¥® ROYAL SOCIETY

Journal of
PP OF CHEMISTRY

Materials Chemistry C

View Article Online
View Journal | View Issue

PERSPECTIVE

Solidifying the role of hydrogen bonds in

’ '.) Check for updates ‘
conjugated polymers for wearable electronics

Cite this: J. Mater. Chem. C,

2024, 12, 19017

Megan M. Westwood (2 *®° and Bob C. Schroeder () *

Conjugated polymers are often functionalised with hydrogen bonding maotifs, to impart self-healing or
stretchability for wearable electronic applications. Through refinement of characterisation techniques in
recent years, the effect of these supramolecular groups has become increasingly well understood.

Received 27th August 2024, However, challenges remain to clearly decouple the effects of functionalisation with the complex nature

Accepted 11th November 2024 of this polymer class. In this perspective we examine the current methods of characterisation and
DOI: 10.1039/d4tc03666b discuss how focus on the mechanical properties will be beneficial for setting out future design rules.

Finally, we investigate the use of these techniques within the reported literature to highlight trends in
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Introduction

In less than a century, global healthcare has been revolutio-
nized by synthetic polymers." With an increasingly varied
library of polymer materials and methods of processing, their
application in modern medicine continues to grow.>* Polymers
with mechanical properties analogous to human skin hold
promise to realize wearable and implantable technologies that
could deliver point-of-care diagnostics and rehabilitation. Their
implementation promises to not only relieve strain on health-
care systems around the world but also improve the quality of
treatment for patients.*>

Conjugated polymers (CPs) bring together the excellent
tensile properties that are characteristic of polymers within
an intrinsically semiconducting material, rendering them an
ideal platform to develop wearable electronics.” Over the past
20 years, research in the field of organic electronics has culmi-
nated in a thorough understanding of the intricate structure-
property relationships underpinning the performance of CPs.?
Conjugated materials, composed of alternating single and double
C-C bonds, allow charge carriers to move through the material
due to delocalization of the r-orbitals. Microstructural order of a
CP therefore dictates the efficiency of this process, where
enhanced molecular orbital overlap facilitates intra- and inter-
molecular charge transfer along the plane of conjugation or by
hopping between adjacent chains respectively.” Accordingly, care-
ful design and synthetic development has led to a vast range of
structures that can be suited to a multitude of applications,
including organic light emitting diodes (OLEDs), photovoltaics
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the critical properties of the materials.

(OPVs), sensing arrays and field-effect transistors (OFETs).’*™"
The active layer in these systems are typically CPs, where the
alternating repeat units differ in their electronic properties to
create low bandgap donor-acceptor copolymers. Additionally, the
polymer chains are functionalised with solubilizing side chains
to ensure adequate processability of the material. These attributes
offer a high degree of versatility when functionalizing CPs, allow-
ing tuning of the optoelectronic properties through sidechain or
backbone engineering.'* ' By extension of these design princi-
ples, the focus of developing wearable electronics is to introduce
skin-like properties to CPs, such that a device can conform under
continuous strain whilst maintaining its functional properties
and repair itself in the event of structural damage.”

An attractive strategy for enhancing intrinsic stretchability
and introducing healing functionality within a CP is through
addition of supramolecular interactions."”"® Non-covalent
bonds can act as energy dissipation mechanisms, to retain
and restore the materials integrity, in terms of mechanical and
electronic performance, when subject to strain. Hydrogen
bonding has most frequently been employed as the supramo-
lecular mechanism in this domain, because of the dynamic
nature and high degree of directionality of the bonds.'**°
Although these approaches have successfully been extended
to incorporate supramolecular interactions through blending
with elastomeric materials, understanding the influence
of crosslinkers can become increasingly complicated and
herein we focus our discussion to intrinsic functionalisation
routes.””** Introducing hydrogen bonding groups into a CP
matrix is achieved through either (a) embedding the moieties
within sidechains or (b) as conjugation breakers (CBs) in the
polymer backbone. Understanding the effect of these interac-
tions on the polymer structure, both on the microscale (optoe-
lectronic properties) and macroscale (tensile properties) is a key
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focus for further developing these materials. However, despite
systematic approaches being taken throughout the literature,
disentangling the effect of hydrogen bonds on the structure-
property relationships in CPs remains a challenge.”® This can
be attributed to several factors, originating from variation in
synthetic preparation and difficulty in accurately characterizing
the materials where the effect of hydrogen bonds cannot easily
be separated from other changes in physical properties. In this
perspective we present a discussion on the advantages and
limitations of the current characterisation techniques, in terms
of spectroscopic and thermomechanical analysis, used to inves-
tigate the critical properties associated with developing skin-like
conjugated polymers. As this application requires the material to
maintain both good electronic properties, as well as mimic the
robust mechanical properties of skin, uniting these techniques
is paramount to decoupling the physical effects of the polymer
and structural properties as a result of m-stacks and the intro-
duced hydrogen bonds. We then explore the literature focused
on functionalising CPs with H-bonds, with the aim of developing
wearable electronics and discuss the future outlook for the
design and investigation of these materials.

