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Abstract
Stretchable electronics have attracted growing interests due to their potential to enable a wide
variety of unprecedented device applications, including flexible displays, energy-storage
devices, sensors and biosensors. More recently, next-generation stretchable electronics are
emerging involving wearable and implantable devices towards integration with soft tissues and
biological systems. To realise these frontier applications, the devices are required to adhere and
conform to the human body or tissues, while being able to stretch and even self-heal like the
human skin. -Conjugated polymers (CPs) are considered promising candidates as stretchable
and bio-integrated electrical materials owing to their advantages of good flexibility, electronic
and mechanical tunability by molecular engineering, and ease of processing through large-area
printing techniques.
In this Thesis, the engineering of molecular structures through rational macromolecular design
of side chains has been demonstrated to develop multifunctional CPs with intrinsic
stretchability and other desired mechanical functionalities. Firstly, a series of poly(thiophene
phenylene)-graft-poly(n-butyl acrylate) (PThP-g-PBA) CPs with varied side-chain lengths
were designed and synthesised to investigate their structure-property relationships, including
the morphological, optical, electrochemical, electrical and mechanical properties. Besides, the
fabrication processability of electronic materials with micro- and/or nanoscale patterns is
essential for practical and fine device fabrication. Therefore, CPs that can be post-crosslinkable
and directly patternable are highly desirable.
Herein, to address the patterning issue, glycidyl methacrylate (GMA) segments were employed
which contain chemically and photochemically reactive epoxy rings. On one hand, a poly(3,4ethylenedioxythiophene) (PEDOT)-based CP was functionalized with poly(BA-co-GMA) side
chains to impart softness, adhesiveness as well as post-crosslinking functionality. On the other
II

hand, a poly(3-hexylthiophene) (P3HT)-based semiconducting polymer with poly(ethylene
glycol)methyl

ether

methacrylate-co-GMA)

(poly(PEGMMA-co-GMA))

grafts

was

synthesised, which integrates the advantageous mechanical features of PEGMMA (i.e.,
softness, mechanical stretchability, and water-swellability) with the good electrical
conductivity of P3HT. More importantly, it was reported for the first time the micro-patterning
of grafted conducting copolymer films through the photo-crosslinking ability of the epoxybearing GMA side chains. In this research, a conclusion was drawn that the molecular
engineering of CPs would be a straightforward way towards the development of electrically
conductive and multifunctional polymers for versatile stretchable and wearable electronics.
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Introduction
This Chapter was partially adapted, with permission, from:
Wang, M. et al. “Conjugated polymers and composites for stretchable organic electronics”,
Journal of Materials Chemistry C 2019, 7 (19), 5534-5552. Copyright 2019 The Royal Society
of Chemistry.

Image 1.1 Table of contents artwork for Chapter 1.

This Chapter discusses recent development of conjugated polymer (CP)-based composites,
hydrogels and intrinsically stretchable CPs for stretchable organic electronics.

1.1

Stretchable Organic Electronics

Stretchable organic electronics that can conform to complex curvilinear surfaces and interact
with the human body have a wide range of potential applications, from artificial electronic skin
for health monitoring to energy storage and harvesting devices for powering other mounted
electronic devices.

1-7

Over the last decade, there has been a great shift in research towards

highly flexible and stretchable devices, which typically include light-emitting diodes,8, 9 solar
cells,10,

11

batteries,12,

13

supercapacitors,14,

15

sensors,16-19 transistors,20,

21

and more

(Summarized in Figure 1.1). These organic devices based on thin-film structures enable ease
1

of deformability. However, there are still a number of challenges in designing and engineering
component electronic materials to enable extreme mechanical compliance of devices for such
applications.

Figure 1.1 Examples of reported stretchable organic electronics. (a) Photograph of a stretched polymer
light-emitting device. Reproduced with permission.22 Copyright 2011 WILEY-VCH Verlag GmbH &
Co. KGaA, Weinheim. (b) Photograph of stretchable photovoltaics adhered on textile. (Scale bar 10
mm). Reproduced with permission.23 Copyright 2018 National Academy of Sciences. (c) Touchpressure sensor array affixed on a forearm. Reproduced with permission.24 Copyright 2019 Springer
Nature (d) Biosensor applications for detecting electrocardiographic (ECG) signals of a patient.
Reproduced with permission.

25

Copyright 2018 American Chemical Society. (e) Interactive human-

machine interface consisting of soft receptive devices and soft responsive devices. Reproduced with
permission.26 Copyright 2018 Elsevier Ltd. (f) Wearable and stretchable transistor array attached on a
palm. Reproduced with permission.27 Copyright 2018 Springer Nature. (g) Humanoid mannequin
showing integration of electronic skin. Reproduced with permission.28 Copyright 2012 Springer Nature.
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The development of stretchable electronic materials mainly relies on these three approaches:
1) geometric engineering of non-stretchable components, 2) composites of conductive fillers
embedded in elastomeric matrix, and 3) materials that are both intrinsically conductive and
stretchable. Here, the term ‘intrinsic’ is used to define electronic materials that exerts both
mechanical stretchability and electronic properties through one single molecular design,
without using additional elastomeric matrices or blended components.
By utilising the first approach, Rogers et al, have demonstrated that modifying the geometric
structure of non-stretchable silicon ribbons into waved or buckled configurations would impart
stretchability.29,

30

These configurations help dissipate the strain energy through the

straightening of the wavy structures rather than the materials themselves.29-31 So far, many
other structure layouts have been developed, such as winkles,32-34 serpentine,35 kirigami,36 and
horseshoe,37 island-interconnect,38 mesh structures39, for inherently rigid materials including
inorganic semiconductors and metals.
Recently, development in nanomaterials and their composites have highlighted the second
approach of compositing. Truly stretchable electronic devices or device arrays have been
achieved through the incorporation of electronic materials, including inorganic and metallic
nanowires (NWs),40-43 nanoparticles (NPs),44, 45 or organic electronic materials such as carbon
nanotubes (CNTs),46-48 graphene,49-51 and -conjugated polymers (CPs),21, 52, 53 into elastomeric
matrices. Interested readers are referred to the recent review articles on stretchable composite
materials, devices and applications.54-57 Among these wide variety of materials, CPs have
attracted great attention due to their tunable electronic properties, solution processability and
excellent mechanical compliance for large-area processing. While the electrical conductivity
and charge transport properties of inorganic materials are still far more superior, the ability to
modulate and add different functionalities, as well as solution processability, through synthesis
make CPs ideal candidates for stretchable electronics. However, development of ultraflexible
3

and stretchable CPs generally requires a great deal of optimisation between the necessary
electronic properties and the desired mechanical deformability, as enhancing one often
compromises the other.
To date, great efforts have been devoted to developing CP thin films that can maintain good
charge transport characteristics while being deformed, mainly through new device architecture
design and fabrication techniques.58-60 Typically, CP-based devices can be rendered stretchable
by applying similar architectural designs used for inorganic thin film devices, by means of, for
example, fabricating winkled/buckled structures.61-63 However, the fabrication processes
involved are usually complicated and costly. It is also difficult to achieve high device density
due to the geometric patterns required for devices. Therefore, approaches that utilise the
distinctive advantage of CPs (e.g. tuning of molecular structure) or consider formation of
composites, fibers or gels, that allows intrinsic stretchability of the material, open up new
opportunities for the realization of truly stretchable electronics. These materials can be
fabricated by either compositing CPs with elastic polymers, preparing CP within hydrogels, or
by synthesising CPs that are intrinsically both conductive and stretchable. For compositing of
CPs with elastomers, creation of percolated network of CP ‘fillers’ within the matrix is required
to ensure effective charge transport upon application of strain.64,

65

The interpenetrating

polymer network between these two components has been shown to be beneficial in
maintaining the electrical properties under strain, as the strain energy is dissipated through the
realignment of the network.65 An alternative way is to form CPs in situ in the presence of the
elastomeric matrix through chemical or electrochemical polymerisation.66,

67

The in situ

preparation method could also be coupled with electrospinning techniques to produce fibrilstructured hybrid materials out of a polymer solution.68,

69

On the other hand, hydrogels

containing CPs (CPHs), which can be considered as a class of composites, can be synthesised
either by incorporating CP into a preformed non-conjugated hydrogel matrix, 70, 71 or through
4

the addition of small molecular additives, such as gelling agents, to form CPHs directly without
using any matrix.72, 73
Lastly, a promising strategy is to molecularly design and synthesise CPs with intrinsic
stretchability, elasticity, adhesiveness and even self-healing properties. It was reiterated here
that the term ‘intrinsic’ is used to describe functionalised CPs that express both electronic and
desired mechanical properties achieved through molecular engineering of a single polymer
structure. Some of the molecular designs include attaching polymeric side chains or
substituents,74-79 or introducing non-covalent bonding76 or crosslinking within the polymer
chains.80 With the tremendous advent in materials and techniques, the development of
stretchable CP materials has accelerated rapidly, enabling a range of applications in energystorage, display, sensors, biosensors and other electronic devices.
This Chapter reviews the recently developed strategies, materials and processes towards
stretchable CP systems, including CP-based composites, hydrogels and intrinsically stretchable
CPs enabled through molecular engineering rather than depending on specific geometric design
or elastomeric substrates. It then discusses the current state of the art in device applications for
intrinsically stretchable electronics. Finally, some perspectives on the future developments of
stretchable organic electronics are concluded with.

1.2

Conjugated Polymers

Before the initial discovery of the conducting polymer, it was generally believed that polymers
are insulators. This consensus has been changed since the conducting characteristic of the CP
polyacetylene (PAc), was found by Alan G. MacDiarmid et al. in 1977.81 Soon after the
discovery, a range of conjugated structures of conducting polymers, including polyaniline
(PANI), polypyrrole (PPy), polythiophene (PTh), poly(p-phenylene vinylene) (PPV), and
poly(p-phenylene) (PPP) were reported, as shown in Figure 1.2. Unlike the ionically
5

conducting polymers (generally a class of polymer/salt electrolytes), the conductivity of which
originates from the transport of ions, the CPs are regarded as intrinsically conducting polymers
as they possess the intrinsic electronic conductivity along the conjugated backbone after being
doped. The conducting characteristic of CPs originates from the CP main chain that possesses
delocalized π-electron structures and the doping of CPs involves the partial addition (reduction)
or removal (oxidation) of electrons to or from the π-conjugated system. The conductivity of
the undoped CP, for example, PAc, is only about 10-10-10-8 S cm-1, while after doping, the
conductivity of PAc can increase more than ten-fold, up to 105 S cm-1.82

Figure 1.2 Chemical structures of representative CPs.

1.3

Stretchable CP Composites

Composites of CPs with other materials can be prepared by either direct mixing or in situ
formation of CP-based interpenetrating networks inside an insulating elastomeric matrix.
Although introducing elastomeric or high-viscosity components can improve elasticity of CPs,
it may result in a significant decrease in electrical conductivity due to their insulating nature.83,
84

Thus, it remains a key challenge to achieve enhanced stretchability without compromising

the electrical conductivity. In this section, it reviews the recently developed composite systems,
mechanisms and performances of the CP-based composites. The mechanical and electrical
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properties of stretchable CP-based composites mentioned in this section are summarised in
Table 1.1.
Table 1.1 Summary of performance of stretchable CP-based composites reported in the literature.

Strain
range
(%)

Conductivity
(S cm-1)
At
At 0%
max.
strain
strain

P3HT NWs/PDMS

100

-

P3HT NWs/PDMS

100

PEDOT: PSS/PU(Lycra)

Composite components

Mobility
(cm2 V-1 s-1)
Application

Ref.

At 0% strain

At max.
strain

-

7.85 × 10-3

3.74 × 10-4

OTFTa

65

-

-

0.24

-

OFETb

64

700

79

-

-

-

Strain sensor

17

PEDOT: PSS/PVA89K

47

172

-

-

-

-

85

DPPT-TT/SEBS

100

-

-

-

1.32

OTFT

86

PCDTPT/P3HT

75

-

-

0.09

0.16

OTFT

87

RR-P3HT/RRa-P3HT

bend

-

-

0.22

0.1

OFET

88

RR-97 P3HT/RR-66 P3HT

70

2.77

0.18

6.42 × 10-3

-

OTFT

89

-

-

Interconnect

90

PEDOT:
100PSS/bis(trifluoromethane)

4100 3100

800

56

sulfonimide lithium salt
PEDOT: PSS/EMIM TCB

50

1280

>1000

-

-

Electrode

91

PEDOT: PSS/Triton X-100

50

78

-

-

-

Electrode

92

PTB7: PC71BM/DIO

100

-

-

-

-

Photovoltaics

93

PANI/PAA/PA

460

0.12

-

-

-

Strain/pressure
66

sensor
PUF/PEDOT/PDMS

100

4.7

-

-

-

Interconnect

69

PPy/PU IPN

420

-

-

-

-

Strain sensor

94

P3HT/PDMS IPN

100

-

-

0.17

0.15

OFET

95

a

Organic Thin Film Transistor

b

Organic Field Effect Transistor

1.3.1 Blending with Elastomers
Blending CPs with elastomeric polymers is a straightforward strategy to combine the electrical
property of CPs with the mechanical characteristics of elastomers. The elastomers that are
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commonly utilised in CP composites include polydimethylsiloxane (PDMS), polyurethane
(PU), polystyrene-polyisoprene-polystyrene (SIS) and poly(styrene-co-ethylenebutylene-costyrene) (SEBS).
PDMS, which is the most widely used silicone-based polymeric elastomers, possess the lowest
recorded glass transition temperature, Tg, (~ -125 oC) among polymers.96 The Si-O-Si bond has
a wide angle (~ -143°), which is responsible for the excellent dynamic flexibility of PDMS.
Furthermore, the siloxane bonds are commonly crosslinked to introduce elastomeric recovery
to the polymer, endowing PDMS with high elastic stretchability.96 These features make PDMS
an ideal soft matrix for assembling CP composites. For instance, a stretchable organic
semiconducting layer was produced by blending semiconducting poly(3-hexylthiophene)
(P3HT) nanowires (NWs) with PDMS.65 Here, the P3HT NWs of high crystallinity and a large
aspect ratio were prepared by slowly cooling the polymer solution containing a marginal
solvent (dichloromethane). This was followed by solution blending with PDMS and
crosslinking agent (Dow Corning Sylgard 184). In this composite design, incorporating P3HT
NW is critical as typical solution blending of P3HT chains and PDMS leads to large
agglomeration in the cast films due to the difference in the solubility parameter values (P3HT
= 9.5 cal1/2 cm–3/2, PDMS = 7.3 cal1/2 cm–3/2)97. As a result of self-assembling nature of P3HT
NWs, the spin coated films possessed highly continuous networks of CP domains within the
PDMS matrix. The electrical characteristics of the P3HT NW/PDMS blends with various P3HT
contents were investigated (Figure 1.3a).65 The thin film field-effect transistor (TFT) devices
derived from the P3HT NW/PDMS blends exhibited mobility values comparable to that of a
homo-P3HT NW based device, even in the case of 1 wt% P3HT contents. Furthermore, the
resulting P3HT NW/PDMS composite (10 wt% P3HT) films showed well-preserved charge
transport efficiency and tolerance to strains of up to 100%. The added stretchable feature of the
composite was attributed to the continuous P3HT NW networks within the PDMS matrix. As
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confirmed by atomic force microscopy (AFM) (Figure 1.3b), the P3HT NWs in the blend film
could slip and rotate along the stretching direction upon strain with only a few micro-cracks
observed.

Figure 1.3 (a) The mobility () values of the P3HT NW/PDMS blend-based TFT devices as a function
of the P3HT content. The inset shows the bottom-gate/bottom-contact configuration of the device.
Reproduced with permission.65 Copyright 2015 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim.
(b) AFM phase images of P3HT NW/PDMS blend films at 0% and 50% strain (ε). The scan size is 2.5
m. The inset shows 2-fold magnified image of the P3HT NW/PDMS at  = 50%. Reproduced with
permission.65 Copyright 2015 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim. (c) AFM phase
images of P3HT films fabricated from pristine, ultrasonicated, and 15 vol % 2-methylpentane added
then ultrasonicated P3HT solutions. Reproduced with permission.64 Copyright 2016 American
Chemical Society. (d) Schematic illustration of the networks of DPPT-TT/SEBS nanofiber. Reproduced
with permission.86 Copyright 2017 American Association for the Advancement of Science.

Similarly, Reichmanis et al. also reported stretchable semiconducting composites of P3HT NW
and PDMS. 64 In this study, however, a different synthetic route to P3HT NW was presented.
Here, introduction of a poor solvent in conjunction to ultrasonication favoured the formation
of highly crystalline P3HT structures within the PDMS matrix.64 Specifically, 2-methylpentane
(2MP, 15 vol %), which is a poor solvent for P3HT, was added to P3HT/CHCl3 solutions. This
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was followed by 2 min ultrasonication to induce formation of self-assembled P3HT NWs.
Subsequent mixing with PDMS/CHCl3 solution and curing produced composite films with a
highly continuous network, as confirmed by the AFM images (Figure 1.3c). High mobility of
0.24 cm2 V-1 s-1 in an OFET device was attributed to the percolated network of P3HT NWs
within the composite, while no charge transport behaviour was observed for the P3HT/PDMS
blends prepared by simple blending. Furthermore, the P3HT NW/PDMS films showed
remarkable enhancement in ductility with no visible cracks up to 100% strain.
Another widely employed elastomer is PU, which is composed of hard and soft segments. The
hard domains act as physical crosslinks, and also as nanoscale fillers, affording strong
mechanical properties, while the soft segments render the material rubber-like properties due
to their low Tg. 98 The mechanical property of PUs can be tuned by carefully selecting the hard
and soft segments, making PUs versatile stretchable matrices.
Bilotti and coworkers demonstrated that addition of PU can render poly(3,4-ethylene
dioxythiophene): polystyrenesulfonate (PEDOT: PSS) highly stretchable and conductive.17
Here, a commercial PU (Lycra) was employed, where the composite films were prepared by
casting a mixture of freeze-dried PEDOT: PSS and Lycra yarn dispersions in dimethyl
sulfoxide (DMSO). The free-standing composite films exhibited notable increase in
stretchability with increase in PU content. By varying Lycra content from 0 wt% to 90 wt%,
the stretchability of the composite films increased from 4% to 300%, where excellent
conductivity up to 62 S cm-1 was achieved for composites with 90 wt% Lycra. Furthermore,
immersing the casted films in an ethylene glycol (EG) bath resulted in higher conductivity of
up to 79 S cm-1 with stretchability up to 700 %. The increase in the conductivity was attributed
to greater aggregation between the PEDOT chains as excess insulating PSS chains are removed
through dissolution in EG.99 Similarly, Ouyang and coworkers also showed that treating a
series of PEDOT: PSS/soft polymer composites with EG or DMSO resulted in greater
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conductivity.85 In that study, the soft polymers included poly(ethylene glycol) (PEG),
poly(ethylene oxide) (PEO), or poly(vinyl alcohol) (PVA). In regards to the effect of EG on
electrical properties of CPs, however, a different mechanism was proposed compared to the
one mentioned previously. It was reported the conductivity of PEDOT: PSS/PVA89K (Mw =
89K) was dramatically increased from 0.14 S cm-1 to 172 S cm-1 and the elongation at break
reached 47% at the addition of 3 vol% EG. Ouyang and coworkers postulated that posttreatment of the composite films with the particular organic solvents induces phase separation
of PSS from PEDOT: PSS. The phase separation would then induce conformational change of
PEDOT chains from random coil to a more extended structure, allowing for better stacking of
the PEDOT chains. Nonetheless, in both studies, the post-treatment of PEDOT: PSS composite
films with EG appears to be affecting the structure of PEDOT rather than the elastomeric matrix.
More recently, SEBS, another class of highly deformable elastomer, has been widely exploited
in stretchable electronics. To diminish the loss of electrical conductivity due to the insulating
elastomeric matrix, Bao’s group developed a nanoconfinement method that produces highly
stretchable hybrid material with good charge transport properties.86 In this study, the
nanoconfined material consisted of a semiconducting polymer poly(2,5-bis(2-octyldodecyl)3,6-di(thiophen-2-yl)diketopyrrolo[3,4-c]pyrrole-1,4-dione-alt-thieno[3,2-b]thiophen)
(DPPT-TT), confined into nanometer-scaled dimensions inside SEBS (Figure 1.3d). Blending
of two chemically distinct materials led to phase separation, but in a way that induced elastic
properties. As a result, the dimensions of DPPT-TT/SEBS nanofibers were small enough (< 50
nm) to give a strong nanoconfinement effect at the top and the bottom surfaces.
Nanoconfinement of polymers into nanofibril structures is known to modify the
thermodynamic and kinetic properties. For instance, it affects the physical properties, including
lowered glass transition temperature and increased mechanical ductility.100, 101 In this study,
good charge transport was maintained upon stretching owing to the interconnected nanofibril
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aggregates.86 Such morphology was formed due to the enhanced polymer chain dynamics in
the amorphous regions, which also suppressed crystallisation of the CP. This would in turn
reduce crack propagation, thus making the composite film more ductile and softer. As a result,
the composite film, supported on a PDMS substrate, was stretched up to 100% strain without
any visible cracks.

1.3.2 Blending Semiconducting Polymers
Nanocomposites combining two different CPs can compensate for the short-comings of each
single material. This approach was successfully demonstrated by blending a rigid
semiconductor poly[4-(4,4-dihexadecyl-4Hcyclopenta[1,2b:5,4b,]dithiophen-2-yl)-alt-[1,2,5]
thiadiazolo [3,4-c]pyridine] (PCDTPT) with a semi-ductile P3HT.87 This resulted in a
plastically deformable blend film that could be stretched up to 75% while exhibiting slightly
increased charge mobility when applied in an organic thin film transistor (OTFT), compared
to that of neat PCDTPT film. The enhanced charge transport was ascribed to the vertical
segregation of PCDTPT toward the gate dielectric interface in the OTFT device, while the
ductile P3HT is well-mixed throughout the blend film contributing to high elasticity. Under
large strain, both of the PCDTPT and P3HT crystals were found to orient along the direction
of strain. Upon release of strain, the blend polymer chains reoriented back towards an in-plane
isotropic distribution, with the local order of polymers remaining consistent due to the high
homogeneity in the blend film.
In a study by Reichmanis et al, ultraviolet (UV) irradiated regioregular (RR)P3HT/regiorandom (RRa)-P3HT blend films were applied as the active layers in flexible
OFETs.88 The low-dose UV irradiation was utilised to induce solution phase RR-P3HT to
aggregate into well-ordered nanofibril structures inside the RRa-P3HT matrices, facilitating
the formation of a uniform continuous semiconducting layer.102, 103 As a result, good charge
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transport property was retained even with a small fraction of RR-P3HT. Moreover, the RRaP3HT possessed a high percentage of head-to-head moieties offering superior mechanical
flexibility for the blend films. The corresponding OFETs were able to survive 1000 bending
cycles preserving a high level of charge transport mobility. Similarly, Kim et al. demonstrated
a simple approach based on solution assembly of two P3HT polymers with different
regioregularity of 97% (RR-97) and 66% (RR-66) to create percolated networks of RR-97
P3HT NWs in the RR-66 P3HT matrix.89 The fabricated OTFT device from the blend film
maintained high mobility values (6.42 ×10-3 cm2 V-1 s-1) comparable to the pristine RR-97 film,
while exhibiting superior mechanical stability, with 20 and 60-fold higher elongation-at-break
and toughness, respectively.

1.3.3 Adding Additives
Addition of small molecule additives is a widely explored strategy to modify the electrical and
mechanical behaviours of CPs. For example, Bao and coworkers added a series of ionic
compounds in PEDOT: PSS and successfully obtained a highly stretchable, transparent and
conductive polymer film.90 The selected ionic molecules, as shown in Figure 1.4a, served a
dual function: (i) modification of the morphology of the films as a result of forming
interconnected PEDOT naonfibril networks and higher crystallinity in PEDOT regions (Figure
1.4b) and (ii) improved conductivity of PEDOT: PSS through doping, as all of the ionic
molecules contained sulfonate or sulfonimide anions; an effective dopants for conducting
polymers, including PEDOT.104 The best electrical performance was observed in films
containing bis(trifluoromethane) sulfonimide lithium salt 1 (Figure 1.4a), where the
conductivity remained higher than 4100 S cm-1 under 100% strain with a final conductivity of
56 S cm-1 just before the fracture strain of 800%. A similar behaviour was observed when ionic
liquid 1-ethyl-3-methylimidazolium tetracyanoborate (EMIM TCB, Figure 1.4c) was added
into PEDOT: PSS to produce highly stretchable and conductive composite film.91 Here, the
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EMIM TCB acted as both a conductivity-enhancing dopant and as a plasticizer for PEDOT:
PSS. Consequently, the composite film exhibited a high conductivity of >1000 S cm-1 with
maximum tensile strain up to 50% and even up to 180% on a pre-stretched PDMS substrate
with only a minor increment in resistance.

Figure 1.4 (a) Chemical structures of the representative ionic molecules. Reproduced with permission.90
Copyright 2017 American Association for the Advancement of Science. (b) Schematic illustrations of
the morphology of the PEDOT: PSS film without (top) and with (bottom) the ionic molecules.
Reproduced with permission.90 Copyright 2017 American Association for the Advancement of Science.
(c) Chemical structures of the ionic liquid of EMIM TCB. Reproduced with permission.91 Copyright
2017 American Chemical Society. (d) Stress-strain curves of the PEDOT: PSS as a function of
surfactant weight fraction (fs). The inset shows the rubber dough-like character of the PEDOT: PSS
composite. Reproduced with permission.92 Copyright 2015 John Wiley and Sons. (e) Conductivities of
the PEDOT: PSS composites as a function of fs. Reproduced with permission.92 Copyright 2015 John
Wiley and Sons.

