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Chain shape and thin film behaviour of
poly(thiophene)-graft-poly(acrylate urethane)†
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Electronic graft copolymers with conjugated polymer backbones are emerging as promising materials for

various organic electronics. These materials combine the advantages of organic electronic materials, such

as molecular tunability of opto-electronic and electrochemical properties, with solution processability and

other ‘designer’ physical and mechanical properties imparted through the addition of grafted polymer side

chains. Future development of such materials with complex molecular architecture requires a better

understanding of the effect of molecular parameters, such as side chain length, on the structure and,

in turn, on the electronic properties. In this study, poly(thiophene)-graft-poly(acrylate urethane) (PTh-g-PAU)

was examined as a model system and we investigate the effect of side chain length on the overall shape

and size in solution. Furthermore, the changes in the swelling behaviour of the graft copolymer thin films

help in understanding their electrochemical redox properties.

Introduction

Conjugated polymers (CPs) are organic electronic materials
with tunable opto-electronic properties, and solubility and
functionality through side chain engineering.1–4 Primarily,
small substituents, such as alkyl chains, have been incorpo-
rated as solubilising agents,3 allowing for CPs to be readily
processable and printable for large-scale fabrication of organic
electronics, including field-effect transistors,5 light emitting
diodes,6 and photovoltaics.7 In addition to opto-electronic
properties, the electrochemical properties of CP films are also
widely exploited for various applications, including electro-
chromic devices,8 biosensors,9 drug delivery10 and batteries.11

Fundamentally, their redox properties provide information
about their electronic band gap structure and the electrochemical
processes (such as electron transfer and ion transport) involved
in doping and dedoping of CP films immersed in an electrolyte
solution.12 Determining the interfacial information, such as the
depth profile and the extent of solvation, of CP films is crucial as
these parameters influence the efficiency of redox-mediated
doping and dedoping processes.13

In recent years, realisation of multifunctional CPs through the
addition of polymeric side chains possessing unique function-
alities have heralded a new class of electronic graft copolymers.14

For instance, grafting of poly(ethylene glycol) onto a CP backbone
rendered the grafted macromolecule thermoresponsive and
water soluble,15 whereas grafting of low glass transition acrylic
polymers, such as poly(n-butyl acrylate), afforded copolymers
with adhesive properties.16 As demonstrated by these examples
and more,14 selective addition of functionality through polymeric
grafts clearly illustrates the versatility of side chain engineering.
However, to underpin the development and greater uptake of
CP-based graft copolymers in organic electronics, controlling and
understanding their opto-electronic properties through structural
studies are crucial.17,18

Unlike conventional polymers, the delocalised conjugated
backbone, and steric contributions from both the backbone
and the side chains, affects the shape in which the macro-
molecular chain orientates in solution.19 The shape of CPs in
solution often relates to the morphological information in thin
films, such as aggregation or phase separation, which can be in
turn correlated with their opto-electronic properties.19 Grafting
of polymeric side chains adds complexity in determining their
overall chain shape, as molecular parameters (such as graft
density or chain length) or the surrounding environment
(such as solvent quality) influences the orientation of the CP
backbone and the polymeric side chains. There is a limited
number of studies on the structure of CP-based graft copolymers,
yet their behaviour in solution can be predicted, to an extent,
from grafted macromolecules with a non-conjugated backbone.
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For instance, Zhang et al.20 showed that theoretical and experi-
mental observations of graft copolymers with a non-conjugated
backbone indicate that the backbone becomes more extended
with longer side chain length due to steric effects. Moreover,
a change in the shape was observed when a poor solvent, for
either the backbone or the side chains, is introduced. Alexander
et al.21 demonstrated that conformational transition (from a
swollen coil to a micelle) can be induced by varying the composi-
tion of the solvent mixture.

