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Controlling the electro-mechanical performance of polypyrrole
through 3- and 3, 4-methyl substituted copolymerst

D. Melling,*™ S. A. Wilson? and E. W. H. Jager®

Conducting polymers such as polypyrrole are biocompatible materials used in bioelectronic applications and
microactuators for mechanobiology and soft microrobotics. The materials are commonly electrochemically synthesised
from an electrolyte solution comprising pyrrole monomers and a salt, which is incorporated as the counter ion. This
electrosynthesis results in polypyrrole forming a three-dimensional network with extensive cross-linking in both the alpha
and beta positions, which impacts the electro-mechanical performance. In this study we adopt a ‘blocking strategy’ to
restrict and control cross-linking and chain branching through beta substitution of the monomer to investigate the effect
of crosslinking on the electroactive properties. Methyl groups where used as blocking groups to minimise the impact on
the pyrrole ring system. Pyrrole, 3- and 3,4-methyl substituted pyrrole monomers were electro-polymerised both as
homo-polymers and as a series co-polymer films. The electroactive performance of the films was characterised by
measuring their electrochemical responses and their reversible and non-reversible film thickness changes. This showed
that altering the degree of crosslinking through this blocking strategy had large impact on the reversible and irreversible
volume change. These results elaborate the importance of the polymer structure in the actuator performance, an aspect

that has hitherto received little attention.

1. Introduction

Conjugated Polymers (CP) are attractive biocompatible materials
for bioelectronic devices since they show both electronic and ionic
conductivity. Their range of conductivity can be from tens to several
thousand of S cm™ depending upon the monomer (pyrrole,
thiophene and aniline) and dopant.l'5 This makes them an
interesting candidate for interfacing electronics with biological
tissue. CPs have been used for controlled drug delivery,e’ ’
biosensors,s’ ° heural eIectrodes,m’ 1 wettability switches,lz’ 3 and
controlling cell adhesion, proliferation and differention.”*® They
are also commonly used as the electroactive material driving
polymer (micro—)actuators.lg'25 Such CP actuators have been used in
applications ranging from medical devices, including a steerable
guide wire and a PTCA balloon seal,” to microfabricated chips for
mechzgnobiology that provide mechanical stimulation to single
cells.

Following the early demonstrations,'” ?° researchers have sought
to improve CP actuator performance, particularly with regard to
increased strain and increased strain rate. A full range of
optimisation studies utilizing easily accessible synthesis parameters
have been performed for polypyrrole (PPy) films as follows:
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polymerisation potential,27 current density,28 monomer and dopant
concentrations, the type of dopant,zg'32 the type of solvent,30 the
temperature,33 and pH.34 However, these optimisations have led to
only a modest improvement, but they did make clear that the
volume change that occurs during redox switching of PPy is
dependent upon the mass transport (ions and solvent) that occurs
between the polymer and electrolyte. The observed response is
dependent on the total mass flow and the characteristic response
of the polymer network to the influx of ions and solvent. Progress
has been made into how the ‘state of compaction’ of the polymer
network changes during electromechanical stimulation® % yielding
structural information.”’ To-date there have been few studies on
PPy films with purposely adapted network structures. This
represents an alternative strategy to achieve the sought-after
performance gains.

Electropolymerised polypyrroles are known to be highly
crosslinked polymers.38 Both simulations and XPS studies estimate
branching and crosslinking in PPy to be 33% and 22% respectively.gg’
40 Unfortunately, the use of XPS has not become widely accepted as
a method for determining crosslinking and there is currently no
established technique for determining crosslinking in these
intractable polymers. In the case of crosslinked polymers, the
molecular weight parameter loses its meaning, and it is the density
of crosslinking that is strongly correlated to physical properties such
as solvent-swellability. For non-crosslinked polymer films molecular
weight information is of greater significance, but can be of difficult
to obtain. Molecular weight determination for the homopolymer,
poly(3,4-dimethylypyrrole), indicates that it consists of chains of
approximately 1000 pyrrole units.** Electrochemically polymerised
PPy films are typically highly disordered (amorphous) and show only
z:laiffuse X-ray scattering, including those formed using DBS dopant.“’
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N- and beta-substituted polypyrroles have been synthesised with
the strategic aim of increasing their functionality,”'48 enhancing
solubility and processability,“g'52 increasing adhesion to substrates™
* and producing novel composite polymers.55 By extension it
should be possible to alter the degree of crosslinking of PPy by
chemical substitution of the monomer to achieve a leap in
actuation performance, however this approach, has received little
attention to-date. Tominaga et al increased the levels of
crosslinking in PPy with the aim of decreasing electrochemical
(:reep.56 They did this by supplementing the crosslinking that occurs
naturally as a result  of  beta-substitution  during
electropolymerisation with additional N-alkyl crosslinks. This did
indeed result in a decrease in electrochemical creep but also
resulted in a decrease in actuation strain.