Adding a small fraction of a non-ionic fluoro-surfactant polymer, such as Zonyl, was also found
to have a synergistic effect with DMSO on increasing the conductivity of PEDOT: PSS.105
Jeong and coworkers blended an excess amount of a non-volatile surfactant plasticiser, Triton
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X-100, with PEDOT: PSS to augment the mechanical properties.92 The addition of the
surfactant endowed the PEDOT: PSS with high viscoelasticity, making PEDOT: PSS
mouldable into complex micro-patterns in a manner like a play dough.92 As a result, the
PEDOT: PSS samples showed increased strain-at-break values with an increased fraction of
surfactant (fs, Figure 1.4d). On the other hand, the modulus of the polymer decreased as the fs
increased. When fs = 0.7 the polymer stretched up to 50% (Figure 1.4e). Meanwhile, the
conductivity reached a maximum value of 78 S cm-1 at fs = 0.7. The enhancement of both
conductivity and stretchability of PEDOT: PSS was attributed to the formation of long PEDOT
nanofibril networks inside the PSS/surfactant matrix with the high loading of surfactant. It was
proposed that when the shear stress is large, the nanofibrils can slide each other to deform
through dynamic flow. Under a small shear stress, however, the interconnected networks
provide resistance to flow, thus affording elasticity.
Pei et al. demonstrated an interpenetrating polymer network (IPN) approach based on a CP of
soluble super yellow poly(1,4-phenylenevinylene) (SY-PPV) with an ionically conductive
medium containing PEO, ethoxylated trimethylolpropanetriacrylate (ETPTA), and lithium
trifluoromethanesulfonate (LiTf).106 The PEO was selected as the soft medium due to its low
Tg. Here, ETPTA was added for two reasons: 1) to facilitate the formation of a cross-linked
network to improve the mechanical stretchability and 2) to improve the miscibility between
SY-PPV and PEO by the oligo(ethylene oxide) and hydrocarbon moiety from ETPTA. As a
result, SY-PPV/PEO/ETPTA formed a porous network with pores filled by the ionic phase
which could be stretched to 100% of strain while preserving good electroluminescent
characteristics of PPV.
Nanometer-size phase separation between polymer layers has been used as a strategy to induce
large-strain elastic deformability to CP blend films.93 The addition of a high boiling point
additive, 1,8-diiodooctane (DIO) to the poly[[4,8-bis[(2-ethylhexyl) oxy]benzo[1,2-b:4,515

b’]dithiophene-2,6-diyl][3-fluoro-2-[(2 ethylhexyl)carbonyl] thieno [3,4-b]thiophenediyl]]
(PTB7) : [6,6]-phenyl-C71-butyric acid methyl ester (PC71BM) blend active film resulted in
the formation of nanometer-size grains as well as free volumes between the grains after the
vaporization of DIO. Relative sliding between the nano-grains could accommodate external
strains up to 100% while reversible reorientation of the nanocrystalline clusters along the strain
direction was observed.

1.3.4 In-situ Formation of CPs in the Presence of a Matrix
An alternative route towards the preparation of CP composites involves in situ formation of
CPs in the presence of the elastomeric matrix. Typically, CP is prepared through chemical or
electrochemical polymerisation within the matrix. The advantage of this strategy is that it can
produce more homogenous hybrids because the intermolecular forces between conducting
fillers and the matrix can be tuned at the molecular level. A good example is a ternary polymer
composite comprised of PANI, polyacrylic acid (PAA) and phytic acid (PA), prepared by
chemical polymerisation of aniline (ANI) monomer in the presence of the two acids. 66 In the
ternary system, PAA, PA and PANI were cross-linked through hydrogen bonds and
electrostatic forces (Figure 1.5a) forming a dynamic network, while PA molecules also played
an additional role as dopants for PANI. The sufficient intermolecular interactions rendered the
composite film highly stretchable (up to 460% strain) and self-healable by a mechanism
whereby the dynamic network could easily be broken and recombined to dissipate the strain
energy. At the same time, the electrical conductivity of the composite (0.12 S cm-1) was greatly
increased by 600-fold in comparison to the sample without PA (0.002 S cm-1), due to the doping
effects from the PA molecules. Similarly, a series of polyol/ PPy composites were synthesised
by electropolymerisation of pyrrole in an electrolyte solution in the presence of polyol-borate
complex.67 The polyols and PPy were cross-linked through hydrogen bonding and electrostatic
interactions, forming a highly stretchable and conductive polymer film.
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Another advantage of the in situ preparation method is the good compatibility with many
solution-processing techniques. For example, the in situ polymerisation of CPs can be coupled
with electrospinning, a broadly used technique for electrostatic fibre formation, which utilises
electrical forces to produce micro- or nano-scaled polymer fibres out of the polymer solution.
107

In a study by Cicoira and coworkers, for instance, nanofibers of PEDOT:tosylate (Tos) were

produced by a two-step procedure involving electrospinning and vapor phase polymerisation.
68

In general, a mixture solution containing poly(vinylpyrrolidone), imidazole and an oxidant

Fe(III)Tos was electrospun on a PDMS matrix, meanwhile the PDMS covered with fibres was
exposed to the evaporation of EDOT monomers, thus allowing the in situ polymerisation of
PEDOT: Tos on the fibres (Figure 1.5b).68 The PEDOT: Tos fibres showed high stretchability
up to applied strains of 140%, while maintaining 15% - 20% of the initial current. The tensile
strain was accommodated through the rearrangements of the networks, while the reduction in
conductivity was due to the rupture of certain fibres in the mat.68

Figure 1.5 (a) Schematic illustration of synthetic process for ternary polymer composite and the scheme
for the proposed interactions between PANI chains with PAA and PA. Reproduced with permission. 66
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Copyright 2017 John Wiley and Sons. (b) SEM image of PEDOT:Tos fibers. Reproduced with
permission.68 Copyright 2017 AIP Publishing. (c-d) Field emission SEM image of PUF/PEDOT fibers
at (c) 0% and (d) 100% strain. Reproduced with permission.69 Copyright 2017 American Chemical
Society. (e) SEM image of the fracture surface of a porous PPy/PU elastomer. Reproduced with
permission.94 Copyright 2014 American Chemical Society.

A stretchable polyurethane fibre mat (PUF), supported on PDMS, was fabricated by
electrospinning, followed by in situ interfacial polymerisation of PEDOT.69 The 3D conductive
framework based on PUF/PEDOT/PDMS composite had a superior stretchability with only a
20% increase in resistance at 100% strain. As compared with the non-strained composite fibres
(Figure 1.5c), the stretched fibres (at 100% strain) rearranged and oriented along the direction
of stretching (Figure 1.5d), through which the applied strain energy was dissipated. However,
under large tensile strain (100%), the reorientation of the fibres also resulted in decrease of the
joints of the conductive fibres, causing resistance to increase. Although small cracks were
formed on the PEDOT shell (shown in the inset of Figure 1.5d) upon strain, the fibres did not
rupture due to the intrinsic stretchability of PUF.
Similar to fibremats, IPN structures can also provide sufficient electron pathways. A
stretchable porous PPy/PU conductive elastomer has been obtained by surface diffusion and in
situ polymerisation of Py inside and on a porous PU matrix (Figure 1.5e).94 The interpenetrated
PPy/PU composite showed excellent stretchability with a maximum elongation of 420%. In
another study by Reichmanis and coworkers, an IPN was formed with P3HT inside a rubbery
PDMS matrix through the phase separation between the two dissimilar polymers.95 The IPN
ensured formation of efficient charge transport pathways, and as a result, the composite films
exhibited improved stretchability up to 100% of strain with retention of their high charge
carrier mobility when applied in an OTFT device. 95
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1.4

Stretchable CP Hydrogels

CP hydrogels (CPHs) are swollen composites, where electrical conductivity is provided by CP
component, while the mechanical strength is provided by a cross-linked network structure of
insulating host matrix. CPHs are commonly prepared by chemically or electrochemically
polymerising monomers of CP in a non-conductive hydrogel template. Typically, a hydrogel
is initially prepared, which is then de-swollen and re-swollen with monomer(s) of CP, followed
by oxidative polymerisation. For a chemical polymerisation process, a chemical oxidant and a
dopant are usually added in situ, whereas an electrical potential is applied in the presence of a
dopant for an electrochemical process,108,

109

which produces CPs within the hydrogel

matrix.110, 111 Although both processes are widely employed in preparing CPHs, chemical
processes have been more favoured in fabricating flexible and stretchable organic devices. This
concerns the limited scalability of electrochemically-driven CP synthesis, which requires an
electrically conductive surface beneath the hydrogel that can supply oxidative potential. For
the sake of the scope of this Chapter, for the literature on preparation of CPHs via
electrochemical polymerisation, the readers are referred to the published reviews.112, 113
Recent advances in preparation of CPHs have seen emergence of new molecular strategies,
especially directed towards applications in stretchable electronics. New approaches entail 1)
improvements of the commonly employed methods, such as phase separation or heterogeneous
dispersion of CPs within the hydrogel matrix114; and 2) alternative ways to directly prepare CP
hydrogels without the need of additional matrix. In this section, it introduces recent approaches
and discusses the chemistries involved in the molecular designs of newly emerging stretchable
CPHs (Table 1.2).
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Table 1.2 Summary of performance of stretchable CPHs reported in the literature.
Conductivity at 0%
strain (S cm-1)

Application

Ref.

-

Strain sensor

70

2.00
0.39
0.12
0.7

Supercapacitor
Interconnect
Electrode

71

APS

0.002 - 0.022

Supercapacitor

117

2000

APS

0.12

Strain sensor;
biosensor

25

60

-

8.8

Supercapacitor

118

Hydrogels

Strain (%)

F-PNIPAAm/PANI

230

PEDOT: PSA/PAA
PANI-αCD-PAAm
PPy/G-Zn-tpy
PPY/agarose (APY)
PNAGAPAMPS/PEDOT: PSS

800
500
67
35

Initiator
Ammonium
persulfate (APS)
Hydrochloric acid
APS
Copper(II) chloride

817- 1709

PDA/PPy/PAM
PEDOT: PSS/sulfuric
acid

14
115
116

1.4.1 Stretchable CPHs with Non-conjugated Hydrogel Matrix
An ideal CPH for many applications of stretchable electronics is one that can maintain both
mechanical stability and sufficient conductivity under large strains. The electrical conductivity
in the CPHs comes from both the ionic conductivity of the electrolyte solution in which the
hydrogel swells and the electronic conductivity of the conducting polymers. 25, 115 Thus a key
factor in achieving a highly conductive CPH is to create a well-integrated CP/hydrogel network
that provides effective continuous ionic and electronic charge transport pathways under
strains.25 However, the fabrication of well-dispersed network of conductive CP/hydrogels with
good mechanical and electrical performance is still challenging due to the hydrophobic nature
of CPs. Furthermore, CPH suffer from mechanical instability under strain due to their
brittleness in swollen state. Herein, it describes the recent efforts in preparing stretchable CP
hydrogels, which have largely focused on creating a structurally synergetic network composed
of interlocked rigid CP chains and flexible polymer chains of the hydrogel matrix.
Zhao and coworkers presented a dually interlocked CPH architecture, which comprised of a
synergetic network between the CP and the hydrogel matrix (Figure 1.6a).70 Firstly, a highly
porous and flexible poly(N-isopropylacrylamide) (PNIPAAm) hydrogel was prepared by
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introducing double-bond end-capped poly(ethylene oxide)-b-poly(propylene)-b-poly(ethylene
oxide) (F127DA) crosslinking agent. For the typical preparation of PNIPAAm-based hydrogels,
low molecular weight crosslinking agents, such as N, N-methylenebisacrylamide, are
commonly used. Here, employing high molecular weight F127DA provided sufficient space
between two rigid chemical crosslinking points, which enabled high stretchability of the
hydrogel matrix. The CPHs (denoted F-PNIPAAm/PANI) were prepared by an in-situ
oxidative polymerization of ANI within the F-PNIPAAm matrix in the presence of phytic acid.
Here, phytic acid was used as a crosslinking agent and a dopant for PANI chains, promoting
the formation of PANI network. The ability to modulate the stretchability and mechanical
strength of the CPH through controlling the feed concentration of ANI presented versatility in
the molecular design. Such dually crosslinked network produced highly porous, uniform 3D
structures (Figure 1.6b) that can accommodate elasticity up to 230% with tensile strength of
42 kPa.

Figure 1.6 (a) Scheme of the network structure and chemical interactions between the FPNIPAAm/PANI hydrogels Reproduced with permission.70 Copyright 2018 American Chemical
Society. (b) SEM images of fracture surface of F-PNIPAAm hydrogels and F-PNIPAAm/PANI
hydrogels. Reproduced with permission.70 Copyright 2018 American Chemical Society. (c) Chemical
structures of the APY gel. Reproduced with permission.116 Copyright 2014 American Chemical Society.

21

(d-f) SEM images of APY gel with different pyrrole concentrations of (d) 0 mM, (e) 30 mM, and (f)
150 mM. Reproduced with permission.116 Copyright 2014 American Chemical Society.

Similarly, a dually crosslinked, mechanically strong CPH was reported by Wang and
coworkers.71 In this study, however, a dually crosslinked network was produced by
crosslinking polymers of PEDOT: polystyrenesulfonate-co-acrylic acid (PEDOT:PSA) and
linear PAA via carboxylic groups. In this design, replacement of PSS with PSA as a dopant for
PEDOT not only provided carboxyl groups for crosslinking, but also greater intrinsic flexibility
of the conductive network. The added flexibility of PEDOT: PSA chains and higher degree of
crosslinking via carboxyl groups resulted in highly uniform, well-integrated fibrous structures.
Depending on the amount of PEDOT, the fabricated hydrogels showed tunable mechanical
strength in the range of 0.5 - 4.2 MPa with stretchability greater than 800%. While most of
CPHs fail to reach conductivities above 1 S cm-1, the PEDOT: PSA/PAA hydrogels showed
conductivities up to 2 S cm-1 with a minimal change in resistance even beyond 200% strain.
Heterogeneous dispersion or aggregation of CP within a hydrogel matrix is often reported to
be caused by the differences in the hydrophilicity of the two polymer domains.14, 119 In a unique
CPH design by Kaskel and coworkers, supramolecular chemistry was exploited to create a
highly homogenous and interconnected network of the hydrogel and CP phases.14 In this study,
a pre-organised α-cyclodextrin-containing polyacrylamide (αCD-PAAm) hydrogel was
prepared as a highly porous hydrogel host. Here, the amphiphilic αCD functionality served to
accelerate loading of ANI monomers as it promoted better compatibility between the
hydrophobic monomers and the hydrophobic cavities of αCD. The subsequent polymerisation
of ANI was triggered directly by immersing the swellon hydrogel into the hydrochloride acid
without an additional step to introduce the APS molecules as the APS was preloaded
simultaneously within the hydrogel. The prepared PANI-αCD-PAAm hydrogel film showed
large strain up to 500%, yet a low conductivity of 0.39 S cm-1.
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One of the main drawbacks of chemically crosslinked hydrogels is the inability to serve in
some soft electronics, where healing of mechanical and electrical properties is required. To
address this issue, hydrogel designs, comprising of non-covalent physical crosslinks, including
hydrogen bonding, π-π interactions, are now becoming more favourable. Consequently, the
reversibility of these physical interactions can also afford biomimetic properties, such as selfhealing and adhesiveness. For instance, Yu and coworkers developed a highly conductive and
self-healing CP gel comprising of non-covalent crosslinks.115 They demonstrated that
incorporating a reconfigurable metallosupramolecular gel into PPy aerogel matrix afforded
self-healing of the mechanical and electrical properties, as well as excellent conductivity of 10
S m-1 up to 100 bending cycles.115 The cubic supramolecular structures were composed of 2, 2:
6, 2”-terpyridine (tpy) ligands and Zn(II) metal ions, where the formation of the supramolecular
gel (PPy/G-Zn-tpy) was driven by various intermolecular forces, including hydrophobic and
π-π stacking forces. Both weak metal-ligand bonds and intermolecular interactions supporting
the gel enabled self-healing properties through thermally reversible sol-gel phase transitions.
On the other hand, the excellent electrical properties of the hybrid gel were attributed to the
continuous 3D network of PPy, which facilitated electron transport during mechanical
deformation. Despite the self-healing and highly conductive characteristics, the hybrid gel was
swollen with an organic solvent, which classifies it as an organogel. Stretchable and highly
conductive organogels presented in this study and others are excellent materials as
interconnects for stretchable electronics.120 However, the toxicity of organic solvents could
limit their use in biomedical applications, which require direct contact with a biological tissues
and organs.
The advantageous properties of CPHs, such as hydrophilicity, and biocompatibility, have been
well recognised, particularly for tissue engineering and bioelectronics.121,
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More recent

advances in CPH involved incorporating new features, such as elasticity, self-healing and tissue
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adhesiveness, further enabling the rapidly growing field of wearable bioelectronics. In that
regard, Park and coworkers demonstrated that self-healing properties and thermoplasticity can
be added to a CPH design.116 In their study, a polysaccharide-based agarose hydrogel was
specifically chosen for two reasons: 1) thermal reversibility for self-healing properties and 2)
unique upper critical solution temperature (UCST) behaviour for thermoplasticity. Due to the
weak hydrogen bonding interactions that supported the agarose hydrogel matrix, the material
was able to re-assemble upon damage. On the other hand, the UCST behaviour allowed the
hydrogel to undergo thermally reversible sol-gel transitions, where it existed as a gel state at
room temperature but as a liquid at elevated temperature. Both the physical interaction and
UCST behaviour promoted the hydrogel to self-heal at room temperature and to be
reconfigured into a new arbitrary shape upon heating. The addition of PPy via in situ
polymerisation then led to formation of CPHs with a well-defined 3D hybrid network of PPy
and agarose (denoted as APY gel, Figure 1.6c-f).116 As a result, APY gels exhibited moderate
conductivities ranging from 0.2 to 0.7 S cm-1, Young’s modulus between 27 to 46 kPa and
stretchability up to 35%. Due to its softness, thermoplasticity, and self-healing properties, the
CPH was able to be directly painted on a human skin as bioelectrode or moulded into various
shapes without significant changes in the conductivity.
Similarly,

compositing

poly(N-acryloyl

glycinamide-co-2-acrylamide-2-methylpropane

sulfonic) (PNAGA-PAMPS) hydrogels with PEDOT: PSS resulted in multifunctional CP
hydrogels with high tensile strength of 0.22-0.58 MPa, excellent stretchability of 817-1709%,
self-healing properties and thermo-processability.117 The supramolecular nature of the dual
amide crosslinked PNAGA-PAMPS matrix provided reversible dynamic hydrogen bonding,
thereby enabling the CPH to recover both mechanical and electrical properties upon breakage.
Furthermore, the thermo-reversibility of the hydrogen bonds enabled the CPH to be 3D-printed.
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Other biomimetic properties, such as tissue adhesion, was incorporated into a CPH design by
utilising highly adhesive, mussel-inspired biomaterial, polydopamine (PDA). The catechol
groups of PDA are well known to provide strong hydrogen bonding that attributes to its highly
adhesive properties, in both wet and dry conditions. In a study by Lu and coworkers, a highly
adhesive CPH was fabricated by incorporating PDA into a CPH design.25 The CPH was
prepared by gelating polyacrylamide (PAM) matrix in the presence of a PDA/PPy dispersion
using APS and a crosslinker. The CPH not only possessed excellent stretchability (over 2000%),
mechanical strength (up to 130 kPa), conductivity (up to 12 S m-1) but also optical transparency
and tissue-adhesiveness. The CPH design considered two crucial aspects to enable such
characteristics; 1) synthesis of hydrophilic and conductive PDA/PPy dispersions, and 2) in situ
fabrication of CP nanofibrils during the hydrogel synthesis. Here, PDA played a crucial role in
all of the fabrication processes. First, the hydrophilicity of PPy was increased by incorporating
PDA during PPy nanoparticle synthesis. This ensured homogenous dispersion of PPy
nanoparticles for the subsequent polymerisation of PAM hydrogel. Then, the presence of an
excess of APS during the hydrogel synthesis led to in situ generation of PDA-PPy nanofibrils
from PDA/PPy nanoparticles inside the hydrogel network. The proposed mechanism for the
nanofibril formation involved APS-induced degradation of nanoparticles into nanodots,
followed by self-assembly into nanofibril structure using the PAM chains as a template. As a
result, the authors attributed excellent conductivity and transparency to the interwoven network
of PDA/PPy nanofibers within the hydrogel.

1.4.2 Stretchable CPHs without Hydrogel Matrix
In comparison to the methods presented above, direct synthesis of CPH is an efficient and facile
method that do not require additional hydrogel matrix. For instance, addition of PA as a
gelating agent, as well as a dopant, in the oxidative polymerisation of PANI, has been shown
to directly form flexible CPHs with a 3D hierarchical porous network.72 Such swollen networks
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contained a high water content of 93%, which facilitated better ion diffusion within the CPH
film. This was shown particularly important for CPH supercapacitors as better ion diffusion
leads to better capacitive behaviour. Alternatively, incorporation of small molecule additives,
such as multivalent metal ions,123 ionic liquids,124 or sulphuric acid,118 into PEDOT: PSS
solutions has been shown to induce crosslinking of the PEDOT: PSS chains through various
molecular interactions. Lu et al. have demonstrated that gelation of PEDOT: PSS can be
induced in one synthetic step by using Fe(NO3)3 as the oxidant during the polymerisation
process.123 Here, Fe3+, the multivalent metal cation, plays a key role in acting as an oxidant but
also as an ionic crosslinker. During the polymerisation process, the negatively charged PSS
chains experience electrostatic interaction with the Fe3+ cations to form 3D supramolecular
networks, thereby leading to gelation of the composite matrix. Here, increasing the ionic
strength of the solution through addition of salts125 or ionic liquid 124provides screening of the
electrostatic repulsions between the PEDOT: PSS particles, which facilitates better π-π
stacking of the conjugated domains (Figure 1.7a-b).
Physical crosslinking of PEDOT can also be induced by decreasing the pH of the PEDOT: PSS
solution through addition of dilute sulphuric acid. Shi et al. proposed that the effect of the acid
in the gelation process is somewhat similar to the one of ionic strength; the repulsive forces
between the PEDOT: PSS particles are reduced as a result of partial protonation of the PSS
chains.118 However, this process further weakens the electrostatic interaction between the
PEDOT and PSS chains, leading to release of excess PSS from the composite structure and
thereby promoting better π-π stacking of the PEDOT. Furthermore, the PEDOT chains also
undergo a structural transition from a random coil to more expanded conformation, which
further increases π-π stacking of the conjugated segments.

118

Despite having only 4 wt% of

PEDOT: PSS within the CPH, a high conductivity of 880 S m-1 was reported. Direct formation
of CPHs without the need of a hydrogel template, as shown by these examples, presents a
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scalable route. Additionally, this approach can also simplify the way CPHs can be processed.
As shown in Figure 1.7c, the pH-induced PEDOT: PSS hydrogels were moulded into arbitrary
shapes.118

Figure 1.7 (a) Partial phase diagram of PEDOT: PSS, showing the coexistence (red circles) of a
polymer-rich and polymer-poor phase at high ionic strength and also the gel transition, which
distinguishes liquid-like behavior (blue triangles) from gel-like behavior (violet inverted triangles).
Reproduced with permission.125 Copyright 2016 American Chemical Society. (b) Schematic illustration
of the morphology of PEDOT: PSS in the liquid and gel states, where red represents PEDOT oligomers
and blue represents PSS chains. Yellow circles indicates physical cross-links as exist in both states, but
in the gel state these cross-links collect the microgels into a macroscopic network. Reproduced with
permission.125 Copyright 2016 American Chemical Society. (c) Optical photographs of PEDOT: PSS
hydrogels with different geometric shapes (scale bars, 1 cm). Reproduced with permission.118 Copyright
2017 John Wiley and Sons.
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1.5

Intrinsically Stretchable CPs

In contrast to the blending or compositing methodology, developing intrinsically stretchable
CPs through molecular tailoring, offers a direct and efficient way to introduce new physical
and mechanical features to CPs.
Advances in the molecular engineering of intrinsically stretchable CPs require chemical
approaches to enhance stretchability while maintaining the inherent electronic properties of
CPs. Molecular parameters including molecular weight, weight dispersity, and regioregularity
play a significant role in affecting the physical, electrical, and mechanical properties of the
CPs.126-128 The interested readers are referred to the excellent reviews on the structure-property
relationships of intrinsically stretchable CPs.129,

130

This section focuses on a number of

different chemistries to achieve molecularly engineered stretchable CPs, including hydrogen
bonding,131 π-π stacking,132, 133 molecular packing orientations, 134, 135 and crosslinking 80. The
diverse nature of these interaction motifs offers great opportunities to extensively tailor the
mechanical and electronic properties of the final materials. A summary of the performance and
applications of the intrinsically stretchable CPs were given in Table 1.3.
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Table 1.3 Summary of performance of intrinsically stretchable CPs reported in the literature.
Mobility (cm2 V−1 s−1)

Strain
CPs

Mechanism
(%)

0% strain

max strain

.
Strain

75

PTh-g-PAU48

380

Hydrogen bonding

-

-

PThP-g-PAAHA

200

Hydrogen bonding

-

-

-

77

DPP-PDCA

100

Hydrogen bonding

1.32

0.11

OTFT

76

P3HT-RP33

40

π-π stacking

5.56 ×10-2

4.38 ×10-2

OFET

132

PIDTBPD

100

Backbone planarity

0.06

-

OFET

133

-

0.1

OFET

136

Poly(tetrathienoacenediketopyrrolopyrrole) based CPs

a

Ref
Application

100

Molecular packing
orientation

sensor

P3HT-b-PBA

100

Soft amorphous blocks

0.061

0.025

OFET

137

P3HT-PMA-P3HT

140

Soft amorphous blocks

9 ×10-4

-

OFET

138

PDMS-crosslinked DPP-based
CPs

150

Crosslinking

0.66

0.40a

OFET

80

Mobility value obtained at 20% strain.