Characterizing hydrogen bonds
Spectroscopic analysis

As defined by the Internation Union of Pure and Applied Chem-
istry (IUPAC), “the hydrogen bond is an attractive interaction
between a hydrogen atom from a molecule or a molecular
fragment X-H in which X is more electronegative than H, and
an atom or a group of atoms in the same or different molecule, in
where there is evidence of bond formation”.>* The interaction
between the proton donor and acceptor (Y) causes a lengthening
of the X-H bond and reduction in the atomic spacing of H and Y
relative to each other (depicted in Fig. 1). These attributes of
hydrogen bond formation are therefore traditionally studied with
Fourier-Transform Infrared spectroscopy (FTIR) and high resolu-
tion nuclear magnetic resonance (NMR) spectroscopy to monitor
changes in the bond stretching frequencies and chemical environ-
ment respectively.”® As the length of the H-bond decreases, the
nucleus of the binding hydrogen becomes increasingly deshielded
due to loss of surrounding electronegativity.>® In "H NMR this is
observed as a downfield shift in the H-bonding proton peak and a
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Fig. 1 Schematic of hydrogen bonding between an amide (CONH) and
water (H,O) molecules, where the proton donor X—H is OH or NH and the
electronegative acceptor (Y) is O.
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redshifted (and potentially broadened) band in the FTIR
spectrum.

Despite H-bonds holding the potential to be very strong
(reaching 40 kcal mol ™ for an isolated interaction), when imple-
mented within a polymer matrix, probing these changes can
become difficult.>® Pre-existing challenges in characterising poly-
mers by these methods are often further exaggerated in conjugated
systems, due to their high side chain density and large degree of
n-aggregation between neighbouring polymer chains, causing poor
signal resolution for the band or peak of interest.”’” Probing
H-bonding interactions through '"H NMR has been employed
within several studies, where a dissolved polymer is subject to
temperature or concentration dependent measurements, that in
the latter case can be used to measure the association constant (Kj,)
of the H-bond motif. Though these techniques can detect the
formation of H-bonds, the environmental conditions of the
measurement (e.g. solvent polarity, acidity, temperature) can not
only affect the strength of the supramolecular interaction but the
aggregation state of the polymer in solution itself.?® The former is
of particular importance, whereby the degree of H-bonding may be
suppressed through competition with solvent dipoles or bond
lengthening at elevated temperatures and vice versa. By instead
analysing hydrogen bonds in the solid-state (whilst under con-
trolled atmospheric conditions), they can be probed with little
deviation from the intended configuration of CPs when later
implemented in flexible devices. This has been achieved in the
case of FTIR measurements in recent studies, where bathochromic
or hypochromic shift in the associated vibrational stretches can be
observed.>** One limitation to this technique arises from the
functional groups that are frequently incorporated in the conju-
gated backbone of CPs, where electron deficient carbonyl groups
(e.g amide, imide) can act as H-bond acceptors and contribute to
the observed spectroscopic shifts.**

An alternative route to experimentally determine hydrogen
bonding interactions is through means of crystallography.*®=>”
However, in the case of CPs, which lack long range crystalline
order, these techniques become limited. For semicrystalline
CPs, grazing incidence wide angle scattering (GIWAXS) is often
employed to study the crystalline domains in films on the
nanometre scale, as well as the n-n and lamellar stacking
distances. Additional comparisons can often be made between
polymers within a series, by determining the relative degree of
crystallinity (rDoC) as shown in Table 1.*® Structural analysis of
this type can provide insight into the effect of hydrogen bond-
ing motifs on the crystallites, when compared with a parent
polymer that incorporates analogous characteristics (i.e. mole-
cular size and conformation) as the supramolecular motif
under study with the absence of H-bonds. A promising alter-
native could be the employment of solid-state NMR (ssNMR) to
determine the presence of intra-/intermolecular H-bonds, as
has previously been demonstrated for m-n interactions in a
cyclopentadithiophene (CDT) and benzothiadiazole (BT) copo-
lymer (CDT-BT).>® Although this technique retains high sensi-
tivity at low degrees of structural order, a multifaceted
approach including computational modelling and X-ray scat-
tering is required thus limiting accessibility.*°