Here, a synthetic approach for decreasing the degree of
crosslinking in PPy by introducing beta-substituted pyrrole
monomers resulting in pyrrole-copolymers is presented. The effect
of decreasing crosslinking on the actuation performance of PPy is
investigated using a relatively new approach based on laser
scanning micrometry (LSM) which allows non-contact out-of-plan
strain measurements to be made in an unloaded condition.”” CP
actuation is characterised by macroscopic volume change and
hence strain measurements are critical to any experimental
evaluation.®® LSM allows strain to be characterised without
isotonic or isometric loading. This is particularly important when
considering thin films, as these effects are strongly influenced by
the substrate interaction. Hence the uncertainty associated with
bending beam measurements is avoided when using the non-
contact LSM technique.ss’ 39,63, 64

In this study 3- and 3, 4-substituted pyrrole monomers were used
(Fig. 1). Beta substitution of the pyrrole ring blocks substitution that
naturally leads to branching and crosslinking  during
electropolymerisation. Increased beta substitution therefore
reduces the opportunities for branching and crosslinking during
polymerisation. The methyl group was selected as a suitable
blocking group due to its small size and minimal effect on the on
the electronic properties of the pyrrole ring systemGS'67 and
delocalisation between adjacent monomer units along the polymer
chain as occurs in the oxidised form of the polymer.68 The methyl
group, unlike long alkyl chains, has a minimal effect upon the
conductivity of polypyrrole,67 Both pyrrole and 3-methyl-1H-pyrrole
monomers are available commercially; however, 3,4-dimethyl-1H-
pyrrole monomer is not and was synthesised for the purposes of
this study.

Hence, in addition to unmodified pyrrole monomer (Py), we have
used the mono-substituted 3-methyl-1H-pyrrole (3MPy) and di-
substituted 3,4-dimethyl-1H-pyrrole (3,4DMPy) monomers both
synthesised into homopolymers and copolymers with Py. Compared
to the homopolymer PPy, lower levels of branching and crosslinking
are anticipated for homopolymers formed from 3MPy which has
just one beta position available for substitution. For 3,4DMPy,
which has both beta positions substituted, no branching or
crosslinking is possible; this monomer can only form linear, non-
branched and non-crosslinked, homopolymers. In addition to the
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Fig. 1 Monomers employed: a) pyrrole (showing alpha and beta positions) b) 3-methyl-

a) b) c)

1H-pyrrole and c) 3, 4-dimethyl-1H-pyrrole.
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homopolymers, copolymers were electropolymerised using
solutions containing mixed monomers at different ratios.” *° By
combining different volume fractions of substituted and non-
substituted pyrrole monomers, different levels of crosslinking will
occur.

2. Experimental Section

2.1 Materials and methods

Pyrrole (Aldrich, 98%), 3-Methyl-1H-pyrrole (TCI Europe, > 98%) and
3, 4-dimethyl-1H-pyrrole were purified by vacuum distillation prior
to use. Sodium dodecylbenzenesulfonate (NaDBS, TCI Europe, hard
type, mixture) and sodium dodecylbenzenesulfonate (Aldrich,
technical grade) was used as received. Ultrapure water was
obtained from Millipore Milli-Q equipment. Gold wire (Goodfellows
UK, 99.95%, temper: as drawn) of diameter 0.5 mm was used as
received.

