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Oligo(ethylene glycol) side chain effect on the
physical properties and molecular arrangement of
oligothiophene–isoindigo based conjugated
polymers†

Chien-An Chen,a Shih-Chieh Wang,b Shih-Huang Tung *a and Wei-Fang Su *b

Oligo(ethylene glycol) (OEG) side chains are widely used in donor–acceptor conjugated polymers (D–A

CPs) and enable the polymers to dissolve and be processed in environmentally friendly and cost-

effective nonchlorinated solvents, such as water. However, the OEG effect on the physical properties

of D–A CPs has not been thoroughly studied and sometimes the results are controversial. In this

study, two oligothiophene–isoindigo based conjugated polymers, P3TI and P4TI, are selected as model

polymers to investigate the OEG effect. PnTI has octyl side chains on the oligothiophene unit and

2-hexyldecyl side chains on the isoindigo unit. The replacement of an alkyl side chain with OEG not only

changes the optical and thermal properties but also the molecular arrangements of the polymers such

as p–p d-spacing, crystallinity, and packing orientation. The domination of the crystallization behavior

changes from the oligothiophene unit to the isoindigo unit when the bulky alkyl group is replaced by

the flexible and linear OEG. The packing changes from edge-on to face-on orientation. The results are

intriguing and provide new insights into this class of polymers.

Introduction

The donor–acceptor conjugated polymers (D–A CPs) have
low bandgap, broad ultraviolet-visible (UV-Vis) absorption,
and high conductivity, so they are widely used in polymer solar
cells (PSCs),1,2 organic field-effect transistors (OFETs),3,4 and
sensors.5,6

The D–A CPs contain stiff and conjugated aromatic rings as
well as flexible and insulated side chains. Although the side
chains are insulated, they enable the D–A CPs to be dissolved in
solvents and help the packing of the polymer molecules. Side
chain engineering is utilizing side chains to improve the opto-
electronic properties of D–A CPs for high performance devices.7,8

Many types of side chain have been used in D–A CPs, such as alkyl
side chains,9,10 ionic side chains,11,12 hybrid side chains,13,14

oligo(ethylene glycol) (OEG) side chains,15,16 fluoroalkyl side
chains,17,18 and so on. In the past ten years, the OEG side chain
has gained lots of attention due to its flexibility and high polarity
which enables the polymer to be dissolved in environment-
friendly nonchlorinated solvents, such as water.19,20

The OEG side chain effect on the properties of D–A CPs has
not been extensively studied and sometimes the results are
controversial. Many studies indicate that OEG shortens the
distance of p–p stacking (dp–p) of polymers, and thus enhances
the crystallinity of the polymer and improves the device
performance by replacing the bulky alkyl side chain with
OEG.16,21–23 However, Mei and You et al. indicate that although
OEG reduces the dp–p of polymers, it deteriorates the crystal-
linity of the polymers and the device performance.24,25 These
studies encouraged us to elucidate the OEG effect on the
properties of D–A CPs and find out how OEG influences the
physical properties, especially the crystallinity and molecular
arrangement of the polymers.

We chose two oligothiophene–isoindigo based conjugated
polymers, P3TI and P4TI, as model polymers to systematically
study the OEG side chain effect. The PnTI polymers are
significant in the following respects: (1) isoindigo is a natural dye,
and it can be extracted from plants and renewable resources,26

(2) PnTI has good device performance (OFET: mh B 1 cm2 V�1 s�1;
PSC: power conversion efficiency B8%),27,28 (3) PnTI is easy to
synthesize,29 and (4) PnTI is stable in air.5 In addition, bulky
alkyl side chains are usually attached on the isoindigo unit of
PnTI polymers to ensure the polymers have good solubility, and
flexible OEG side chains are suitable for replacing the bulky
alkyl side chains on the isoindigo unit to reduce the dp–p of the
polymers. For P3TI and P4TI model polymers, octyl side chains
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are installed on the oligothiophene unit, and 2-hexyldecyl side
chains are placed on the isoindigo unit. We sequentially
replaced the alkyl side chains with OEG side chains and system-
atically studied the changes of physical properties in the poly-
mers. The 2-hexyldecyl side chains on the isoindigo unit are
replaced by OEG side chains at first. Then, the octyl side chains
on the oligothiophene unit are also replaced by OEG side chains.
The effects of the partial and full replacement of the alkyl groups
with OEG on the optical absorption, thermal properties, and
molecular arrangement of the polymers are thoroughly investi-
gated. The results are interesting and discussed below.