In addition to the chain orientation of CP-based graft
copolymers in solution, molecular parameters also play a crucial
role in determining the electronic properties, including optical,
electrical and electrochemical properties. For instance, photo-
luminescence generally improves with increasing side chain
length as the sterically repulsive side chains prevent the conju-
gated backbones from aggregating and thereby minimises the
quenching processes.16,22–24 On the other hand, the presence
of insulating polymeric side chains can dilute the conjugated
segments from forming an effective conductive pathway when
the graft copolymers are in their doped state, leading to loss of
electrical conductivity.14 For CP-based graft copolymer films,
however, the electrochemical process and the thin film behaviour
at different redox states have not been investigated as a function
of side chain length to the best of our knowledge.

Herein, we investigate the changes in the overall chain shape
and the thin film behaviour of the CP-based graft copolymer as a
function of side chain length. This study involves previously
reported poly(thiophene)-graft-poly(acrylate urethane) (PTh-g-PAU)
graft copolymers25 as model systems, yet reveals novel structural
and electronic features that provide greater understanding of
this new class of electronic materials. As demonstrated by
others,19,21,26–28 small-angle neutron scattering (SANS) was
utilised to obtain the general structural features of CP-based
graft copolymers in solution. Other characterisation tools exist,
such as directly imaging the molecular structure of grafted
macromolecules cast on a surface using atomic force microscopy
and/or transmission electron microscopy;15,29 however, the
observed polymer structures in the dry state are not a direct
representation of the ones in the solution-state. Moreover, to
examine the interfacial features (for instance, extent of swelling)
of PTh-g-PAU thin films as a function of side chain length in
relation to the electrochemical properties, in situ electrochemical
neutron reflectometry (NR) was used.13,30–33 The changes in thin
film parameters (such as thickness, density and solvation) in
different redox states are typically monitored by combining NR
with in situ electrochemical control.13,33 This work exemplifies
that a better understanding of the structure of conjugated graft
copolymers should be established, as a basis for designing novel
electronic polymers for next-generation organic electronics.

Experimental
Chemicals

Methanol-d4 (MeOD4), tetrahydrofuran-d8 (THF-d8), acetonitrile-d3

(ACN-d3), and tetrabutylammonium hexafluorophosphate (TBAHPF)

were purchased and used as received from Sigma Aldrich. All
solvents were used as received.

Synthesis of PTh-g-PAU graft copolymers

CP-based graft copolymers with different graft lengths were pre-
pared by varying the time of atom transfer radical polymerisation
(ATRP) of the 2-((ethylcarbamoyl)oxy)ethyl acrylate(acrylate urethane)
monomer from the PTh macroinitiator, PMI, as described in
our previous study.25 Graft copolymers with PAU side chains
with degree of polymerisation (DP) values of 5, 17 and 48 units
are referred to as PTh-g-PAU5, PTh-g-PAU17 and PTh-g-PAU48,
respectively (Fig. 1).

Characterisation

Small angle neutron scattering. Small angle neutron scattering
(SANS) experiments were carried out on a BILBY34 time-of-flight
SANS instrument line at ANSTO, Australia, with a range of
neutron wavelengths from 2 to 17 Å. The rear detector was
placed at 10 m and the sample-to-detector distance to the
top/bottom and left/right curtains were 4.7 m and 3.7 m respec-
tively, to cover a range of scattering vectors, q (q = 4p sin(y)/l,
where 2y is the scattering angle), from 0.0025 to 0.57 Å�1. Due to
large noise at very low q values (o0.003 Å�1) and the SANS curves
reaching the background at high q values (40.4 Å�1), a q range
of 0.005 Å�1 to 0.4 Å�1 was used to model polymers in THF,
whereas a q range of 0.003 Å�1 to 0.4 Å�1 was used for the solvent
mixture sample.

