M,,) values of 13 100—18 600 and narrow PDI
of 1.18—1.23, as shown in Table 1.

The compositions of the diblock copoly(3-alkylthio-
phene)s were determined from the "H NMR spectra (Figure S1).
The triple peaks observed at 6 0.98,0.91, and 0.87 ppm could
be assigned to the resonance of terminal methyl groups in
butyl, hexyl, and dodecyl side chains, respectively. The
integration ratios of the peaks were consistent with the feed
molar ratio of the two species in diclock copoly(3-alkyl-
thiophene)s. These data are presented in Table 1. Take P3BT—
P3HT as an example; from the ratio of the integration of the
peaks at 0.98 and 0.91 ppm, the actual molar ratios of the
P3BT and P3HT fractions were 36:64, 51:49, and 66:34,
respectively, denoted as B36H64, B51H49, and B66H34,
which were very close to the feed molar ratios of 1:2, 1:1,
and 2:1. The compositions of P3BT—P3DDT and P3HT—
P3DDT were calculated in the same way to be 54:46 and
46:54, respectively, denoted as B54DD46 and H46DD54,
which were also close to the feed molar ratio (1:1). The results
demonstrated that the molar ratio of the two blocks in BCPs
can be designed by the feed molar ratio of the two monomers,
indicating the well-controlled synthesis of the object diblock
copoly(3-alkylthiophene)s with tunable composition and
narrow PDI, via the quasi-living modified GRIM method.

Itis worth to note that P3ATs with shorter side chain were
needed to be polymerized first in order to obtain the final
BCPs with the object molar ratio of the two segments. The
reason could be attributed to the less steric hindrance of the
shorter side chain; that is to say, the less steric hindrance
from the first block could make the subsequent connection of
the second block more efficient. In addition, the monomer

Table 1. Summary of Compositions and Molecular Weights of Poly-
(3-alkylthiophene)s and Diblock Copoly(3-alkylthiophene)s

L PrMgCl Nitdpppicl, 418 CaHs feed molar  n/m B
I/Q\Br THF. 0 °C. 30min CMg/Q\Br 359.1h Br / ) / 3 FNiLy Br polymer denotation ratio (%)* M, PDI
P3BT 1:0 100:0 14100 1.20
P3HT 1:0 100:0 18800 1.19
/CiﬁHm FPrigCl Coths I P3DDT 1:0 100:0 17000 1.23
| /S\ Br THF.0%C. 30min_ CiMg o ~Br : P3BT-P3HT B36H64 12 36:64 15100 121
B51H49 1:1 51:49 17700 1.23
CH CH B66H34 2:1 66:34 14300 1.23
48 M P3BT-P3DDT  B354DD46 1:1 54:46 13100 1.18
s A \S H P3HT-P3DDT  H46DD54 1:1 46:54 18600 1.1
s S /m “Determined by "H NMR. n, m: the molar amount of the first and the
CgHs second block in the synthesized diblock copoly(3-alkylthiophene)s,

respectively.
10 15 20 25 0 15 20 25 10 15 20 25
Time / min Time / min Time / min

Figure 1. GPC profiles of diblock copoly(3-alkylthiophene)s. Dashed lines represent the GPC profiles of P3BT (a, b) and P3HT (c) synthesized in the
first step and solid lines show the GPC profiles of the final B51H49 (a), BS4DD46 (b), and H46DD54 (c) after the second-stage polymerization.
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Figure 2. Normalized UV—vis absorption spectra of the films of all
diblock copoly(3-alkylthiophene)s.

concentration of 2-bromo-5-iodo-3-butylthiohpene (M>)
should not be too high due to the solubility limitation of the
P3BT block in THF. Thus, the concentration of M5 in dry
THF used here (0.1 M) is moderate.

UV —vis Absorption Spectra. To explore the photophysical
properties of the diblock copoly(3-alkylthiophene)s, the
UV—vis absorption spectra of the samples were measured.
In the chloroform solution, all the diblock copoly(3-alkyl-
thiophene)s showed an absorption peak at A = 453 nm due
to the intrachain s7—s* transition of their main chain (these
spectra are not shown here).>” Figure 2 shows the absorp-
tion spectra of thin films of the diblock copoly(3-alkylthio-
phene)s drop-cast from chloroform solution. All of the
diblock copoly(3-alkylthiophene)s films show the similar
type of UV—vis absorption curve which has three peaks.
The peaks at L = 519—525 nm are attributed to the intra-
chain s—s* transition of the diblock copoly(3-alkylthio-
phene)s.*” The peaks at 1 = 550—558 nm come from the
absorption of increased conjugation length due to the or-
dered stacking of the diblock copoly(3-alkylthiophene)s’
backbones in films.*' The shoulder peaks at 1 = 600—
602 nm result from the interchain 77— interaction and their
intensities are correlated with the degree of interchain
order.*'"** These results are very similar to the related poly-
(3-alkylthiophene) homopolymers.