Results and discussion

A series of P3TI and P4TI polymers containing different amounts
and location of oligo(ethyene glycol) (OEG) side chains were
synthesized. Their structures are shown in Scheme 1. They are
named as P3T(R8)I(Rb-16), P3T(R8)I(E), P3T(E)I(E), P4T(R8)I(Rb-16),
P4T(R8)I(E), and P4T(E)I(E), where R8, Rb-16, and E represent
octyl, branched 2-hexyldecyl, and OEG, respectively. Note that
OEG introduced in this work, i.e. tetraethylene glycol (TEG),
cannot attach on the oligothiophene unit directly and the use of
thiophene-3-ylmethanol to react with TEG is necessary. There-
fore, OEG on the oligothiophene unit has one OCH2 unit longer
than the OEG on the isoindigo unit. Methoxy-TEG is expected
to have similar properties as TEG in terms of flexibility, hydro-
philicity, and so on. To simplify the discussion, OEG is used
to represent either methoxy-TEG or TEG. The results of the
synthesis, characterization, and molecular arrangement of the
polymers are presented below and discussed in detail.

Polymer synthesis

PnTI polymers were synthesized by Stille coupling. The purity of
the monomers was over 95% determined by 1H nuclear magnetic
resonance (1H NMR), and thus polymers with high molecular
weights (410 kDa) were obtained. The molecular weights of
the synthesized polymers were measured by gel permeation
chromatography (GPC). The results are summarized in Table 1.
To avoid the molecular weight effect in this study, we synthesized

the polymers with similar molecular weights in the range of
12–20 kDa. The detailed synthesis scheme of the PnTI polymers
is shown in the ESI.†

OEG effects on optical properties

Fig. 1 displays the absorption spectra of annealed PnTI films.
All of the polymers show broad dual band absorption between
300 and 850 nm. lmax between 600 and 700 nm and lshoulder

between 700 and 800 nm are contributed from intramolecular
charge transfer (ICT) and intermolecular p–p stacking, respec-
tively. The intensity of the lshoulder is related to the packing of
polymer chains and closely correlated with the crystallinity.30

The values of lmax, lshoulder, and the calculated optical bandgap
are listed in Table 1. For P3TI polymers, P3T(R8)I(Rb-16) shows a
clear lshoulder, implying that P3T(R8)I(Rb-16) has a high extent of
p–p stacking and high crystallinity. As Rb-16 was replaced by
OEG on the isoindigo unit, i.e. P3T(R8)I(E), lmax red-shifts from
660 nm to 678 nm, but no clear lshoulder is observed. The results
indicate that flexible, linear OEG on the isoindigo unit may
shorten the distance of p–p stacking of the polymer to have a
red-shift of lmax. However, the crystallinity of the polymer is
decreased. Further replacing R8 on the oligothiophene unit
with OEG, i.e. P3T(E)I(E), lshoulder disappears and lmax blue-
shifts from 678 nm to 639 nm. The results show that OEG on
the oligothiophene unit further decreases the crystallinity

Scheme 1 Chemical structures of PnTI polymers.

Table 1 Summary of the molecular weight and optical property of the
PnTI polymers

Polymer Mn
a (kDa) PDIa lmax

b (nm) lshoulder
b (nm) Eopt

g
c (eV)

P3T(R8)I(Rb-16) 12.7 2.24 660 710 1.54
P3T(R8)I(E) 19.7 2.16 678 733 1.48
P3T(E)I(E) 13.3 2.05 639 — 1.56
P4T(R8)I(Rb-16) 18.9 2.34 644 705 1.61
P4T(R8)I(E) 12.2 2.54 669 720 1.51
P4T(E)I(E) 14.9 2.03 646 — 1.54

a Molecular weights estimated from GPC using polystyrene standard,
chloroform as eluent, at 40 1C. b UV-Vis absorption spectra of the films
spun-cast from 10 mg ml�1 chloroform solutions then annealed at
200 1C for 1 h. c Optical bandgaps calculated from the absorption edge
(onset of the peak) of UV-Vis spectra.
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of the polymer. Similar results can also be found in P4TI
polymers. The crystallinity of the polymer affected by OEG
substitution plays a critical role in the packing orientation of
the polymer chains, which will be discussed later.