This journal is © The Royal Society of Chemistry 2024
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Similarly, characterisation of the ordered domains in CPs is
routinely carried out through emission (photoluminescence)
and absorption (UV-Vis) spectroscopy. The interaction of the
sample with light is extremely sensitive to changes in aggrega-
tion between neighbouring polymer chains, providing insight
into the optoelectronic properties of the material. By extension,
measuring the UV-Vis absorption using linearly polarised light
both parallel and perpendicular to the direction of crystallites
in the film, the dichroic ratio can be measured.*® Tracing
changes in the dichroic ratio upon applying strain to a polymer
has been the subject of multiple studies, aimed at understand-
ing the effect of supramolecular interactions on maintaining
order in these domains and their recovery beyond the point of
fracture.**342%4 These measurements, coupled with under-
standing of the microstructural order through GIWAXS, are a
powerful tool to probe the impact of hydrogen bonds on CP
morphology. While these techniques offer valuable insights
into understanding charge transport mechanisms in conduct-
ing polymers (CPs) and the impact of H-bond functionalisation,
they are confined to the ordered regions of the material. This
limitation makes it challenging to analyse high-performing
copolymers that lack significant long-range order, within the
measurement resolution, such as indacenedithiophene-co-
benzothiadiazole (IDT-BT) (Fig. 2(c)).*® By extending the scope
of analysis to test the physical properties of both the crystalline
and amorphous regions in polymer films, a more realistic view
on the applicability of these materials in flexible electronics can
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be achieved. Placing emphasis on characterizing H-bonds in
the solid-state, in terms of the mechanical properties in addi-
tion to the discussed spectroscopic methods, provides the
possibility to not only determine the presence of intermolecular
hydrogen bonds but understand their effect on the structure
over multiple length scales.

Thermomechanical analysis

Physical interactions between adjacent conjugated polymer
chains can result in characteristic transitions (glass transition,
melt and crystallisation) and therefore cause a CP to exhibit
viscoelastic behaviour within a given range of parameters.
Testing these properties uncovers a wealth of information that
can aid the understanding of H-bonds within the CP matrix,
when controlling other contributing polymer properties such as
molecular weight and entanglement density. As a result,
research in this field has centred around thermomechanical
analysis for the determination of the glass transition (Tj),
elastic modulus (E) and crack onset strain (&) to demonstrate
the improved ductility of functionalised CPs and consequently

confirm the presence of H-bonds in solid-state.*”™*°

Glass transition

Segments of a polymer chain can undergo translational and
rotational movement, to adopt various conformations. These
changes are initiated by temperature, allowing the polymer to
transition from a rigid, glassy state to a more mobile, rubbery state.

(b)
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H-bonding
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A

NN
= H H : =
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Parent polymer

Ureidopyrimidinone (UPy)

Parent Polymer

(a) Schematic of comparative studies on the mechanical properties of a hydrogen bond functionalised CP compared with the unfunctionalized

derivative (parent polymer) in dog-bone thin film samples. (b) Illustration of intermolecular hydrogen bonding between two ureidopyrimidinone (UPy)
units. (c) structure of parent polymer IDT-BT and the H-bond functionalised derivative bearing UPy units within the sidechain.*°
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The temperature at which this occurs is the glass transition (Ty),
which can be observed for both the side chains (7;,) and polymer
backbone (TB].50 The glass transition is governed by several factors;
in addition to molecular weight and polymer entanglement effects,
degree of crystallization and crosslinking density also influence the
polymer T,.>' Therefore, resolving the changes in polymer relaxa-
tion is a useful tool to understanding the effects of introducing
hydrogen bonds into the matrix.

CPs can exhibit viscoelastic behaviour, and therefore will
exhibit brittle mechanical properties below Ty, thus the glass
transition of the parent polymer should be carefully considered
when designing polymers for flexible electronics. In an ideal
case, the polymer would exist in a rubbery state at room
temperature to allow movement of the chains in a flexible
device architecture. Additionally, the formation of dynamic
bonds between adjacent chains will be facilitated when a larger
range of movement is available in the rubbery state above Tg.

Thermal measurements, such as differential scanning calori-
metry (DSC), are often used to measure the T, in bulk polymer
samples. Alternatively, dynamic mechanical analysis (DMA) can
be used to obtain T, (including the secondary relaxation, T,) from
the complex dynamic modulus (E*).>> In addition to increased
sensitivity in comparison to DSC, this technique (usually operated
in tension mode), can be used to understand the tensile proper-
ties of the polymers in films. However, in both cases, the high
sidechain density and rigid polymer backbone that is character-
istic of CPs often limits the use of this technique due to the small
heat capacity associated with backbone relaxation.’®>

Elastic modulus

The Young’s modulus (E) describes how deformable a polymer is
under strain. The stiffness of the material is an important physical
property to consider for skin-like electronics as a device should
possess mechanical compatibility with the local area of applica-
tion upon or within the body. In alignment with changes to the T,
E can be influenced by the presence of supramolecular interac-
tions within the polymer. Monitoring how the addition of hydro-
gen bonding groups influences E within a series of polymers can
therefore be useful to understanding their role in the matrix.
Though it has been shown that little variance occurs in the
mechanical properties of free-standing polymer films between
40-500 nm thickness, delicacy of the films results in incon-
sistencies between samples such as voids and pinholes.>**’
This, coupled with the brittle nature of soft polymeric materials,
also causes difficulty in reliably loading the samples without
exerting force that alters the conformation of the polymer in its
as-cast form. Methods for evaluating the viscoelastic behaviour
of CP thin films, such as buckling metrology, atomic force
microscopy (AFM) and nanoindentation, use polymer samples
supported by solid substrates.”®*” These methods offer the
advantage of using >pm polymer films to determine E (and T,
in the latter case) however, the modulus extracted using these
techniques is influenced by the interactions of the polymer
with the support, depth of indentation and film thickness.>®
Furthermore, in the case of AFM and nanoindentation, compres-
sive forces are utilized to probe a localized area of the film, which

19022 | J Mater. Chem. C, 2024,12,19017-19029
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limits the understanding of H-bonds on the bulk polymer through
these techniques.