Thermal Analysis. In order to investigate the crystalline
behavior of the diblock copoly(3-alkylthiophene)s, all the
polymers synthesized, including P3BT—P3HT with three
different block ratios, P3BT—P3DDT, and P3BHT—P3DDT,
were characterized by DSC. All the samples were heated to
300 °C to eliminate the heat history, and the scan rate was
5 °C/min. Figure 3 shows the endothermic traces of the five
diblock copoly(3-alkylthiophene)s. Their complete DSC
traces and the complete DSC traces of the homopolymers
are presented in Figures S2 and S3. The melting and crystal-
lization temperatures of all these samples are summarized in
Table 2. It is interesting to see that the P3BT—P3HT with the
block ratios of 36:64, 51:49, and 66:34 all show a single
endothermic peak with the melting points at 216, 253, and
248 °C, respectively. In contrast, BS4DD46 and H46DD54
both show two distinct endothermic peaks with two melting
points characteristic of the corresponding blocks (shown in
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Figure 3. DSC endotherms of all the diblock copoly(3-alkylthiophene)s.

Table 2. Summary of DSC Measurements of Homopolymers and the
Series of Diblock Copoly(3-alkylthiophene)s®

7—‘1"1"1/0(j TC/OC
polymer T, T, T, T,
P3BT 261 220
P3HT 222 194
P3DDT 161 128
B36H64 216 186
B51H49 253 205
B66H34 248 206
B54DD46 235 173 192 128
H46DD54 202 164 176 138

¢ T: melting point; T,: crystallization temperature.

Figure 3 and Table 2). For B54DDA46, the two melting points
are 235 and 173 °C, while H46DD54 has the melting points at
202 and 164 °C. The cooling thermograms also corroborate a
single crystallization peak for P3BT—P3HT BCPs and two
evident crystallization peaks for B54DD46 and H46DD54
(see Figure S2). These results indicate that the P3BT—P3HT
BCPs undergo cocrystallization while B54DD46 and
H46DD54 show microphase separation during the cooling
processes of the DSC measurement. The cocrystallization in
polymers is difficult, and only a few pairs have been reported
to cocrystallize.**™>° There are three requirements for co-
crystallization: (1) structural similarity, (2) similar potential
energies, and (3) almost similar crystallization kinetics.>!
P3ATs have a similar comb-like structure except the differ-
ence in alkyl side-chain length. According to the reported
crystallization studies of P3ATs,>>? the enthalpies of fusion
of ideal crystal and crystallization rates of P3ATs change
with the varying side-chain length. The difference in enthalpy
and crystallization rate of P3ATs increases with the increas-
ing difference in alkyl side-chain length. Thereby, in our
situation P3BT—P3HT BCPs are the best candidates for
cocrystallization since their alkyl chain length only varies
by two carbon atoms, while P3BT—P3DDT and P3HT—
P3DDT BCPs are difficult to cocrystallize and usually prefer
microphase separation. Additionally, the cocrystallization
nature of P3BT—P3HT BCPs is not surprising, since the
physical blends of poly(3-hexylthiophene)/poly(3-octylthio-
phene) would cocrystallize as reported by Pal et al.,**~* and
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Table 3. Summary of XRD Measurements of All the Homopolymers

and the Diblock Copoly(3-alkylthiophene)s”

dyoo/A (20/deg)

polymer
P3BT 12.3(7.22)
P3HT 15.9(5.55)
P3DDT 25.8(3.43)
B36Ho64 15.2(5.81)
B51H49 14.8(5.99)
B66H34 13.7(6.47)
B54DD46 22.1(4.00) 12.8(6.89)
H46DD54 25.1(3.52) 16.6(5.33)

“dyoo: d-spacing of (100) plane in crystal lattice.

B36H64
S I
< [
2 | ) B51H49
7 e R —
c I
[H] Il
- [
£ \
T L ) B66H34
N S h
©
£
S
2 B54DD46

H46DD54

5 10 15 20 25
20/°

Figure 4. XRD profiles of the thick films of all diblock copoly-
(3-alkylthiophene)s.

