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ABSTRACT: The donor−acceptor conjugated polymers (CPs)
of terthiophene−thieno[3,4-c]pyrrole-4,6-dione (3T-TPD) are
widely used to fabricate low-cost flexible electronics. We present
a comprehensive study of the side chain effect on the optical
properties, electrochemical properties, thermal properties, and
self-assembly behavior of 3T-TPD CPs, including side chain
location (outward vs inward), type (tetraethylene glycol (TEG)
vs dodecyl), and length (octyl vs hexyl vs butyl). For the side
chain location effect, the polymers with outward side chains show
better coplanarity of backbone than the polymers with inward
side chains, leading to form lamellae structure. However, interestingly, the inward series polymers exhibit novel hexagonal
structure. Through replacing dodecyl chains with TEG chains and changing the side chain length, ultrahigh ordered lamellae
and hexagonal structure can be obtained. Furthermore, two models are purposed to explain the formation mechanism of
lamellae and hexagonal structure. This study can provide a strategy to design the CPs with highly ordered nanostructures.

■ INTRODUCTION
The donor−acceptor conjugated polymers (CPs) have been
widely used to fabricate organic field-effect transistors
(OFETs), polymer solar cells (PSCs), sensors, and so on.
These optoelectronic devices have potential for replacing
inorganic material based devices due to their lightweight,
flexible characteristics, and rapid energy payback time and are
suitable for low-cost roll-to-roll processing.1−5

In the development of conjugated polymers, many donors
and acceptors are used to construct donor−acceptor
alternating CPs. The examples of donors, oligothiphene,6

benzodithiophene,7,8 cyclopentadithiophene,9,10 seleno-
phene,11,12 carbazole,13 etc., have been studied. The examples
of acceptors, benzothiadiazole,14 isoindigo,15 pyrrolo[3,4-
c]pyrrole-1,4- dione (DPP),16 thieno[3,4-c]pyrrole-4,6-dione
(TPD),17,18 bithiopheneimide (BTI),19,20 etc., have been
investigated. In this study, we focus on terthiophene(3T)-
TPD based CPs (P3TTPD) to investigate the side chain
effects on their optoelectronic properties and self-assembly
behaviors due to the merits of their characteristics of easy
synthesis, air stability, and good device performance (OFET:
μh ∼ 1 cm2/(V·s); PSC: power conversion efficiency
∼8%).17,18
The donor−acceptor alternating CPs consist of two parts:

main chain and side chain. The main chain is made of stiff π-
conjugated bond, and the side chain is usually built on a
flexible nonconjugated bond. The main chain has the active
functions of light absorption and charge transportation. On the
other hand, the side chain enables the polymer to dissolve and

disperse in organic solvent and enhance the organization and
crystallization of polymer. The “side chain engineering” is a
technique to tune the chemical and physical properties and to
improve the device performance of the conducting polymer.
The technique usually involves three parameters: side chain
location,21 side chain type,22−25 and side chain length.26−28

Many types of chemical structure have been investigated
including alkyl side chains,22 hybrid side chains,29 ionic side
chains,23 oligoether side chains,25,30 fluoroalkyl side chains,31

and latent reactive side chains.32 Among these side chains,
oligoether side chains attracted lots of attention because they
are more flexible as compared with alkyl side chains and enable
the polymer to be dissolved in environment-friendly solvent.24

In 2013, Leclerc et al. were the first to introduce an
oligoether chain into the P3TTPD system. They successfully
synthesized an amphiphilic donor−acceptor CP that can be
fabricated into a Langmuir−Blodgett film.33 In 2015, Marks et
al. systematically studied side chain location effect on the
properties of P3TTPD based polymers.17 The results showed
that the location of side chain can significantly influence the
coplanarity and the crystallinity of the polymer, leading to
affect the performance of the devices. However, a systematic
study of side chain effects of aforementioned three parameters
has not been performed in the literature.
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Herein, we present a comprehensive study of side chain
effects for P3TTPD system including location, type, and
length. The detailed results and discussion are present below.
This study provides a strategy to design conjugating polymers
with highly ordered lamella and hexagonal nanostructures for
potential applications in high performance optoelectronics.