Polymer solution samples were prepared at a concentration
of 0.5 wt% in either THF-d8 or a 30 : 70 (vol/vol) MeOD4 : THF-d8

mixture. The polymer solutions were placed in a 2 mm path
length quartz cuvette (Hellma Analytics) and were measured at
5 1C, 22 1C and 40 1C. Data reduction followed BILBY-specific
procedures implemented in the Mantid35 software suite. The
measured intensity was corrected for scattering contribution
from the solvent and empty cells, azimuthally averaged to I(q) vs.
q and placed on an absolute scale. Model fitting was performed
using the Guinier–Porod model36 (SasView software). The
Guinier–Porod model consists of three adjustable parameters,
including the radius of gyration, Rg, the dimension parameter, S,
and the Porod exponent, m. The radius of gyration, Rg, represents
an average size over all polymer chains in time. With regard to the
dimensionality (which is based on the generalised Guinier law),

Fig. 1 Chemical structure of PTh-g-PAU graft copolymers.
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the S value of 0 corresponds to spherical objects whereas that of
1 corresponds to 2D rod-like shapes.37 On the other hand the
Porod exponent, m, indicates the conformation of the scattering
objects. In the case of polymers in solution, a characteristic
Porod exponent of 5/3 indicates fully swollen coils in a good
solvent, and is 2 for Gaussian chains under theta conditions
and 3 for collapsed chains in a poor solvent environment.37

Neutron reflectometry. Neutron reflectometry (NR) experi-
ments were carried out on a PLATYPUS time-of-flight reflecto-
meter at ANSTO, Australia.38 The reflectivity profiles in solution
were measured with a q range 0.009 Å�1 o q o 0.30 Å�1 (angles
of incidence: 0.81 and 3.51), where all configurations used a
wavelength range of 2.5–19 Å. Due to large noise at high q
values (40.2 Å�1), a q range of 0.009 Å�1 to 0.15 Å�1 was used
for modelling.

0.2 wt% polymer solutions in THF were spin coated onto
2 inch (B5.1 cm) diameter Si wafers with 200 Å of sputtered
Au on a 75 Å Cr adhesion layer to produce thin films. The nSLD
of the polymers obtained from fitting the NR profiles obtained
in air were consistent with the values acquired from SANS
measurements.25 The dry measurements were analyzed in
Motofit39 using a simple slab model.

For in situ electrochemical NR measurements, polymer thin
films were prepared by spin coating 0.2 wt% polymer solutions
in THF onto 2 inch (B5.1 cm) diameter Si wafers with 200 Å of
sputtered Au on a 75 Å Cr adhesion layer. A two-electrode
electrochemical cell setup containing a polymer-coated Au
working electrode and a conductive Au counter electrode was
used, with the two electrodes separated by a custom made 70 mm
thick acrylonitrile butadiene rubber gasket, providing an esti-
mated volume of 1 mL for the electrolyte solution (0.1 M TBAHFP
in acetonitrile-d3). The electrolyte solution was then injected
through the fluid ports built in the 2 inch conductive Au
counter electrode. The mounted electrochemical setup exposed
an electrode area of 15.2 cm2 to the electrolyte solution.
Chronoamperometry was used to apply a constant potential
using a potentiostat (302N Metrohm-Autolab). The films in
solution were analysed in refnx40 with a free-form spline model
that can describe the scattering length density (SLD) profile of
diffuse swollen films.

Cyclic voltammetry. Cyclic voltammetry (CV) experiments
were obtained using a CH650 potentiostat (CH Instruments).
For CV experiments, dilute 0.15 wt% polymer solution in THF
was drop cast onto a 1 mm diameter Au working electrode
(BASi) with a 2 mm diameter leak-free, poly(ether ether ketone)-
based reference electrode (Harvard Apparatus) and Pt wire as the
counter electrode (BASi). For all polymers, CVs were measured
at various scan rates (50–300 mV s�1) in 0.1 M TBAHFP in
acetonitrile (N2 purged).

Results and discussion
Chain shape of PTh-g-PAUs in solution

All small angle neutron scattering (SANS) measurements obtained
in THF-d8 were carried out on polymer solutions of 0.5 wt%,

with data being measured over a broad q range of 0.005 Å�1 to
0.4 Å�1 to capture the structural information on multiple length
scales. The polymer concentrations were fixed at 0.5 wt% to
minimise the variables of side chain length, temperature or
solvent quality, while the concentration is within the range used
in similar structural studies involving SANS of CPs in solution.19

Moreover, the use of a lower concentration of 0.2 wt% (Fig. S4,
ESI†) led to lower intensity of the SANS curve.