More recently, tensile testing of CPs has been carried out
using DMA, through which strain can be exerted onto the solid
sample with high resolution. Typically, the DMA is operated in
tension mode where a polymer film sits between two parallel
clamps. To evenly distribute strain upon the sample, a dog-
bone sample configuration is optimal to measure films in this
way. To accommodate the high E and brittle nature of CP films,
supporting substrates are still regularly used to achieve pseudo
free-standing films where the support T, is outside of the
expected range of the CP of interest, such as glass fibre or an
elastomer (e.g. polyimide or polydimethylsiloxane (PDMS)).*” As
an alternative to the latter film-on-elastomer (FOE) method for
extracting E, a new derivative of tensile testing using pseudo free-
standing films has been developed. Kim et al. presented a novel film-
on-water (FOW) approach whereby the testing polymer is supported
by water during tensile testing, owing to its high surface tension.”
To better mimic traditional tensile testing, Gu and coworkers have
further developed the FOW technique for use with conjugated
systems.”® Though these method developments advance the scope
of DMA for analysing this class of materials, careful attention should
be paid to ensuring that use of elastomers or water as supporting
media do not interfere with the observed viscoelastic behaviour due
to delamination or swelling respectively. This is of particular impor-
tance for materials functionalised with hydrogen bonding motifs,
which can form competing H-bonds with the water acting as a
support medium, as depicted in Fig. 1 for an amide functional
group. Additionally, Lipomi and colleagues demonstrated how the
apparent modulus determined by each of these techniques yields
different values as a result of compressive or tensile forces applied
to the films, and their influence on the aforementioned incon-
sistencies in polymer films.®® These findings highlight the diffi-
culty in drawing cross-comparisons between studies focused on
understanding the mechanical behaviour of CPs, particularly when
also attempting to deduce the effect of H-bonds within the system,
which are sensitive to the environment in which they are measured
during FOW and FOE studies. More recently, Gu et al. developed a
novel ‘SMART’ transfer method to measure free standing films.**
By instead employing water as a sacrificial layer prior to removal of
the CP film using horizontal and vertical shearing film from an
elastomeric support, the disruption to the viscoelastic response
can be minimized.*? The thorough refinements discussed here for
developing tensile testing techniques are pivotal for accessing the
mechanical properties of CPs and hold potential to deepen knowl-
edge around the effect of their functionalisation.

To gain perspective over the healing properties of a CP, the
discussed tensile testing procedures (with careful sample and
environmental parameter control) have potential to uncover
the effect of supramolecular crosslinkers on the viscoelastic
properties of a CP after deformation. This can be achieved by
measuring the hysteresis of the engineering stress-strain
response, to provide information on both the elasticity and
ductility of the material, within the linear viscoelastic or plastic
deformation regions respectively.*® The viscoelastic response
depends on the sampling temperature; at T < T, only short

This journal is © The Royal Society of Chemistry 2024
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Fig. 3 Diagrams illustrating various methods of mechanical testing for conjugated polymers. (a) Tension mode dynamic mechanical analysis (DMA),
used to measure films deposited upon a glass fibre mesh support, at 45° relative to the direction of strain. Adapted with permission from A. Sharma et al.,
Macromolecules 2017, 50, 8, 3347-3354.%” Copyright 2017 American Chemical Society. (b) Film-on-water (FOW) technique, used for tension DMA
measurements of a film supported by water. Adapted with permission from S. Zhang, et al., Macromol. Rapid Commun. 2018, 39, 1800092. Copyright
2018 John Wiley and Sons.*® (c) Crack onset strain (COS) measurement to measure the ductility of films supported on an elastomer. Adapted with
permission from N. Balar & B. O'Connor, Macromolecules 2017, 50, 21, 8611-8618. Copyright 2017 American Chemical Society.*’

chains or sidechains are able to flow whereas at T > T, longer
segments can move in the amorphous region which could also
lead to induced crystallization.®” The influence of H-bonds on
the observed viscoelastic properties will therefore depend on
their position in the polymer structure at a given temperature.
If H-bonding conjugation breakers or sidechains reside in the
amorphous region, they may contribute to the polymer’s elas-
ticity. Beyond the linear viscoelastic region, plastic deformation
will occur which involves movement of amorphous and crystal-
line domains, and H-bonding groups in these regions can
contribute to polymer’s ductility. However, applying this meth-
odology to deduce the direct effect of hydrogen bonds on
elasticity and ductility after deformation remains a challenge,
as comparative studies with parent polymers are impacted by
variations in their physical properties.