The 3,4-dimethyl-1H-pyrrole was not commercially available and
was synthesised using the published procedure developed by
Ichimura et al® using the following chemicals obtained from Sigma-
Aldrich and used as received: ethylcarbamate (urethane, > 99%),
pyridine (anhydrous, 99.8%), toluene (anhydrous, 99.8%), thionyl
chloride (ReagentPlus®, > 99%), 2,3-dimethyl-1,3-butadiene (98%),
methanol (anhydrous, 99.8%) and potassium hydroxide (Reagent
grade, 90%, flakes).69

All electrochemical studies were performed using an Autolab
electrochemical workstation (Metrohm pAUTOLAB Il potentiostat-
galvanostat) controlled using a personal computer with GPES
electrochemical software.

A 0.5 mm diameter gold wire was used to construct a working
electrode with an exposed (non-insulated) length of 10 mm (surface
area 15.7 mmz) on which polypyrrole films were electrogenerated.
Platinised (2.5 BIm) titanium anode mesh (Ti-shop, 1 mm thick) of
length 100 mm and width 25 mm was used as a counter electrode.
The reference electrode was a BASi Ag/AgCl (3M, NaCl gel saturated
with AgCl) electrode with the tip being stored between uses in 3M
NaCl (aq). All potentials reported in this work were referenced to
this electrode. All the experiments were performed at a room
temperature (25 + 2°C).

Porous gold working electrodes where prepared by electroplating
a 5 um layer of porous gold on the surface of the AUWE to increase
the adhesion of the films.”® The surface was first cleaned by heating
in ‘Piranha’ solution (H,SO, : H,0, : H,O0 =1 :2:4) at 70°C for 5
minutes followed by thorough rinsing with deionised water. An
aqueous mixture of two types of commercial gold electroplating salt
(from Enthone) was employed in the ratio: 10 ml Neutronex™
309A : 300 ml Neutronex"" 309B : 190 m| Milli-Q water. A ‘seeding’
period of 120 s at -0.7 V was undertaken followed by a ‘growth’
period of 390 s at -0.9 V to deposit a 5 um layer of porous gold.

2.2 Synthetic procedures

2.2.1 Synthesis of 3,4-dimethyl-1H-pyrrole monomer. In a 1 |
round-bottomed flask, equipped with a mechanical stirrer, a reflux
condenser attached with a calcium chloride tube, and two 100 ml
dropping funnels, were places 27.1 g of ethyl carbamate and 150 ml
dry toluene. Pyridine and thionyl chloride were added drop-wise at
the same rate with efficient stirring and cooling with cold water.
After the mixture was further stirred for one hour at room
temperature, 15.0 g of 2,3-dimethylbutadiene was added in one
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portion. The mixture was heated under mild refluxing and stirring
and then allowed to stand overnight. After voluminous pyridine
hydrochloride was filtered and washed with toluene, the filtrates
were evaporated under reduced pressure to give an oily residue of
crude 2-ethoxycarbonyl-3,6-dihydro-4,5-dimethyl-1,2-thiazine 1-
oxide. To the residue was added 135 g potassium hydroxide
dissolved in 300 ml methanol, and the dark coloured mixture was
refluxed for two hours. The solvent was distilled under ordinary
pressure, and the reaction mixture was steam-distilled to give an
oily substance which was extracted repeatedly with ether. The
extracts were dried over anhydrous potassium carbonate, and the
solvent removed. Vacuum distillation of the oily residue gave 13.77
g of 3,4-dimethyl pyrrole with a bp;, 65.5-66°C. The yield was
47.5 % based on ethyl carbamate.

2.2.2 Potentiodynamic synthesis of CP. Cyclic voltammetry was
undertaken using fresh 0.1 M 3,4DMPy or 3MPy and 0.1 M NaDBS
(aqg) solution at a scan rate of 0.05 V/s with a start potential of 0 V,
first vertex potential of 0.5 V and second vertex of -1 V. Scans were
undertaken until the positions of the peak maxima and minima
stabilised.

2.2.3 Potentiostatic synthesis of CP. PPy films were
electrogenerated on the gold wire from fresh 0.1 M Py or 0.1 M Py -
substituted Py mixture and 0.1 M NaDBS (aq) solution by
potentiostatic polymerisation at 0.55 V. Films were grow in-situ and
their thickness monitored in real-time using LSM and stopped once
they had reached a thickness of 5.0 pm.