Whu et al. have recently reported that random poly(3-buty-
Ithiophene-co-octylthiophene) with the alkyl chain length
different by four carbon atoms can also cocrystallize.>* It is
worth to mention that when operated at the scan rate of
10 °C/min, B51H49 showed a strong melting peak and a
shoulder peak at 259 and 237 °C, respectively (see Figure
S2f), indicating that the cocrystallization behavior of
P3BT—P3HT BCPs is favored thermodynamically. This is
the reason why we set the scan rate at 5 °C/min.

XRD Studies. To further investigate the crystalline struc-
tures of the diblock copoly(3-alkylthiophene)s, thick films
drop-cast from chloroform and treated in a slow cooling
process (similar to the cooling process in DSC measure-
ments) were characterized by XRD. The results obtained
from the XRD measurements of all the homopolymers and
the diblock copoly(3-alkylthiophene)s are summarized in
Table 3. Figure 4 shows the XRD spectra of the thick films
of the diblock copoly(3-alkylthiophene)s. In general, the
XRD patterns of diblock copoly(3-alkylthiophene)s show
the recognizable first-, second-, and third-order reflections
from crystallographic (100), (200), and (300) planes. For
example, the XRD scan of BSIH49 film shows (100), (200),
and (300) reflections at the 26 angle of 5.99°,12.0°, and 18.0°,
respectively, and the (100) reflection corresponds to an
interlayer doo spacing of 14.8 A of the well-organized
lamellar structure. These results indicate that all the diblock
copoly(3-alkylthiophene)s show a high degree of crystallinity
and self-organized lamellar E)acking structure, comparable
with P3ATs homopolymers>* (shown in Figure S4).
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Scheme 2. Schematic Representation of Cocrystalline Lamellar
Structure of BS1H49 Derived from XRD Results

We note that the polymorphic behaviors of poly(3-alk;/1-
thiophene)s (P3ATs) have been studied at several instances.*>>>>
Type 1 polymorph is common, while type 2 can also be
formed when P3ATs undergo thermal and special solvent
treatments*>>> or decrease in their molecular weights.>
However, until now there is no report on the polymorphic
behaviors of diblock copoly(3-alkylthiophene)s. In our ex-
periments, the samples were heated to melt state and then
slowly cooled down; we did not observe the polymorph
change according to the DSC and XRD measurements on
the samples before and after the slow cooling treatment.
Nonetheless, possible polymorphic changes in diblock
copoly(3-alkylthiophene)s deserve a further investigation.

From the XRD scans in Figure 4 one can observe that
B36H64, BS1H49, and B66H34 all show one single sharp
(100) diffraction peak at the 26 angle of 5.81°, 5.99°, and
6.47°, respectively, corresponding to the o values of 15.2,
14.8, and 13.7 A, respectively. And the dqq values progres-
sively increase with the increasing content of the P3HT
block. These results indicate that the diblock copoly-
(3-alkylthiophene)s with alkyl chain length different by two
atoms could cocrystallize, as suggested by the above thermal
analysis. Furthermore, the XRD measurement reveals that
the cocrystals are formed by the cocrystallization of the two
blocks into a common interchain lamella with the mutual
interdigitation of the two different side chains to result in an
uniform crystal domain. The ideal schematic representation
of cocrystallization of P3BT—P3HT is shown in Scheme 2
exemplified by BSTH49.

In contrast to P3BT—P3HT, B54DD46 shows two distinct
(100) diffraction peaks at 4.00° and 6.89°, corresponding to
the dyoo values of 22.1 and 12.8 A, respectively. The 22.1 A
spacing is characteristic of the interlayer stacking distance
between P3DDT blocks in a lamellar packing structure
(dp3ppT), Whereas the 12.8 A spacing stems from the inter-
layer stacking distance between P3BT blocks (dpspT), indi-
cating that B5S4DD46 microphase separated into two P3BT-
and P3DDT-rich domains, and then each domain further
crystallized independently. It is worthwhile to note that
dpsppt 1s smaller than the doo value (25.8 A) of the
P3DDT homopolymer, suggesting partial interdigitation
between the dodecyl chain and/or the tilting of the side chain
of P3DDT block in B54DD46. On the other hand, dp3gr is
very close to the djoy value (12.3 A) of the P3BT homo-
polymer. Additionally, the (100) peak of P3DDT block is
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Scheme 3. Schematic Representation of Microphase-Separated Lamellar Structure of BS4DD46 with Two d-Spacing (dp3pt and dp3ppt) Derived from
XRD Results, Which Has Already Been Pointed Out by Wu et al. Exemplified by Poly(3-butylthiophene)-b-poly(3-octylthiophene) (P3BT—P30T)*’

broad and weak, which is likely due to its imperfect crystal-
lization affected by the prior crystallization of the P3BT
block during the slow cooling process. This phenomenon
indicate that the crystallization of P3BT is more favored
thermodynamically than the crystallization of P3DDT, and
the difference in crystallization between P3BT and P3DDT
blocks might be the main reason that aroused the microphase
separation in P3BT—P3DDT BCPs.