Crack onset strain

As H-bonds will contribute to the mechanical properties of a
CPs, determining the ductility of a polymer film through crack
onset strain (COS) measurements is a useful method to identify
their presence. By first mounting the film upon an elastomeric
support (Fig. 3(c)), the polymer is subjected to strain up to the
onset of cracking (&) whilst using optical or atomic force
microscopy to monitor crack formation.*” Though

This journal is © The Royal Society of Chemistry 2024

measurements of these kind offer only a qualitative view on
the mechanical properties, observing trends in & within a
polymer series can provide complementary insights into the
differences in physical properties when thermomechanical
measurements may not be possible or inconclusive for a
particular CP. However, comparisons of the results across
various research studies should be made with caution as multi-
ple sources of discrepancy occur when measuring the (g ) value,
including identifying the size threshold of a crack in the film
and magnification of the microscope used.

In summary, the thorough investigation of the thin-film
mechanical properties of CPs modified with intrinsic hydrogen
bonding groups, in terms of the Ty, E and &, is a powerful
strategy to complement conventional spectroscopic techniques
and should become a primary focus of the developmental
process for flexible electronics. Thus far, practical challenges
such as the typically small-scale synthesis (<100 mg) of CPs,
the difficulty in reliably developing material processing and
experimental parameters for tensile measurements limits the
scope for material testing. As a result, comparing the results of
different studies across the research community becomes
difficult. To better understand how supramolecular groups
influence the properties of CPs on the micro and macrostruc-
tural level, conducting full thermomechanical analysis should be
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carried out. This could be achieved by the study of simplified
polymer systems, where the non-functionalized polymer is
already well studied in terms of its mechanical and structural
properties, as has been shown for polythiophenes.*8¢%%%%* n
addition, the use of simpler polymer architectures that can be
produced on larger scale, could offer the opportunity to optimize
processing or use alternative characterisation techniques (e.g.
shear rheometry) requiring larger sample quantities for mechan-
ical analysis.®* These studies would also complement the use of
solid-state FTIR and NMR, where identification of specific
hydrogen bonds can be achieved in the absence of multiple
competitive interactions in complex D-A backbone structures.

Hydrogen bonding in wearable
electronics

Supramolecular mechanisms have often been utilized in non-
conjugated polymers to introduce healing into the materials
after bond dissociation. In many of these cases, this phenom-
enon is autonomous without requirement of an external sti-
mulus (e.g. thermal or light activation) to restore the physical
polymer properties. This has been achieved by optimizing (1)
strength of the non-covalent interactions introduced to the
structure and (2) maximising the polymer chain flexibility. In
the case of semiconducting polymers, where the conjugation
length along the planar backbone determines the ability of the
material to transport charge carriers, the focus of introducing
intrinsic self-healing and stretchability has mostly centred
around optimizing the hydrogen bonding interactions.

Sidechain functionalisation

Modification of the chemical composition of polymer

sidechains is a popular technique for introducing specific

Sidechain engineering

\ CioHz1
CizhHzs

Fig. 4

View Article Online
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structural features or functionalities within the field of organic
electronics.®® Development of polymers with H-bond units
hosted within or as pendant groups on sidechains has therefore
gained significant attention, as it offers a pathway to improving
the mechanical properties with minimal interference to the
backbone conformation.

Hydrogen bonding offers a strong and dynamic mechanism
for self-healing in polymers and thus has gained significant
attention among the flexible electronics community to
induce skin-like properties. In some cases, H-bonds also contri-
bute to improved electronic properties, as seen in a series of
diketopyrrolopyrrole-bithiophene (DPP-2T) copolymers, that were
investigated for their use as the donor material in an OPV device,
were functionalized with urea groups set within linear alkyl chains
to direct ordering of lamellae via H-bonds (visualised in Fig. 4).**
This effect was observed from GIWAXS measurements and is
corroborated by the increase in mobility with loading of urea
groups. To distinguish whether these differences were due to H-
bonding or a lower sidechain density, the values were compared
with a reference set of polymers bearing alkyl only sidechains in
place of urea. It could be seen for 3 and 5 mol% of urea that the
hole mobility (1) was lower than the corresponding reference
however at 9 mol% the urea functionalised polymer showed a
large improvement (5.7 vs. 2.4 cm® V~' s ") which was attributed
to H-bonding. Though this study was not in the context of flexible
electronics, it clearly demonstrates that introducing external non-
covalent interactions of adequate strength and directionality can
influence the ordering of a CP matrix.