OEG effects on thermal properties

Fig. 2 shows the TGA and DSC profiles of the PnTI polymers.
The degradation temperature Td and the melting temperature
Tm are summarized in Table 2. The TGA profiles reveal that
the polymers with all alkyl side chains, P3T(R8)I(Rb-16) and
P4T(R8)I(Rb-16), exhibit the highest Td in their respective series
of polymers. After the replacement of Rb-16 with OEG on the
isoindigo unit, the Td of P3T(R8)I(E) and P4T(R8)I(E) are slightly
reduced by 5–9 1C. However, after the further replacement of R8

with OEG on the oligothiophene unit, the Td of P3T(E)I(E)
and P4T(E)I(E) are greatly reduced by 101–115 1C as compared
with their alkyl analogues. The large decrease in the thermal
stability is because the oxygen atoms on OEG tend to form
oxygen radicals at high temperature and promote radical chain
decomposition reaction.

The DSC profiles reveal the crystallization behavior of the
polymers. For P3TI polymers, only P3T(R8)I(Rb-16) shows a sharp
melting peak at 268 1C and no melting peak is observed for the
polymers with OEG side chains before thermal degradation. For
P4TI polymers, P4T(R8)I(Rb-16) shows a sharper melting peak at
a higher temperature of 307 1C while the melting peak of
P4T(R8)I(E) is broader and at a lower temperature of 299 1C.
The melting peak is absent for P4T(E)I(E) before degradation.
These results indicate that the OEG side chains inhibit the
crystallization of the PnTI polymers, consistent with the UV-Vis
absorption spectra shown in Fig. 1. In the case of the higher

Fig. 1 UV-Vis absorption spectra of (a) P3TI and (b) P4TI thin films spun-cast from 10 mg ml�1 chloroform solutions, then annealed at 200 1C for 1 h.

Fig. 2 (a) TGA profiles and (b) DSC profiles of PnTI polymers.

Table 2 Thermal properties of PnTI polymers

Polymer Td (1C) Tm (1C)

P3T(R8)I(Rb-16) 352 268
P3T(R8)I(E) 347 —
P3T(E)I(E) 251 —
P4T(R8)I(Rb-16) 359 307
P4T(R8)I(E) 350 299
P4T(E)I(E) 244 —
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crystallinity polymers, P3T(R8)I(Rb-16) and P4T(R8)I(Rb-16), considering
that the bulky branched side chains (Rb-16) can prohibit the
close packing of the isoindigo units, the crystallization of the
polymers should be dominantly driven by the oligothiophene
unit that bears smaller side chains (R8). This can also be
supported by the fact that the Tm of P4T(R8)I(Rb-16) with more
thiophene units is higher than that of P3T(R8)I(Rb-16) even
though they have the same isoindigo unit.31 The decrease in
crystallinity upon replacing the alkyl side chains on isoindigo
with OEG is because the small size of the linear OEG side chains
allows the isoindigo unit to be more closely packed, which may
slightly shift the relative positions of the polymer backbones and
in turn sacrifice the original stable packing of the oligothio-
phene unit. This argument can be verified by the change in p–p
d-spacing upon the incorporation of OEG chains as shown in the
GIWAXS study below.

OEG effects on the thin film morphology

Fig. 3 shows the 2D-GIWAXS patterns of the PnTI thin films.
The polymer films were annealed at 200 1C for 1 h to ensure
that the morphology of the polymer films is thermodynamically
stable. All P4TI polymers show a highly ordered lamellar
structure with clear multiple scattering peaks at a q ratio of
1 : 2 : 3. The scattering peak contributed from p–p stacking can
also be observed. In contrast, P3TI polymers only show a clear
first-order scattering peak from lamellae, along with a p–p
stacking scattering. The results are attributed to the shape
and coplanarity of the polymer chains. The molecular confor-
mation of the D–A unit of the polymer was simulated using
Gaussian 9.0 software as shown in Fig. S1 and Table S2 (ESI†).
The linear and planar backbones of the P4TI polymers can
stack into a more ordered lamellar structure. In contrast, the
S-shaped and twisted backbones of the P3TI polymers are not
suitable for lamellar stacking.