2.2.4 Actuation of CP films. The polymerisation solution was
exchanged for 40 ml of actuation solution comprising 0.1 M
NaDBS(aq). Prior to refilling the cell the polymer film was rinsed
with deionised (MilliQ) water to remove all traces of pyrrole
monomer.

All of the films were subjected to a conditioning period of 200 s
at a potential of 0 V prior to being actuated to assess the level of
baseline noise and display the initial film thickness. Films were then
actuated using a square wave potential (0 V (200s), -1 V (200s))
until they reached a stable state (fully irreversibly expanded state).
We have described in detail the use of LSM for determining the
actuation performance of polypyrrole films elsewhere.”’

2.2.5 Film thickness measurements. The films were
characterised using a new approach which uses LSM (Mitutoyo
LSM501H) to make in-situ, non-contact, out-of-plane strain
measurements of films (Fig. S1) which has recently been described
in detail in.>’ To summarise, the LSM measures the diameter of the
PPy coated Au wire, from which the PPy film thickness and the
actuation parameters (reversible and irreversible expansion, strain,
strain rate) are calculated (Fig. S2).

2.2.6 Polymer film removal. The same gold wire working
electrode was employed for all measurements. To prepare the
working electrode for re-use the polymer films were removed by
immersing the polymer coated end in solution of H20:NH40OH:
H202 (5:1:1) at 80°C (RCA-SC1 cleaning) for 10-20 minutes
depending on how resistant the film was to removal.

3. Results and discussion
3.1 Synthesis of 3, 4-dimethyl-1H-pyrrole.

The synthesis of pyrrole monomers with substituents exclusively in
the beta-positions is not easy to achieve. Electrophilic substitution
of the pyrrole ring occurs preferentially in the more reactive alpha

This journal is © The Royal Society of Chemistry 2015
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(2and 5) positions.48 When beta-substitution does occur it is usually
accompanied by substitution in the alpha positions. This results in
the formation of mixed products, typically positional isomers, which
can be difficult to separate. One strategy for achieving exclusive
substitution of the beta-positions is to use protecting groups which
can prevent substitution of the pyrrole nitrogen and the alpha
positions,71 However, even with the use of a protecting group,
substitution of the beta positions can lead to a mixture of 3- and 3,
4-substituted products, which require separation and lowers the
yield of the di-substituted product.

For these reasons we used the synthesis developed by Ichimura
et al.”® This elegant synthesis has just two steps (Fig. 2) and is
relatively easy to undertake. It does not involve the selective
substitution of the pyrrole ring. Instead the pyrrole ring is formed
by ring-closure with the methyl groups already in appropriate
positions within one of the starting materials (2,3-dimethylbuta-1,3-
diene). The first step in the reaction is a ‘Diels-Alder’ reaction
between 2,3-dimethylbuta-1,3-diene and ethyl carbamate, resulting
in the formation of a non-aromatic 6-membered cyclic
intermediate. In the second (final) step the intermediate undergoes
a reduction in ring size (6 to 5 member ring) and aromatisation to
give 3,4-dimethyl-1H-pyrrole. The strength of the alkali plays a key
role in the formation of the pyrrole with higher yields being
obtained with stronger concentrations of alkali; the use of
methanolic alkali also giving higher yields than aqueous alkali.

We successfully synthesised the 3,4-dimethyl-1H-pyrrole
monomer starting from ethyl carbamate. Both the structure and
purity of our product was confirmed by spectroscopic techniques
and elemental analysis (Fig. $S3-S7). In summary: 1H NMR (400 MHz,
CDCls, 8): 7.75 (s, br, 1H, NH), 6.53 (d, J = 2.52 Hz, 2H, C,), 2.05 (s,
6H; CHs); 13C NMR (400 MHz, CDCls, 8): 118.13 (Cp), 115.49 (C,),
9.94 (CH;); IR (KBr): v = 3420.61 (S) (broad, pyrrollic NH (free)
stretch), 3250 (m) (shoulder, pyrrollic NH (H-bonded) stretch),
2922.04 (w) (-CH3), 2863.05 (w) (-CH3), 1677.09 (m) (Py ring C-C),
1448.95 (w) (-CH; ), 1384.32 (w) (-CH3 v), 1107.54 (w), 1069.06
(w), 564.57 (w) (broad). EIMS m/z (%): 95 (65) [M"], 94 (100) [M" -
H], 80 (27), 67 (16), 53 (11), 41 (17), 39 (25) 28 (15); Anal. calcd. for
CeHgN: C 75.74, H9.53, N 14.71; found: C 75.73, H 9.51, N 14.83.