Crosslinking of flexible polymer chains using dynamic non-covalent interactions is a widely
used approach of achieving high stretchability.139, 140 The dynamic non-covalent bonds can
easily be broken in response to a mechanical stimuli and instantly reformed when there is no
mechanical force, thus making a highly stretchable material. The spontaneous formation of
hydrogen bonds makes them one of the most suitable driving forces for the design of stretchable
(semi)conductive polymers.141, 142 For example, a stretchable conducting polymer was designed
by attaching soft poly(acrylate urethane) (PAU) side chains onto a P3HT conjugated backbone
via controlled graft polymerisation, where PAU facilitates intermolecular hydrogen bonding.75
The non-covalent, crosslinked networks served to dissipate the energy upon strain through
hydrogen-bond breakages, as depicted in Figure 1.8a. As a result, the grafted polymer PTh-gPAU48 exhibited a high intrinsic stretchability of up to 380% and a low elastic modulus. The
material also exhibited room-temperature healing. This concept was further demonstrated on
another CP, named poly(thiophene phenylene) (PThP), which was designed and synthesised
by us143 and showed great versatility in chemical functionalities.144, 145 In the recent work, two
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types of hydrogen-bonding side chains were formed by grafting 3-acetamidopropyl acrylate
(AAPA) or 6-acetamidohexyl acrylate (AAHA) from the PThP backbone, which differed in
hydrogen bonding strength and Tg.77 As a result, the two resulting copolymers exhibited good
self-healing ability, while the AAHA grafted copolymer was softer, and more stretchable due
to its lower Tg and weaker hydrogen bonds. In another example, a series of stretchable
semiconducting polymers were reported based on segmented copolymer of 3,6-di(thiophen-2yl)-2,5-dihydropyrrolo[3,4-c]pyrrole-1,4-dione

(DPP)

conjugated

segment

and

non-

conjugated, hydrogen bonding, 2,6-pyridine dicarboxamide (PDCA) moieties (Figure 1.8b).76
The copolymer film could be stretched to 100% strain without forming micro-cracks due to a
combination of mechanisms; realignment and breakage of some of the polymer chains and
hydrogen bonding.

Figure 1.8 (a) Structure of graft copolymer PTh-g-PAU (top). Inset shows the formation of hydrogen
bonds. Illustration of mechanism for stretchability and healing properties afforded by hydrogen bonds
(bottom). Reproduced with permission.75 Copyright 2017 American Chemical Society. (b) Chemical
structures of DPP and PDCA segments. Reproduced with permission.76 Copyright 2016 Springer Nature.
(c) - stacking between thiophene oligomers. Reproduced with permission.132 Copyright 2018
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American Chemical Society. (d) Chemical structures of the thiophene diketopyrrolopyrrole‐based
polymers. Reproduced with permission.136 Copyright 2016 John Wiley and Sons. (e) Chemical structure
of block copolymer P3HT-b-PBA. Reproduced with permission.137 Copyright 2017 American Chemical
Society. (f) Chemical structures of cross-linkable DPP-based copolymer H-terminated PDMS crosslinker and the hydrosilylation reaction. Reproduced with permission.80 Copyright 2016 John Wiley and
Sons.

Alternatively, π-π stacking is another form of non-covalent interaction, which occurs
spontaneously between aromatic rings.146, 147 This non-covalent binding motif has been mainly
used to promote the charge transport mobility in CPs because the intermolecular charge
transport occurs through π-π stacking.148-150 However, the application of π-π stacking as a
driving force to induce supramolecular assembly and, in turn, tuning the mechanical properties
was limited. Park and coworkers showed that both charge mobility and the mechanical
properties (especially regards to stretchability and toughness) of CPs could be improved by
enhanced π-π stacking between thiophene chains in amorphous domains via random insertion
of thiophene units into the P3HT backbone (Figure 1.8c).132 The obtained polymer film of
P3HT with thiophene contents of 33 mol% (P3HT-RP33) could tolerate up to 40% strain with
a negligible decrease in the charge mobility in an FET device. They reasoned that the π-π
stacking between thiophene chains could not only act as junctions for charge transport but also
cross-link the chains to form polymer networks thus helping dissipate tensile energy. Similarly,
in another study by Luscombe et al., a series of alkyl-substituted indacenodithiophene-based
CPs with increasing backbone twist were designed by density functional theory and
synthesized to investigate the effect of backbone planarity on the electrical and mechanical
properties.133 Although the increase in backbone planarity resulted in a corresponding increase
in mobility, the most twisted backbone polymer PIDTBPD exhibited the highest ductility with
crack-on-set strain over 100%.

31

The relationships between molecular packing order (either edge-on or face-on) and the
mechanical compliance of CPs have been recently investigated.136 A series of
poly(tetrathienoacene-diketopyrrolopyrrole) with varied branched side chains and additional
thiophene spacer in the backbone were synthesised (Figure 1.8d).136 The introduction of
branched alkyl side chains were found to lower the tensile moduli and improve the ductility of
the polymer films by softening the amorphous regions. While further adding thiophene spacer
to the backbone, the resulting polymer showed a further delayed onset of crack propagation
(40% strain) and maintained a charge mobility of 0.1 cm2 V-1 s-1 even at the strain of 100%.
The additional thiophene spacer could contribute to better mechanical compliance by favouring
the edge-on packing orientation of the crystalline domains.
Another widely adopted concept is synthesising block or graft copolymers consisting of
conjugated backbone and soft rubbery segments. One such example uses poly(n-butyl acrylate)
(PBA) blocks to make a P3HT-b-PBA copolymer (Figure 1.8e) with the as-prepared polymer
thin films exhibiting enhanced ductility and good stretchability of up to 100% strain. 137 The
FET made of P3HT-b-PBA copolymer exhibited a high mobility of 0.025 cm2 V-1 s-1 under
100% strain which remained over 0.01 cm2 V-1 s-1 after 1000 cycles. In another work by Qiu
et al., a semiconductor-rubber-semiconductor (P3HT-PMA-P3HT) triblock copolymer was
reported to behave as a thermoplastic elastomer with a low Young’s modulus and a large
elongation at break of 140%.138 In another work, various PBA side chains were grafted from a
PThP backbone and the effects of side chain lengths on the electrical and physical
performances of the CP were reported.74 A trade-off between electrical and mechanical
properties was found with an optimal side chain length of 30 units (PThP-g-PBA30), and it
was demonstrated that the soft and adhesive copolymer PThP-g-PBA30 could be applied as a
stretchable strain sensor.
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In another work, polymer cross-linking with flexible oligomers was reported as a strategy to
improve elasticity.80 As shown in Figure 1.8f, DPP-based CP was cross-linked with a soft
PDMS cross-linker through the former’s side chains and the prepared polymer film exhibited
enhanced reversible stretchability, with no crack formation observed after 500 repeated
stretching-releasing cycles at the tensile strain of 100%. An initial average mobility value of
0.66 cm2 V-1 s-1 was obtained at 0% strain while a steady mobility above 0.40 cm2 V-1 s-1 was
maintained after 500 stretching cycles at the strain of 20%.

1.6

Device Applications

Stretchable electronics fabricated based on entirely stretchable components have attracted great
attention due to their advantage of large strain range, high-density device integration, largescale and low cost manufacturing.151 Examples of these devices, including sensors, transistors,
supercapacitors, and wearable bioelectronics, will be described in the following section.
Thin-film electronics with high stretchability and conformability enable the integration of
sensing devices to human skin with minimum restriction on the body movements and routine
daily activities, providing a noninvasive method to continuously collect real-time biological
signals of the body from the skin.152, 153 Fabricating an ideal on-skin electronic device would
require materials which are ultrathin, soft, highly stretchable, easy to wear, noninvasive to the
skin and gas permeable, mimicking the real human skin properties.7, 154 Of all the materials
used for skin electronic applications CPs have achieved highly promising results owing to their
controllable electrical conductivity, intrinsic stretchability and tunable morphology that
enables high gas permeability.155, 156 The currently developed on-skin electronic devices have
been used to obtain a broad range of biological information using electrophysiological,
temperature, pH and hydration sensors.157, 158
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Among various types of sensors adopted for on-skin electronic applications, strain and pressure
sensors have been the simplest to demonstrate. Anyhow, they are of great importance for the
applications regarding skin-mounted health-monitoring. The ternary polymer composite of
PANI/PA/PAA was demonstrated to be both strain and pressure sensitive, thus could be used
for mechanical sensors to detect a variety of human motions (Figure 1.9a).66 Furthermore,
these devices can detect nonplanar pressure and other mechanical stimuli, even in a moving
mode. CPHs have been more widely used in next-generation wearable bioelectronics due to
their biocompatibility, tissue adhesiveness and good deformability.159 For instance, the
previously mentioned CPH of F-PNIPAAm/PANI was fabricated into a strain sensor that
showed a gauge factor of 3.92 with a response time of 0.4 s, enabling the monitoring of a range
of human motions such as finger bending, swallowing motion and pulse rate.70
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Figure 1.9 (a) Current-time response of the sensor for monitoring finger bending motions. Reproduced
with permission.66 Copyright 2017 John Wiley and Sons. (b) Photographs showing the high
transparency of the P3HT-PDMS IPN based transistor arrays at no strain and at 100% strain.
Reproduced with permission.95 Copyright 2017 American Chemical Society. (c) PDA/PPy/PAM
hydrogels enabled the self-adhesive electrodes to detect MCG (left) and ECG (right) biosignals.
Reproduced with permission. 25 Copyright 2018 American Chemical Society. (d) Photographs showing
a model temperature alerter system fabricated with F-PNIPAAm/PANI hydrogel between temperature
switching cycles (left). Variation of the resistance of the temperature alerter system between 20 and
50 °C (right). Reproduced with permission.70 Copyright 2018 American Chemical Society.

Organic transistors are essential components for stretchable and wearable devices. Reichmanis
et al. fabricated stretchable transistor arrays based on the P3HT-PDMS IPN blend films and
the devices had good transparency and stretchability (Figure 1.9b).95 The devices exhibited an
average mobility of 0.12 cm2 V-1 s-1 with only a slight decrease in mobility under 100% strain.
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Upon releasing the strain, mobility could recover to its initial values for over 300 stretching
cycles. Chen et al. fabricated a stretchable TFT with soft side chain engineered semiconducting
polymers, which presented a stable mobility of 0.08-0.1 cm2 V-1 s-1 under 0-60% strain.160 Such
polymer films also exhibited excellent performance durability maintaining stable mobility
under 400 stretching/releasing cycles. In another example, a stretchable TFT device, fabricated
with the DPP-based CPs containing PDCA segments, exhibited high mobility of beyond 1 cm2
V-1 s-1 up to 100% strain.76 Even after 100 repeated stretching cycles, only a 26% decrease in
mobility was observed. Furthermore, fully stretchable TFT arrays were fabricated using the
above semiconducting polymer, which possessed an average mobility of 0.28 cm2 V-1 s-1 with
little hysteresis and low gate-leakage currents. The fabricated arrays could maintain an average
mobility at > 0.1 cm2 V-1 s-1 when mounted on human limbs to detect various human motions.76
As mentioned previously, CPHs have found applications as electrode materials for
supercapacitors. Compared with traditional solid electrodes, CPHs electrodes swollen with
water and ions, can afford efficient interactions with the electrolyte solution at the molecular
level.15 Besides, the inherently soft nature of the hydrogels enables the preparation of flexible
devices. For instance, the PANI-αCD-PAAm hybrid hydrogel networks showed high
deformability, good optical transmittance and well-preserved conductivity, which afforded a
supercapacitor device with excellent cycling stability, showing capacitance retention up to 92%
after 35,000 cycles at a high current density of 8 A g-1.14 The study compared that performance
to other PANI-based supercapacitors that showed up to 50 % decrease in capacitance over 1000
cycles. The observed mechanical stability upon large deformation and capacitance cycling
stability was attributed to the highly interconnected macroporous structure of PANI and αCDPAAm networks that showed resilience to volume changes, especially during the capacitive
cycling. Furthermore, the highly integrated network of CP and hydrogel phases lead to semitransparent properties, even for a film with a thickness of 1.5 mm. In Ma et al.’s work, the
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PANI hydrogel enabled solid-state supercapacitor that possessed a superior capacitance of 430
F g-1 at a scanning rate of 5 mV s-1, and good cyclic stability with 86% capacitance retention
upon 1000 scanning cycles, as well as good bendable performance.72 Their supercapacitor was
used to drive a glow armlet, demonstrating a great potential of these PANI hydrogels to serve
as a flexible power source in practical applications. Moreover, the PDA/PPy/PAM hydrogel
was used as a self-adhesive electrode to detect bio-signals, such as magnetocardiographic
(MCG) or electrocardiographic (ECG) signals of a patient (Figure 1.9c).25
The F-PNIPAAm/PANI hydrogels, as discussed above, not only had good mechanical
stretchability and electrical conductivity, but also possessed good thermal responsiveness.

70

This hydrogel exhibited reversible volume shrinkage and expansion upon switching the
temperature between 20 and 50 oC. These features enabled F-PNIPAAm/PANI hydrogels to be
fabricated as a temperature alerter. As illustrated in Figure 1.9d, the temperature alerter system
was made of two copper electrodes, a cylinder of F-PNIPAAm/PANI hydrogel and a glass
tube.70 The circuit was disconnected by hydrogel shrinkage at higher temperature while being
reconnected when the system was cooled. During this process, the resistance greatly changed
(Figure 1.9d), enabling the system to function as a temperature alerter.

1.7

Objectives of This Study

In the past decades, CPs have evolved significantly and have become an essential building
block for wearable and stretchable electronics. To render the rigid CP soft and stretchable,
much efforts have been devoted to compositing CP with other stretchable components, by
blending or formation of fibers, or gels, etc. An alternative strategy is developing intrinsically
stretchable conducting materials through the molecular design, which, if successful, will enable
simpler and large-scale fabrication processes. However, the exploration of the latter approach
remains scarce. Both challenges and opportunities are remaining open in this field. Firstly, a
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better understanding of the relationships between chemical structure and material’s properties
(electrical and mechanical) is needed, to guide the molecular design of the stretchable CPs.
Secondly, to meet the growing demand for human-intimate wearable and implantable
electronics, the electrical materials are required to offer additional functionalities beyond
stretchability, such as direct adhesion to the skin and photopatternability for microelectronics.
The aims of this study were the following: 1) to investigate novel functional conjugated
polymers as novel intrinsically stretchable electronic materials; 2) to investigate the structureproperty relationships of the designed polymers, to provide a general guidance for molecularly
design of stretchable CPs; 3) to extend the functionalities of the targeted CPs to produce
multifunctional, micro-patternable conducting materials; 4) to explore the possibility of
fabricating stretchable electronics out of the designed polymers. In this study, a general
polymerization technique named ‘graft from’ was used, to graft selected functional side chains
from the designed conjugated backbones. The chemical structure and properties (such as
optical, electrochemical, electrical, morphological and mechanical) of theese copolymers was
investigated. It was envisioned that this study would open up opportunity for developing
multifunctional stretchable organic conducting materials, for the next-generation of stretchable
and wearable electronics.
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Methodologies
The purpose of this Chapter is to briefly introduce the general techniques utilised in this Thesis,
from the mechanism and principal point of view. These techniques include the synthetic
methods, the electrochemistry and spectroelectrochemistry, the four-point probe conductivity
measurement method, and tensile testing system. Other techniques employed in this Thesis are
described in Chapter 3, Chapter 4, and Chapter 5.

2.1

Atom Transfer Radical Polymerization

Atom transfer radical polymerization (ATRP) is one type of controlled/living radical
polymerization (CRP) techniques that allow for the design and synthesis of polymeric materials
with well-defined compositions, architectures, and diverse functionalities. ATRP was first
reported by two research groups leading by Krzysztof Matyjaszewski and Mitsuo Sawamoto
almost the same time in 1995.161, 162 Since then, ATRP has become as one of the most powerful
and versatile synthetic methods in the field of polymer science.
Similarly to other CRP techniques, ATRP is useful to create polymers with precisely controlled
molecular weight, relatively low dispersity as well as specific molecular architecture.
Importantly, one of the significant advantages of ATRP is the simplicity and robustness of
reaction. ATRP has been carried out successfully in bulk,163, 164 solution,165 suspension166 and
emulsion167, 168 over a broad range of temperatures. The polymerization of a wide variety of
monomers (e.g., styrene, acrylates, acrylonitrile, acrylamides, methacrylic acid) have been
reported using this method. There are various catalysts and ligands to be selected for ATRP.
The most commonly used catalyst of Cu161, 169 and other transition metals, such as Ru,162 Fe,170
Ni,171 Re,172 Os,173 Rh,174 Pd,175 and Mo,176 have been used. The ligands (e.g., bidentate,
tridentate and tetradentate nitrogen ligands) are used to complex with catalysts to adjust the
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solubility and activity of the transition metal salts in the reaction medium. ATRP has been
successfully applied in the preparation of nanocomposites, hybrids and biopolymer
conjugates,177-180 for a wide range of applications in multifunctional, biomedical and electronic
materials.181
The mechanism of ATRP is based on establishing a rapid dynamic equilibration between
dormant and active species (free radicals) by a reversible redox process with the aid of
transition metal catalysts.182 Figure 2.1 illustrates a general mechanism of ATRP. Free radicals
(Pn*) are generated from a macromolecular alkyl halide (Pn-X) by activation with Mtm species
(kact) in the presence of the ligands (L). The growing radicals can either be deactivated by
reaction with the X-Mtm+1 species (kdeact), propagated by the addition of monomers (kp), or
terminated by self-coupling and disproportionation (Pn-Pn, kt).182, 183 The degree of control over
the polymerization reaction is determined by all rate constants, and these parameters can be
varied from different monomers, catalyst-ligand systems and experimental conditions (e.g.,
solvents, temperatures, and pressure).

Figure 2.1 A general mechanism for ATRP. Reproduced with permission. 184 Copyright 2012 American
Chemical Society.

2.2

Activators Regenerated by Electron Transfer ATRP

A key drawback of ATRP, which limits its large-scale industrial utilisation, is that the relatively
high amount of transition metal catalysts is needed. On one hand, the Cu catalysts can be
deactivated in the presence of oxygen or undesired radical inhibitors, leading to termination or
failure of reaction. On the other hand, removing the residual catalyst from the final product can
be costly and challenging, as stringent purification or recycling methods are required. To solve
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these limitations, an improved process of activators regenerated by electron transfer ATRP
(ARGET ATRP) was developed. This approach allows the usage of a minimal amount of
catalysts by the addition of a sufficient excess of reducing agent, which continuously
regenerates activating Cu (I) species from deactivating Cu (II), as shown in Figure 2.2. A range
of reducing agents, such as tin (II) 2- ethylhexanoate (Sn(Oct)2), ascorbic acid, hydrazine,
glucose, phenols, and tertiary amines, have been successfully used in this system.185-194
ARGET ATRP permits the use of catalyst down to ppm level while being more tolerant to
oxygen and impurities, which makes it a more robust, cost-effective, and environment-friendly
technique, compared to traditional ATRP.

Figure 2.2 A mechanism for ARGET ATRP. Reproduced with permission. 195 Copyright 2006 WILEYVCH Verlag GmbH & Co. KGaA, Weinheim.

2.3

Cyclic Voltammetry

One of the distinguished and unique characteristics of CPs is their doping/dedoping behaviour,
which can be characterized through electrochemical methods. Cyclic voltammetry (CV) is
known as one of the most useful analytical techniques to study the electrochemical activity of
materials. This technique can be used in order to obtain various information of conjugated
compounds, for example, bandgaps, electron affinity, redox processes, work functions, the
doping/dedoping mechanism, etc.
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Typically, a CV experiment on CPs is conducted using a standard three-electrode
electrochemical cell which comprises a working electrode (WE), counter electrode (CE), and
reference electrode (RE) (Figure 2.3). In this work, CPs are deposited on the surface of the
working electrode by drop-casting. The electrolyte solutions can vary depending on different
polymers. For example, in Chapter 3 and Chapter 4, 0.1 M LiClO4 in ACN/H2O (4:1, v/v)
and 0.1 M TBAHFP in ACN solutions were utilised, respectively.

Figure 2.3 Schematic illustration of a three-electrode electrochemical cell.

Figure 2.4 illustrates the general principles of CV measurements. In a voltammetric
experiment, a time-dependent potential (Figure 2.4a) is applied to the electrochemical system
at a certain scan rate, and the flowing current (Figure 2.4b) is recorded on a potentiostat.196
The scan rate (ν) refers to the rate of change of potential per unit of time which can be derived
from the gradient of the curve (Figure 2.4a). The current as a function of the voltage can be
plotted, that is, a cyclic voltammogram given in Figure 2.4c.
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Figure 2.4 (a) A linear potential change is imposed on the working electrode and swept between the
initial starting potential E1 and final potential E2. The gradient of the curve refers to the scan rate (ν).
(b) The resulting current flow as a function of time. (a-b) Reproduced with permission.

196

Copyright

2012 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim. (c) A typical cyclic voltammogram for
Fe2+/Fe3+ in aqueous electrolyte, where ipa (Epa) and ipc (Epc) are referred to the anodic and cathodic peak
currents (potentials), respectively. Reproduced with permission.197 Copyright 2014 Springer
Science+Business Media New York.

The dependence of current signals on applied potentials at different scan rates is capable of
providing information on the charge transfer activity. By varying the scan rate, a series of CV
curves can be plotted as exemplified in Figure 2.5, which is critical to characterize the
electrochemical performance originated from a reversible process.198 The relationship of the
peak potential separation (ΔEp = Epa - Epc) versus the scan rate is used to determine the
reversibility of a redox system. Ideally, in a reversible system (Figure 2.5a), the peak
separation is independent of the scan rate and the ΔEp always equals to 59/z mV (z is the number
of exchanged electrons by the redox couple) at 25 oC.
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In most cases, however, the redox

process can be complicated where the ΔEp varies depending on the change of scan rate. Such
systems include irreversible and quasi-reversible systems (Figure 2.5b). For a totally
irreversible redox reaction, the charge transfer coefficients (α) and rate constant of charge
transfer (kCT) can be estimated using a Laviron method.199, 200 The details of the Laviron theory
is described in Chapter 3. Moreover, another important parameter is the linear relationship
between the logarithm of peak current versus the logarithm of scan rate, the slope of which
carries information about the redox behaviour. Specifically, a slope value close 0.5 is indicative
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of a diffusion-controlled process whereas close to 1.0 is suggesting a capacitive behaviour (or
adsorption-controlled process).201, 202 In some cases, a slope value between 0.5 and 1.0 can be
observed, due to the mixture of control from both processes.201

Figure 2.5 Theoretical cyclic voltammograms at different scan rates for (a) reversible and (b) Quasireversible systems. Reproduced with permission.203 Copyright 2018 Koichi Jeremiah Aoki and
Jingyuan Chen. Under the terms of the Creative Commons Attribution License CC BY 3.0.

2.4

Spectroelectrochemistry

CPs are one of the promising electrochromic materials that can reversibly switch colour in
response to the electrochemical reactions. Ultraviolet-visible-near-infrared (UV-Vis-NIR)
spectroelectrochemistry is a technique that combines UV-Vis-NIR spectroscopy with
electrochemistry, which allows for the analysis of spectra changes during the electrochemical
doping/dedoping processes, providing information about the electronic structures of CPs. For
a general spectroelectrochemical experiment, a three-electrode system (including an ITO glass
as the WE, a platinum wire as the CE, and an Ag/AgCl electrode as the RE) is assembled inside
a cuvette (Figure 2.6a). During the redox switching, the changing in absorption bands is
monitored by the spectrometer.
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For example, Figure 2.6b presents the spectroelectrochemical spectra of poly (3,4(ethylenedioxy)thiophene)s thin films. At the neutral state, the polymer film exhibits an
absorption peak in the visible region, corresponding to the π-π transition of the conjugated
backbone. As the applied potentials increase, this band diminished gradually while two new
absorption bands at ~900 nm and >1100 nm appeared, which are related to the formation of
polarons (singly charged species) and bipolarons (doubly charged species), respectively.204
During the redox process, a reversible colour switching from dark-blue (neutral state) at -0.9
V to transparent sky-blue (fully oxidized state) at +1.0 V was observed. The unique
electrochromic characteristics allow CPs to be applied in various applications for
optoelectronic and electrochromic devices.205, 206

Figure 2.6 (a) Schematic diagram for a typical UV-Vis-NIR spectroelectrochemical cell. (b) UV-VisNIR spectroelectrochemical spectra of poly(3,4-(ethylenedioxy)thiophene)s thin films. The inset
pictures show the variation in colour at different potentials. Reproduced with permission. 207 Copyright
2004 WILEY‐VCH Verlag GmbH & Co. KGaA, Weinheim.

2.5

Atomic Force Microscopy

Atomic force microscopy (AFM) is a type of scanning probe microscopy (SPM) technique and
it has emerged as a powerful tool for material characterisations, from surface topography
information, mechanical and electrical properties to magnetic and optical spectroscopic
properties. Generally, the working principle of AFM is that a sharp tip scans across or over the
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surface of a sample while collecting the tip-sample surface interactions. As depicted in Figure
2.7, the core components of AFM include a sharp tip, acting as a probe, mounted to the apex
of a microcantilever spring, a three-dimensional piezo scanner to hold the sample, a laser beam
reflected off from the cantilever, a position-sensitive photo-detector to track the cantilever
deflection feedback, and an electronic system to analyze the data.208 With the development and
understanding of the technique, AFM has evolved into several operating modes (non-contact
mode, contact mode, and tapping mode) for different characterization purposes. This Chapter
will mainly describe the use of AFM in tapping mode for surface imaging and the force
spectroscopy mode for understanding adhesion characteristics.