To investigate the overall structural features, such as the
shape and size of PTh-g-PAUs, as a function of side chain length,
an empirical Guinier–Porod model was applied to fit the obtained
SANS curves (Fig. S1–S5, ESI†). This model is most applicable
for objects of arbitrary shape, which is useful in obtaining
the general structure of complex CP-based graft copolymers in
solution.26,27 As shown in Table 1, the size, which is often
measured as the radius of gyration, Rg, of PTh-g-PAUs (in THF-d8

at 22 1C) decreased from 77.2� 0.5 Å to 46.4� 0.4 Å as the degree
of polymerisation (DP) of PAU side chains increased from 5 to
48 units. Taking the dimensionality, S, of the polymers into
account, the decrease in Rg with increasing PAU side chain
length can be reflected by a change in the shape and the Porod
exponent values of the polymers. For instance, ungrafted PMI
appears to be in the form of solvated coil in a spherical shape,
characterised by the S value of 0.3. Typically, S varies from 0 to 1
for objects going from spherical to rodlike shapes, respectively.37

By increasing PAU DP, the polymer adopts to a more elongated
cylindrical shape, as characterised by an increase in S value to
0.9. The extension of the CP backbone with an increase in the
side chain length was expected to increase the size of the graft
copolymer, which would result from the balance between the
repulsive forces from the sterically crowded side chains and the
entropy-driven fluctuations of the main backbone.20 However,
the decrease in Rg can be attributed to reduced swelling (loss of
solvation), as indicated by an increase in the Porod exponent,
m, compared to the ungrafted CP. Typically, an increase in the
Porod exponent indicates less swelling of the polymer.37 When
comparing the miscibility of the graft copolymer with the solvent,

Table 1 Summary of conformational properties (radius of gyration, Rg,
dimensionality, S, and Porod exponent, m) of the macroinitiator and the
graft copolymers in 0.5 wt% THF-d8 solutions as a function of tempera-
ture. The SANS data were fitted using a Guinier–Porod model in the range
of 0.005 Å�1 o q o 0.4 Å�1

Rg (Å) S m

PMI
5 1C 87.6 � 0.5 0.3 1.5
22 1C 80.1 � 0.5 0.3 1.5
40 1C 78.6 � 0.5 0.3 1.5
PTh-g-PAU5
5 1C 75.6 � 0.5 0.3 1.5
22 1C 77.2 � 0.5 0.3 1.5
PTh-g-PAU17
5 1C 57.1 � 0.5 0.7 1.7
22 1C 58.5 � 0.5 0.7 1.7
40 1C 58.4 � 0.5 0.7 1.7
PTh-g-PAU48
5 1C 44.2 � 0.4 0.9 1.7
22 1C 46.4 � 0.4 0.9 1.7
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one would expect grafting relatively hydrophilic side chains
(determined by the solubility parameter, d, where typical d for
poly(acrylate urethane) is above 18 cal1/2 cm�3/2 as reported
by Jung et al.41) onto a hydrophobic P3HT-based backbone
(dP3HT = 9.5 cal1/2 cm�3/2 as reported by Lee et al.42) would lead
to less swelling in THF (dTHF = 9.1 cal1/2 cm�3/2 as reported by
Yagi et al.43). These observations indicate that the relationship
between the size and the DP of side chains for CP-based graft
copolymers is greatly dependent on the solvent quality, which in
turn affects the swelling behaviour of the polymer in the solvent.
On the other hand, general elongation of the graft copolymer
structure with an increased DP of side chains observed in this
study substantiates the widely accepted observation of an increase
in the photoluminescence quantum yields of CP-based graft
copolymers.16,22–24,44,45