3.2 Homopolymer Films.

Potentiodynamic synthesis of 3,4ADMPPy(DBS) and 3MPPy(DBS) at
the surface of a gold working-electrode (AUWE) was undertaken
using cyclic voltammetry (CV) to determine suitable conditions for
polymerisation and actuation. Fig. 3 shows that both 3,4DMPy and
3MPy monomers start to polymerise at potentials in the region of
0.3-0.4 V vs. Ag/AgCl and have oxidation and reduction peaks
around -0.1 V and -0.6 V respectively, similar to PPy(DBS).72 An
electrical potential of 0.55V was selected as suitable potential to

H,;C ;
CHs SOCl; 0

&
0 pyridine H13C N/C\O/\ kon HaC .
+ s | | — NH
S ~
HZN\C/O\/ HsC o H,C
S any (Iv)

(n

Fig. 2 Synthesis of 3,4-dimethyl-1H-pyrrole. (I) 2,3-dimethyl-1,3-butadiene, (ll)
ethylcarbamate (urethane), (lll)  2-ethoxycarbonyl-3,6-dihydro-4,5-dimethyl-1,2-
thiazine 1-oxide (IV) 3,4-dimethyl-1H-pyrrole.
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potentiostatically polymerise all subsequent films and potentials of
0V and -1V employed to fully actuate the films.

Both voltammograms show the evolution of the oxidation and
reduction peaks with cycle number. The voltammograms for
3,4ADMPy show a single peak (l) during the first reduction scan
which increases slightly and then disappears in subsequent scans.
Another peak (Il) appears during the second reduction scan which
increases in area and shifts (maxima) from -0.6 V to -0.80 V in later
scans. A single oxidation peak (Ill) is displayed for 3,4DMPy during
the oxidation scan which increases in area with increasing scan
number.

The voltammograms for 3MPy also display a single reduction
peak (1) during the first scan with a second peak (Il) appearing
during the second scan which is present in all subsequent scans.
Both reduction peaks increase in area with scan number, with the
increase in peak (l) being the greatest. The oxidation peak is very
broad and appears to be comprised of two broad overlapping peaks
(Irand 1v).

The potentiodynamic synthesis of PPy(DBS) films carried out in
aqueous solutions at slow scan rates is known to produce a double
cathodic peak, and is evidence of the co-existence of two kinds of
polymer structure.”” The first structure (peak 1) is formed during the
polymerisation process. This polymeric structure is modified to a
more stable structure (peak Il) at a lower potential, later on in the
reduction process.
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Fig. 3 Voltammograms for a) 3,4ADMPPy(DBS) and b) 3MPPy(DBS) potentiodynamically

synthesised at a gold working electrode employing 0.1M solutions of aqueous
monomer and NaDBS electrolyte at a scan rate of 0.05 V/s.
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The potentiodynamic polymerisation of both 3,4DMPPy(DBS) and
3MPPy(DBS) produced black films on the surface of the wire AUWE
similar to PPy films. Given that crosslinking is not possible for
3,4DMPPy(DBS) polymer, such solid films must be the result of non-
bonding interactions such as pi-stacking, intercalculation with the
DBS dopant, or the entanglement of long ‘linear’ (unbranched/ non-
crosslinked) chains.”””® When cyclic voltammetry was stopped
(open circuit) the solid black 3,4DMPPy(DBS) film formed a
transparent phase at its surface over a period of approximately 30
minutes when kept in contact with aqueous electrolyte. Both
phases are shown in Fig. 4a. One explanation might be that given
enough time the non-crosslinked 3,4DMPPy chains are free to move
apart and allow water to enter the network as a result of osmotic
and hydrophilic forces and swell the polymer.76 This would explain
why it forms at the surface in contact with the aqueous electrolyte.
Further characterisation of this apparent gel-like material is needed.