Figure 2.7 Schematic illustration of a basic set-up of AFM. Reproduced with permission.208 Copyright
2008 The Royal Society of Chemistry.

2.5.1 Tapping Mode
AFM tapping mode is useful for the measurement of surface topography and surface roughness
of different types of materials, from soft biological tissues and polymers to rigid materials like
metals. The working principle of tapping mode is illustrated in Figure 2.8. Tapping mode is
also known as dynamic force mode, where the cantilever oscillates at a frequency close to its
resonance frequency, controlled by a piezo micro-actuator.209 The tip mounted to the cantilever
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vibrates as it moves above the surface, during which it might intermittently encounter the
surface. With the intermittent contact mode, the tip interacts with the sample surface through
attractive forces such as van der Waals, electrostatic forces, etc, leading to a decrease in the
amplitude and thereby a phase shift occurs. Using the feedback loop, the amplitude or phase
can be kept constant during the scan and thus the topographical and phase images of the surface
can be extracted. This mode has become the most widely used AFM mode due to its high
resolution and its capability of working in environments from high-vacuum to fluids as well as
almost non-destructive nature for the samples.210

Figure 2.8 The working principle of AFM in tapping mode. Reproduced with permission.211 Copyright
2012 Springer Science+Business Media B.V.

2.5.2 Force Spectroscopy Mode
AFM force spectroscopy is a quantitative tool for analyzing local/surface mechanical properties
of the sample, including viscoelastic properties, stiffness (modulus), rupture force and adhesion.
Unlike tapping mode, the force mode operates with the cantilever and tip in real contact with
the sample surfaces. During this experiment, the cantilever moves towards the sample and
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‘pokes into’ the sample, and then withdraws. The cantilever deflection vs. the piezo movement
is recorded, which can be converted to a force-distance curve (also called force curve)
providing information about the mechanical properties of the sample. The conversion requires
a calibrated value of deflection sensitivity and cantilever spring constant. With those
parameters, the force value is calculated by multiplying the cantilever deflection with its spring
constant, and the tip-sample distance is estimated by adding the deflection to the position of
the piezo.212 Shown below in Figure 2.9 is a schematic diagram of force curve, which
comprises an approach curve and a retraction curve. The cantilever drives the tip to move
towards the sample surface directly until it encounters the surface, reaching the maximum
predetermined loading force. At the end of the approach curve, the cantilever withdraws in a
reverse direction, generating the retraction curve.

Figure 2.9 Schematic illustration of a typical force curve obtained from AFM force spectroscopy mode.
Reproduced with permission.213 Copyright 2018 Hector Rudilla et al., licensee AIMS Press.

The adhesion of the sample can be extracted from the retraction curve. As the tip lifts off the
surface, it may still ‘stick to’ the sample due to some adhesion until the maximum adhesion
force is reached (Position 5) which breaks the adhesion bonding between them, allowing the
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tip to detach from the sample. The adhesion force may be due to van der Waals, capillary forces,
chemical affinity, surface coatings or others. Apart from acquiring a single force curve from a
selected point on the sample, an array of force curves can be also obtained from an area of a
given size, resulting in a two-dimensional map of forces. For instance, in Chapter 3, it will
show a force map containing 32 × 32 force curves on an area of 5.0 × 5.0 μm2 of polymer films.
The resolution of the force map relies on the number of data points probed and the scan size.
However, the increase in scanning data points requires a long acquisition time which can lead
to excessive drift.212 The elastic modulus maps can be generated from the force maps in a
similar manner, based on fitting with the appropriate model to extract the mechanical property
information.

2.6

Four-Point Conductivity Probe Method

Four-point probe is an important technique for measuring the electrical conductivity of solid
materials and thin films, especially conducting materials. As depicted in Figure 2.10, a fourpoint probe is made of four independent probes which are collinear and equally spaced (the
spacing is marked as ‘S’). Under the test, the four probes are placed in contact with the sample
surface. It operates by injecting a current (I) through the outer probes and measuring the
resulting voltage drop (V) in the two inner probes.

Figure 2.10 The geometry of a four-point probe.
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The calculation method of the resultant resistivity and conductivity may vary from different
types of materials.214 In this Thesis, the tested samples were bulk films of conducting polymers,
which were considered as an infinite 2D sheet. The resistivity () is defined as: 214

ρ=

𝜋𝑑 𝑉
𝑙𝑛2 𝐼

(2.1)

where d is the thickness of the polymer films.

2.7

Tensile Test

The mechanical properties of the stretchable materials can be evaluated by investigating their
elastic modulus, elongation, yield, toughness and strength. Tensile testing is commonly used
to measure these properties by pulling the specimen between the grips at a constant rate and
recording the stress-strain curves on a universal testing machine. Figure 2.11 shows a typical
stress-strain curve for a polymer specimen undergoing tensile test.

Figure 2.11 A typical stress-strain curve for a polymer film.
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Stress (σ) is the internal force that results from an applied load on the cross-section of the
material, which is defined as:

σ(Pa) =

𝐹(𝑁)
𝐴(𝑚2 )

(2.2)

where F is the applied force and A is the cross-section area of the initial film.
Strain (ε) is the relative change in dimensions of the sample, which is expressed as:

ε=

𝐿(𝑚) − 𝐿0 (𝑚)
𝐿0 (𝑚)

(2.3)

where, L and L0 are the length of the elongated and original sample, respectively. The strain at
break, therefore, would be defined as:

Strain at break =

𝐿𝑓 (𝑚) − 𝐿0 (𝑚)
𝐿0 (𝑚)

(2.4)

where Lf is the final length of the film at break.
The elongation is typically reported in percentage, which is expressed as:
Elongation (%) = Strain at break × 100

(2.5)

The strength of a polymer film is reflected in the maximum tensile strength which is the
maximum stress that a film can tolerate before fracture, which is calculated according to the
following equation:

Tensile strength (Pa) =

𝐹𝑚𝑎𝑥 (𝑁)
𝐴(𝑚2 )

(2.6)

where Fmax is the load at failure.
The Young’s modulus measures the resistance of the material to elastic deformation, which is
a reflection of the stiffness of the material. Higher Young’s modulus indicates a stiffer film, as
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higher loads would be required to elastically deform it. Lower Young’s modulus refers to a soft
film where lower loads would lead to elastic deformation. As shown in the stress-strain curve,
the Young’s modulus is the slope of the curve within the elastic region where the polymer film
undergoes elastic deformation. It is calculated as:

𝑌𝑜𝑢𝑛𝑔′ 𝑠 𝑚𝑜𝑑𝑢𝑙𝑢𝑠 (Pa) =
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𝜎(𝑃𝑎)
𝜀

(2.7)

Long Side-Chain Grafting Imparts
Intrinsic Adhesiveness to Poly(thiophene phenylene)
Conjugated Polymer
This Chapter was partially adapted, with permission, from:
Wang, M. et al. “Long side-chain grafting imparts intrinsic adhesiveness to poly(thiophene
phenylene) conjugated polymer”, European Polymer Journal, 2018, 109, 237-247. Copyright
2018 Elsevier Ltd.

Image 3.1 Table of contents artwork for Chapter 3.

A series of three poly(n-butyl acrylate) (PBA)-grafted poly(thiophene phenylene) (PThP)
conducting copolymers were synthesised demonstrating enhanced adhesiveness with increased
length of the grafts, while preserving conductivity.
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3.1

Introduction

Development of next-generation flexible and stretchable electronics, such as electronic skin,
biomimetic prostheses and soft robotics, require ionically and electrically conductive materials
with new added functionalities that enable them to accommodate deformation.20,

215-218

π-

Conjugated polymers (CPs) are great candidates for realizing such applications due to their
unique

electronic

properties,

solution

processability

and

versatility

in

chemical

functionalisation which enables modulation of the electrical and mechanical properties.117, 219
Molecular engineering through the side chains of CPs has been previously utilised to integrate
desirable features such as stimuli-responsiveness, stretchability and even self-healing
properties into one single CP chain.76, 220-223 For instance, grafting of poly(2-alkyl-2-oxazoline)
and poly(poly(ethylene glycol)methacrylate) side chains onto a conjugated backbone resulted in
water-soluble, thermo-responsive CPs, while grafting of poly(acrylate urethane) resulted in
stretchable and room-temperature healable CPs.75, 145
Generally, CP-based stretchable devices are assembled on, or encapsulated within, elastomeric
substrates to realize reversible elongation and recovery.67, 90, 224 Although the advances in
molecular engineering has rendered CPs soft, stretchable and even self-healing, enabling them
to be integrated in stretchable electronics, issues regarding adhesion of these electronic
materials to the elastomeric substrates remains. Conventionally, the interfacial adhesion
between CPs and elastomers is improved by ultraviolet (UV) irradiation, plasma treatment and
depositing modification layer or surface functionalization.225-228 However, such surface
treatments add additional steps into fabrication processes of electronic devices, which are often
costly and impractical in large-scale production. In this work, an alternative approach to
addressing this issue was proposed by imparting intrinsic adhesion functionality to the CPs,
enabling them to adhere directly to the substrates or even complex surfaces such as human skin.
To date, very limited research has been reported on intrinsically soft adhesive materials based
54

on CPs. For instance, poly(3-hexylthiophene)-block-poly(butyl acrylate) (P3HT-b-PBA) was
reported in which P3HT and PBA blocks were responsible for the semiconducting properties
and thin film ductility, respectively.137 Other reported approaches of introducing nonconjugated block segments into the conjugated backbone significantly affected the electrical
properties of the CPs due to the disruption of conjugation.229-231 Up to present, adhesion
properties of substituted polymeric semiconductors have been rarely investigated.
In the present work, a unique class of conducting polymers with soft side chains are designed
and synthesised. Here, poly(thiophene phenylene) (PThP), was chosen as the conjugated
backbone due to its versatility in derivatisation through the central phenylene ring of the ThP
termonomer. 143, PBA was chosen as the soft and deformable component due to its low Young’s
modulus and Tg, which also gives rise to excellent adhesive properties.232, 233 The effect of
molecular parameters, such as side chain length, on the adhesion, as well as the morphological,
optical, electrical and electrochemical properties of PThP-g-PBA graft copolymers were
investigated. The introduction of PBA segments on the PThP backbone resulted in lower Tg,
higher adhesion force and softness, as the side chain length increased. Meanwhile, the shorter
and medium grafted copolymers preserved comparable electrochemical activity and electrical
conductivity to the ungrafted PThP. Finally, a solution-processed, stretchable strain sensor,
constructed by coating of graft copolymers onto a rubber strip, demonstrated a potential
application of such materials in fields of flexible and stretchable electronics.

3.2

Experimental Section

3.2.1 Materials
n-Butyl acrylate (≥ 99%, Sigma-Aldrich) was filtered through a column of activated basic
alumina (ECP) before use. All other chemical reagents were used as received without further
purification.

Copper

(II)

bromide
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(CuBr2,

98%),

N,N,N′,N′′,N′′-

pentamethyldiethylenetriamine (PMDTA, 99%), tin (II) 2-ethylhexanoate (Sn(Oct)2, 92.5%100.0%), anisole (anhydrous, 99.7%), lithium perchlorate (LiClO4, ≥ 95.0%) were purchased
from Sigma-Aldrich. Tetrahydrofuran (THF) and methanol were ordered from Macron. N, Ndimethylformamide (DMF) and acetonitrile (ACN) were received from Scharlau.
Nitromethane was provided by Merck KGaA. Deuterated chloroform (CDCl3, 99.8%) was
purchased from Cambridge Isotope Laboratories, Inc. Iron (III) chloride (FeCl3, anhydrous)
was received from ECP. Indium Tin Oxide (ITO) coated glass slides (Rs = 4-8 Ω) were
provided by Delta Technologies, U.S.A.

3.2.2 Synthetic Procedures
Synthesis of 2,2′ - (2,5-bis(2-(2-methoxyethoxy)ethoxy)-1,4-phenylene)dithiophene
termonomer (TGThP) and ((2,5-di(thiophen-2-yl)-1,4-phenylene) bis-(oxy)) bis(ethane2,1-diyl) tri(2-bromopropanoate) (tBIThP)
The synthesis of termonomers TGThP and tBIThP were carried out according to the previous
reported procedures.143
Synthesis of poly(thiophene phenylene) (PThP)
A solution of termonomers TGThP (0.43 g, 0.75 mmol) and tBIThP (0.10 g, 0.15 mmol) in
nitromethane (4.5 mL) was prepared and the flask wrapped in tinfoil, cooled to 0 °C and
degassed by bubbling with nitrogen gas. A solution of FeCl3 (0.44 g, 5.0 mmol) in nitromethane
(4.5 mL) was added dropwise, during which the mixture turned black, and the mixture was
stirred at RT for 24 hr. The polymer was precipitated in methanol and collected via
centrifugation at 4000 rpm for 10 min. The polymer was dispersed in fresh methanol and
precipitated again via centrifugation at 4000 rpm for 10 min. The methanol was decanted and
the polymer dried under reduced pressure (yield 0.32 g, 60 %). 1H NMR (400 MHz, CDCl3,
ppm) δ = 1.92 (12H, s, C-CH3, BIThP), 3.35 (30H, s, O-CH3, TGThP), 3.53 (20H, m, O-CH2,
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TGThP), 3.65 (20H, m, O-CH2, TGThP), 3.72 (20H, m, O-CH2, TGThP), 3.81 (20H, m, OCH2, TGThP), 3.99 (20H, m, O-CH2, TGThP), 4.32 (24H, m, ArOCH2CH2, BIThP and
TGThP), 4.59-4.73 (4H, m, CH2CH2OCO, BIThP), 7.20 (12H, dd, thiophene-H, BIThP and
TGThP), 7.30 (12H, s, Ar-H, BIThP and TGThP), 7.52 (12H, dd, thiophene-H, BIThP and
TGThP) (Figure 3.2)
Graft polymerization of PThP-g-PBA
A 5 mL single neck flask equipped with a stir bar was charged with nBA (0.769 g, 6 mmol),
PThP (0.105 g, 0.03 mmol), CuBr2 (0.67 mg, 0.003 mmol), PMDTA (1.04 mg, 0.006 mmol),
DMF (0.8 mL), and anisole (0.2 mL, internal standard). The solution was bubbled with nitrogen
gas for 20 min. A few drops were taken as sample s0. Then the flask was closed and purged
with nitrogen for 15 min and placed in an oil bath at 80 °C. 20 μL of Sn(Oct)2 was then added
immediately via syringe. Samples for 1H NMR were taken at different time intervals under
nitrogen flow throughout the reaction and diluted in CDCl3 to determine the conversion of
monomers and track the kinetics using 1H NMR. The reaction was stopped by cooling with an
ice bath and exposure to air. To remove the residual monomer and solvent, the polymer solution
was precipitated in cold methanol/H2O (1:1, v/v) and centrifuged for 20 min. After decanting
the supernatant, the precipitates were washed with methanol twice and the red polymer was
dried under reduced pressure overnight. (yield 0.41g, 46.9%, PThP-g-PBA60). A series of
PThP-g-PBA with graft lengths of 17, 30 and 60 denoted as PThP-g-PBA17, PThP-g-PBA30,
and PThP-g-PBA60 were obtained by various reaction duration. Composition of graft length
was determined by the conversion of monomers from 1H NMR. Summary of molecular weight
and polydispersity can be found in Table 3.1. 1H NMR (400 MHz, CDCl3, ppm) δ = 0.93 (t,
CH2-CH3, PBA), 1.37 (m,CH2-CH2-CH3, PBA), 1.54 (m, CH2-CH2-CH2, PBA), 1.80-2.30 (m,
C-CH3, BIThP and CH2-CH-COO, PBA), 3.35 (s, O-CH3, TGThP), 3.52 (m, O-CH2, TGThP),
3.65 (m, O-CH2, TGThP), 3.71 (m, O-CH2, TGThP), 3.79 (m, O-CH2, TGThP), 4.01 (m, O57

CH2, TGThP and O=C-O-CH2-CH2, PBA), 4.31 (m, ArOCH2CH2, BIThP and TGThP), 4.594.73 (m, CH2CH2OCO, BIThP), 7.20 (dd, thiophene-H, BIThP and TGThP), 7.30 (s, Ar-H,
BIThP and TGThP), 7.52 (dd, thiophene-H, BIThP and TGThP) (Figure 3.2)

3.2.3 Characterizations and Instrumentations
Nuclear magnetic resonances (1H NMR)
1

H NMR spectra were recorded on a Bruker Avance III 400 MHz instrument using CDCl3 as

the solvent.
Fourier transform-infrared spectroscopy (FT-IR)
FT-IR spectra were obtained using a Perkin Elmer FT-IR spectrometer (Massachusetts, USA).
Samples were scanned at RT over the range of 4000 to 400 cm-1 and baseline corrected.
Gel permeation chromatography (GPC)
A gel permeation chromatograph (model 515 HPLC, Waters, USA) equipped with a RI detector
was used to determine Molecular weights. Samples were dissolved in THF with a concentration
of 6 mg mL-1 at RT and filtered through 0.22 m PTFE filters. 100 L of polymer solutions
were injected into the column. The columns and the detectors were maintained at 60 oC.
Calibration was performed with narrow polystyrene standards from Sigma Aldrich.
Differential scanning calorimetry (DSC)
Polymers of known mass were placed into a preweighed Tzero pan and lid, and DSC
measurements were performed with TA instruments Q1000 under nitrogen atmosphere.
Temperature for the first heating was increased at a rate of 20 oC min-1 from -89 oC to 120 oC
and then cooled back at the same rate. The 2nd heating was performed at a rate of 10 oC min-1.
Thermogravimetric analysis (TGA)
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TGA measurements were carried out on a TA instruments TGA Q5000 equipment. Nitrogen
was used as the purge gas at a flow rate of 10 mL min-1. Samples of known mass (~10 mg)
were heated from 25 oC to 600 oC with a temperature increase rate of 10 oC min-1.
UV-Vis-NIR measurements
A Shimadzu UV-3600 plus spectrophotometer was used for the UV-Vis absorption
measurements of the polymer solutions and in situ UV-Vis-NIR spectroelectrochemical
experiments.
Photoluminescence (PL)
Solution based photoluminescence spectra were measured on a Perkin Elmer LS 55
fluorescence spectrometer with a 3-Q-10 rectangular quartz cell.
Solution photoluminescence Quantum Yields (QYs) were calculated according to the
following equation:

Φ = Φ𝑅 ×

𝐼
𝐴𝑅
𝑛2
×
× 2
𝐼𝑅
𝐴
𝑛𝑅

(3.1)

where  is the Quantum Yield, I is the integrated fluorescence intensity, A is the absorbance
of the solutions and n is the refractive indices of the solvents. The subscript R refers to the
reference where fluorescein in ethanol ( = 0.79) was used. The UV-Vis and PL spectra of the
polymers were obtained from highly dilute THF solutions at RT and the absorbance was kept
below 0.05 to minimize the self-quenching or reabsorption effects.234
Cyclic voltammetry (CV)
CV experiments were implemented on a CH660 potentiostat electrochemical workstation.
Gold disk electrode (diameter 1.6 mm) was utilized as the working electrode to deposit the
polymers. Prior to the deposition, the gold electrode was polished with BASi polishing alumina
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followed by rinsing with filtered deionised (DI) water and sonicating in sequential ethanol and
filtered DI water for 10 min each. Then the gold electrode was cleaned by repeating scanning
from -0.2 V to 1.6 V in 1.0 M H2SO4 solution for 12 cycles. Afterwards, the gold electrode
was rinsed with filtered DI water and dried at RT. 15 L of the polymers solutions in THF with
a concentration of 5 mg mL-1 was drop-casted on top of the gold electrode then dried in the
ambient air for 20 min before test. Reference electrode was Ag/AgCl and platinum wire counter
electrode. CV was carried out by potential cycling between 0.0 V and 0.7 V vs. Ag/AgCl (3M
KCl, +0.197 V vs. SHE) and by varying the scan rate between 10 mV s-1 to 250 mV s-1 in 0.1
M LiClO4 in ACN: H2O (4:1, v/v).
Spectroelectrochemistry
ITO glass was cleaned by sequential sonication in detergent water, acetone, isopropanol, MilliQ water and ethanol for 5 min each. Samples were prepared by drop casting polymer/THF
solution (5 mg mL-1) onto the precleaned ITO slides and then dried under reduced pressure
overnight. Three electrodes system comprising an ITO glass working electrode, platinum wire
counter and freshly bleached silver wire as a pseudo-reference electrode was integrated in an
IR quartz cuvette filled with 0.1 M LiClO4 in ACN: H2O (4:1, v/v). In situ UV-Vis-NIR SEC
experiments were performed with a Shimadzu UV-3600 plus spectrophotometer to record the
UV-Vis-NIR spectra and with a potentiostat simultaneously applying potentials of 0, 0.1, 0.2,
0.3, 0.4, 0.5 and 0.6 V.
Macroscopic adhesion test
The adhesive properties of the polymers were measured using an Instron 5943 Mechanical
Testing System. Cuboidal PMMA with dimension of 5 mm × 3 mm × 15 mm was used for
testing. 5.0 mg of polymer was sandwiched between two pieces of PMMA and a primary force
of 1.0 N was applied to stick them together. Tensile test was performed by applying an
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increased force at the rate of 1 N s-1. The thickness of the materials was about 1 mm, and the
surface area was 5 mm × 3 mm.
AFM force mapping
Adhesion force measurements were performed with a Cypher ES AFM (Asylum Research) in
contact mode using silicon nitride probes (Budget sensors) with nominal spring constant of
0.27 N m-1 and resonance frequency of 30 kHz. Adhesion force maps were obtained by
recording 32 × 32 force-distance curves on areas of a given size (5.0 μm × 5.0 μm) and
calculating the adhesion force for each force curve via multiplying the cantilever deflection by
the calibrated spring constant of the cantilever. The most probable adhesion force was
determined by Gaussian fitting of the histogram for the distribution of force. Prior to force
measurements, the cantilever was calibrated by the thermal fluctuation method generating a
spring constant of 0.16 N m-1 and sensitivity of 32.13 nm V-1. Samples were prepared by spin
coating polymer/THF solution (5 mg mL-1) on top of the precleaned Si wafers, followed by
drying under reduced pressure overnight.
AFM morphology
AFM topological morphology was detected on Cypher ES AFM (Asylum Research) in tapping
mode using silicon probes (Budget Sensors, USA) with resonance frequency of 150 kHz.
Samples were prepared by drop casting of polymer solutions in THF (0.01 mg mL-1) on freshly
cleaved mica and dried under reduced pressure overnight. Polymer solutions were filtered with
0.22 m PTFE filter before deposition.
Grazing incidence X-ray diffraction (GIXD)
GIXD measurements were carried out on a Panalytical X'Pert Pro instrument at the Australian
Nuclear Science and Technology Organisation (ANSTO) in Australia. Thick polymer films
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were prepared by drop casting polymer/THF solutions (10 mg mL-1) onto the precleaned Si
wafers and then dried under reduced pressure overnight. Diffraction data were recorded in the
2 range of 0.5-7.0°at an interval of 0.05°.
Conductivity measurement
Current- voltage (I-V) curves were recorded on a potentiostat (Palmsens 4). Samples were made
into rectangular shape by drop-casting polymer/THF (10 mg mL-1) solutions onto a piece of
paper with the size of 15 mm × 5 mm. After drying under reduced pressure overnight, 20 L
of 1 M FeCl3 solution in ACN was dropped on the sample and dried for 4 hr under reduced
pressure. The length of the sample was the distance between the two clamps. The thickness of
the thin film was about 3 μm determined by a Mitutoyo height gauge (Model ID-H0530E). The
specimen was clamped to the working and counter electrode of the potentiostat, and by varying
the applied potential from 0.2 to 1.0 V, a linear I-V curve was acquired. According to Pouillet’s
law, the conductivity values of the materials were calculated. The results were summarized in
Table 3.2.
Strain sensor
To assemble a strain sensor, a piece of rubber band was used as a substrate. A home-made
PMMA mold was covered and attached on it giving rise to a fixed rectangular area with the
size of 15 mm × 5 mm. Then 1 mL solution of polymers in THF (10 mg mL-1) was dropped
into this mold and kept in ambient air for 1 h to evaporate the solvent. Then it was transferred
to a vacuum chamber allowing to fully dry overnight. Next a few drops of 1 M FeCl 3/ACN
solution were added on the polymer film and washed with fresh ACN immediately, thus the
polymer film was p-doped. Before the test the sample was dried for 4 h and the PMMA mold
was removed. A polymer-deposited rubber specimen was obtained by cutting the size into 15
mm × 5 mm. The thickness of the polymer film is about 0.1 mm and that of rubber is about 1
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mm. The stress-strain test was performed on the Instron 5943 with a fixed stretching speed of
36 mm min-1 followed by returning to its original place within 1 s. To measure the current
signals, the specimen was connected to a potentiostat (Palmsens 4) through copper tapes which
are attached to the clamps. The fixture length of the specimen is 12 mm. The currents under
different strains were simultaneously recorded with a fixed voltage of 0.5 V.