Using the same Guinier–Porod model, we further investigated
the effect of other variables, such as temperature or solvent
mixture on the structure of PTh-g-PAUs. The effect of temperature
on the structure of the CP chain in solution is well known to
affect the morphology of the cast films.17 For instance, the
temperature of the casting P3HT solution is correlated with the
efficiency of a photovoltaic device, as the temperature determines
the morphology of the cast film.46 The SANS measurements of
the polymer solutions were performed at several temperatures,
with the lowest temperature being 5 1C and the highest tempera-
ture investigated being 40 1C due to the volatile nature of THF-d8.
The change in the size of each polymer in solution was evaluated

as a function of temperature, where the S and m values obtained
for 22 1C were fixed to acquire a robust comparison of Rg across
the temperature range (5–40 1C). As an example, S and m values
obtained at 22 1C were fixed at 0.3 and 1.5, respectively, for PMI
and allowed only the Rg to vary when fitting the SANS data
obtained at 5 1C and 40 1C. These two parameters were fixed as
varying them did not improve the fit significantly. As summarised
in Table 1, the Rg for all graft copolymers and the ungrafted PMI
appeared to be consistent within the measured temperature
range, which suggests that their conformation is not changing
in the temperature range considered. This is in contrast to
thermoresponsive poly(N-isopropylacrylamide),47 which possesses
similar hydrogen-bonding amide functionality as PAU.

When a poor solvent (methanol) for the conjugated backbone
was introduced, however, obvious differences in the scattering
profile (Fig. 2a) was observed compared to the one measured in
just THF-d8 (Fig. S3, ESI†). It is well established that addition of a
poor solvent for the CP chain induces the formation of ordered
aggregates that are associated with interchain p–p stacking
of the conjugated chains.48 The ordered aggregates are often
identified by additional absorption peaks in UV-vis spectra,
which are located at lower energies than the dominant absorp-
tion peak corresponding to the intrachain p–p* transition of the
CP.48 Alternatively, the overall size and shape of the ordered
aggregates of CPs can be directly measured and quantified by
SANS measurements.28 Here, PTh-g-PAU17 solution consisting
of 30 vol% of MeOD4 in THF-d8 was used as a model system and

Fig. 2 (a) SANS curve (black circles) and the Guinier–Porod model fits (solid orange line) in two different q regions (0.003–0.03 Å�1 and 0.02–0.4 Å�1)
for 0.5 wt% PTh-g-PAU17 in a 30 : 70 vol% MeOD4 : THF-d8 mixture. (b) Schematic diagram showing the change in the general structure of PTh-g-PAU
when methanol, as a poor solvent for the CP backbone, is introduced.

Paper Soft Matter

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

6 
Ju

ly
 2

01
8.

 D
ow

nl
oa

de
d 

on
 1

2/
9/

20
25

 2
:5

8:
25

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/c8sm00777b


This journal is©The Royal Society of Chemistry 2018 Soft Matter, 2018, 14, 6875--6882 | 6879

the obtained SANS curve was fitted with a Guinier–Porod model
at two different q regions (0.003–0.03 Å�1 and 0.02–0.4 Å�1) as
there are two distinctive features in the curve. A clear shift
of the Guinier region to lower q presented in the SANS profile of
the solvent mixture strongly reflects a contribution of scattering
intensities from larger objects with a Rg of 141.1 � 1.9 Å. This
value is almost double that of 58.5 Å obtained for the same
polymer in THF-d8. The increase in Rg can be explained by the
graft copolymers being more swollen in the presence of methanol.
From the fitting, an S value of 1 was estimated, which indicates
that the overall structure of the aggregates is cylindrical in shape.
Additionally, the m value of 2.6 obtained from fitting the feature
shown in the 0.003–0.03 Å�1 q range indicated that the graft
copolymers forming the aggregates are only partially collapsed.
A fully collapsed polymer chain typically shows an m value
of 3.37 This was expected as the PTh chain would collapse due
to the incompatibility with methanol, where the grafted side
chains may prevent PTh chains from fully collapsing. This was
evident for ungrafted PMI solution in THF, where addition of
30 vol% methanol leads to complete precipitation and resulted
in an inhomogeneous film with visible aggregated structures
(Fig. S6a, ESI†). On the other hand, PTh-g-PAU17 cast from the
solvent mixture resulted in a homogenous film (Fig. S6b, ESI†).
Another interesting feature is observed in the q region of
0.02 Å�1 to 0.4 Å�1, where a Rg of 31.2 � 1.9 Å, an S value of
0 and an m value of 1.7 were obtained. As indicated by a smaller
Rg value compared to the same polymer in THF alone, these
small spherical objects appear to be associated with locally
ordered structures of the PTh chains. A clear shift in the
Guinier region to lower q and the presence of an additional
feature in the mid q region infer that the CP graft copolymers
exist as aggregated, hairy rod-like nanostructures in the solvent
mixture (Fig. 2b). It is evident that the enhancement of electrical
conductivity of CP films cast from a solvent mixture can be
attributed to better charge transport between the aggregated rod-
like nanostructures.