The 3MPPy(DBS) films and all copolymer films (described in the
next section) did not form this transparent phase during either
potentiodynamic or potentiostatic synthesis. Unlike
3,4DMPPy(DBS), 3MPPy(DBS) and the copolymers still have
unsubstituted beta-positions in which crosslinking can occur thus
preventing formation of this highly swollen phase.

To characterise the actuation performance of the homopolymers
films, 5 um thick 3MPPy(DBS) and 3,4DMPPy(DBS) films were
electrosynthesised onto the Au wire WE using a constant potential
of 0.55 V vs. Ag/AgCl in an aqueous 0.1 M monomer and 0.1M
NaDBS solution. Electrosynthesis was undertaken in situ within the
measuring region of the LSM. This allowed film growth to be
monitoring directly in real time ensuring that all of the films were of
the same thickness. The films were actuated using a square wave
potential (OV for 200s, -1V for 200s) and all failed by brittle fracture
and delamination within a few cycles and most typically during the
first cycle. Microscopic examination of the actuated films revealed a
highly fractured surface as shown in Fig. 4b. These homopolymer
films had lower mechanical strength than the PPy(DBS) films of the
same thickness which could be actuated for many cycles without
any fracture. The decrease in mechanical strength of these films is
consistent with lower levels of crosslinking.68 Furthermore the
potentiostatic synthesis of PPy films results in oxidised films which
are more compact and containing less water and straighter and
stiffer chain segments than the reduced polymer.77 The low levels
of crosslinking present in the 3MPPy(DBS) films and absence of
crosslinking in the 3,4DMPPy(DBS) films might be more prone to
being compacted, containing straighter and stiffer chain segments
than PPy(DBS) at a polymerisation potential of 0.55V which would
explain their brittle behaviour.®® 7

Fig. 4 a) The two phases formed during (black solid phase) and after (transparent
Ehase) CV of 0.01 M 3,4DMPy and 0.1 M NaDBS }aq) at a scan rate of 0.05 V/s.

) A highly fractured homopolymer film of 3MPPy(DBS) formed during actuation
revealing the gold substrate.

This journal is © The Royal Society of Chemistry 2015
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Interestingly the transparent phase observed for
potentiodynamically synthesised 3,4DMPPy(DBS) films during cyclic
voltammetry was not observed for potentiostatically synthesised
3,ADMPPy(DBS) films. The as-polymerised (non-actuated) 3,4-
DMPPy films were more resistant to removal from the AUWE than
PPy films when heated with RCA-SC1 wash, suggesting a denser,
more chemical resistant structure for 3,4-DMPPy films compared to
PPy films. Once the 3,4-DMPPy films had been actuated this
increased resistance to chemical cleaning was no longer evident
suggesting the structure had changed as a result of the actuation
process.

3.3 Copolymer Films.

Copolymer films were electropolymerised using polymerisation
solutions comprised of mixed monomers.” "> ¥ The 5 um
copolymer films of poly(3MPy-co-Py)(DBS) and poly(3,4DMPy-co-
Py)(DBS) were electrosynthesised using mixed monomer solutions
containing different volume fractions of 0.1 M Py and 3MPy or
3,4DMPy respectively at a constant potential of 0.55 V vs. Ag/AgCl.
We were able to synthesise copolymer films using methyl pyrrole
ratios ranging from 0.03 to 0.50 resulting in smooth, adherent films.
(We will indicate the fraction by writing the number in front of the
name, e.g. 0.04 poly(3MPy-co-Py)(DBS) means a pyrrole copolymer
synthesised from 0.04 fraction of 3MPy and 0.96 Py). Given that the
rate of polymerisation of 3MPy and 3,4DMPy was greater that of
Py, the amount of substituted monomer incorporated into the
copolymer films will be higher than that indicated by the fraction of
substituted monomer in the polymerisation solution. This can be
seen by the fact that already small additions of beta-substituted
monomers result in large effects in the resulting PPy films.