3.3

Results and Discussion

3.3.1 Chemical

Structure

Characterizations

of

the

Graft

Copolymers
As depicted in Figure 3.1a, the conjugated backbone polymer poly(thiophene phenylene)
(PThP) was synthesised by a chemical copolymerization of two monomers of TGThP and
tBIThP. The synthesized PThP was analysed by 1H NMR spectroscopy. As shown in Figure
3.2, the diagnostic peaks at 1.92 ppm (position ‘c’) and 3.35 ppm (position ‘g’) are assigned to
the -CH3 from tBIThP and the -CH3 from TGThP, respectively. The integration ratio of the
two peaks (≈ 1: 10) indicates that PThP possesses a tBIThP: TGThP ratio of 1: 5. Based on the
number-average molecular weight value (Mn = 32.1 kDa), determined by GPC, the degree of
polymerization (DP) of tBIThP and TGThP was estimated to be 10 and 50, respectively.
To investigate the effect of poly(n-butyl acrylate) (PBA) side chain length on the optical,
electrical, electrochemical and mechanical properties of PThP-based graft copolymers (PThPg-PBA), PBA chain lengths of 17, 30 and 60 units were grafted (Figure 3.1b) and are denoted
as PThP-g-PBA17, PThP-g-PBA30, and PThP-g-PBA60, respectively. Here, the activator
regenerated by electron transfer atom transfer radical polymerization (ARGET ATRP) was
employed to control the graft length, where the repeating units, as mentioned above, were
estimated from the conversion of monomers determined by 1H NMR.235, 236 The kinetics of the
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ARGET ATRP reaction were monitored and shown in Figure 3.1c. A linear first-order kinetic
plot was obtained, indicating controlled ARGET ATRP of PBA.237

Figure 3.1 Synthetic scheme for (a) PThP and (b) PThP-g-PBA. (c) Kinetic plots of monomer
conversion and ln([M]0/[M]t) vs. time for ARGET ATRP of PThP-g-PBA. Note: the solid line (red)
represents the linear fit to the experimental data. (d) FT-IR spectra of PThP and PThP-g-PBA graft
copolymers.

The chemical structures of PThP and PThP-g-PBA copolymers were characterized by 1H NMR
(Figure 3.2). The grafted copolymers possessed the number-averaged molecular weight in a
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range of 45.6-105 kDa with dispersities (Đ) between 1.7 and 2.3, which were estimated from
GPC measurements (Table 3.1). The relatively large Đ of the grafted copolymers could be
ascribed to the broad molecular weight distribution of the CP macroinitiator.

Figure 3.2 1H NMR spectra (CDCl3, 400 MHz) of PThP and PThP-g-PBA copolymers. Note: *
represents solvent residues.
Table 3.1 Molecular characteristics of four polymers determined by GPC.

Mn (kDa)

Mw (kDa)

Đ

PThP

32.1

49.1

1.5

PThP-g-PBA17

45.6

78.6

1.7

PThP-g-PBA30

61.0

138.8

2.3

PThP-g-PBA60

105.2

175.1

1.7

Polymer

FT-IR spectroscopy was used to verify the presence of various PBA side chains on the
backbone. As shown in Figure 3.1d, the characteristic absorption appearing at 1730 cm-1 was
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assigned to the ester C=O stretching band. The absorption observed at 1160 cm-1 was attributed
to C‒O stretching vibrations. With the increasing chain lengths, an increase in the intensity of
C=O stretching with respect to that of C‒O band was observed, which is related to the higher
proportion of C=O groups arising from n-butyl esters compared to the ethylene glycol groups
found in the backbone PThP. To further elaborate on the structural characterization of the
grafted copolymers, the PThP backbone content in the graft copolymers was estimated using
concentration dependent UV-Vis absorption studies (Figure 3.3a). The results show that the
PThP content for PThP-g-PBA17, PThP-g-PBA30, and PThP-g-PBA60 were 48.7%, 34.6%,
and 22.3%, respectively. From that, the corresponding PBA chain lengths were estimated to be
14, 26 and 48, respectively

Figure 3.3 (a) Plots of the maximum absorbance of the four polymers as a function of the concentrations
in THF. (b) DSC thermograms of PThP and PThP-g-PBA copolymers. (c) TGA curves for PThP, PBA
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and PThP-g-PBA copolymers. (d) UV-Vis absorption and PL spectra of PThP and PThP-g-PBA
copolymer solutions in THF at highly diluted concentrations.

3.3.2 Thermal Properties
The thermal properties of PThP and PThP-g-PBA copolymers were investigated by differential
scanning calorimetry (DSC) (Figure 3.3b). From the DSC traces, the Tg of PThP-g-PBA
copolymers with the increasing PBA side chain length was observed at -24 oC, -48 oC and -49
o

C, respectively; the later ones being comparable to the Tg of the homopolymers of PBA (Mn =

18.8 kDa, Đ = 1.2, Tg = -54 oC). Furthermore, thermogravimetric analysis (TGA) was
performed for the PThP-g-PBAs, as well as the ungrafted PThP and a PBA homopolymer for
comparison, to further evaluate the copolymers’ thermal properties (Figure 3.3c). The thermal
decomposition temperatures (Td, 5 wt% loss) of PThP and PBA were observed at 260 oC and
346 oC, respectively. As expected, the Td values of the PThP-g-PBA graft copolymers are
between those of the parent PThP and PBA homopolymers.

3.3.3 Optoelectronic Properties
Figure 3.3d shows the UV-Vis absorption and photoluminescence spectra of the four polymers
in THF solutions. All the polymers show a maximum absorption peak in visible region (463467 nm), which corresponds to the π-π* transition of the conjugated backbone. In accordance
with the UV-Vis spectra, the emission spectra of the grafted copolymers exhibited negligible
shifts (Δλ = 2~3 nm) compared with the ungrafted PThP. Both UV-Vis and PL studies indicate
that the conjugation of the PThP is well preserved after the grafting process. To provide a
quantitative comparison of the optical properties of the polymers as a function of PBA side
chain length, photoluminescence Quantum Yield (QY) of the polymers in solution was
measured and compared (Table 3.2). An increase in QY was observed from 51% for ungrafted
PThP to 55%, 82%, and 88% for PThP-g-PBA17, PThP-g-PBA30 and PThP-g-PBA60,
respectively. Such phenomena have been observed after grafting of polymeric side chains from
67

a conjugated backbone, where the increase in QY with longer side chains can be attributed to
the minimised π-π interaction between the conjugated chains that results in quenching of PL.238
Table 3.2 Summary of optical properties of PThP and PThP-g-PBA graft copolymers.

Polymer

PThP
content % a

DP of
PBA a

Abs max (nm)

PL max
(nm)

QY (%)

PThP

100

0

463

527

51

PThP-g-PBA17

48.7

14

467

529

55

PThP-g-PBA30

34.6

26

466

530

82

PThP-g-PBA60

22.3

48

465

528

88

a

Calculated according to concentration-dependent UV-Vis absorbance.

b

Determined in a dilute THF solution using fluorescein (in ethanol) as the reference dye.

b

3.3.4 Electrochemical Properties
The electrochemical behaviour of the graft copolymers was investigated by using cyclic
voltammetry (CV). As displayed in Figure 3.4a-c, for PThP, PThP-g-PBA17 and PThP-gPBA30, the CV curves show distinct anodic and cathodic peaks corresponding to the
doping/dedoping processes, indicating that these polymers are electroactive. For these three
polymers, the anodic peak currents in the CV plots are found to be linearly dependent on the
scan rates (Figure 3.4e), which is characteristics of a surface-confined electrochemical
process.239-241
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Figure 3.4 Cyclic voltammograms of (a) PThP, (b) PThP-g-PBA17, (c) PThP-g-PBA30, and (d) PThPg-PBA60 polymer films on Au electrode in 0.1 M LiClO4 in ACN: H2O (4:1, v/v) at different scan rates
from 10 mV s-1 to 250 mV s-1. (e) Linear dependence of anodic peak currents (Ipa) with scan rate for
PThP, PThP-g-PBA17 and PThP-g-PBA30. (f)Peak anodic potential (Epa) versus log (scan rate) for
PThP, PThP-g-PBA17 and PThP-g-PBA30 polymer films. The linear fittings are well within 1.0% of
the experimental data (shown by the error bars).

For a surface-confined electrochemical system, Laviron theory is widely used for determining
the average charge transfer rate constant (kCT).242, 243 Therefore, the kinetic analysis of charge
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transfer in the polymers is based on Laviron equation, where the peak anodic potential (Epa) is
expressed as241:

𝐸𝑝𝑎 = 𝐴 + [

2.303𝑅𝑇
] log 𝜈
2(1 − 𝛼)𝑛𝐹

(3.2)

where R is the gas constant (8.314 J mol-1 K-1), T is temperature (here, T = 298 K), n is the
number of electrons involved in a charge transfer step (here, n = 1), F is the Faraday constant
(96500 C mol-1), ν is the scan rate, . is transfer coefficient, and A is a constant associated with
the formal electrode potential (E0) and standard rate constant (ks) at E0. A plot of Epa against
log scan rate would be a straight line, the slope of which carrying the information on .
The Epa exhibited a linear relationship with log scan rate for these three polymer systems
(Figure 3.4f) and from the slope of the curves the values of . for PThP, PThP-g-PBA17 and
PThP-g-PBA30 were estimated to be 0.8307, 0.7779 and 0.6230, respectively. Ideally, for a
defect-free film, in Laviron model the value of . is 0.5; 244-246 however, the value may deviate
due to defects in the films which are associated with the roughness, the quality of the polymer
films and the contact interface.243, 246
Then, the charge transfer rate constant (kCT) is defined as:241

𝑘𝐶𝑇 = (1 − 𝛼)

𝑛𝐹𝜈𝛼
𝑅𝑇

(3.3)

where  is the critical scan rate value, obtained from the x-axes intercept of the Epa vs. log 
plot Based on the equation 3.3, the calculated values of  and the extrapolated values of .
the charge transfer rate constant for PThP, PThP-g-PBA17 and PThP-g-PBA30 were estimated
to be 1.87 s-1, 0.23 s-1 and 0.02 s-1, respectively. kCT (PThP) > kCT (PThP-g-PBA17) > kCT (PThPg-PBA30) implies that the introduction of PBA side chains led to lower electron transfer
capability of the copolymers. The diminishing charge transfer kinetics is due to the increased
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resistance of the graft copolymers, in agreement with the conductivity measurements using IV curves (Figure 3.5 and Table 3.3). The conductivity of the ungrafted backbone was found
to be 9.3 ± 0.2 mS cm-1, while after grafting the conductivity of PThP-g-PBA17 and PThP-gPBA30 decreased to 3.6 ±0.1 mS cm-1 and 2.6 ±0.2 mS cm-1, respectively. A more significant
loss of conductivity was observed in PThP-g-PBA60 which showed a conductivity of 0.2 ±0.1
mS cm-1 and poor electroactivity (Figure A 6).

Figure 3.5 I-V plots of four conducting polymers deposited on a piece of paper doped with FeCl3.
Table 3.3 Dimensions of the samples used in conductivity measurement.

Length (mm)

Slope

Conductivity* (mS cm-1)

PThP

10

3.144

9.3 ±0.2

PThP-g-PBA17

12

0.924

3.6 ±0.1

PThP-g-PBA30

13

0.623

2.6 ±0.2

PThP-g-PBA60

13

0.047

0.2 ±0.1

Polymer

*The average value was obtained from three tests.
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3.3.5 Spectroelectrochemistry
Spectroelectrochemical studies were carried out to further investigate the electronic structure
of these polymers at different redox states. The UV-Vis absorption spectra of PThP and the
graft copolymers applied at different potentials were given in Figure 3.6. For PThP in the
neutral state, the main absorption peak can be located around 480 nm, which corresponds to
the π-π* transition. Upon stepwise increase of the applied potential, the intensity of the main
absorption peak started to decrease while new bands at around 700 nm and at near infrared
region emerged, which can be attributed to the formation of polarons and bipolarons along the
conjugated backbone, respectively. During this process, an apparent color change was observed,
as the polymer layer switched from orange (neutral state) to dark blue (oxidized state).
Similarly, the films of PThP-g-PBA17 and PThP-g-PBA30 also revealed well-defined spectral
transition from the neutral to oxidised states upon increase in the applied potential, indicating
good electrochemical activity of these polymers. However, the graft copolymer PThP-gPBA60 showed less defined spectroelectrochemical response upon increased potential. For
instance, only a small change in the intensity of the polaron and bipolaron bands were observed
compared to other polymers. This can be ascribed to the decrease in electrical conductivity as
a result of greater PBA content,247 which is consistent with the results from cyclic voltammetry
studies presented above.
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Figure 3.6 Spectroelectrochemical spectra of (a) PThP, (b) PThP-g-PBA17, (c) PThP-g-PBA30, and
(d) PThP-g-PBA60 polymer films on ITO glass in ACN: H2O (4:1, v/v) containing 0.1 M LiClO4. The
insets were the optical photographs of polymer films in the neutral state (orange) and oxidized state
(dark blue).

3.3.6 Adhesion Characterizations
To assess the adhesiveness of these materials, a home-made setup was applied with the aid of
a tensile testing machine.248 Polymer (5.0 mg) was spread and sandwiched between two pieces
of PMMA and a primary force of 1.0 N was applied to adhere them to each other. Tensile test
was performed and the forces required to pull apart the two pieces were recorded (Figure 3.7a).
The results are given in Figure 3.7b and summarized in Table 3.4. It was found that the
ungrafted PThP could only withstand a pulling force of 2.4 ± 0.2 N, while the grafted
copolymers exhibited enhanced adhesion forces of 3.6 ± 0.4 N, 7.3 ± 0.4 N, and 10.4 ± 0.7 N
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as PBA grafting increased. This suggests the introduction of PBA side chains provided good
adhesiveness for the resulting copolymers.

Figure 3.7 (a) Schematic drawing showing a layer of polymer sandwiched between two pieces of
PMMA and a pulling force was applied in the arrow direction. (b) Force-displacement curves for the
four polymers.

AFM is a powerful tool for probing surfaces on the nanoscale from topographic imaging to the
mapping of adhesion force.249, 250 In force spectroscopy, as the sample is pushed towards the
tip and retracted, the cantilever deflection is recorded as a function of the vertical displacement
of the piezoelectric scanner, based on which the local adhesion force can be calculated using
appropriate corrections.251, 252 With AFM force mapping, the microscopic adhesion properties
for these polymers films prepared on Si wafers were provided. Here, a matrix of 32 ×32 forcedistance curves was recorded on a scan area of 5.0 m × 5.0 m. The adhesion force was then
calculated for each force curve and displayed as a pixel on the adhesion map. As displayed in
Figure 3.8, adhesion events were frequently detected and adhesion maps reveal heterogeneous
distribution of adhesion forces which could be attributed to the polymers forming aggregates
on the surface. The force histograms show that the adhesion forces are comparable for PThP
(2.3 ± 0.2 nN) and PThP-g-PBA17 (2.4 ± 0.3 nN), whereas in the case of PThP-g-PBA30 and
PThP-g-PBA60, the adhesion forces increased to 3.9 ±0.9 nN and 18.2 ±2.3 nN, respectively.
The results are listed in Table 3.4. In agreement with the obtained macroscopic adhesion force
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measurements, results obtained from AFM force mapping also confirmed that the longer side
chain grafted copolymers are more adhesive.

Figure 3.8 Adhesion force maps for (a) PThP, (b) PThP-g-PBA17, (c) PThP-g-PBA30, and (d) PThPg-PBA60 polymer films on Si wafers. Adhesion histograms and representative force curves (inset) for
(e) PThP, (f) PThP-g-PBA17, (g) PThP-g-PBA30, and (h) PThP-g-PBA60. The red line is the approach
curve and the blue line is the retraction curve.
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Table 3.4 Summary of adhesion forces for the four polymers.
Polymers

a

Macroscopic adhesion force (N)

b

Microscopic adhesion force (nN)

PThP

2.4 ±0.2

2.3 ±0.2

PThP-g-PBA17

3.6 ±0.4

2.4 ±0.3

PThP-g-PBA30

7.3 ±0.4

3.9 ±0.9

PThP-g-PBA60

10.4 ±0.7

18.2 ±2.3

a

Determined from tensile test. Average values were obtained based on three samples.

b

Determined by AFM adhesion force maps.

3.3.7 Morphologies and Crystalline Structures
To further investigate the surface morphologies of these polymers, the films were characterized
using AFM in tapping mode. The AFM topography (Figure 3.9a) shows nanofibrillar-like
structures of the ungrafted PThP, unlike in the case of the grafted copolymers (Figure 3.9b-d)
where aggregates were formed.

Figure 3.9 AFM height images of (a) PThP, (b) PThP-g-PBA17, (c) PThP-g-PBA30, and (d) PThP-gPBA60 thin films drop-casted on mica.
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The obvious difference in morphologies of these polymers can be attributed to the difference
in crystallinity within the films. GIXD (Figure 3.10) revealed a refractive peak of the ungrafted
PThP at 4.8°, demonstrating the presence of the crystalline structure in this polymer. However,
disappearance of the refractive peak for PThP-g-PBA60 indicated that the graft copolymer
turns amorphous due to the amorphous nature of PBA side chains.

Figure 3.10 GIXD patterns of PThP and PThP-g-PBA60 polymer films on Si wafers.

3.3.8 Stretchable Strain Sensors
To explore a potential application of these intrinsically adhesive and conductive graft
copolymers, a stretchable strain sensor was fabricated by depositing the graft copolymers onto
a rubber substrate (details on the stretchable sensor fabrication can be found in Supporting
Information). As can be seen from Figure 3.11a-b, both PThP and PThP-g-PBA17 coatings
are relatively brittle and stiff, limiting their deformability. Additionally, poor adhesion of these
two polymers resulted in their detachment from the rubber substrates. Although PThP-gPBA60 is the most adhesive amongst the series of graft copolymers (Figure 3.11d), its low
conductivity makes it unsuitable to serve as a sensor. Thus, PThP-g-PBA30 (Figure 3.11c)
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was utilised for the strain sensor fabrication due to its most optimal overall properties adhesion, softness and appreciable electrical conductivity.

Figure 3.11 Photographs of (a) PThP, (b) PThP-g-PBA17, (c) PThP-g-PBA30 deposited on rubber
bands and (d) PThP-g-PBA60 self-standing specimen. (e) Resistance and (f) gauge factors as a function
of stretching cycle numbers for PThP-g-PBA30-based strain sensor at elongations of 20% and 50%.

Figure 3.11e shows the performance of the PThP-g-PBA30-based strain sensor that was
repeatedly stretched and released to strains of 20% and 50%. The resistance of the strain sensor
was increased and decreased in cyclic fashion as the film was stretched and released. The
resistance increased slightly with continuing stretching and releasing cycles, especially when
being stretched to larger elongations. This could be attributed to the formation of microcracks
in the polymer films and the polymer’s creep deformation when strained.94 The performance
of a strain sensor is typically characterized by a gauge factor [(R/R0)/(L/L0)], which indicates
the sensitivity of the sensor to strain. Here, R/R0 is the relative change of resistance and L/L0
is the strain.225, 253 As shown in Figure 3.11f, under strains of 20% and 50%, the device shows
reproducible sensitivity with the average gauge factors for 20% and 50% strains of 0.62 ±0.04
78

and 0.64 ± 0.04, respectively (in both cases, the first cycle was excluded). Since human skin
accommodates body movement with stretchability up to 30%,254 it was suggested that
stretchable strain sensors developed here could be potentially applied in skin-mounted
wearable devices.

3.4

Conclusions

This work presents a simple molecular approach towards electrically conductive polymers with
inherent adhesiveness and stretchability through the side chain engineering, demonstrated here
in the case of PThP-g-PBA. The chemical structures of the resulting polymers were confirmed
by 1H NMR, FT-IR, GPC and UV-Vis spectroscopy. UV-Vis absorbance and PL spectra
indicated that the introduction of PBA side chains had negligible effect on the conjugation of
PThP backbone, while the Quantum Yield of the polymer solutions increased substantially with
the increase of length of the side chain. CV and spectroelectrochemical studies demonstrated
that PThP-g-PBA17 and PThP-g-PBA30 preserved good electroactivity and doping ability,
with sufficient electrical conductivity. As shown by both micro- and macroscopic adhesion
measurements, incorporation of PBA side chains introduces adhesion functionality to the rigid
conjugated backbone. An optimal trade-off between electrical performance and mechanical
properties was observed in the copolymer of PThP-g-PBA30. It was demonstrated that the graft
copolymer PThP-g-PBA30 could be applied as a stretchable strain sensor, fabricated in a
solution-processable manner. Further applications in human motion detection or wearable
electronics could be foreseen.
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Highly Stretchable, Solutionprocessable, and Crosslinkable Poly(3,4ethylenedioxithiophene)-based Conjugated Polymers
This Chapter was partially adapted, with permission, from:
Wang, M. et al. “Highly stretchable, solution-processable, and crosslinkable poly(3,4ethylenedioxithiophene)-based conjugated polymers”, European Polymer Journal, 2020, 125,
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Image 4.1 Table of contents artwork for Chapter 4.

This Chapter presents a highly stretchable and crosslinkable conjugated polymer enabled by
the chemical crosslinking reactions between the grafted side chains.

4.1

Introduction

Flexible and stretchable electronics is an emerging area of electronics and it opens up exciting
prospects for electronic devices in human-device interactive systems, such as wearable
displays,255, 256 wearable energy storage systems257, 258 and healthcare electronics.1, 20, 152 Efforts
have been devoted to the development of stretchable electronics by exploring novel materials
and fabrication designs. Some of the strategies to such materials are, for example, percolated
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nanostructured composites, wavy/buckled structures of conductive materials, and coplanar
serpentine shaped electrodes.259-261 At the same time, -conjugated polymers (CPs) have been
regarded as suitable materials for stretchable electronics due to their inherent mechanical
deformability, versatility in molecular engineering through synthetic chemistry, as well as ease
of processing through large-area printing techniques.77,

262, 263

The conducting polymer

poly(3,4-ethylenedioxithiophene) (PEDOT), and especially its complex with poly(styrene
sulfonate) (PEDOT: PSS), is among the most widely studied CPs. It has been used in a wide
range of applications, such as organic photovoltaics,264 supercapacitors,3,
thermoelectric generators,266,

267

sensors,17,

268

265

transistors,86

and biosensors,269-271 due to its excellent

environmental stability, optical transparency in thin films, high electrical conductivity and
aqueous solution processability.272-275 However, the limited solubility of PEDOT in common
organic solvents has been a major drawback for its broader applications.
The synthetic approaches to PEDOT analogues, either by chemical modification of the EDOT
monomer276, 277 or copolymerization of EDOT with a secondary functional monomer278 offer
strategies to improve the solubility and to introduce further functionality. For example, 3,4propylenedioxythiophene (ProDOT), a derivative monomer of EDOT, has been designed and
extensively investigated. The ProDOT-based polymers have been functionalized with various
functional side chains such as hydroxyl, nitrile, ester, bromide and azide, and these exhibited
enhanced electrochemical properties in comparison with PEDOT.279 A water-soluble ProDOTsultone monomer has been polymerized into a regioregular polymer exhibiting superior
electrochromic properties in terms of colour contrast, switching time and colouration
efficiency.280 Also, a series of organic solvent-soluble alkoxy-substituted ProDOTs have been
designed and the polymer films spray-casted from toluene solutions. The films had good
electrochemical properties and high coloration efficiency.281
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Apart from the chemical modification of the EDOT monomer, the copolymerization of EDOT
with other monomers, that provide desired solubility and optical, morphological, and electrical
functionalities, has been reported. Reynolds et al. designed a soluble PEDOT analogue
comprising of alkoxy-substituted ProDOTs with unfunctionalized EDOTs in various ratios,
yielding a series of solution-processable copolymers with tunable electronic properties.282
Wudl et al. have developed a low band-gap copolymer containing EDOT and an electronwithdrawing acceptor monomer, which showed excellent electrochromic response to the
infrared radiation.283 The copolymers composed of EDOT and 3-hexyl-thiophene (3HT) have
been reported, where the copolymers with a high degree of regioregularity were shown to result
in self-assembled nano-structures in the thin films.278 Also, Francis et al. have reported the
copolymers with EDOT and 3-alkyl-thiophene derivatives, which were used as p-type
materials in bilayer photodiode cells.284
In regard to development of CPs with extreme deformability for stretchable electronics, there
have been examples in the recent literature mainly based on PEDOT: PSS. In general, PEDOT:
PSS is mechanically flexible due its amorphous and entangled polymeric nature, but the
intrinsic stretchability of as-cast PEDOT: PSS film is only up to approximately 5% strain.285
This insufficient stretchability of pristine PEDOT: PSS can be improved by compositing with
elastomeric matrices,286 formation of hydrogels or fibres,68, 71 and the use of additives such as
ionic liquids91 and surfactants.105 However, the aforementioned approaches can compromise
the electrical properties and/or require additional processes which could be unsuitable for largescale industrial production. Therefore, molecularly designed stretchable CPs with excellent
solution processability have been sought after for establishing truly stretchable organic
electronic materials.
This Chapter presents a class of intrinsically stretchable and solution-processable PEDOTbased CPs through polymeric side chain grafting from a conjugated backbone. In particular,
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the backbone copolymer was synthesized from EDOT and a functionalized thiophene
derivative, while the copolymers of n-butyl acrylate (BA) and glycidyl methacrylate (GMA)
were grafted along the backbone as side-chains, through a controlled radical polymerisation,
to impart mechanical stretchability and crosslinking functionality. The chemical structures of
synthesized CPs were confirmed by nuclear magnetic resonance spectroscopy (NMR), gel
permeation chromatography (GPC) and Fourier-transform infrared spectroscopy (FT-IR). The
optoelectronic properties of the polymers and spin-coated films were characterised by
ultraviolet-visible (UV-Vis) absorbance and photoluminescence (PL) spectroscopy. Physical,
electrochemical and mechanical properties of the films were also investigated. The grafted CP
films exhibited extremely high stretchability without any observable cracks under the tensile
strain up to 200%. Moreover, solution-processed grafted CP films with epoxy groupscontaining GMA, afforded inter-chain crosslinking upon exposing the copolymer films to
ethylenediamine vapours. The crosslinked CP films became insoluble upon such treatment and
showed excellent resistance to common organic solvents.