Fig. 4a and b show the line cut data along the qz-axis and the
qxy-axis, from which the d-spacing of the lamellar stacking dL

and the p–p stacking dp–p can be estimated. The calculated dL

and dp–p are listed in Table 3. The dL values of the P3TI
polymers (19.4–20.9 Å) are larger than those of P4TI polymers
(16.2–18.0 Å), which is attributed to the radially wider S-shaped
P3TI backbone. For both P3TI and P4TI polymers, the replace-
ment of Rb-16 with OEG on isoindigo reduces dL, from 20.9 Å to
19.4 Å and from 18.0 Å to 16.2 Å for P3TI and P4TI respectively.
The OEG side chain may need to interdigitate or laterally coil
between the backbones to attain uniform segmental density in
the side chain layer, thereby leading to a reduction of dL.
Further replacing the R8 with OEG on oligothiophene increases
dL to 20.3 Å and 18.0 Å respectively, due to the longer length of
the OEG chains compared to R8 chains.

The effect of OEG on dp–p is similar for both P3TI and P4TI
polymers, and the change is intriguing. We have shown that the
crystallinity of both P3TI and P4TI polymers decreases when
more OEG chains are incorporated into PnTIs by DSC study
(Fig. 2b), but surprisingly, the scattering peaks of the p–p
stacking become sharper and dp–p decreases when OEG chains
are attached on the isoindigo unit (Fig. 4a and b). For the P3TI
polymers, dp–p is reduced from 3.92 Å of P3T(R8)I(Rb-16) to
3.57 Å of P3T(R8)I(E) and P3T(E)I(E). For the P4TI polymers,
dp–p is reduced from 3.92 Å to 3.61 Å. As mentioned earlier, in
the case of P3T(R8)I(Rb-16) and P4T(R8)I(Rb-16), the isoindigo
unit cannot closely pack due to the large steric hindrance of the
bulky branched Rb-16. The packing of the P3T(R8)I(Rb-16) and
P4T(R8)I(Rb-16) chains is therefore dominated by the oligothio-
phene unit and the dp–p spacing of 3.92 Å happens to be close to
that of poly(3-alkylthiophene), B3.87 Å.32 Once isoindigo units
are grafted with linear OEG, the packing of the isoindigo units
becomes dominant regardless of the type of side chain on the
oligothiophenes, which thus gives a dp–p of 3.57–3.61 Å close to
that of 3.65 Å for isoindigo oligomers.33 Note that although the
isoindigo unit with linear OEG chains can control the packing
of PnTI polymers, they are unable to cause the crystallization of
the polymer chains. Instead, their close packing deteriorates the
crystallization of the oligothiophene unit, as shown by the DSC
profiles in Fig. 2b. In other words, the crystallization of PnTI is
driven by the oligothiophene unit, not the isoindigo unit.

OEG effects on packing orientations

The packing orientation in PnTI films can be determined from
the 2D-GIWAXS as shown in Fig. 3. Fig. 4 illustrates line cut
data and the pole figures based on the intensity of the first-
order (100) scattering as a function of the azimuthal angle. A
stronger (100) peak on the qz-axis than on the qxy-axis in Fig. 4a
and b, and a stronger (100) intensity around 901 in the pole
figures of Fig. 4c indicate a preference for edge-on orientation,
which can also be determined from a stronger p–p stacking
peak on the qxy-axis than on the qz-axis. The opposite results
indicate a preference for face-on orientation. For P3TI polymers,
the replacement of alkyl side chains with OEG dramatically
transforms the slightly edge-on orientation of P3T(R8)I(Rb-16) to
the highly face-on orientation of P3T(R8)I(E) and P3T(E)I(E)

Fig. 3 2D-GIWAXS patterns of annealed PnTI films which were drop-cast
from 10 mg ml�1 chloroform solutions, then annealed at 200 1C for 1 h.
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where a clear scattering of p–p stacking appears in the qz direction.
For P4TI polymers, the effect of OEG side chains is not as
pronounced as in P3TI polymers, from the highly ordered edge-on
arrangement of P4T(R8)I(Rb-16) and P4T(R8)I(E) to a mixed arrange-
ment of P4T(E)I(E) where some face-on feature appears. The orienta-
tions of the films are summarized in Table 3.