The relationship between introducing hydrogen bonds and
improved mobility is more ambiguous in other cases. Another
study also employed urea, as well as amide groups, as pendant
moieties at 10 mol% in DPP and (E)-2-(2-(thiophen-2-yl)-
vinyl)thiophene (TVT) copolymers.*® The study compared the

= Hydrogen bonding motif
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(@) Chemical structure of DPP-TVT random copolymers, as a general example to display the two routes of modification with hydrogen bonding

motifs (green). H-Bonding groups in each case are bridged between linkers R; and R,, either within sidechains or as conjugation breakers. (b) Chemical
structures of the hydrogen bonding motifs employed in the discussed literature.
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use of non-functionalised chains with amide and urea groups.
Field-effect measurements revealed an increase in the average
un from 1.48 x 107! to 1.99 x 10" ' ecm? s°' V' when
introducing the amide H-bond motif, compared with the non-
functionalised analogue. However, when increasing the num-
ber of possible hydrogen bonds per unit from one to two in
urea, the mobility fell by an order of magnitude to 1.54 X
1072 em® s™' V7. Yet, the urea derivate displayed a much
higher rDoC through GIWAXS measurements. Evidence of
hydrogen bonding in the materials was apparent when con-
sidering the increase in T, with increased H-bond strength in
the sidechains (culminated with a lower side chain density).
And although COS measurements indicated similar low ducti-
lity in the amide and urea polymers (¢. = 0.5%), reinforcing
effects of the H-bonds were highlighted through an increase in
modulus from 357.1 to 371.6 MPa respectively measured using
the FOW technique. These values for E were lower than the non-
functionalised derivative (380.7 MPa), indicating the possibility
to impart higher stretchability in CPs through the introduction
of supramolecular motifs.

DPP-TVT was also the subject of a healing study where
amide groups were set within a linear alkyl chain at 0, 5, 10
and 20 mol%.>*** Mechanical tests showed that elasticity was
increased drastically by a near two-fold decrease in modulus
from 203 to 115 MPa and ¢, increased from 30 to 75% upon
increasing amide loading from 0 to 10 mol%. Unfortunately, no
clear trend could be deduced from field-effect measurements
for hole mobility although the devices (fabricated on flexible
substrates) exhibited reasonable values (listed in Table 1).
Electrical measurements were re-recorded for the OFET devices
after tensile strength testing, showing a large decrease in uy,. In
agreement with the previous study, a decrease in rDoC was
observed upon introducing the amide units at ¢ = 0%. However,
increasing the content of amide up to 30 mol% resulted
in continuous deterioration of rDoC, whereas previously
the exchange of 10 mol% amide for urea increased the rDoC.
As enhanced interdigitation of sidechains can improve the
microstructural order within a material, the observed increase
in rDoC with urea could be the result of not only an increased
number of H-bonds but their inherent directionality, as urea is
known to form “ladder” architectures.®®%®

To understand the role of the backbone rigidity in a H-bond
functionalised CP, a series of donor-acceptor DPP copolymers
bearing urethane within branched alkyl side chains were
synthesised.®® Within the copolymer, the acceptor unit was
varied between thieno[3,2-b]thiophene (TT), 2,2-bithiophene
(2T) and TVT. GIWAXS measurements showed an increase in
lamellar stacking for 2T and TVT derivatives compared with an
alkyl only chain for pristine films. After mechanical deforma-
tion, discrepancy between d-spacing values indicated that pack-
ing of the lamellae was distributed in TT and 2T polymers at
& =100%, this was corroborated by observed ec values at 50 and
75% respectively whereas d-spacing remained constant for TVT.
In pristine films u;, improved in the order TVT > 2T > TT, yet
after applying 100% strain the mobility dropped in 2T and TT
dramatically whereas TVT values were maintained in the
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parallel stretching direction and fell slightly in the perpendi-
cular. This, as well as an increase in dichroic ratio above ¢, =
112.5%, would suggest that some energy dissipation occurs in
both the amorphous and crystalline regions.

Another study compared DPP-TVT with broken conjugation
alongside the analogous polymer that used 2,6-pyridinedicarbo-
xamide (PDCA) (Fig. 4) as a pendant group within the sidechain.>*
The use of pendant moieties caused a reduction in the hole
mobility with increased loading, yet negligible difference was
observed between polymers with 30 and 60 mol% PDCA (0.60
and 0.55 cm® V' s~ respectively). Yet, the rDoC and backbone
melting temperature increased with PDCA loading compared to an
ester derived reference polymer. Also, an intermediate glass transi-
tion was observed which scaled with the relative amount of PDCA
and was absent in the case of the reference polymer. This implies
that H-bonds influenced the ordering of both the amorphous
and semicrystalline regions. Based on the low M, values
(~20 kg mol "), the lowering of u, could therefore possibly be
explained by the formation of grain boundaries. DSC thermograms
showed minimal differences in T, values for polymers functiona-
lised via the backbone or sidechains at 10-60 mol% loading. Given
the previously low hole mobility at > 10 mol% recorded for the CB
polymers, comparable reduction of backbone rigidity with each
technique highlights using hydrogen bonding pendant groups as a
potential method for enhancing microstructural ordering.