■ RESULTS AND DISCUSSION

We synthesized eight P3TTPD polymers with two side chains
on the 3T unit by varying their location (outward and inward),
types on the TPD unit (dodecyl and tetraethylene glycol
(TEG)), and three different lengths on the 3T unit (octyl,
hexyl, and butyl), as shown in Scheme 1. They are named
P3T(Rin)TPD(R), P3T(Rin)TPD(E), P3T(Ron)TPD(R), and
P3T(Ron)TPD(E), where “R” is the alkyl side chain and “E” is
the oligoether side chain, “i” represents the two R located at
the 3,3″-position of 3T (inward), “o” represents the two R
located at the 4,4″-position of 3T (outward), and “n” is the
length of R. The synthesis, characterization, and self-assembly
of the polymers are discussed in the following sections.
Polymer Synthesis. A detailed synthesis scheme for the

P3TTPD polymers is shown in the Supporting Information.
The monomers were purified by distillation, column
chromatography, and recrystallization to ensure their purity
of >95% determined by 1H nuclear magnetic resonance (1H
NMR). The polymers were synthesized by the Stille coupling
reaction using Pd2(dba)3 catalyst and P(o-tol)3 ligand using a
microwave reactor. The polymers were purified via multiple
Soxhlet extractions. The molecular weights of these polymers
were measured by gel permeation chromatography (GPC),
and the results are summarized in Table 1. To study the chain
length effect of side chain without the issue of chain
entanglement, we synthesized polymers containing relative
short side chain (≤8 carbons), so their solubility is low,
especially the four-carbon length. To avoid the molecular
weight effect in this study, we synthesized the polymers with
similar molecular weight in the range 3−7 kDa.
Optical Properties. Figure 1 shows the film absorption

spectra of synthesized polymers. The λmax and bandgap of the
films are summarized in Table 1. For the side chain location
effect, the polymer with outward side chains (P3T(Ro8)TPD-

(R)) shows a red-shift of λmax (529 nm vs 507 nm) and a
higher absorption of λshoulder than the polymer with inward side
chains (P3T(Ri8)TPD(R)) when the polymers consists of an
octyl group on the 3T unit and a dodecyl on the TPD unit.
The results signify that P3T(Ro8)TPD(R) has better molecular
packing than P3T(Ri8)TPD(R). We used the frontier
molecular orbital computation to determine the coplanarity
of backbone of each polymer; only one unit was utilized to
save computation time (Figure S2 of the Supporting
Information). The figure shows that the outward polymer,
P3T(Ro8)TPD(R), has higher coplanarity and smaller torsion
angle of 3T than the inward polymer, P3T(Ri8)TPD(R), for
better packing (Table S2). For the side chain type effect (TEG
vs dodecyl), the side chains on the 3T unit are fixed as octyl;
the polymer with an oligoether side chain shows longer
wavelength of λmax than the polymer with the alkyl side chain.
Furthermore, for outward series polymers, the P3T(Ro8)TPD-
(E) shows a longer wavelength of λmax (573 nm vs 529 nm,
red-shift: 44 nm) as compared with P3T(Ro8)TPD(R). For
inward series polymers, P3T(Ri8)TPD(E) also shows a larger
red-shift λmax (510 nm vs 507 nm, red-shift: 3 nm) than
P3T(Ri8)TPD(R). In comparison, the red-shifted amount of

Scheme 1. Chemical Structures of Eight P3TTPD Polymers

Table 1. Summary of Molecular Weights and Optical
Properties for P3TTPD Polymers

polymer
Mn

(kDa)a PDIa
λmax

(nm)b
λshoulder
(nm)b

Eg
opt

(eV)c

P3T(Ro8)TPD(R) 3.65 1.57 529 618 1.86
P3T(Ro8)TPD(E) 7.06 2.10 573 671 1.85
P3T(Ro6)TPD(E) 4.69 2.04 567 671 1.85
P3T(Ro4)TPD(E) 4.23 1.82 562 667 1.86
P3T(Ri8)TPD(R) 4.07 1.15 507 1.72
P3T(Ri8)TPD(E) 6.09 1.13 510 1.72
P3T(Ri6)TPD(E) 4.08 1.17 513 1.71
P3T(Ri4)TPD(E) 3.11 1.20 517 1.72