Thin film behaviour of PTh-g-PAUs

To investigate the thin film behaviour of CP-based graft
copolymers as a function of side chain length, PTh-g-PAU thin
films were spin-coated from a THF solution on Au/Cr electrodes
for neutron reflectometry (NR) measurements. The bare polished
Au/Cr electrode was initially characterised, where the obtained
NR profile was fitted (Fig. S9, ESI†) with a model consisting of
three layers: sputtered Au and Cr layers with Si as the substrate
layer. The SiO2 layer, which typically exists for Si wafers,
was omitted from the model due to the similarity of its nSLD
(3.47 � 10�6 Å�2) with the Cr layer (nSLD = 3.55 � 10�6 Å�2).
Nevertheless, the obtained nSLD of the Au and Cr layers were
consistent with theoretical values (Table S3, ESI†). The resulting
NR profiles obtained in air are shown in Fig. 3 where a single
polymer layer was used to describe the polymer film as using
multiple polymer layers (with different scattering length
densities (SLDs)) did not improve the fit. The nSLDs of the
polymers obtained from fitting the NR profiles were also con-
sistent with the values acquired from SANS measurements.25

The PTh-g-PAU thin films showed a gradual increase in both
thickness and roughness with increasing side chain length.
While the polymer layer thickness would depend on various
parameters, such as spin-coating speed, concentration, and
solvent quality, these three variables were kept the same for all
polymer solutions used in this study for comparison amongst
the different polymer films. We then attribute the increase in
thickness of the cast films to the presence of unordered PAU side
chains that could be preventing CP chains from forming densely
aggregated films. Increased roughness with an increased PAU
DP also strongly indicates the amorphous nature of PAU side
chains dominating the behaviour of the graft copolymer thin
films (Table 2).

One of the most promising applications of CP-based graft
copolymers involves exploiting their electrochemical properties
as discussed in our and other’s recent reviews.49,50 Characterising
the swelling behaviour of these graft copolymer thin films as
a function of side chain length and in different redox states
supports better understanding of their electrochemical properties
and thus in designing novel electroactive graft copolymers.

To investigate the swelling behaviour of PTh-g-PAUs com-
pared to the ungrafted PMI, in situ electrochemical NR was

Fig. 3 NR profiles of polymer thin films on an Au/Cr electrode. NR profiles
are offset for visual comparison. The solid lines represent the best fit to
the data. Inset: The neutron scattering length density (nSLD) profile of the
polymer layer arranged at the air–solid interface.