Thereafter, the copolymer films were actuated using a square
wave potential of 0 V (200 s) and -1 V (200 s) and their actuation
performance assessed using LSM. The actuation behaviour of these
films could be divided into two regimes depending on the fraction
of the methyl substituted pyrrole monomer in the synthesis
electrolyte. Poly(3MPy-co-Py)(DBS) copolymer films
electrosynthesised using solutions with a 3DMPy fraction > 0.04,
and poly(3,4DMPy-co-Py)(DBS) copolymer films containing a
3,4DMPy fraction > 0.028, initially underwent deformation before
failing by delamination after a small number of cycles. These films
typically displayed large changes in reversible and irreversible
expansion as shown in Fig. 5. The irreversible expansion at times
showed instabilities (‘kinks’) which were unpredictable in their
nature.

Microscopic examination of these actuated copolymer films
showed evidence of deformation, typically manifested as rings or
ridges in the polymer films as shown in the inset in Fig. 5a. This
behaviour would explain the ‘kinks’ displayed by the profile.

It was found that both the poly(3MPy-co-Py)(DBS) and
poly(3,4DMPy-co-Py)(DBS) films polymerised on porous gold
working electrodes (pAUWE) using solutions with a 3MPy fraction <
0.04 and 3,4DMPy < 0.028 respectively, could be actuated long-
term, producing stable reversible volume change (Fig. 6).

The existence of a 'threshold fraction' separating the two regimes
is illustrated in Fig. 5b, for poly(3MPy-co-Py)(DBS). The difference
(increase) in irreversible expansion on going from 0.03 to 0.04
poly(3MPy-co-Py)(DBS) copolymers is relatively small and gradual
during the first three cycles. In contrast above 0.04 the irreversible
expansion increases rapidly and is very large, increasing with
increasing fraction of 3MPy used in the synthesis solutions. Similar

This journal is © The Royal Society of Chemistry 2015
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Fig. 5 a) A typical actuation profile for a 0.06 poly(3MPy-co-Py)(DBS) copolymer film.
The profile displays very large increases in reversible and irreversible expansions. In
region A deformation, like that shown in the inset, occurs. At point B delamination
occurs. b) An overlay of the first three cycles of 0.03 to 0.10 poly(3MPy-co-Py)(DBS)
copolymer films showing the existence of a ‘threshold’ fraction above which plastic
deformation occurs.

behaviour was seen for poly(3,4DMPy-co-Py)(DBS).

3.3.1 \Variation in actuation performance with time.
Representative actuation sequences for 5 um films of PPy(DBS),
0.028 poly(3,4DMPy-co-Py)(DBS) and 0.040 poly(3MPy-co-Py)(DBS)
are displayed in Fig. 6. These films represent copolymer films just
below their respective threshold levels. Both the 0.028
poly(3,4DMPy-co-Py)(DBS) and 0.040 poly(3MPy-co-Py)(DBS)
samples underwent significantly larger irreversible expansions than
PPy(DBS), with the 0.040 poly(3MPy-co-Py)(DBS) sample
undergoing the greatest increase. The reversible expansion of the
0.028 poly(3,4DMPy-co-Py)(DBS) sample is very similar to the
PPy(DBS) sample towards the end of their sequences, whereas the

6 0.040 poly(SMPy-co Py) DBS) 0.028 poly(3,4DMPy-co-Py)(DBS)
Ei 5
= 4 ,,/fmmmu Atdtannis
=
3 -l HMHHHHHU e il
E , llll Il Ll
Q.
ai ! PPy(DBS)
0 5000 10000 15000 20000 25000 30000 35000 40000
Time (s)

Fig. 6 Overlays showing a typical actuation sequences for 5 um films of PPy(DBS), 0.040
poly(3MPy-co-Py)(DBS) and 0.028 poly(3,4DMPy-co-Py)(DBS).
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reversible expansion of the 0.040 poly(3MPy-co-Py)(DBS) sample is
significantly less. This irreversible expansion is often considered to
be entirely due to electrochemical creep. However, we have
previously observed that as-polymerised PPy(DBS) films undergo
irreversible expansion without actuating the films (therefore no
force applied) simply by leaving them in contact with electrolyte
(0.1M NaDBS (aq)) over a period of several hours.”” This suggests
that a significant proportion of the irreversible expansion is due to
irreversible solvent swelling.