aMolecular weight of the polymers estimated from GPC using
polystyrene standard, chloroform as eluent, at 40 °C. bUV−vis
absorption spectra of films were measured using spun-cast film from
10 mg/mL chloroform solutions. cOptical bandgap of each film was
calculated from its absorption edge (onset of the peak) of the UV−vis
spectrum.
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λmax is more significant in outward series polymers (44 nm)
than in inward series polymers (3 nm). All above results
indicate that the oligoether side chain is more effective on the
packing of polymers than the alkyl side chain due to the
presence of an oxygen atom having more spatial space for self-
assembly.34

The side chain length effect was investigated by reducing
from octyl to hexyl and butyl side chains on the 3T unit when
the side chain on TPD unit is fixed as TEG. For outward series
polymers, the polymer with longest side chain (P3T(Ro8)-
TPD(E)) shows the longest wavelength of λmax (573 nm),
which indicates that the molecular packing and self-assembly of
polymer are increased with increasing side chain length. On
the contrary, for the inward series polymers, the polymer with
the shortest side chain (P3T(Ri4)TPD(E)) shows the longest
wavelength of λmax (517 nm). That reveals the self-assembly
behavior of the polymer is improved with decreasing side chain
length. More detailed discussions on the structural formation
mechanism using the model will be present in a later section to
explain the differences of self-assembly behaviors among the
P3T-TPD polymers.
The optical bandgaps of the polymers are calculated by the

formula, 1240/λonset, where λonset is the onset of absorption
peak with longest wavelength. For the polymer with the
outward side chains, the polymers have a similar bandgap of
1.85−1.86 eV (Table 1). In comparison, the inward series
polymers have a lower band gap of 1.71−1.72 eV than the
outward series polymers. In addition, the type and length of
side chain do not significantly influence the bandgap of the
polymers. In general, for the polymer with a better packing, the
bandgap of the polymer is smaller.15 However, we observed
that the inward series polymers, known to have poor packing,
exhibit a smaller bandgap than the outward series polymers.

This interesting result may be related to the extended
conjugating length of inward series polymers. Detailed
discussions will be presented in the later section of
morphology.

Electrochemical Properties. Figure 2 shows cyclic
voltammetry spectra of all polymers and schematic diagram
of energy level of synthesized polymers. Every polymer shows
clear oxidation peak at oxidation conditions (0 V→ 1.4 V→ 0
V). However, no significant peak is observed for each polymer
at reduction condition (0 V → −1.4 V → 0 V). The results
indicate every polymer is p-type. The HOMO and LUMO
energy levels of each polymer were calculated using the
following formulas:

= −{ − + }+E EHOMO 5.13 eVoxi Fc/Fc

= − + ELUMO HOMO g
opt

where Eoxi, EFc/Fc
+, and Eg

opt are the oxidation potential of the
polymer, oxidation potential of the ferrocene as standard, and
bandgap value obtained from the UV−vis spectrum of the
polymer, respectively. For the side chain location effect, the
outward series polymer, P3T(Ro8)TPD(R), shows a higher
energy level (HOMO: −5.48 eV vs −5.56 eV, LUMO: −3.62
eV vs −3.84 eV) than the polymers with inward side chains,
P3T(Ri8)TPD(R). The results are due to better coplanarity of
the backbone of P3T(Ro8)TPD(R) than that of P3T(Ri8)-
TPD(R), which promotes electrons to be delocalized easily. By
comparison of the TEG(E) chain with the dodecyl(R) chain,
for outward series polymers, P3T(Ro8)TPD(E) shows a higher
energy level (HOMO: −5.24 eV vs −5.48 eV; LUMO: −3.39
eV vs −3.62 eV) than that of P3T(Ro8)TPD(R). The same
trend is also found in inward series polymers. These results are
attributed to the stronger electron donating ability of TEG

Figure 1. Optical absorption spectra of (a) outward series polymer (P3T(Ron)TPD(R, E)) films and (b) inward series polymer (P3T(Rin)TPD(R,
E)) films spun-cast from 10 mg/mL chloroform solutions.