In thin films, the conjugated polymers with strong inter-
molecular interactions, especially the backbone p–p interactions,
generally show a high crystallinity and tend to arrange in the
edge-on fashion to extend the range of the ordered packing in
the in-plane direction.34 Another critical factor that influences
the packing orientation of polymers is the backbone conforma-
tion. It has been shown that in order to closely contact the
substrate, the polymers with S-shape backbones prefer to pack
with the face-on orientation while the polymers with linear
backbones favor the edge-on orientation.34 By combining these
two factors, we can explain the orientation of P3TI and P4TI thin
films as follows. The backbones of P3TI polymers are S-shaped
and the face-on orientation is naturally favorable. However, the
high crystallinity of P3T(R8)I(Rb-16) may significantly influence
the packing and thus the edge-on orientation is slightly preferred
in this case. For P3T(R8)I(E) and P3T(E)I(E), the introduction
of an OEG side chain decreases the crystallinity. Therefore, the
S-shaped backbones become dominant and the polymers are
forced to adopt the face-on orientation. The backbones of P4TI
polymers are linear so that the edge-on orientation is inherently
favorable. Along with the crystalline nature, P4T(R8)I(Rb-16) and

P4T(R8)I(E) thin films are as expected highly edge-on oriented
while the nearly suppressed crystallization allows P4T(E)I(E) to
reveal some face-on features. These results indicate that OEG
side chains are capable of controlling the packing orientation
of PnTI polymers in thin films by altering the intermolecular
interactions.

Conclusions

We successfully synthesized a series of P3TI and P4TI polymers
by varying the number and location of oligo(ethylene glycol)
(OEG) side chains. Their optical properties, thermal properties,
and morphologies are systematically studied. High crystal-
lization capability of PnTI polymers is mainly contributed from
the stable stacking of the oligothiophene unit. For the polymers
with all alkyl side chains, P3T(R8)I(Rb-16) and P4T(R8)I(Rb-16),
they show the highest crystallinity but the largest dp–p among
each series of polymers. Their p–p stacking behavior is domi-
nated by the oligothiophene unit because the bulky alkyl side
chains (Rb-16) on the isoindigo unit prohibit the close packing
of the isoindigo unit. As the bulky Rb-16 side chains on the
isoindigo unit are replaced by linear and flexible OEG side
chains, i.e. P3T(R8)I(E), P3T(E)I(E), P4T(R8)I(E), and P4T(E)I(E),
their p–p stacking behavior is dominated by the isoindigo unit
because the isoindigo unit with a small size of the OEG side
chains can stack more closely than the oligothiophene unit,
resulting in a sacrifice for stable stacking of the oligothiophene
unit. Therefore, even though they show relatively short dp–p,
their crystallinity is relatively low. In our opinion, OEG side
chains can alter the p–p stacking behavior of the polymer
chains to influence the crystallinity of the polymers, especially
for donor–acceptor conjugated polymers. In addition, OEG side
chains are capable of controlling the packing orientation of the
polymers by adjusting the crystallinity of the polymers. For
instance, OEG side chains change the packing orientation of P3TI
polymers from slightly edge-on orientation of P3T(R8)I(Rb-16) to

Fig. 4 (a) Line cut data of the z-axis, (b) line cut data of the xy-axis, and (c) pole figures of the primary peak (100) extracted from the 2D-GIWAXS
patterns in Fig. 3.

Table 3 Summary of the GIWAXS parameters of annealed PnTI films

Polymer Peak ratio dL (Å) dp–p (Å) Orientation

P3T(R8)I(Rb-16) 1 20.9 3.92 Slightly edge-on
P3T(R8)I(E) 1 19.4 3.57 Face-on
P3T(E)I(E) 1 20.3 3.57 Face-on
P4T(R8)I(Rb-16) 1 : 2 : 3 : 4 18.0 3.92 Edge-on
P4T(R8)I(E) 1 : 2 : 3 16.2 3.61 Edge-on
P4T(E)I(E) 1 : 2 : 3 18.0 3.61 Mixed
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fully face-on orientation of P3T(R8)I(E) and P3T(E)I(E) which is
suitable for polymer solar cell applications.
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