The use of larger H-bonding arrays was also carried out in an
IDT-BT copolymer, using ureidopyrimidinone (UPy), which
hosts up to four H-bonds per dimerised unit as shown in
Fig. 2.°° The study tested the influence of this bulky H-
bonding unit against a triisopropylsilyl (TIPS) group and the
smaller, weaker hydroxyl group. Though demonstrating high «.
values, approaching or surpassing ¢ = 100%, COS measure-
ments demonstrated lowering of the polymer ductility from
parent IDT-BT for all types of functionalisation. Whilst they
exhibit similar mechanical properties, OFET devices were con-
structed to understand whether a high density (20 mol%) of
weaker OH units were comparable with a low density (5 mol%)
of stronger UPy units in terms of the electronic performance.
Though the hole mobilities were an order of magnitude lower
than the parent IDT-BT (1.66 cm® V' s') and TIPS functiona-
lised IDT-BT polymer (ranging 1.42-1.89 cm® V' s "), the
H-bonding polymers displayed similar u;, values of 0.47 and
0.34 cm® V' 57! respectively. In comparison with more semi-
crystalline polymers, such as DPP-TVT, these results indicate
that more amorphous polymers could provide scope for careful
optimization of energy dissipation mechanisms within CPs for
wearable electronics.

Backbone engineering

An alternative route to functionalising sidechain composition
is to incorporate hydrogen bonding units within the CP back-
bone. By embedding the supramolecular group within a mono-
mer unit, this type of functionalisation causes disruption to the
conjugation length along the chain, and therefore they are
often referred to as conjugation breakers (CBs). In many cases,
this design approach has resulted in improvement of the
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mechanical properties of organic electronic materials.®®”°
Additionally, the possibility to form intermolecular hydrogen
bonds between adjacent chains can allow microstructural order
to be maintained whilst also achieving improved ductility or
self-healing functionality.

A study using amide, urethane and urea (Fig. 4) in DPP-TVT
copolymers investigated the effect of weaker H-bonding moi-
eties as CBs.*® They also sought to better understand the effect
of the local chemical environment on H-bond formation by
tethering the self-healing units by either alkyl or ester chains.
Tensile strength testing was carried out to determine elasticity
and it was found that a lower modulus correlated with a higher
hole mobility value (up to 0.31 em®> V' s~' for urethane
functionalised ester derivative). Interestingly, it could be seen
for the non-bonding carbonate and amide CBs that a lower E
was observed when tethered to an ester chain, whereas for
urethane and urea groups, the modulus was dramatically
increased in ester derivatives compared with the alkyl counter-
parts. Although no clear trend could be observed relative to the
strength of the H-bond unit, mechanical testing indicates that
H-bonding is present within the sidechains in the latter two
polymers. UV-Vis spectroscopy showed a higher degree of
aggregation in the intramolecular charge transfer (ICT) band
for ester derivatives. This was likely due to the presence of
more H-bond acceptors within neighbouring chains improving
alignment of the chains resulting in higher mobilities than
their alkyl counterparts. GIWAXS measurements were carried
out to investigate order in the microstructure, showing that
with increased H-bonding strength there was an increase in the
rDoC. After applying strain, the scattering profiles indicated
that energy was dissipated from breaking H-bonds, realign-
ment of crystalline domains, chain extension and realignment
of amorphous regions as well as the breaking of crystallites.
Only for the urea derivative tethered with ether groups was the
latter mechanism not observed, however definitive trends could
not be drawn for the rest of the data.

Promising results were reported in a series of DPP-TVT
copolymers that were synthesised with varied loading of PDCA
in the backbone (Fig. 4).** Although an increase in CB loading saw
a general decrease in hole mobility, tensile testing showed a fall in
the elastic modulus and an increase onset of crack formation in
films. The lowest value of E was reported for 10 mol% of PDCA
which exhibited high mobility of 1.32 em® V' s, which
encouragingly recovered to 1.00 cm® V' s~ upon release after
being subjected to & = 100%. At various strains, the 10 mol%
PDCA polymer demonstrated a decrease in rDoC inferring that
energy dissipation occurs by breaking of crystallites. Additionally,
an increase in the dichroic ratio above the onset of crack
formation (¢, = 80%) indicated some energy dissipation within
crystalline regions, likely due to H-bond breakage. Although these
features were only partially recovered via solvothermal annealing
and therefore self-healing was not observed, this work demon-
strated a promising strategy to synthesising stretchable conju-
gated polymers.

A recent study showed that increasing the size and
H-bonding ability of the CB, by using UPy in a copolymer of
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DPP and selenophene, caused a slight lowering of the hole
mobility from 0.6 to 0.1 cm®> V' s~ between 0 and 20% UPy in
the backbone.®® Interestingly, this work adopted a unique
approach of linking self-healing groups with alkyl linkers in a
ring-like structure to keep neighbouring UPy groups in close
proximity upon stretching. Mechanical measurements indi-
cated a drastic reduction in the elastic modulus by introducing
the H-bonding groups from 890 to 404 MPa between 0 and 20
mol% UPy, indicative of improved ductility through this type of
functionalisation. This was also reflected in the field-effect
measurements, which showed that although applying strain (¢
= 100%) causes a reduction in uy, this effect was lower (85%)
compared with the neutral polymer (91%).