Figure 2. (a) Cyclic voltammetry spectra and (b) schematic diagram of energy level of synthesized polymers.
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chain than that of dodecyl chain. Furthermore, the side chain
length (octyl vs hexyl vs butyl) on the 3T moiety marginally
affects the energy level of the polymers as shown in Figure 2b.
The differences on the electron donating ability of different
lengths of alkyl chains are not significant.26

Thermal Properties. TGA profiles of synthesized poly-
mers are shown in Figure S4. The TGA data are summarized in
Table S4. The outward series polymer, P3T(Ro8)TPD(R),
shows Td of 416 °C. The Td is decreased to 393 °C by
replacing the dodecyl chain with a TEG chain. The inward
series polymers also show the same trend (436 °C → 383 °C).
These results are due to that reactive oxygen radicals induce
the polymer to be dissociated easily. There is no significant
trend by varying the side chain length from octyl to hexyl and
butyl. Even though TEG chain reduces the thermal stability of
the polymers, all synthesized polymers still show a high Td over
350 °C. The DSC profiles of synthesized polymers are shown
in Figure S5, and relevant data are summarized in Table S4.
The outward series polymers show obvious melting peaks.
However, no significant peak is observed in inward series

polymers. These results indicate that outward series polymers
have better packing than inward series polymers due to the
higher degree of coplanarity. The outward series polymer,
P3T(Ro8)TPD(R), shows a Tm of 239 °C. The Tm is increased
to 296 °C by replacing the dodecyl chain with a TEG chain.
These results indicate that the more flexible TEG chain helps
the outward series polymer to pack into highly ordered
nanostructure. Furthermore, the Tm is decreased from 296 °C
to 266 °C to 247 °C by changing the octyl to hexyl to butyl.
This result reveals that the outward series polymers pack into
highly ordered nanostructure with increased side chain length.
The longer side chain provides more mobility than the shorter
side chain during the self-assembly process. All results of DSC
are in agreement with the results of UV−vis spectra.

Morphology Study. Figure 3 shows 2D patterns of
grazing-incidence wide-angle X-ray scattering (GIWAXS) of
the film of synthesized polymers. The outward series polymer,
P3T(Ro8)TPD(R), shows random orientation. By replacement
of the dodecyl(R) chain with a TEG(E) chain, P3T(Ro8)-
TPD(E) shows an edge-on orientation. The orientation

Figure 3. 2D patterns of GIWAXS of (a) outward series polymers and of (b) inward series polymers.

Figure 4. Line cut data of GIWAXS of (a) outward series polymers and of (b) inward series polymers.

Table 2. Summary of GIWAXS Parameters of the Polymer Films

polymer d-spacing (Å) dπ−π (Å) peak ratio structure

P3T(Ro8)TPD(R) 21.4 3.6 1:2:3 LAM
P3T(Ro8)TPD(E) 19.0 3.6 1:2:3:4 LAM
P3T(Ro6)TPD(E) 17.3 3.6 1:2:3 LAM
P3T(Ro4)TPD(E) 16.4 3.6 1:2:3 LAM
P3T(Ri8)TPD(R) 36.7 3.6 1:√3:2:3:√13 HEX
P3T(Ri8)TPD(E) 36.7 3.6 1:√3:2:3:√13 HEX
P3T(Ri6)TPD(E) 34.9 3.6 1:√3:√7:2:3:√12:√13 HEX
P3T(Ri4)TPD(E) 33.4 3.6 1:√3:2:√7:3:√12:√13:√19:√21 HEX