4.2

Experimental Section

4.2.1 Materials
n-Butyl acrylate (BA, ≥ 99%) and glycidyl methacrylate (GMA, ≥ 97%) were received from
Sigma-Aldrich and were purified through a column of basic alumina (ECP) prior to use. All
other chemical reagents were used as received without further purification. 3,4Ethylenedioxythiophene (EDOT, 99%) and 3-thiopheneethanol (95%) were purchased from
AK Scientific. N, N, N’, N’’, N’’ -pentamethyldiethylenetriamine (PMDTA, 99%), copper
bromide (CuBr, 98%), tetrabutylammonium hexafluorophosphate (TBAHFP, ≥ 99.0%), and
ethylenediamine (≥99%) were received from Sigma-Aldrich. Iron (III) chloride (FeCl3,
anhydrous) was purchased from ECP. Tetrahydrofuran (THF), N, N-dimethylformamide
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(DMF), and acetonitrile (ACN) were supplied by J. T. Baker. Chloroform (CHCl3),
dichloromethane (CH2Cl2), and nitromethane (CH3NO2, ≥ 98.0%) were received from Merck
KGaA. Deuterated chloroform (CDCl3) was received from Cambridge Isotope Laboratories,
Inc.

4.2.2 Synthetic Procedures
Synthesis of monomer 2-(thiophene-3-yl) ethyl 2-bromo-2-methylpropanoate (ThBr)
The ThBr monomer was synthesized according to the previously published procedure.75
Synthesis of poly(3,4-ethylenedioxithiophene-co-2-(thiophene-3-yl) ethyl 2-bromo-2methylpropanoate) (poly(EDOT-co-ThBr), termed PEDOT-Br)
PEDOT-Br was synthesised following a published chemical oxidation polymerisation method
with modifications. 287 In short, pre-degassed CH3NO2 (10 mL) and CHCl3 (40 mL) were added
into a 250 mL three-necked round bottom flask at 0 oC, followed by mixing in anhydrous FeCl3
(3.6 g, 21.6 mmol) under vigorous stirring. Next, two separate solutions of ThBr (1.0 g, 3.6
mmol) in CHCl3 (20 mL) and EDOT (0.5 g, 3.6 mmol) in CHCl3 (20 mL) were added dropwise into the flask via air-tight syringes. After 48 h, the reaction mixture was washed several
times with excess methanol and acetone, and filtered to collect the black precipitate. The
precipitate was then dissolved in CHCl3 and filtered. A dark blue-green powder was recovered
from the filtrate and dried under vacuum overnight as product PEDOT-Br (0.2 g, 13% yield).
The molar mass and the dispersity (Đ), determined by GPC were Mn = 10.3 kDa, Mw = 21.7
kDa and Đ = 2.1, respectively. 1H NMR (400 MHz, CDCl3, ppm) δ = 6.98 (s, 1H, thiophene),
4.38 (t, 2H, CH2-CH2O), 3.22 (t, 1H, C-CHH-CH2O), 2.95 (t, 1H, C-CHH-CH2O), 1.92 (s, 6H,
H3C-C-CH3) (Figure 4.2a).
Kinetics study of ATRP of poly(n-butyl acrylate-co-glycidyl methacrylate) (poly(BA-coGMA))
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The kinetics of ATRP of BA and GMA were investigated using a sacrificial monomer initiator,
ThBr. To a dry 20 mL round-bottom flask was added ThBr (0.02 g, 72.2 mol), BA (0.93 g,
7.2 mmol), GMA (0.05 g, 0.4 mmol), PMDTA (0.04 mL, 0.2 mmol), DMF (internal standard,
20 L) and THF (1.5 mL) under nitrogen atmosphere. The mixture was stirred for 20 min and
an aliquot (ca. 10 L) of the initial mixture was taken out as sample S0 and diluted in CDCl3.
Then, three cycles of freeze-pump-thaw were performed, followed by immediately adding
CuBr (0.01 g, 86.6 mol) under nitrogen atmosphere. The flask was sealed and refilled with
nitrogen and then dipped into an oil bath at 60 oC. During the reaction, samples (ca. 10 L)
were taken out every 30 min, diluted with CDCl3 and centrifuged to remove the catalyst prior
to 1H NMR characterization. The reaction was quenched after 2 h by cooling the flask in an ice
bath and exposing it to air. The kinetics of the reaction was tracked by the consumption of
monomers determined by 1H NMR.
Graft copolymerization of poly(3,4-ethylenedioxithiophene-co-2-(thiophene-3-yl) ethyl 2bromo-2-methylpropanoate)-graft-poly(n-butyl

acrylate-co-glycidyl

methacrylate)

(PEDOT-Br-g-poly(BA-co-GMA), termed PEDOT-Graft)
The synthesis of PEDOT-Graft was performed in a similar protocol with the kinetics study. To
a dry 20 mL round-bottom flask was added PEDOT-Br (0.06 g, 0.16 mmol), BA (2.05 g, 16.0
mmol), GMA (0.11 g, 0.8 mmol), PMDTA (0.08 ml, 0.4 mmol), DMF (internal standard, 20
L), and THF (2.7 mL) under nitrogen atmosphere. The mixture was stirred for 20 min and an
aliquot (ca. 10 L) of the initial mixture was taken out as sample S0 and diluted in CDCl3. Then,
three cycles of freeze-pump-thaw were performed, followed by immediately adding CuBr
(0.03g, 0.2 mmol) under nitrogen atmosphere. The flask was sealed and refilled with nitrogen
and then dipped into an oil bath at 60 oC. The reaction was quenched after 1 h by cooling the
flask in an ice bath and exposing it to air. The final sample was taken out as St, diluted with
CDCl3 and centrifuged to remove the catalyst prior to 1H NMR characterization. The copper
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complex was removed by flash chromatography using alumina rinsing with THF. After
removal of most of the THF solvent by rotary evaporation, polymers were precipitated in
hexane, centrifuged and collected by decanting the supernatant. After repeating purification
three times, as described above, the polymers were collected and dried under vacuum. A sticky
brick-red substance was obtained as PEDOT-Graft (0.32 g, 14% yield). GPC: Mn = 30.2 kDa,
Mw = 44.7 kDa, and Đ = 1.5. 1H NMR (400 MHz, CDCl3, ppm) δ = 6.98 (s, 1H, thiophene),
4.14- 4.38 (t, 2H, CH2-CH2O), 4.05 (s, 2H, O-CH2-CH), 2.83 (t, 1H, O-CH2-CH-O), 2.63 (s,
2H, O-CH2-CH-O), 2.27 (t, 1H, CH2-CH-CH2) 1.92 (s, 6H, H3C-C-CH3), 1.36- 1.43 (s, 4H, CH2), 0.93 (s, 3H, CH3) (Figure 4.2a).

4.2.3 Characterizations and Instrumentations
Proton nuclear magnetic resonances (1H NMR)
1

H NMR spectra were recorded on a Bruker Avance III spectrometer (400 MHz) in CDCl3 at

RT. Chemical shifts () were reported in parts per million (ppm) using tetramethylsilane as the
standard. The conversion of BA and GMA was examined by the consumption of the monomers
using 1H NMR.
Fourier transform-infrared spectroscopy (FT-IR)
FT-IR spectra were acquired on a Perkin-Elmer spectrometer (Massachusetts, USA) in ATR
mode, in the wavenumber range of 4000 to 400 cm-1 at a resolution of 4 cm-1.
Gel permeation chromatography (GPC)
The molar mass values of the polymers were measured by a GPC system (model 515 HPLC,
Waters, USA) equipped with a Waters 2414 refractive index (RI) detector. Polymers were
dissolved in THF at a concentration of about 5 mg mL-1 at RT and filtered through 0.22 m
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PTFE filters. Then 100 L of the samples were injected through the column at 60 oC.
Monodisperse polystyrene standards (Sigma-Aldrich) were used for calibration.
Differential scanning calorimetry (DSC)
DSC analyses were performed on a Q1000 TA instrument under nitrogen with a flow rate of
50 mL min-1. The mass of each sample was approximately 5-10 mg. The thermograms were
recorded from three cycles: heating from RT to 150 °C at 10 °C min-1; cooling down to -90 °C
at 10 °C min-1; heating from -90 to 150 °C at 10 °C min-1.
Ultraviolet-visible (UV-Vis) spectroscopy
UV-Vis absorption spectra were obtained on a Shimadzu UV-3600 plus spectrophotometer.
Polymer films for the measurement were prepared by spin coating polymer solutions in CHCl3
(10 mg mL-1) on precleaned glass slides at 1800 rpm for 30 s and 3000 rpm for 3 s. Then the
polymer films were allowed to dry under reduced pressure for 2 h.
Photoluminescence (PL) spectroscopy
PL emission spectra were recorded on a Perkin Elmer LS55 fluorescence spectrometer using
CHCl3 as a solvent (0.01 mg mL-1).
Cyclic voltammetry (CV)
Electrochemical measurements were performed on a CH660 potentiostat (CH Instruments,
USA) using a three-electrode electrochemical cell, comprising of a gold (Au) electrode as the
working electrode, an Ag/AgCl reference electrode, and a platinum wire as the counter
electrode. The Au disc electrode (diameter 1.6 mm) was firstly polished on an alumina slurry,
rinsed with deionised water (Milli-Q, 18 m·cm) and sonicated sequentially in ethanol and
deionised water for 3 min each. The electrode was then electrochemically cleaned by repeated
sweeping potential between -0.2 and 1.6 V for 15 cycles in 0.5 M sulfuric acid, followed by
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rinsing with deionised water and allowed to dry in air. The polymers were deposited by dropcasting 5 mg mL-1 polymer solutions in THF onto the Au electrode and dried under vacuum for
30 min. CV curves were obtained by potential cycling from 0 to 1.2 V in ACN solutions
containing 0.1 M TBAHFP at a scan rate of 10 mV s-1.
Atomic force microscopy (AFM)
The surface morphology of the polymer films was characterized by an MFP-3D Origin AFM
(Oxford Instruments, Asylum Research) operated in the tapping mode using silicon probes
(Nominal resonance frequency of 150 kHz, Budget Sensors, USA). Polymer solutions were
spin-coated on freshly cleaved mica with the same procedure as the sample preparation for
UV-Vis measurements.
Four-point probe method
The electrical conductivity of the sample was measured using a four-point probe technique
with a Jandel RM2 sourcemeter (Jandel Engineering Ltd., UK). For each sample, the average
conductivity value was obtained based on five measurements. The conductivity (σ), was
calculated according to the van der Paw relation:

σ=

ln 2 𝐼
∙
𝜋𝑑 𝑉

(4.1)

where I is the current, V the voltage and d the thickness of the polymer film. The samples were
prepared by spin-coating the polymer/CF solution (10 mg mL-1) on precleaned glass slide and
allowed to dry under reduced pressure over 2 h. Then the polymer sample was treated by spincoating FeCl3/ACN (1.0 M) solution, rinsing with fresh ACN and left to dry under reduced
pressure for 2 h.
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AFM force spectroscopy
Adhesion force spectroscopy was performed on an MFP-3D Origin AFM in contact mode using
silicon nitride probes (Budget sensors, nominal spring constant of 0.27 N m-1 and resonance
frequency of 30 kHz). Firstly, the cantilever was calibrated by the thermal fluctuation method
generating a spring constant of 0.11 N m-1 and sensitivity of 44.33 nm V-1. Then the adhesion
force maps were acquired by recording 16 × 16 force-distance curves on areas of a given size
(5.0 × 5.0 m). The adhesion force value for each force curve was calculated by multiplying
the cantilever deflection by the calibrated spring constant of the cantilever. The most probable
adhesion force was determined using a Gaussian model. Samples were prepared by spin coating
polymer/CF solution (10 mg mL-1) on top of the precleaned Si wafers and allowed to dry under
reduced pressure for 2h.
Crosslinking
In a glass Petri dish, 20 L of ethylenediamine were dropped at the corner. Then the polymer
samples supported on a piece of glass substrate were placed in the Petri dish. After the exposure
to the ethylenediamine vapour for 12 h, the treated samples were washed with ethanol several
times and allowed to dry under reduced pressure for 2 h. Photographs of the samples soaked in
THF were captured with an iPhone 8+ camera.
Mechanical strain test
Polymer films were prepared by drop-casting the THF solution of the polymer on a piece of
rubber band followed by drying in ambient air. The specimens were then stretched with a homemade stretcher under a Leica MDG33 stereo microscope equipped with a digital camera
(TOUPCAM) where microscopic images were captured. The thickness of the polymer films
was measured on a Mitutoyo height gauge (Model ID-H0530E).

90

4.3

Results and Discussion

4.3.1 Chemical Structure Characterizations of the Polymers
Firstly, the conjugated backbone poly(3,4-ethylenedioxithiophene-co-2-(thiophene-3-yl) ethyl
2-bromo-2-methylpropanoate) (termed PEDOT-Br for short) was synthesised by a chemical
oxidative copolymerization of EDOT and ThBr using FeCl3 as an oxidizing agent. The
synthetic scheme for the graft copolymer is shown in Figure 4.1. The obtained polymer
PEDOT-Br was a random copolymer of EDOT and ThBr, the latter was introduced as it
contains the bromo group, which provides the atom transfer radical polymerization (ATRP)
initiating site. From the 1H NMR spectrum (Figure 4.2a) the ratio of EDOT: ThBr was about
1: 2. The molar mass and the dispersity (Đ), determined from GPC, (Figure 4.2b) were Mn =
10.3 kDa (Mw = 21.7 kDa) and Đ = 2.1, respectively.

Figure 4.1 Synthetic scheme for polymer PEDOT-Br and PEDOT-Graft.

Then, the graft copolymerizations of BA and GMA were performed in solution using ThBr as
a sacrificial initiator to investigate the kinetics of the reaction. The feed ratio (mol/mol) was
[BA]: [GMA]: [ThBr]: [CuBr]: [PMDTA] = 100: 5: 1: 1.2: 2.4, where CuBr served as a catalyst
and PMDTA as the ligand. According to the kinetics study (Figure 4.2c), the graft
polymerization of GMA was faster than BA, as the conversions of GMA and BA at 2 h were
60% and 33%, respectively.
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Figure 4.2 (a) 1H NMR spectra of PEDOT-Br and PEDOT-Graft (CDCl3, 400 MHz). (b) GPC traces
of PEDOT-Br and PEDOT-Graft in THF. (c) Kinetic plots of monomers conversion and ln([M]0/[M]t)
vs. time for ATRP of poly(BA-co-GMA). (d) FT-IR spectra of PEDOT-Br, PEDOT-Graft, and
crosslinked PEDOT-Graft-CL.

In order to obtain a small proportion of GMA (≤ 10%) and shorter side chain lengths (≤ 20
units) in the final product, poly(BA-co-GMA) was grafted with the same protocol (feed ratio
[BA]: [GMA] = 100: 5 (mol/mol), with respect to the initiator) but using the macroinitiator
PEDOT-Br instead of ThBr and terminated the ATRP reaction at 1 h. The resulting conversions
of BA and GMA monomers were 11% and 26%, respectively. The degree of polymerization
(DP) of BA and GMA were estimated to be 11 and 1, respectively. As a result, a graft
copolymer of poly(3,4-ethylenedioxithiophene-co-2-(thiophene-3-yl) ethyl 2-bromo-2methylpropanoate)-graft-poly(n-butyl acrylate-co-glycidyl methacrylate) (termed PEDOTGraft) was obtained with a Mn = 30.2 kDa and Đ = 1.5. The relatively narrower dispersity value
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indicates the ATRP proceeded under good control. From the 1H NMR spectrum of PEDOTGraft (Figure 4.2a), The chemical shifts at 3.11 ppm (position 14), 2.83 ppm and 2.63 ppm
(position 15) were assigned to the protons of epoxide ring,288, 289 and the chemical shifts at 0.98
ppm were assigned to the methyl group protons of butyl acrylate290.
FT-IR spectra were recorded to further elaborate the chemical structures of PEDOT-Br and
PEDOT-Graft (Figure 4.4c, detailed analysis about the PEDOT-Graft-CL would be discussed
in Section 4.3.4). The detailed peaks assignments are provided in Table 4.1. All the polymers
showed strong absorption bands at ~1730 and ~1160 cm-1, corresponding to the C=O and C-O
stretching vibrations, respectively. In comparison with PEDOT-Br, PEDOT-Graft show a
notable increase in intensity of the C=O peak with respect to the C-O peak, which is ascribed
to the higher content ratio of C=O resulting from the PBA segments. In the spectrum of
PEDOT-Graft, the absorption peak at 908 cm-1 is assigned to the oxirane-ring deformation of
the epoxy group in GMA. These results all confirmed the successful grafting of poly(BA-coGMA) side chains.
Table 4.1 FT-IR peak assignments for the polymers.288, 291

Peak assignment

PEDOT-Br

PEDOT-Graft

PEDOT-Graft -CL

-

-

3300-3500

2952

2958

2958

2921

2929

2933

2852

2871

2873

1728

1728

1726

1515

1515

1519

1458

1456

1450

C-C stretching (thiophene)

1357

1361

1361

C-O stretching

1155

1161

1161

-

908

-

O-H and N-H stretching

C-H stretching
C=O stretching
C=C stretching (thiophene ring)

C-O-C stretching (epoxide)
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4.3.2 Optical Properties
The optical properties of the polymers were investigated by UV-Vis absorption and
photoluminescence (PL) spectroscopy. The UV-Vis absorption spectra of the polymers in
CHCl3 solution and as spin-coated films are shown in Figure 4.3a-b. The solution-state
spectrum of PEDOT-Br shows a maximum absorption (max) at ~435 nm, which is
characteristic of the π-π* transition of the conjugated backbone. For the case of PEDOT-Graft,
the max was blue-shifted to ~423 nm. This shift could be related to the twisting of the backbone
induced by the bulky pendant side chains.238

Figure 4.3 Normalized UV-Vis absorption spectra of PEDOT-Br and PEDOT-Graft in (a) CHCl3
solution and (b) as spin-coated films on glass slides. (c) PL spectra of PEDOT-Br and PEDOT-Graft in
CHCl3. (d) Cyclic voltammograms of PEDOT-Br and PEDOT-Graft on Au electrodes in 0.1 M
TBAHFP/ACN solutions, measured at a scan rate of 10 mV s-1.
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A similar trend was found in the polymers’ solution PL spectra (Figure 4.3c), with the
maximum emission wavelength for PEDOT-Br and PEDOT-Graft observed at 550 and 540 nm,
respectively. In the solid-state film spectra (Figure 4.3b), the max of PEDOT-Br and PEDOTGraft was red-shifted by 12 nm and 9 nm, in respect to that of the solution spectra, which are
attributed to the close chain packing (due to the π-π interaction) in the solid-state film. In
comparison with PEDOT-Br, the graft copolymer PEDOT-Graft showed a lower level of π-π
interaction, as expected, due to the introduction of the insulating side chains.292, 293

4.3.3 Electrical and Electrochemical Properties
Conjugated polymers can be doped into conducting polymers either chemically or
electrochemically. Here, the polymer films were doped by spin-coating FeCl3/ACN solution
on top of the films. Then, the electrical conductivity was measured by the four-point probe.
After doping, the PEDOT-Br polymer film exhibited the conductivity of 224.3 ± 2.1 S m-1.
However, the conductivity of the PEDOT-Graft film was below the detectable value of the
sourcemeter, suggesting that the conductivity of the grafted copolymer diminished
significantly due to the insulating side chains. Then electrochemical properties of the two
polymers were further evaluated using cyclic voltammetry (CV). The CV curves for both
polymers are presented in Figure 4.3d. The PEDOT-Br backbone polymer exhibits distinct
oxidation (marked as O1 and O2 in the graph) and reduction (R1) peaks indicating its good
electrochemical activity. The two prominent oxidation peaks (O1 and O2), are corresponding
to the formation of polaron and bipolarons along the backbone.294 After grafting of poly(BAco-GMA) side chains, the redox waves (O1 and R1) of the grafted copolymer PEDOT-Graft
became less-defined, suggesting that the grafted side chains hampered the electrochemical
doping/dedoping ability of the resulting polymer. Nonetheless, a level of electroactivity was
preserved in the grafted copolymer.
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4.3.4 Ethylenediamine-induced Crosslinking of PEDOT-Grafts
The crosslinking ability of the PEDOT-Graft polymer was further investigated using
ethylenediamine as a crosslinker. In the presence of amine groups, the pendant epoxy rings are
expected to undergo a ring-opening reaction to form -CH2-NH- groups.295 The crosslinking
process was conducted by exposing the samples to the vapours of ethylenediamine overnight.
Firstly, the solubility of the polymers was investigated by soaking the spin-coated films in THF.
As shown in Figure 4.4a, both PEDOT-Br and PEDOT-Graft films have a good solubility in
THF and fully dissolved. In contrast, after reaction with ethylenediamine, PEDOT-Graft
became insoluble in THF and no leaching from the soaked film was observed for one day,
indicating that the epoxy-amine crosslinking reaction was successfully conducted.

Figure 4.4 (a) Photographs of PEDOT-Br, pristine PEDOT-Graft, and crosslinked PEDOT-Graft-CL
thin films on glass slides soaked in THF overnight. (b) DSC thermograms of PEDOT-Br, PEDOT-Graft,
and crosslinked PEDOT-Graft-CL.

Additionally, in the FT-IR spectrum of PEDOT-Graft-CL (Figure 4.2d), the absorption peak
at 908 cm-1 disappeared after crosslinking with a new broad band being observed in the region
of 3300-3500 cm-1 corresponding to the O-H and N-H stretching resulting from the
ethylenediamine ring-opening reaction with the epoxide groups. This result further confirms
the occurrence of crosslinking reaction between the epoxide and amine groups.
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The glass transition temperatures (Tg) of PEDOT-Br, PEDOT-Graft, and crosslinked PEDOTGraft-CL were further investigated by DSC analysis. As displayed in Figure 4.4b, the Tg of
PEDOT-Br was detected at 64 °C. By the incorporation of the soft PBA side chains, the grafted
copolymer shows a notably decreased Tg at -15 °C, reflecting its much softer nature than the
backbone polymer PEDOT-Br. After the exposure to ethylenediamine vapours, the Tg of
PEDOT-Graft increased significantly to 54 °C, indicating that the crosslinked polymer became
much stiffer than the uncrosslinked graft copolymer as expected.

4.3.5 Film Morphology
AFM imaging was utilized to investigate the surface morphology of thin films of each polymer.
As displayed in AFM height and phase images (Figure 4.5), clear phase separation in the
PEDOT-Br film was observed, which could be related to some crystallization of the backbone
polymer. In contrast, the PEDOT-Graft film showed different morphologies in the AFM
images, with round bumps formed on the surface. On one hand, the introduction of soft PBA
chains could induce the formation of round aggregates upon adsorption on the mica
substrates.296 On the other hand, the amorphous nature of PBA could be a possible reason for
the difference in morphologies as the crystalline domain of the conjugated backbone could be
disrupted by the amorphous PBA side chains.74 The height values of the aggregations from
both polymers (Figure 4.5g-h) are in the similar range, from ~10 to ~20 m. In the crosslinked
films, the aggregated domains became less defined, and the height of the aggregations (Figure
4.5i) decreased to ~5 to ~10 m, suggesting that crosslinking of the polymer chains smoothens
the morphology.
.
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Figure 4.5 AFM height (a, b, c) and phase (d, e, f) images and cross section analysis diagrams (g, h, i)
of PEDOT-Br (a, d, g), PEDOT-Graft (b, e, h), and PEDOT-Graft-CL (c, f, i) thin films on mica. The
cross section analysis was conducted across the path indicated by the green dash line with arrow.

4.3.6 Mechanical Properties
To investigate the mechanical properties of the films, each polymer film, deposited on a rubber
band, was used for crack-onset study. The microscopic images of the samples are shown in
Figure 4.6. For the non-grafted PEDOT-Br film (Figure 4.6a-b), there are microcracks even
under the non-strained condition, which could be caused by the minor rolling of the rubber
band during the air-drying process and handling the sample. When strained to 1%, the PEDOTBr film resulted in more cracks and the pre-formed cracks enlarged, showing the brittle nature
of the polymer film. In contrast, a great enhancement in film ductility was observed for the
grafted polymer PEDOT-Graft. As shown in Figure 4.6c-d, no cracks were observed even
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under the tensile strain of 200% which is close to the fracture limit of the rubber band. It is
worth noting that the film-on-elastomer measurement is strongly dependent on the substrate
moduli and surface energy. The excellent stretchability of PEDOT-Graft films could be
successfully achieved as there is a strong adhesion of the polymer to the rubber substrate.

Figure 4.6 Optical microscope images of pristine (a, c, e) and strained (b, d, f) polymer (a, b) PEDOTBr, (c, d) PEDOT-Graft, and (e, f) PEDOT-Graft-CL films on rubber bands. Inset of (f) shows the
formation of cracks on PEDOT-Graft-CL film at the strain of 50%.
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4.3.7 Adhesion Characterizations
Therefore, the adhesion property of the polymers was further investigated using AFM force
spectroscopy. As shown in Figure 4.7, the nongrafted copolymer and the crosslinked
copolymer films exhibit the adhesion force values of 2.5 ± 0.3 and 5.6 ± 0.2 nN respectively,
while the grafted copolymer shows a larger adhesion force value of 8.2 ±0.4 nN.