The use of peptide linkers, glycine, valine and threonine,
was also investigated as a type of CB in a DPP-TVT copolymer.*!
The study showed that use of glycine, with the least steric
hindrance relative to the formation of intermolecular hydrogen
bonds, exhibited superior ductility through COS measurements
and a reduction in modulus from ~800 to ~500 MPa. In line
with the observed changes to hole mobility in the previous
study, the glycine derivative with improved mechanical proper-
ties also showed the least reduction in p;, (30% compared with
97% in the parent polymer).

Discussion and future outlook

Upon assessing the role of hydrogen bonds in CPs designed
for wearable electronics, it is evident throughout the literature
that intermolecular H-bonds influence both the observed
ductility and microstructural ordering of crystalline domains
in CPs films. Improved mechanical strength is observed in the
vast majority of cases, where ¢. increases with H-bond strength
or mol%. In contrast, although there is strong support of
increased degree of structural order (through measurement of
rDoC and y;, in OFETSs) when increasing the content or strength
of the H-bond motif, within each series of analogous polymers
an upper limit in improving the structural and electronic
properties is often observed. This trend was more prevalent
amongst literature focusing on sidechain engineering, in con-
trast to use of CBs, which generally saw a reduction in uj, upon
addition of H-bonding groups. The latter can be attributed to a
reduction in effective conjugation length, where CB units
reduce backbone planarization. In addition, several articles
reported electronic characterisation based upon flexible OFET
devices which indicated that upon application of strain, there
was better retention of the mobility in polymers that incorpo-
rated the supramolecular groups within sidechains.

Whilst the device fabrication to probe the electronic
properties is largely consistent throughout all studies, detailed
thermomechanical testing can be considered sparse as demon-
strated by the lack of reported data for E and T, in Table 1.
Alternatively, the ductility of a film, which describes the ability
of the material to withstand deformation before structural
fracture, can be assisted by supramolecular interactions which
dissipate energy under strain. COS testing to monitor ductility
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changes can therefore provide insights into the effect of
H-bonds on the mechanical properties and is routinely per-
formed throughout the literature (Table 1). However, this tech-
nique is limited in its accuracy and reproducibility and should
be assisted with quantitative analysis under careful control of
the environmental conditions (e.g. temperature, humidity).

Furthermore, the analysis can be convoluted by the difficulty
in observing phase transitions for more complex chemical
structures (such as those based on DPP), as demonstrated by
the reporting of T, values in only two studies (Table 1). The
study of simpler polymer systems such as polythiophenes could
facilitate a more detailed understanding of the effect of
H-bonds on a CP structure. This approach is of further advan-
tage when considering the wealth of knowledge already gained
for these systems in terms of the thermomechanical properties
in relation to electronic performance.>>”"7”?

Despite significant advancements in enhancing the biomi-
micry of organic electronics through the incorporation of
hydrogen bonds, the complex characteristics of these materials
are still not fully understood. To further develop these systems,
more comprehensive studies of the chemical and physical
mechanisms underlying the structural properties of CPs are
necessary. We encourage the research community to broaden
the range of characterisation methods applied to H-bonding
CPs, moving beyond a selective focus on a narrow subset of
properties. For example, simplifying polymer systems can
facilitate the characterisation and analysis of thermomechani-
cal properties using techniques such as DSC and DMA. Pairing
these measurements with studies of optoelectronic properties
would provide a more holistic understanding of how hydrogen
bonds affect CP structure and function.

Currently, most research on ‘recovery’ emphasizes electronic
performance or relative degree of crystallinity via UV-vis
spectroscopy, focusing primarily on the more ordered polymer
regions. Future efforts should prioritise the study of mechan-
ical recovery through DMA measurements, as previously
reported for CPs based on DPP. Additionally, integrating these
techniques with solid-state spectroscopy methods, such as
Fourier-transform infrared (FTIR) and Raman spectroscopy,
would allow for the observation of changes in bands associated
with hydrogen bonding when the CP is subjected to strain and
subsequent recovery. We believe that this approach would
contribute to a more comprehensive understanding of the
impact of hydrogen bonds on CP structure and functionality
and enable the development of the next generation of self-
healing CPs for wearable electronics.

Conclusions

The introduction of hydrogen bonding moieties into the matrix
of a conjugated polymer has critical influence on the mechan-
ical properties, microstructural ordering and consequently
the optoelectronic properties. Although an inverse relationship
between ductility and structural order is often observed, to
successfully further develop these systems for device

This journal is © The Royal Society of Chemistry 2024
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implementation, a clearer understanding of the role of H-
bonding units on these properties is crucial. This could be
achieved through shifting focus towards the study of (1) simpler
CP systems and (2) quantitative thermomechanical analysis, and
therefore allow design paradigms to be established for the
functionalization of CPs with supramolecular crosslinkers.
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