Macromolecules Article

DOI: 10.1021/acs.macromol.8b01073
Macromolecules 2018, 51, 7828−7835

7831

http://pubs.acs.org/doi/suppl/10.1021/acs.macromol.8b01073/suppl_file/ma8b01073_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.macromol.8b01073/suppl_file/ma8b01073_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.macromol.8b01073/suppl_file/ma8b01073_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.macromol.8b01073/suppl_file/ma8b01073_si_001.pdf
http://dx.doi.org/10.1021/acs.macromol.8b01073


remains by varying the side chain length. However, inward
series polymers show a random orientation. To investigate the
nanostructures of polymers, the line cut data of GIWAXS are
shown in Figure 4. The relevant data are summarized in Table
2.
In outward series polymers (Figure 4a), P3T(Ro8)TPD(R)

shows multiple scattering peaks in the ratio of 1:2:3, a typical
scattering pattern for ordered lamellae (LAM) structure, and
one peak in the high q region (q > 1.5 Å−1) which presents
π−π stacking. The d-spacing and dπ−π are 21.4 Å and 3.6 Å,
respectively. For the side chain type effect (TEG vs dodecyl),
P3T(Ro8)TPD(E) shows more scattering peaks in the ratio of
1:2:3:4 than P3T(Ro8)TPD(R). The result indicates that
P3T(Ro8)TPD(E) can self-assemble into higher order LAM
structure than P3T(Ro8)TPD(R) because E is more flexible
than R. For P3T(Ro8)TPD(E), the d-spacing and dπ−π are 19.0
Å and 3.6 Å, respectively. The d-spacing of the polymer
decreased by 2.4 Å by replacing the alkyl chain with a TEG
chain, signifying that the TEG chain occupies smaller spacing
than the alkyl chain even though the amounts of atoms in the
chain are similar (TEG: 11 atoms; alkyl chain: 12 atoms).
These results suggest that the flexible TEG chain having larger
spatial space in outward series polymers can dramatically
improve the self-assembly behavior and change orientation
from random to edge-on. Furthermore, by decreasing from
octyl to hexyl to butyl, the d-spacing of the polymer becomes
smaller from 19.0 Å to 17.3 Å to 16.4 Å, but the regularity of
its nanostructure is reduced. Therefore, in outward series
polymers, P3T(Ro8)TPD(E) shows the highest order of LAM
structure.
In inward series polymers (Figure 4b), P3T(Ri8)TPD(R)

shows multiple scattering peaks in the ratio of 1:√3:2:3:√13,
a typical scattering pattern for ordered hexagonal (HEX)
structure, and one peak in the high q region. The d-spacing and
dπ−π are 36.7 Å and 3.6 Å, respectively. This special HEX
structure is rarely found in donor−acceptor alternating CPs.
The formation mechanism will be discussed later using the
model. For the side chain type effect (TEG vs dodecyl), in the
inward polymers, both side chains show similar order of HEX
structure, so the effect is not obvious. However, the effect of
side chain length on the self-assembly behavior of inward
polymers is quite large (octyl vs hexyl vs butyl); the regularity
of HEX is dramatically enhanced with decreased side chain
length. Hence, the shortest side chain inward polymer,
P3T(Ri4)TPD(E), shows the highest order of HEX structure
w i t h s c a t t e r i n g p e a k s i n t h e r a t i o o f
1:√3:2:√7:3:√12:√13:√19:√21.
In general, the dπ−π (distance of backbone packing) of

conducting polymer is influenced by the steric effect from the
size of the side chain. It is interesting to note that the dπ−π does
not change at all among the synthesized polymers. This result
indicates that the dπ−π. is determined by the large side chain on
the “TPD” unit rather than the small side chains on 3T unit
(octyl, hexyl, and butyl). Even though TEG occupied smaller
space than dodecyl, the size difference in one atom between
them does not provide enough steric effect to affect dπ−π.
Therefore, all synthesized polymers with TEG or dodecyl on
TPD acceptor show the same value of dπ−π regardless of the
side chain length on the 3T donor.
In a short summary, the outward series polymers self-

assemble into LAM, and inward series polymers having
curvature structure self-assemble into HEX. The polymers
with a TEG chain show higher order of nanostructure than the

polymers with a dodecyl chain because the TEG chain is more
flexible than the alkyl chain. Thus, the TEG chain is more
effective to assist the self-assembly of the outward series
polymers than that of the inward series polymers. In outward
series polymers, the highest order of LAM can be achieved
with the longest side chain. On the contrary, in inward series
polymers, the polymer with the shortest side chain shows the
highest order of HEX. Both data of GIWAXS and UV−vis
provide the information about molecular packing, and they are
in good agreement. The contradictory results of the side chain
length effect between inward series polymers and outward
series polymer will be discussed later using the model.
The two polymers P3T(Ro8)TPD(E) and P3T(Ri4)TPD(E)

exhibit the highest order of LAM and HEX, respectively,
among the eight synthesized polymers. Figure 5 shows their