Figure 4.7 Adhesion force maps (a, c, e) and adhesion histograms (b, d, f) for (a, b) PEDOT-Br, (c, d)
PEDOT-Graft, and (e, f) PEDOT-Graft-CL films on Si wafers.
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As further demonstrated in Figure 4.8, the PEDOT-Graft film shows a strong adhesion
between the two glass vials with a bonding strength up to 12.8 kPa. Although the crosslinking
weakens the adhesiveness and lowers the stretchability of PEDOT-Graft films, with a fracture
strain of 50% (Figure 4.6f), the crosslinked film still provides 50-fold improved in mechanical
stretchability compared to the brittle non-grafted backbone polymer film.

Figure 4.8 Optical photographs showing two glass vials (b) adhered by a layer (thickness ~0.6 mm) of
PEDOT-Graft (a) and that the adhered vials withstanding a load of up to 1.7 N.

4.4

Conclusions

In conclusion, this work presents a new type of a solution-processable PEDOT-based
conjugated polymer, grafted with poly(BA-co-GMA) side chains. The graft copolymer is
intrinsically highly stretchable as well as crosslinkable. The introduction of P(BA-co-GMA)
side chains affords the resultant copolymer high softness, with significantly decreased Tg; thus,
robust mechanical stretchability up to 200% tensile strain, as well as strong adhesion to
rubber/glass substrates were achieved. Moreover, the GMA segments containing epoxy groups
provide the means of crosslinking of the graft copolymer films, and consequently, solvent
resistance. Although the electrochemical properties of the graft copolymer were diminished by
the incorporation of the side chains, the graft polymer still preserved relatively good
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electroactivity. The approach of macromolecular design of CPs, utilised here, provides an
attractive route to the next-generation of stretchable and wearable electronics.
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Photo-patternable, Stretchable and
Electrically Conductive Graft Copolymers of Poly(3hexylthiophene)
This Chapter was partially adapted, with permission, from:
Wang, M. et al. “Photo-patternable, stretchable and electrically conductive graft copolymers
of poly(3-hexylthiophene)”, Polymer Chemistry, 2019, 10 (46), 6278-6289. Copyright 2019
The Royal Society of Chemistry.

Image 5.1 Table of contents artwork for Chapter 5.

A multifunctional conjugated polymer (CP) of poly(3-hexylthiophene) grafted with photopatternable and stretchable side chains is reported.

5.1

Introduction

In recent years, the development of stretchable electronics has rapidly accelerated as demands
for emerging wearable technologies, such as epidermal297-299 and bio-implantable
electronics300-302 are increasing. Stretchable electronics has also found applications in
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stretchable displays,255, 303 energy storage devices,258, 304 and biosensors.1, 305, 306 Electrically
conducting materials with high mechanical deformability for conformal contact with, for
example, the human body, and stable device operation under bending, twisting, and stretching
conditions are needed. At the same time, there is an urgent need for manufacturing processes
for stretchable electronics that are simple and scalable. To date, two main approaches exist.
The first includes making composites of highly stretchable elastomers and conductive elements,
such as metal nanowires or carbon nanotubes,42, 286, 307, 308 or sometimes involving plasticiser
such as ionic liquids,90, 91, 267 while the second approach entails the use of advanced fabrication
methods, making non-stretchable materials stretchable, for example by buckling of silicon309
or patterning of gold.310 The third, a more recent approach reported extensively, involves
molecular engineering of -conjugated polymers (CPs) whereby grafting of polymeric side
chains on the CP backbones affords CPs that are electrically conducting but with modified
physical properties.262, 263 CPs are considered promising candidates for electronic devices, and
more particularly for bioelectronic devices, due to their unique features of being organic,
biocompatible and electroactive.121 Moreover, their electrical, as well as mechanical properties,
can be tuned by chemical modification of their structures and introduction of functional
groups.129 Depending on the nature of side chains, novel CPs were designed and synthesised
to be stretchable, adhesive, self-healing or stimuli-responsive.74, 75, 77, 145, 311 One of the main
advantages of this particular approach to synthesising intrinsically stretchable conducting
polymeric materials is that it avoids the need for additional components, such as elastomeric
substrates or matrices.
The development of sophisticated devices for wearable and implantable electronics and
bioelectronics often involves fabrication of micro- and/or nano-structures.312-314 Existing
techniques for patterning organic materials include solution-based printing methods (roll-toroll printing,315 screen printing,316 and inkjet printing317) and various lithographic techniques
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(nanoimprint lithography,318, 319 photolithography,320, 321 electron-beam lithography,322 laser
ablation,323,

324

and plasma etching325). Among them, photolithography is an attractive

technique to fabricate patterns of CPs with predefined and well-controlled structures.320
This Chapter addresses two main outstanding issues in the use of CPs in stretchable electronics:
(i) designing and synthesising a class of conducting polymer that is mechanically robust and
intrinsically stretchable; and (ii) proving a methodology for patterning of the material based on
the specific molecular design of the polymer. To demonstrate this idea, a class of poly(3hexylthiophene)

(P3HT)-based

CPs

with

grafted

poly(ethyleneglycol)methylether

methacrylate-co-glycidyl methacrylate) (poly(PEGMMA-co-GMA)) side chains was
synthesised. P3HT, one of the most extensively studied CPs, was selected due to its ease of
synthesis and processing, and good electrical characteristics.326 PEGMMA here provides
advantages of inherent softness and hydrophilicity, while GMA provides crosslinkable epoxide
groups for efficient photo-crosslinking and controllable photo-patterning of the final graft
copolymers. The small amount of photo-crosslinkable GMA in the side chain also provides
control over swelling properties of the hydrophilic poly(PEGMMA-co-GMA) grafts. It
outlines the synthesis and characterisation of the graft copolymer, the opto-electrochemical and
mechanical properties of the material and presents a simple methodology for its photopatterning. Surface morphology, wettability, and swellability of the fabricated material are also
discussed.

5.2

Experimental Section

5.2.1 Materials
Poly(ethylene glycol) methyl ether methacrylate (PEGMMA, average Mn 300 g mol-1, SigmaAldrich) and glycidyl methacrylate (GMA, ≥97%, Sigma-Aldrich) were filtered through a
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column of activated basic alumina (ECP) before use. All other chemical reagents were used as
received.
3-Hexylthiophene (3HT, ≥99%), trimethylamine (Et3N, anhydrous, ≥99%), -bromoisobutyryl
bromide (BIB, 98%), N, N, N′, N′′, N′′-pentamethyldiethylenetriamine (PMDTA, 99%), copper
bromide (CuBr, 98%), bis(4-methylphenyl)iodonium hexafluorophosphate (BMIHFP, 98%,
acid-generated photoinitiator), tetrabutylammonium hexafluorophosphate (TBAHFP, ≥99.0%),
and lithium perchlorate (LiClO4, ≥95.0 %) were received from Sigma-Aldrich. 3Thiopheneethanol (97%) was purchased from AK Scientific. Iron (III) chloride (FeCl 3,
anhydrous), magnesium sulfate (MgSO4, anhydrous) and iodine (solid, 99%) were received
from ECP. Tetrahydrofuran (THF), N, N-dimethylformamide (DMF), and acetonitrile (ACN)
were purchased from J.T.Baker. Chloroform (CF) and dichloromethane (DCM) were received
from Macron and nitromethane (CH3NO2, ≥98.0%) from Merck KGaA. Deuterated chloroform
(CDCl3, 99.8%) was purchased from Cambridge Isotope Laboratories, Inc. Ecoflex™ 00-30
rubbers were received from Smooth-On, Inc. Indium Tin Oxide (ITO) glass slides (Rs = 4-8 Ω)
were supplied by Delta Technologies, USA. Copper grids (150 mesh × 165 m pitch) were
received from Merck KGaA. Silicon (Si) wafers were supplied by EL-Cat Inc.

5.2.2 Synthetic Procedures
Synthesis of monomer 2-(thiophen-3-yl)ethyl 2-bromo-2-methylpropanoate (ThBr)
ThBr was synthesised according to the literature, with modifications.327 To a stirred solution
of 3-thiopheneethanol (4.0 g, 31.2 mmol) and Et3N (5.6 mL, 40.0 mmol) in pre-degassed DCM
(28 mL) at 0 °C was added a solution of -bromoisobutyryl bromide (BIB, 9.2 g, 40.0 mmol)
in DCM (12 mL) dropwise. The mixture was stirred for 30 min and then allow to stir at RT for
24 h. The resultant mixture was diluted with DCM (40 mL) and filtered. Then the filtrate was
concentrated, washed sequentially with saturated sodium carbonate, brine solution and
106

deionized water. The isolated organic layer was dried over MgSO4, filtered, and concentrated.
The product was purified by column chromatography on silica gel, with DCM as eluent, to
afford ThBr as a pale yellowish oil (6.7 g, 78% yield).
Synthesis of poly(ThBr-co-3-hexylthiophene) (P(ThBr-co-3HT), P1)
The backbone polymer was synthesised by chemical oxidative copolymerization method
according to the literature procedure.75 Initially, the required solvents CH3NO2 and CF were
purged with nitrogen for at least 20 min. A solution of ThBr (1.1 g, 4.0 mmol) and 3HT (2.7 g,
16.0 mmol) in a mixture of CH3NO2 (40 mL) and CF (100 mL), under N2 atmosphere at 0 °C,
was prepared. Then, a solution of FeCl3 (13.0 g, 80 mmol) in CF (60 mL) was added to the
mixture under constant stirring. After stirring for 24 h, the mixture was washed with methanol
twice (200 mL) and filtered. The separated powder was purified by subsequent Soxhlet
extraction in methanol, hexane, and CF. A dark green solid film was recovered from the CF
fraction as the product of P(ThBr-co-3HT) (termed P1) (2.2 g, 57% yield). 1H NMR (400 MHz,
CDCl3, ppm) δ = 6.98 (s, 1H, thiophene), 4.47 (t, 1H, C-CHH-CH2O), 4.36 (t, 1H,C-CHHCH2O), 3.22 (t, 2H, CHH-CH2O), 2.80 (t, 1H, CHH-CH2), 2.56 (t, 1H, CHH-CH2), 1.94 (s, 6H,
H3C-C-CH3), 1.71 (q, 2H, CHH-CH2-C3H6), 1.23-1.49 (m, 6H, CHH-CH2-C3H6), 0.91 (t, 3H,
CH3) (Figure 5.2a). Molecular weights were determined by gel permeation chromatography
(GPC, Figure 5.2c), and the results are given in Table 5.1.
ATRP of graft copolymer P1-g-poly(PEGMMA-co-GMA) (P2)
A solution of polymer P1 (100.0 mg, 68.7 mol), PEGMMA (979.0 mg, 3.3 mmol), GMA
(24.0 mg, 171.8 mol), PMDTA (24.0 L, 165.0 mol) in THF (3.4 mL) and DMF (30.0 L,
internal standard) was prepared. The mixture was then degassed by bubbling with N2 for 20
min. A drop of polymer solution (about 20 L) was taken out and diluted in CDCl3 (0.5 mL)
as sample S0 for tracking kinetics by 1H NMR. Then the flask was sealed and frozen in liquid
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nitrogen. After three freeze-pump-thaw cycles, CuBr (12.0 mg, 82.5 mol) was added
immediately to the flask under N2 flow. Then the flask was sealed and filled with N2, and the
mixture stirred in an oil bath, preheated at 60 oC. Samples were taken every 20 min under N2
for the duration of the reaction and diluted with CDCl3 to track the kinetics using 1H NMR.
After 1 h, the reaction was stopped by cooling at 0 °C and exposure to air. The polymer solution
was precipitated in hexane and centrifuged for 20 min. The precipitates were dissolved in a
minimum amount of THF and rewashed with hexane twice. After decanting the supernatant,
the precipitate was collected and dried under reduced pressure overnight, yielding P2 as a darkred sticky polymer (0.4 g, 37% yield). 1H NMR (400 MHz, CDCl3, ppm) δ = 6.98 (s, 1H,
thiophene), 4.33-4.50 (s, 2H, C-CH2), 4.29 (s, 1H, O-CHH-CH), 4.09 (s, O=CO-CH2), 3.80 (s,
1H, O-CHH-CH), 3.66 (s, 12H,OCH2CH2O), 3.55 (s, 2H, CH2-O), 3.38 (s, 3H, O-CH3), 3.20
(s, 2H, CHH-CH2O), 2.80 (s, 1H, CHH-CH2), 2.63 (s, 3H, O-CH-CH2-O), 2.56 (s, 1H, CHHCH2), 1.94 (s, 6H, H3C-C-CH3), 1.80 (s, 6H, C-CH3), 1.68 (s, 2H, CHH-CH2-C3H6), 1.20-1.49
(m, 6H, CHH-CH2-C3H6), 1.02 (s, 4H, -CH2), 0.91 (s, 3H, CH3) (Figure 5.2b). Molecular
weights, determined by GPC, are given in Figure 5.2c and Table 5.1.

5.2.3 Characterizations and Instrumentations
Nuclear magnetic resonances (NMR)
Solution 1H NMR spectra were recorded using a Bruker Avance III 400 MHz spectrometer
with CDCl3 as the solvent.
Solid-state NMR measurements were performed using the Bruker standard bore magnet system
AVANCE III HD-500 (B0 = 11.74 T) operating at the 31C Larmor frequencies of 125.78 MHz,
and a Bruker 4 mm HX (double resonance) probe.
The samples were cut into small pieces and mixed with alumina powder to facilitate spinning.
For the RAMP CP-MAS (ramped amplitude cross-polarization magic-angle spinning)
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experiment, the 90° proton preparation pulse was 2.75 μs followed by a 1500 μs CP contact
time, 20.48 ms of data acquisition, and a recovery delay of 1 s, before the sequence was
repeated. The recovery delays are determined using the T1H saturation recovery measurements.
A total of 7600 and 25000 transients were used for the P1 and P2 samples, respectively. A
SPINAL-64 decoupling scheme was applied during acquisition. The magic angle was adjusted
by maximizing the sideband manifold of the
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Br signal from a potassium bromide (KBr)

sample. The MAS frequency for the CP-MAS experiments was 8 kHz. The 13C chemical shift
scale was referenced to liquid tetramethylsilane (TMS).
Fourier transform-infrared spectroscopy (FT-IR)
FT-IR spectra were recorded on a Perkin Elmer FT-IR spectrometer (Massachusetts, USA),
with a wavenumber range from 4000 to 400 cm-1.
Gel permeation chromatography (GPC)
The molecular weights of the polymers and dispersity (Đ = Mw/Mn) were determined by a GPC
system (model 515 HPLC, Waters, USA) equipped with an online Waters 2414 refractive index
(RI) detector maintained at 35 oC. Polymer/THF solution (2 mg mL-1) was filtered through 0.22
μm PTFE filters followed by injection through the columns. Narrow polystyrene standards
from Sigma-Aldrich were used as standards for calibration.
Differential scanning calorimetry (DSC)
DSC was performed using TA instruments Q1000 under a nitrogen atmosphere with a flow
rate of 50 mL min-1. The mass of each sample was approximately 5-10 mg. The samples were
first heated from RT to 220 °C for P1 and 200 °C for P2 at a rate of 10 °C min-1 and then cooled
down to -80 °C at the same rate. Then, the 2nd heating cycle ramped up to 220 °C for P1 and
200 °C for P2 with the heating rate of 10 °C min-1.
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Thermogravimetric analysis (TGA)
The TGA measurements were performed on a TA instruments TGA Q5000. Samples (mass of
5-10 mg) were heated from 25 to 800 oC with a heating rate of 10 oC min-1 under N2 flow (20
mL min-1).
X-ray diffraction (XRD)
XRD analysis was performed on a PANalytical Empyrean X-ray diffractometer (45 kV, 40 mA)
with Ni-filtered Cu  radiation. Samples were prepared by drop-casting polymer/CF (10 mg
mL-1) solutions on Silicon crystal plate (Sil'tronix Silicon Technologies) to form thick films
and allowed to dry under reduced pressure for 2 h.
UV-Vis-NIR measurements
The UV-Vis absorption of the polymer solutions and solid films, and the in situ UV-Vis-NIR
spectroelectrochemistry measurements were recorded on a Shimadzu UV-3600 Plus
spectrophotometer.
Photoluminescence spectroscopy (PL)
PL was performed on an FP-8600 NIR fluorescence spectrometer. Polymer films for UV-Vis
and PL measurements were prepared by spin-coating polymer/CF solutions (2.5-5 mg mL-1)
onto pre-cleaned glass slides and dried under reduced pressure overnight. Fluorescence spectra
were acquired with excitation at the maximum absorption of the polymer solutions.
Quantum yield (QY)
Solution photoluminescence Quantum yields (QYs) measurement was carried out using highly
diluted polymer/CF solutions (~0.001 mg mL-1) at RT to avoid concentration quenching of
luminescence.328 QY was calculated according to the following equation:
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(5.1)

Where  is the QY, I the integrated fluorescence intensity, A the absorbance of the solutions
and n the refractive index of the solvent. The subscript R refers to the reference where
fluorescein in ethanol (ΦR = 0.79) was used.
Cyclic voltammetry (CV)
Electrochemical investigations were carried out on a CH660 potentiostat (CH Instruments,
USA) using a standard three-electrode cell, comprised of an Au working electrode, an Ag/AgCl
reference electrode, and a Pt wire counter electrode. Initially, Au disc electrode (1.6 mm
diameter), was polished with BASi polishing alumina followed by rinsing with deionised water
(Milli-Q, 18 m·cm) and sonicating in sequential ethanol and deionised water for 3 min each.
Then, the electrode was cleaned by repeated scanning from -0.2 V to 1.6 V for 15 cycles in 0.5
M sulfuric acid. Afterwards, the electrode was rinsed with deionised water and dried with N2.
Next, the polymer was deposited by drop-casting 15L of the polymer/THF solution (5 mg
mL-1) onto the Au electrode and then dried under reduced pressure for 20 min. Cyclic
voltammograms were acquired by potential cycling from 0 V to 1.2 V vs. Ag/AgCl in ACN
containing 0.1 M LiClO4 and at different scan rates (varying from 100 mV s-1 to 500 mV s-1).
Spectroelectrochemistry
In situ UV-Vis-NIR spectroelectrochemical experiments were performed in a standard Infrasil
quartz cuvette (1 cm × 1 cm) equipped with a three-electrode system comprising an ITO
working electrode, Pt wire counter electrode and a freshly bleached Ag wire as a pseudoreference electrode. The cuvette was filled with 3 mL of the supporting electrolyte solution of
0.1 M LiClO4 in ACN. Firstly, ITO glass slides were cleaned by sequential sonication in
detergent water, acetone, deionised water and ethanol for 5 min each followed by drying under
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N2. Then polymer films were deposited by spin coating polymer/THF solutions (5 mg mL-1)
onto the ITO glass at a speed of 1800 rpm for 30 s and 3000 rpm for 3 s and then allowed to
dry under reduced pressure over 2 h. In the spectroelectrochemical experiments, potentials
were applied from 0.1 V to 1.2 V in an increment of 0.1 V while a series of UV-Vis-NIR spectra
(absorbance range of 290-1700 nm) were recorded at each potential after a stable current signal
was achieved.
Water contact angles
The polymer films were prepared on glass slides in the same manner as for the UV-Vis
absorption measurements except for using polymer/CF solutions (5 mg mL-1) instead.
Water contact angles on polymer films were measured using a tensiometer KSV CAM 100
(KSV Instruments Ltd., Finland) equipped with a microscope and illumination system (DMK
21AF04, The Imaging Source Asia Co., Ltd., Taiwan). For each sample, contact angle
measurement was repeated for three times at different sites on the films.
Time-dependent I2 vapour doping study
Polymer films were prepared as described above by spin coating of the polymer solutions on a
25 mm × 8 mm glass slide. Iodine (~ 0.3 g) was vaporized in a glass chamber by heating at 80
o

C on a hot plate. The samples were exposed to the I2 vapours by placing into the chamber and

the two ends of the specimen were attached to the Pt wires by clamps which were connected to
a digital multimeter (UNI-T UT803). The thickness of polymer films was measured on a
Dektak XT profilometer. Five positions for each sample were measured to give an average
thickness value.
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Electrical conductivity
The conductivity of the samples was measured using a four-point probe method with a source
measurement unit (Jandel RM2, Jandel Engineering Ltd., UK). For each polymer, the average
value of conductivity was obtained from three individual samples. The conductivity (σ), was
calculated according to the van der Paw relation as follows.329

σ=

ln 2 𝐼
∙
𝜋𝑑 𝑉

(5.2)

where d is the thickness of the polymer film, I is the current and V is the voltage.
Atomic force microscopy (AFM)
AFM imaging was performed on an MFP-3D Origin atomic force microscope (AFM, Asylum
Research, Santa Barbara, CA, USA) in tapping mode using a Tap 150 Al-G cantilever
(Nominal f = 150 kHz and k = 5 N m-1, Budget sensors, Sofia, Bulgaria). Force indentations
were performed in a Cypher ES Environmental AFM (Asylum Research, Santa Barbara, CA,
USA) in contact mode using silicon nitride probes (Budget sensors, Sofia, Bulgaria) with a
nominal spring constant of 0.27 N m-1 and a resonance frequency of 30 kHz. Prior to the
measurements, the cantilever’s spring constant was calibrated by the thermal fluctuation
method and the deflection sensitivity was determined by fitting the slope of force curves
performed on a clean silicon wafer. Force-distance measurements were carried out by recording
an array of 16 × 16 force curves on areas of a given size (2 m × 2 m). The adhesion force
for each force-distance curve was determined using the Asylum Research software. The elastic
modulus of the sample was calculated by fitting the Hertz model to each of the force-distance
curves using the Asylum Research software.330 The adhesion force and elastic modulus values
were plotted on a histogram and a Gaussian fit was applied to determine their average values
respectively. Samples for all the AFM measurements were prepared by spin coating
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polymer/CF solutions (2.5-5 mg mL-1) on freshly cleaved mica or Si wafers and dried under
reduced pressure overnight. The polymer solutions were filtered through 0.22 m PTFE filters
prior to deposition.
Mechanical properties
Mechanical properties of the freestanding polymer films were measured on an Instron 5943
equipped with Bluehill Universal software. The tensile stress-strain cycling curves were
obtained by stretching and releasing the specimens at a crosshead speed of 0.6 mm s -1. The
polymer specimens were made into rectangular shape by drop-casting polymer/THF solutions
(40 mg mL-1) on a rectangular Ecoflex matrix (dimensions of 20 mm × 7 mm). After drying
overnight in ambient air, the polymer films were easily peeled off from the substrates yielding
freestanding polymer films. The thicknesses of the films determined by a Mitutoyo height
gauge (Model ID-H0530E) were in the range 60-80 m. For each sample, three individual
specimens were tested to give the average curve.
Photo-crosslinking and patterning
The UV patterning of the P2 films was carried out using a mercury lamp (OSRAM Sylvania
PAR38 Spot H44GS-100W). A mixture of P2 (20.0 mg) and bis(4-methylphenyl)iodonium
hexafluorophosphate (BMIHFP) (5.0 mg) was dissolved in CF (1 mL) and stirred in darkness
for 2 h, followed by filtering through 0.22 m PTFE filters. Then the solution was spin-coated
onto precleaned Si wafers at 1800 rpm for 30 s and 3000 rpm for 3 s. The films were allowed
to dry in dark for 2 h in ambient air. For the development of patterning, 150 mesh copper grids
were placed on the polymer layer and then the sample was transferred into the lamp box. The
light source was positioned 15 cm above the samples. After irradiation for different time
lengths ranging from 1 to 20 min, samples were washed immediately by immersing in fresh
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THF for 30 s and rinsing with THF several times to remove the uncrosslinked regions. The
samples were then allowed to dry in the ambient air prior to further characterisations.
Scanning electron microscopy (SEM)
SEM images were obtained on a JCM-6000 Neoscope Benchtop scanning electron microscope
(JEOL Ltd., Japan) using 15 kV electron beam and high vacuum mode.
Optical images
High magnification optical images were taken on a USB 2.0 CMOS camera (DCC1645C,
Thorlabs, Inc) equipped with a 12X zoom lens (MVL12× 3Z, Thorlabs, Inc).
Swelling characterizations
The photo crosslinked polymer samples on Si wafers were immersed in phosphate-buffered
saline (PBS, pH = 7.4) for 1 day at 37 oC. Then the samples were rinsed with deionised water
and dried by N2 flow immediately prior to further measurements.

5.3

Results and Discussion

5.3.1 Chemical Structure Characterizations of the Polymers
The macroinitiator of P3HT-based backbone (termed P1) was synthesized through a typical
chemical oxidative copolymerization of non-functionalized 3-hexylthiophene (3HT) and 2(thiophene-3-yl)-ethyl-2-bromo-2-methylpropanoate (ThBr) that carries atom transfer radical
polymerization (ATRP) initiating sites. The schemes of the synthetic routes for both ThBr and
the backbone polymer are presented in Figure 5.1a.
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Figure 5.1 Synthetic routes to (a) backbone polymer P1 and (b) graft copolymer P2.

From the integration of 1H NMR shown in Figure 5.2a, the polymer was confirmed to possess
12.5% initiation sites (the ratio of ThBr to 3HT is 1:7). Two peaks at 2.8 and 2.58 ppm, found
in the 1H NMR spectrum, correspond to the head-to-tail (HT) and head-to-head (HH) coupling,
respectively, revealing a typical regiorandom polymer with regioregularity (RR, the HT ratio)
of 72%. The molar mass of P1 determined by GPC was Mn = 21.3 kDa with a dispersity Đ =
1.97, as shown in Figure 5.2c and Table 5.1.
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Figure 5.2 1H NMR spectra of polymer (a) P1 and (b) P2 in CDCl3. (c) GPC traces for polymer P1 and
P2 in THF. (d) Kinetics plot of monomer conversion and ln([M]0/[M]t) vs. time during the ATRP of the
copolymer P2. The dashed line represents the linear fit to the experimental data. Note that the
conversion value was estimated from the PEGMMA and GMA monomers together.
Table 5.1 GPC data of polymer P1 and P2.