Table 2 Summary of the parameters obtained from fitting the NR data
(Fig. 3). Au thickness = 198 Å (nSLD: 4.66 � 10�6 Å�2) and Cr thickness = 75 Å
(nSLD: 3.55 � 10�6 Å�2)

Polymer Thickness (Å) nSLD (10�6 Å�2) Roughness (Å)

PMI 112 � 3 0.86 32 � 3
PTh-g-PAU5 153 � 2 1.1 28 � 2
PTh-g-PAU17 348 � 3 1.2 40 � 2
PTh-g-PAU48 360 � 3 1.5 44 � 2
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employed and the analysis of the polymer films at different redox
states was undertaken thereafter. For such measurements,
PTh-g-PAU17 was chosen as a representative graft copolymer
with sufficient side chain length. NR profiles of PTh-g-PAU17
thin films immersed in solution were modelled with a freeform
spline layer,40 as illustrated in Fig. 4, where the NR data for the
ungrafted macroinitiator (PMI) was modelled with a single slab,
typically used for swollen polymer films. The nSLD of the solvent
was allowed to vary because acetonitrile-d3 contained 0.1 M
TBAHFP salt analytes. The significant difference in solvation of
the graft copolymer film at the reduced state (36%) compared to
the ungrafted macroinitiator in its neutral state (13%, without
any electrical stimulation) emphasises the better solvent intake

of the graft copolymer (Table 3). Greater swelling of the graft
copolymer layer can be attributed to the better compatibility of
the more hydrophillic PAU side chains with acetonitrile com-
pared to the PTh backbone. Although the insulating nature of
PAU side chains disrupts the electrical conductivity of the graft
copolymer films, the excellent electroactivity of PTh-g-PAU
with comparable redox peak potentials to the ungrafted PMI
(Fig. S7, ESI†) can be correlated with the better swelling of the
graft copolymer film by the electrolyte solution.51 Furthermore, the
fine changes in the graft copolymer thin film were measured at a
constant potential of +1.1 V, followed by +1.0 V (Fig. 4), which
correspond to the oxidation and reduction peak potentials, respec-
tively, as observed from CVs measured at 100 mV s�1 (Fig. S7, ESI†).

Fig. 4 (a) NR profiles of PTh-g-PAU17 thin films at different redox potentials and (b) corresponding nSLD profiles, showing the swelling of the thin films
upon oxidation.

Table 3 Summary of parameters obtained from fitting NR data (Fig. 4) of the polymer films in an electrochemical cell containing 0.1 M TBAHFP/
acetonitrile-d3

Polymer
First moment of
thickness (Å)

Solvent (%) immediately adjacent
to the Au interface

Mean solvent (%)
in entire film

PTh-g-PAU17, @1.0 V (reduction) 102 36 74
PTh-g-PAU17, @1.1 V (oxidation) 124 38 77
PMI (no voltage applied)a 77 13 13

a NR data for PMI are shown in the ESI (Fig. S11).
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The fine change in the thickness of 2.3 nm for the film in the
oxidised state can be simply attributed to the migration of anions
(HFP�) and an increase in solvent intake (difference of 3%).

Conclusion

In this work, the general chain shape and thin film behaviour of
conjugated graft copolymers are investigated as a function of side
chain length. To the best of our knowledge, the general structure
and behaviour of conjugated graft copolymers have not been
investigated in detail as a function of molecular parameters. We
demonstrate here that not only the side chain length but also the
choice of solvent play crucial roles in the determining the overall
shape and size of conjugated graft copolymers. As a general rule, the
graft copolymers with a longer side chain length would be expected
to be larger in size. However, the differences in the solubility
parameters of the grafted polymeric side chains and the solvent
appears to modulate the swelling of the overall graft copolymer,
hence determining the overall size of the polymer. Moreover, varying
the solvent quality by adding a small amount of solvent – that is
poor for the CP chain, but good for the side chains – to the polymer
solution induces partially aggregated rod-like nanostructures.
Unlike fully precipitated ungrafted CPs, the presence of polymeric
side chains prevents the CP backbone from fully collapsing when a
poor solvent for the backbone is added. The role of side chain
length was also prevalent in the properties of the graft copolymer
thin films, where the amorphous nature of the grafted side chains
was reflected on the increase in thickness and roughness of the
films as the side chain DP increased, despite the films being cast
from the same concentration. Furthermore, when the films were
immersed in an electrolyte solution, as they would be in a working
environment for an electrochemical application, the polymeric side
chains provided better swelling of the thin films, which allowed for
excellent electroactivity comparable to the ones of ungrafted CP.
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