AFM images. According to the results of 2D-GIWAXS,
P3T(Ro8)TPD(E) shows an edge-on orientation, so the
arrangement of lamellar layer is parallel to the substrate.
Hence, the surface morphology of P3T(Ro8)TPD(E) is flat
with less feature as shown in Figure 5a. The AFM image of
P3T(Ri4)TPD(E) exhibits alternating bright and dark straps
which indicate hard segments and soft segments, respectively,
as shown in Figure 5b. This pattern is a kind of HEX pattern.
The length of each polymer chain is about 1 nm estimated
from its molecular weight. Furthermore, these straps are
straight, and their length is over 500 nm. We speculated the
strap is made from polymer bundles. Every polymer bundle
resulted from the self-assembled polymer backbone about 1
nm, estimated from its molecular weight. Such long and
straight straps reveal that conjugated length of the polymer is
extended by well attached polymer bundles as shown in Figure
S6. Thus, the extended conjugating length of inward series
polymers exhibits a smaller bandgap as compared with outward
series polymers. Other AFM images of the films of synthesized
polymers are shown in Figure S3.

Model for Self-Assembly Behavior. We propose two
models to explain the formation lamella structure (LAM) from
P3T(Ro8)TPD(E) and hexagonal structure (HEX) from
P3T(Ri4)TPD(E), as shown in Figure 6. One usually expects
the formation of lamella structure from conducting polymers
due to their rigid rod characteristics.15,35,36 From the above
discussion, we can conclude that the outward series polymers
have better coplanarity in the backbone and pack the polymer
chains better as compared with inward series polymers. Many
backbones of the polymers can pack into a long-range lamellar
layer with side chains sticking out straight and further self-
assemble into lamellar structure. Therefore, the longer side

Figure 5. Two representative phase images of (a) P3T(Ro8)TPD(E)
and (b) P3T(Ri4)TPD(E) with the most ordered LAM and HEX,
respectively, among the eight synthesized polymers.
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chains provide better chain mobility of polymer to form higher
ordered laminates as compared with shorter side chains37

(Figure 6a). The far right sketch of Figure 6a is a proposed
cross-sectional view of the LAM according to this model.
According to the molecular simulation of P3T(Ro8)TPD(E),
the calculated width of a single molecule is 25.2 Å. Then the
calculated d-spacing should be 25.2 Å as well if all of the side
chains are fully extended. The measured datum of 19.0 Å from
GIWAXS indicates that the side chains are interdigitated in the
lamellae layer (Supporting Information). The formation
curvature HEX for conducting polymer is rather unusual.38

Then, why do we observe it in the inward series polymers? For
inward series polymers with poor coplanarity in the backbone,
thus only a few backbones of the polymers can pack into a
short-range lamellar layer. In addition, because of their twisted
backbone, the hydrophilic TEG side chains and hydrophobic
dodecyl side chains around the polymer backbones are
segregated and self-assembled into cylinder and further into
hexagonal structure (Figure 6b). The far right sketch of Figure
6b is a proposed cross-sectional view according to this model.
According to the molecular simulation of P3T(Ri4)TPD(E),
the width of single molecule is 20.8 Å. Then the calculated d-
spacing is 36.0 Å, which is within the range of measured datum
of 33.4 Å from GIWAXS (Supporting Information).
Furthermore, all of side chains on the inward series polymers
are compressed in the cylinders with little room for them to
stick out. Thus, the shorter alkyl side chains provide a larger
free volume to form highly ordered hexagonal structure as
compared with the longer alkyl side chain.