For H46DD54, the situation is similar; two distinct (100)
diffraction peaks at 3.52° and 5.33° are observed, corres-
ponding to the doo values of 25.1 and 16.6 A characteristic of
P3DDT and P3HT blocks, respectively. This result also
indicates the formation of the microphase separation of
H46DD54 into two P3HT- and P3DDT-rich crystal do-
mains. The schematic representation of microphase-sepa-
rated lamellar structure is shown in Scheme 3. We note that
such structure has already been pointed out by Wu et al.
exemplified by poly(3-butylthiophene)-b-poly(3-octylthio-
phene) (P3BT—P30T).”’

Microphase Morphology. To investigate the microphase
morphology of these diblock copoly(3-alkylthiophene)s,
thin films of BS1H49, B54DD46, and H46DD54 were pre-
pared by spin-coating from 10 mg/mL chloroform solutions
on Si substrate precleaned by piranha solution at room
temeperature and then annealed at 250, 230, and 200 °C,
respectively, under argon protection for 30 min. Their nano-
structures were observed by AFM subsequently. Film thickness
was estimated to be 40—50 nm (measured by AFM). Before the
thermal annealing, observed using AFM, thin films of all these
diblock copoly(3-alkylthiophene)s showed a flat surface without
any phase pattern (not shown here). After the thermal annealing,
BS51H49 still showed a flat surface without any phase pattern
(shown in Figure S5) due to its cocrystallization nature and
hence resulting in one uniform phase. The situations were the
same as B36H64 and B66H34; thus, their AFM images are not
shown. Figure 5 shows the AFM images of B54DD46 and

dPBDDT

Figure 5. AFM height (a, ¢) and phase (b, d) images of thin films of
B54DD46 after annealing at 230 °C (a, b) and H46DD54 after
annealing at 200 °C (c, d) (image size: 1 x 1 um?).

H46DD54 after annealing. B54DD46 shows a clear nanopattern
with partial lamellar-like structures and partial porous-like
interconnected structures in its phase image (Figure 5b), while
the height image shows a vague pattern (Figure 5a). The width of
the structure is 10—19 nm, and H46DD54 shows a recognizable
lamellar-like structures with the width in the range of 13—
22 nm (Figure 5d), while the height image still remains vague
(Figure 5¢). The nanostructure observations of B54DD46 and
H46DD54 are attributed to the microphase separation of the
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two blocks in each of them. The somewhat blurred interfaces of
H46DD54 may attribute to the similarity between the two blocks
in crystallization that resulted in incomplete microphase-
separated structures. In contrast, BS4DD46 can produce nano-
patterns with more distinguished interface, which enables poly-
(3-butylthiophene)-b-poly(3-dodecylthiophene) to be a more
suitable model for the exploration of the nanoscale morphology
of the rod—rod BCPs.

Conclusion

We have demonstrated the synthesis of a series of all-
conjugated crystalline—crystalline diblock copoly(3-alkylthiophene)s
with controlled molecular weight and narrow PDI via quasi-
living GRIM polymerization. The DSC and XRD studies
showed that the diblock copoly(3-alkylthiophene)s comprised
by the blocks with the alkyl side-chain length different by two
carbon atoms (represented by P3BT—P3HT) have the ability of
cocrystallizing into an uniform crystal domain, with the mutual
interdigitation of the different side chains of the two blocks into a
common interchain lamella. Other diblock copoly(3-alkylthio-
phene)s with the side chains different by more than two carbon
atoms prefer to microphase separating into two crystal domains
formed by the independent crystallization of each block. The
AFM images revealed the characteristics of microphase-
separated morphology in P3BT—P3DDT and P3HT—-P3DDT
diblock copoly(3-alkylthiophene)s. A systematic study of dynamics
of the nanostructure formation and carrier transport property in
these all-conjugated diblocks is in progress.
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