Sample

Mn (kDa)

Mw (kDa)

Đ

P1

21.3

42.0

1.97

P2

42.7

123.7

2.90

The initiating sites on the backbone P1 were utilised to graft poly(PEGMMA-co-GMA) side
chains through ATRP (Figure 5.1b). The kinetics of the reaction was tracked by NMR, via
recording the consumption of monomers during the reaction, which is given in Figure 5.2d.
After 1 h, the conversion of monomers reached 36%, giving the average number of repeat units
for monomers (PEGMMA and GMA together) per initiating site of about 18. According to the
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integration of 1H NMR spectrum of the product P2 (Figure 5.2b), the respective number of
repeat units of PEGMMA and GMA moieties were estimated to be 10 and 3, respectively,
which is in accordance with the kinetic results. The GPC results of the obtained product P2
showed a Mn = 42.7 kDa and Đ = 2.90. In addition, the concentration-dependent UV-Vis
measurements were performed to further elaborate the chemical structures of the materials. The
polythiophene (PTh) content in the graft copolymer was estimated to be 33% (Figure 5.3),
which is in good agreement with the PTh content estimated from the 1H NMR analysis (30%).

Figure 5.3 (a) UV-Vis absorption spectra of polymer P1 and P2 at different concentrations (from 0.01
to 0.05 mg mL-1) in CF. (b) Plots of the maximum absorbance of polymer solutions in CF as a function
of concentrations.

Previously, 13C solid-state NMR has been extensively used for studying CPs in terms of their
atomic structures and dynamics.331, 332 Here, solid-state 1H-13C CP-MAS spectra of the graft
co-polymer P2 showed the peaks at ~45 and ~71 ppm which are tentatively assigned to the
carbons from the epoxide group and the ethylene glycol group, respectively. The characteristic
peaks of the copolymers are labelled in Figure 5.4. These results further confirm that
poly(PEGMMA-co-GMA) have been grafted on the CP backbone.
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Figure 5.4 Solid-state 1H-13C CP-MAS spectra of the (a) P1 and (b) P2 samples.

The FT-IR spectra (Figure 5.5) of both P1 and P2 showed the characteristic absorption bands
at around 1735-1726 and 1157-1101 cm-1, corresponding to the C=O and the C-O stretching
vibrations, respectively. Compared to the backbone, the intensity of C-O stretching signal with
respect to that of the C=O band was greatly increased in the spectrum of P2, which can be
ascribed to the incorporation of ethylene glycol moieties from the grafted PEGMMA side
chains. Additionally, in the spectrum of P2, three peaks near 850, 945, and 1246 cm-1 appear,
which were assigned as the oxirane-ring symmetric deformation, antisymmetric vibration, and
breathing vibration, respectively.333 All the above results confirmed that the PEGMMA and
GMA segments were successfully grafted onto the P1 backbone.

Figure 5.5 FT-IR spectra of polymer P1 and P2.
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5.3.2 Thermal Properties
The thermal behaviour of the synthesised polymers was characterized by thermogravimetric
analysis (TGA) and differential scanning calorimetry (DSC). In TGA measurements (Figure
5.6a), P1 showed a two-step degradation process. In the first step, the initial weight loss from
250 to 335 °C was assigned to the degradation of the methyl-2-bromo-2-methylpropionate
group. In the second step at the temperature above 335°C, the P3HT-b-ThBr block started to
thermally degrade. Compared to the backbone P1, the TGA curve of P2 showed an additional
degradation step starting at a lower temperature of 200 °C. As expected from the weight
fractions of the side chains, the initial weight loss from 200 to 307 °C could be attributed to the
decomposition of the ethylene glycol moieties, and the subsequent weight loss from 307 to
380 °C was related to the degradation of the epoxide and the methylpropionate groups.

Figure 5.6 (a) TGA curves of polymer P1 and P2. DSC heating (solid line) and cooling (dashed line)
traces of polymer (b) P1 and (c) P2. (d) X-ray diffraction spectra of polymer P1 and P2.
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The DSC curves of the polymer P1 (Figure 5.6b) indicate a glass transition temperature Tg of
20 °C, similar to the reported Tg value of neat P3HT (14-24 °C), along with a melting point
(Tm) at 188 °C (Heat of fusion, H = 7.5 J g-1), accompanied by a crystallisation temperature
(Tc) at 150 °C, both being somewhat lower than those of the typical homopolymer of P3HT
(RR ≥90%, Tm ≥200; Tc ≥180 °C).334 The lower Tm and Tc values were related to the suppressed
crystallization from the reduced RR of P3HT.335 The degree of the crystallinity (Dc) of P3HT
block was calculated to be 25%, suggesting that the backbone copolymer of P1 retained the
semicrystalline nature of the P3HT, while the amorphous PThBr phase, on the other hand, also
contributes to the reduction of the crystallinity in the resulting polymer.75 In contrast, the
grafted copolymer exhibited a low Tg at -56 °C which is correlated to the PEGMMA segments
(Tg = -58 °C for pure polyPEGMMA),336 leading to the softness of the copolymer. Whilst no
endothermic or exothermic peaks were registered in the thermograms (Figure 5.6c), indicating
that the introduction of amorphous PEGMMA side chains renders the resulting copolymer
amorphous. In order to investigate the crystalline structures of the polymers, XRD analysis was
further performed, as shown in Figure 5.6d. The XRD pattern of the backbone polymer P1,
shows multiple diffraction peaks, corresponding to the lamellar layered structure.337
Specifically, the diffraction peaks indexed (100), (200) and (300) indicate crystallinity with
edge-on chain orientation,338 while the (010) diffraction peak is related to the - interchain
stacking.338 With the incorporation of PEGMMA-co-GMA side chains, the graft copolymer P2
shows only a broad amorphous peak in the XRD profile, confirming the amorphous nature of
P2 and loss of crystallinity.

5.3.3 Optical Properties
To investigate the optical properties of P1 and P2, UV-Vis absorbance analysis was conducted
for the polymers in solutions and as solid films, at RT. The two polymers exhibited almost
overlapped UV-Vis absorption profiles both in solutions and as spin-coated thin films, as
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shown in Figure 5.7a. In solution, the -* absorption peaks of both P1 and P2 were located
at around 438 nm, whilst in the case of thin films, the -* absorption peaks of P1 and P2 were
red-shifted to 495 and 499 nm, respectively. A similar trend was found in the fluorescence
emission spectra (Figure 5.7b), and red-shifts were observed from thin-film emission spectra
to the solution spectra. Such shifts are related to the - intermolecular electronic interaction
through the stacking of thiophene rings in the solid state.238 Furthermore, photoluminescence
Quantum Yields (QYs) were measured using highly diluted polymer solutions, and the relevant
data were summarized in Table 5.2. The backbone polymer exhibited a QY of 10%, and the
grafted copolymer showed a slightly increased QY of 12%. This minor increment in QY can
be explained by the introduction of the non-conjugated side chains which can lead to more
separation between the grafted PTh chains and thus weaken their interchain interaction.75, 238

Figure 5.7 Normalized (a) UV-Vis absorbance and (b) fluorescence emission spectra of P1 and P2 in
CF solutions and as spin-coated polymer films on glass slides.
Table 5.2 Optical characteristics of polymer P1 and P2 in solutions and as thin films.

UV Abs in
Sample
solution max (nm)

UV Abs in film
max (nm)

FL in
solution
max (nm)

FL in film
max (nm)

QY
(%)

P1

437

495

573

646

10

P2

438

499

572

648

12
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5.3.4 Film Morphology and Wettability
The morphological characteristics of the polymer thin films were investigated by AFM, as
shown in Figure 5.8. Both polymer films exhibited very smooth morphologies on the mica
substrates with a root mean square (rms) roughness of ~0.4 nm. This can be due to the good
solubility of polymers in CF. The surface of P1 presents small ‘holes’ (black dots in Figure
5.8a) which might be formed by the solvent evaporation. On the contrary, P2 exhibited
spherical structures (bright bumps in Figure 5.8c) which could be attributed to the aggregations
of the side-chain grafted polymers. The incorporation of hydrophilic and amorphous
PEGMMA segments could influence the thin film morphology and cause the side chains to
aggregate upon adsorption on mica. Additionally, the difference in surface wettability of the
two polymers was determined through water contact angle measurements. As shown in Figure
5.8e-f, the water contact angle on the P1 film was 87.0 o, while P2 exhibited a much lower
water contact angle of 64.2 o due to the presence of the hydrophilic ethylene glycol units.339

Figure 5.8 AFM height (a, c) and phase (b, d) images of P1 (a, b) and P2 (c, d) thin films spin-coated
on mica. Water contact angles on (e) P1 and (f) P2 polymer films spin-coated on glass slides.
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5.3.5 Electrochemical and Spectroelectrochemical Properties
An intriguing characteristic of CPs is their doping and dedoping ability. It was found that the
doping of the synthesised CPs is possible both chemically and electrochemically. The
electrochemical responses of the polymer films deposited on Au electrodes were studied using
cyclic voltammetry (CV). A series of CV curves of both P1 and P2 at different scan rates, from
100 to 500 mV s-1, are shown in Figure 5.9. The results showed that both polymers exhibited
a pair of well-defined oxidation and reduction peaks, indicating their good electroactive
characteristics.

Figure 5.9 Cyclic voltammograms of (a) P1 and (b) P2 polymer films on Au electrode in 0.1 M LiClO4
in ACN solution at different scan rates of 100- 500 mV s-1.

Furthermore, the dependences of log (anodic peak current) on the log (scan rate) showed linear
relationships (Figure 5.10), the slopes of which are 0.908 and 0.876 for polymer P1 and P2,
respectively. The slope values close to a value of 1.0 indicate that the doping/dedoping
processes of both polymers are non-diffusion-controlled, although somewhat less so for P2,
and also the polymer films were well deposited on the electrodes.201
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Figure 5.10 The linear relationship between log (peak anodic current) versus log (scan rate) for P1 and
P2.

In situ UV-Vis-NIR spectroelectrochemistry was carried out to evaluate the presence of
electronic structures (neutral, polarons, and bipolarons) and electrochromic behaviours of the
polymers. As shown in Figure 5.11a-b, the macroinitiator P1 and the grafted copolymer P2
exhibited similar optical absorbance responses during the electrochemical redox processes. In
the neutral state, an absorption band appeared in the visible light region of ~500 nm
corresponding to the -* transition of the polythiophene backbone.340 Extracted values of
optical absorbances at the representative wavelengths of 500, 770, and 1350 nm on the increase
of applied potential for the two polymers are given in Figure 5.11c-d. During the oxidation
process of the polymer films upon increasing the potential from 0.1 to 1.2 V, the intensity of
the absorption band around 500 nm diminished gradually, accompanied by the appearance of
two new peaks at around 770 and 1350 nm in the infrared region, corresponding to the
formation of radical cations (polarons) and dications (bipolarons), respectively.341 Upon
oxidation, both polymer films exhibited a similar colour change from orange (neutral state) to
blue (oxidized state), indicating the grafted copolymer preserved comparable electrochromic
property to the nongrafted backbone.
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Figure 5.11 UV-Vis-NIR spectroelectrochemical spectra of (a) P1 and (b) P2 polymer films on ITO
glasses in 0.1 M LiClO4 in ACN electrolyte solution. The evolution curves of the optical absorbance as
a function of applied potential at wavelengths of 500, 770, and 1350 nm of (c) P1 and (d) P2 films (data
extracted from the spectroelectrochemical spectra).

5.3.6 Chemical Doping and Conductivity
Chemical doping, in addition to electrochemical doping, is an important strategy to render CPs
electrically conductive.342 Here, the doping ability and doping-induced conductivity of the two
polymers were studied by exposing the polymer films to the vapour of I2 (Figure 5.12a). As
shown in Figure 5.12b, both P1 and P2 polymer films were able to be doped into the
conductive state within 15 min. The electrical conductivities of P1 and P2, determined by the
four-point probe method (Table 5.3), were estimated as 512.3 and 21.5 S m-1, respectively.
The lower conductivity of the P2 film compared with that of P1 can be explained by the fact
that the crystalline structure of PTh backbone was disturbed by the introduction of insulating
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side chains and that the proportion of the conducting PTh backbone is lower, as there is a large
proportion of non-conducting PEGMMA segments.

Figure 5.12 (a) Schematic illustration of the I2 vapour doping of polymer films. (b) Resistivity as a
function of doping time for P1 and P2 films under the exposure to the thermal vapour of I2.
Table 5.3 Summary of the electrical parameters for polymer P1 and P2.

Sample

P1

P2

Average
thickness (m)

26.99

0.83

I (A)

V (mV)

 (S m-1)

10

0.16

510.9

10

0.17

480.9

10

0.15

545.0

10

126.52

21.1

10

124.04

21.5

10

121.70

21.9

5.3.7 Mechanical Properties
Figure 5.13a shows the representative stress-strain curves of the freestanding polymer films to
characterize their elastic moduli and elongation at break. The non-functionalized P1 film
exhibited the tensile modulus of 192 ± 8 MPa and broke at a relatively small tensile strain of
about 20%, which was in good agreement with the reported values for P3HT films.

127

When

the poly(PEGMMA-co-GMA) side chains were introduced, the ductility of the copolymer was
improved greatly, with an elongation-at-break value of up to 150% and elastic modulus of 0.97
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±0.05 MPa. Furthermore, the specimen of P2 was able to be repeatedly stretched and released
in the strain range of up to 50% for more than 60 cycles (Figure 5.13b), showing excellent
elastic stretchability and durability. Additionally, the hysteresis of P2 was calculated to be
~20%, indicating the viscoelastic nature of P2 under the applied stress.343

Figure 5.13 (a) Stress-strain curves of freestanding polymer films. (b) Stretch-release cycling
performance for freestanding P2 films after 1st, 20th, 40th, and 60th stretch-release cycles with the
strain of up to 50%.

5.3.8 Patterning by Photo-Crosslinking
The grafted copolymers, spin-coated on Si or glass substrates, were able to be patterned by
utilising the photo-crosslinking ability of GMA units in the poly(PEGMMA-co-GMA) side
chains. As illustrated in Figure 5.14, a solution of P2 and the photo-crosslinker in CF was spincoated on pre-cleaned Si or glass substrates. Then, the UV light of 364 nm was shed on the
polymer films, which were covered using a copper grid as a shadow mask. After irradiation for
1 to 20 min, the samples were washed with THF to remove the uncrosslinked copolymer,
resulting in a grid-shaped pattern on the substrate.
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Figure 5.14 Photo-patterning processes for spin-coated P2 polymer films.

The photo-irradiated polymer films on the transparent glass substrates were compared and
investigated by UV-Vis spectroscopy. As suggested by the colour changes shown in Figure
5.15a, the copolymer films started to crosslink after 3 min of irradiation. The longer the
irradiation times, the thicker the films left. UV-Vis absorption spectra of the copolymer films
are displayed in Figure 5.15b. The results showed that the pristine polymer film without UV
light irradiation exhibited an absorption peak at 489 nm. For the UV light treated polymer films,
the maximum absorption intensity of the films increased and blue-shifted from 486 to 448 nm
as the exposure time increased from 1 to 20 min. This observation could be caused by the
photo-doping effect on the CP in the presence of the photo-generated acid.344 As the exposure
time increases, the doping level of CP increases leading to a shift in the absorption peak
position and increase in the absorption intensity. Here, optimum exposure time is suggested to
be 5 min, which is long enough to produce the crosslinked polymer films with appreciable
thickness, without compromising the optoelectronic properties of the CP films.
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Figure 5.15 (a) Photographs of spin-coated P2 (added with photo-crosslinker) films before and after
UV irradiation for different exposure times. All films were washed with THF to remove the
uncrosslinked materials. (b) UV-Vis absorption spectra of spin-coated P2 (added with photo-crosslinker)
thin films on glass slides at different exposure times after washing with THF. The sample of 0 min
refers to the pristine polymer film without UV irradiation.

The obtained polymer patterns on Si wafer (irradiated for 5 min) were further characterized by
optical and SEM microscopy. From the optical (Figure 5.16a) and SEM images (Figure 5.16cd), a clean and clear grid-shaped pattern was observed. The corresponding surface profiling
measurements (Figure 5.16b) revealed that the crosslinked polymer film had an average
thickness of 0.34 ±0.01 m, which is 27% of the thickness of the pristine polymer film (approx.
1.23 ±0.03 m). Whilst the loss in the thickness could be caused by the washing process, which
dissolved the uncrosslinked polymer, another possible reason for the reduction in thickness
could be the volume shrinkage during and after crosslinking of the epoxy groups.345 Covalent,
three dimensional crosslinking reactions are known to lead to reduced intermolecular distances
between the polymer chains and result in a shrinkage in volume.346
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Figure 5.16 (a) High-resolution optical image for a patterned P2 film (non-swollen) on Si wafer. (b)
Surface profile of the patterned P2 film (indicated by the yellow dash line with arrow in (a)) before and
after swelling. (c-d) SEM images for the patterned P2 film (non-swollen) on Si wafer.

5.3.9 Swelling Study
Hydrophilicity and water-swellability are highly desirable in the biomedical and biological
applications involving biosensing,347 drug delivery,348 wound dressing,349 and tissue
engineering.350 In the presence of water, a hydrophilic polymer network is capable of increasing
its volume by absorbing water, where the swollen network is held together through the
molecular connections enabled by the crosslinking.351 The swelling experiments for photocrosslinked copolymer films were performed by soaking the films in PBS buffer for 1 day,
where PBS was used to create a biomimetic environment.352 A volumetric expansion was
observed after incubation in PBS as the film thickness of the sample after swollen increased by
8% compared to that of the non-swollen sample (Figure 5.16b). During the incubation, water
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penetrates in between the polymer chains of the crosslinked polymer network, leading to the
volume expansion and thereby the formation of a hydrogel.353 A variation in mechanical
properties of the polymers upon swelling was expected, which was investigated by AFM force
spectroscopy. As shown in Figure 5.17, the non-swollen crosslinked polymer film exhibited
an elastic modulus of 2.1 ± 0.3 MPa, while after swelling the modulus reduced to 0.8 ± 0.2
MPa, indicating that the crosslinked polymer film was softened by absorbing water. However,
the swelling behaviour may cause changes in the conductivity, which may be a subject of
future studies. These results revealed the water-swellability of the photo-crosslinked graft
copolymers, which will enable their potential application for biomedical purposes.

Figure 5.17 Elastic modulus maps (d,f) and modulus histograms (e,g) of crosslinked P2 films before
(d,e) and after (f,g) swelling in PBS buffer for 1 day.
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5.4

Conclusions

This Chapter presents a multifunctional graft copolymer consisting of P3HT-based conjugated
backbone and grafted poly(PEGMMA-co-GMA) side chains. The resultant copolymer
exhibited good thermal stability, robust mechanical stretchability, and swellability originating
from the side chains while maintaining favourable electrochemical properties of the P3HT
backbone. Moreover, the introduction of epoxy ring-containing GMA segments enabled photopatterning of the graft copolymer thin films into fine micrometre-scaled structures through the
photo-crosslinking process of the GMA units. The developed methodology is a simple route
towards patternable, stretchable, soft and electrically conductive polymers for the nextgeneration of stretchable electronics and bioelectronic devices for a wide range of applications,
including wearable and body-implantable electronics.
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Conclusions and Future Work
6.1

Conclusions

In this research, the main goal of developing a class of polymeric materials with intrinsic
adhesiveness, stretchability, patternability as well as electrical conductivity was successfully
achieved. The strategy developed here is grafting functional side chains on a conjugated
backbone to impart desired properties that are not intrinsic to the CPs. A series of three different
conjugated backbones grafted with various side chains were presented. The main findings from
this work are outlined below.
1) Long Side-Chain Grafting Imparts Intrinsic Adhesiveness to Poly(thiophene phenylene)
Conjugated Polymer (Chapter 3)
In this work, a series of PThP-g-PBA conjugated polymers with various PBA lengths were
designed and synthesised, to impart intrinsic softness and adhesiveness to the rigid PThP
backbone. The effects of PBA chain lengths on the optical, electrochemical, electrical and
mechanical properties of the graft copolymers were systematically investigated. Despite the
insulating nature of the PBA segments, the graft copolymers with short to medium graft lengths
(17 and 30 units) preserved appreciable electroactivity and electrical conductivity of the
conjugated backbone, while long graft side chain (60 units) significantly hampered the
electrical performance of the PThP main chain. With the increase in the side chain length, an
enhancement in the adhesion force values for the graft copolymers was observed. In addition,
stretchable strain sensors were fabricated from the grafted copolymers in a solution-processable
manner, demonstrating a potential application of such materials in fields of stretchable
electronic devices.
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2)

Highly

Stretchable,

Solution-processable,

and

Crosslinkable

Poly(3,4-

ethylenedioxithiophene)-based Conjugated Polymers (Chapter 4)
In this work, a functionalisable conducting polymer with mechanical stretchablility, solutionprocessability and crosslinking functionalities was achieved through the grafting of polymeric
side chains to the conjugated backbone. Specifically, poly(BA-co-GMA) side chains were
grafted from a PEDOT-based conjugated backbone via ATRP. It was found that the
incorporation of PBA side chains endowed the rigid conjugated backbone with intrinsic
softness, adhesiveness, as well as superior stretchability, affording 200-fold improved
mechanical stretchability in comparison to the brittle non-grafted backbone polymer. Moreover,
the epoxy group-bearing GMA segments enabled chemical crosslinking between the polymer
chains, rendering the resultant polymer films resistant to organic solvents.
3) Photo-patternable, Stretchable and Electrically Conductive Graft Copolymers of Poly(3hexylthiophene) (Chapter 5)
In this work, a novel CP with multifunctional features was developed by grafting
poly(PEGMMA-co-GMA) side chains from a conductive P3HT-based polymer backbone.
With the incorporation of poly(PEGMMA) segments, the graft copolymer exhibited excellent
mechanical stretchability up to 150% strain as well as strong adhesiveness and waterswellability. The copolymers maintained good doping/dedoping capability and sufficient
electrical conductivity originating from the P3HT main chain. Moreover, the introduction of
GMA units that contain epoxide functional groups enabled the micro-patterning of the polymer
films through photo cross-linking process. This work provided a simple and facile synthetic
way towards multifunctional stretchable, photo-patternable, and electrically conductive
polymers for applications in stretchable organic electronics and microelectronics.
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6.2

Future Work

In the past decades, CPs have evolved significantly and have become an essential building
block for wearable and stretchable organic electronics. Despite the flexible nature of CPs, their
lack of mechanical stretchability is a main challenge. To overcome that challenge, much efforts
have been devoted to engineering of CPs into stretchable composites or hydrogels with the
incorporation of elastomeric or other stretchable components. However, less attention has been
paid to the development of intrinsically stretchable CPs through molecular design. In this
research, it has demonstrated the feasibility of developing intrinsically stretchable CPs through
a side chain grafting technique with the introduction of additional functionalities, and
elucidated the effects from side chain length on the material’s electrical and mechanical
performances. For establishing a basis principle for material design, however, comprehensive
knowledge on the polymer structure -property relationship is still lacking. Other molecular
parameters, including molecular weight, polydispersity, regioregularity, graft density as well
as the nature of polymer chains and molecular orientation are potential factors that affect the
overall performances of the final product, which should be taken into consideration in
designing the materials. Besides, the external factors, such as solvents used for processing the
polymers, temperature, and post-treatment, etc. would also effect the final material’s
properties.75, 262
More recently, rapid development and advances in stretchable electronics have been shaping
the field of wearable and implantable electronics that allow for integration with human body
for diagnosis, treatment and monitoring.354,

355

These emerging frontier electronic devices

include prosthetic e-skins,7 artificial muscle,84, 356 tissue engineering scaffolds,357 integrated
sensors and biosensors,112, 358, 359 and human-machine interfaces360, 361. Future perspectives in
the development of CPs need to focus on designing stretchable CPs with biomimetic
functionalities. These functionalities include self-healing ability for long-term durability upon
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unexpected damages, biocompatibility for minimal discomfort and suppressing side effects,
and biodegradability as a means of avoiding device removal by surgeries. To that end,
functional units that contain self-healable hydrogen bond, reversible imine bond or
biodegradable linkages have been successfully explored. 53, 142, 362 Further exploration of new
functional moieties and novel material design concept is foreseen to create CPs with more
advanced biomimetic features, facilitating the advances of next-generation wearable and
implantable bioelectronics.
Despite the potential of CPs in bioelectronic devices, there is still a significant challenge of
electronic stability that is required over the lifetime of a device. CPs are prone to lose
conductivity upon exposure to air or moisture, let alone when in contact with physiological
medium. To address this problem, more efforts should be made towards exploiting new
synthesis, processing and fabrication techniques. Some studies on structure-stability
relationship have revealed that slight changes in the material’s chemical structure could greatly
influence the electronic stability. For example, moieties containing a quaternary site (e.g.
fluorene, cyclopentadithiophene) are prone to oxidize in air and should be avoided.363 In terms
of the fabrication, for example, a new method has been reported that polymerises PANI on the
surface of a prefabricated chitosan film which could successfully prevent electric deterioration
of PANI by immobilizing the dopant in the conductive scaffold.364 Moreover, new coatings
and encapsulations, such as polyimide and acrylic coatings, have been proved useful in
protecting the electronic materials from air or thermal damage.23, 365
Overall, great progresses have been achieved in the development of stretchable CPs for a broad
range of applications. The ever-growing demand for wearable and stretchable electronics has
fuelled the development of new materials, synthetic methods and fabrication techniques, and
CPs will undoubtedly play a critical role in these emerging technologies.
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