■ CONCLUSIONS

We successfully synthesized eight 3T-TPD based CPs with
different side chain location (outward and inward), type
(dodecyl and TEG), and length (octyl, hexyl, and butyl). Their
optical properties, electrochemical properties, thermal proper-
ties, and self-assembly behavior have been systematically
studied. For the side chain location effect, the outward series
polymers show a longer wavelength of λmax of UV−vis
absorption and obvious melting behavior than the inward

series polymers. These results indicate that the outward series
polymers pack better than inward series polymers and display
self-assembled LAM. However, interestingly, the inward series
polymers self-assemble into high order of HEX which is rarely
found in D−A CPs. Forthe side chain type effect, both the
outward series polymers and inward series polymers with TEG
chains show a longer wavelength of λmax of UV−vis absorption
and higher order of the nanostructure than the polymers with
dodecyl chains. These results reveal that the more flexible TEG
chain can enhance the self-assembly behavior of the polymers.
For the side chain length effect, the outward series polymers
have a higher order of LAM with a longer side chain. On the
contrary, shorter side chain is more suitable for inward series
polymers to self-assemble into higher order of HEX. Finally,
we purposed two models to explain the formation mechanism
of LAM and HEX. This study provides a new strategy to
design new D−A CPs with highly ordered nanostructure for
potential application in optoelectronic devices or sensors.

■ ASSOCIATED CONTENT

*S Supporting Information
The Supporting Information is available free of charge on the
ACS Publications website at DOI: 10.1021/acs.macro-
mol.8b01073.

Synthesis method, experiment method, results of
molecular orbital computation, AFM images, TGA
profiles, DSC profiles, 1H NMR for all synthetic
intermediate and monomers (PDF)

■ AUTHOR INFORMATION

Corresponding Author
*E-mail suwf@ntu.edu.tw (W.-F.S.).

ORCID
Shih-Huang Tung: 0000-0002-6787-4955
Wei-Fang Su: 0000-0002-3375-4664
Notes
The authors declare no competing financial interest.

Figure 6. Structure formation mechanisms of self-assembly of P3TTPDs: (a) P3T(Ro8)TPD(E) and (b) P3T(Ri4)TPD(E) with lamellae structure
and hexagonal structure, respectively, where blue line, yellow line, red box, and blue box represent TEG chain, alkyl chain, imide group on TPD
unit, and thiophene unit, respectively. The d-spacing is calculated from the width of polymer chain based on this model.

Macromolecules Article

DOI: 10.1021/acs.macromol.8b01073
Macromolecules 2018, 51, 7828−7835

7833

http://pubs.acs.org/doi/suppl/10.1021/acs.macromol.8b01073/suppl_file/ma8b01073_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.macromol.8b01073/suppl_file/ma8b01073_si_001.pdf
http://pubs.acs.org
http://pubs.acs.org/doi/abs/10.1021/acs.macromol.8b01073
http://pubs.acs.org/doi/abs/10.1021/acs.macromol.8b01073
http://pubs.acs.org/doi/suppl/10.1021/acs.macromol.8b01073/suppl_file/ma8b01073_si_001.pdf
mailto:suwf@ntu.edu.tw
http://orcid.org/0000-0002-6787-4955
http://orcid.org/0000-0002-3375-4664
http://dx.doi.org/10.1021/acs.macromol.8b01073


■ ACKNOWLEDGMENTS

The authors thank the Ministry of Science and Technology of
Taiwan (106-2221-E-002-192 and 107-3017-F-002-001) and
Ministry of Education (107L9006) for the financial support of
this research and also thank the National Synchrotron
Radiation Research Center of Taiwan for providing the
GIWAXS instrument.

■ REFERENCES
(1) Tipnis, R.; Bernkopf, J.; Jia, S.; Krieg, J.; Li, S.; Storch, M.; Laird,
D. Large-area organic photovoltaic moduleFabrication and
performance. Sol. Energy Mater. Sol. Cells 2009, 93 (4), 442−446.
(2) Krebs, F. C. Polymer solar cell modules prepared using roll-to-
roll methods: Knife-over-edge coating, slot-die coating and screen
printing. Sol. Energy Mater. Sol. Cells 2009, 93 (4), 465−475.
(3) Scharber, M. C.; Sariciftci, N. S. Efficiency of bulk-
heterojunction organic solar cells. Prog. Polym. Sci. 2013, 38 (12),
1929−1940.
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