Fig. 7a shows the variation in maximum reversible expansion
with time (cycle number). During the first 25 cycles (< 10,000 s) the
largest reversible expansion for all three materials occurred in the
first reduction scan, which then decreased significantly by the
second or third cycle.81 The reversible expansion of PPy(DBS)
increases steadily with time (cycle number) until it eventually
stabilised after approximately 100 cycles (40,000 s). The 0.028
poly(3,4DMPy-co-Py)(DBS) showed similar behaviour, undergoing
relatively large increase in reversible expansion with increasing
cycle number, which stabilised after approximately 100 cycles. This
might be explained by the increased free volume being generated
by conformational chain movements and swelling of the polymer
network with time.®? Furthermore the conductivity of the polymer
network might be increased as the copolymer chains are
stretched.®® ® In contrast 0.040 poly(3MPy-co-Py)(DBS) showed a
slight decrease in reversible expansion with cycle number by about
17,000 s. Any increase in conductivity by stretching the polymer
network might be off-set by a concomitant decrease in conductivity
caused by increasing separation of neighbouring chain as a result of
a more highly swollen network.
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Fig. 7 a) The reversible expansion of PPy(DBS), 0.040 poly(3MPy-co-Py)(DBS) and 0.028
poly(3,4DMPy-co-Py)(DBS) with time. b) The irreversible expansion of PPy(DBS), 0.040
poly(3MPy-co-Py)(DBS) and 0.028 poly(3,4DMPy-co-Py)(DBS) with time.
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Fig. 7b shows the variation in irreversible expansion for the three
materials with time. All of the copolymers undergo greater
irreversible expansion compared to the PPy(DBS), with the greatest
irreversible expansion displayed by 0.040 poly(3MPy-co-Py)(DBS).
Interestingly, although the maximum irreversible expansion of the
copolymers are ultimately greater than that of the PPy films in the
stable state, the irreversible expansion of the PPy film is greater
than the copolymer films early on in the actuation sequence. The
maximum irreversible expansion of the 0.040 poly(3MPy-co-
Py)(DBS) films take approximately ten cycles to become greater
than that of the PPy(DBS). This delay is even greater for the 0.028
poly(3,4DMPy-co-Py)(DBS) films which take approximately 35 cycles
to ‘overtake' the irreversible expansion of the PPy(DBS) films.

Cation transport, which is dominating in these PPy(DBS)
materials,u’ 2 s strongly affected by the state of the polymer
matrix.®" The more compact the polymer, the slower the ion
transport.77 Films containing more linear polymer chains are able to
pack more closely and be subject to greater hydrogen bonding and
pi-stacking between chains than a highly branched and crosslinked
network. Such films would be more densely packed and display
lower ion transport rates compared to films with a more open
matrix structure.”’ Electron diffraction patterns have been obtained
for polypyrroles due to relatively small crystalline regions
embedded in an amorphous matrix.® % The lamella structure
proposed for PPy(DBS) films may be capable of even greater
order.”® This might explain the slower increase of the irreversible
expansion observed for the copolymers displayed in Fig. 7b. These
might contain a matrix with more and/or larger crystalline regions.
These regions would take longer for ions and solvent to penetrate
and overcome intramolecular forces holding them more closely
together.

Both the 0.028 poly(3,4-DMPy-co-Py)(DBS) and 0.040 poly(3MPy-
co-Py)(DBS) films display larger total maximum expansions
(reversible + irreversible) than PPy(DBS) in the stable state. This can
readily be seen by comparing the relative positions of the top of the
actuation curves in Fig. 6. The total maximum expansions for these
copolymer samples are very similar.

3.3.2 Variation with increased beta-substitution. The variation in
the maximum reversible and irreversible expansions in the stable
state as a function of the substituted monomer content is shown in
Fig. 8. It shows that the mean reversible expansion of both the
poly(3,4DMPy-co-Py)(DBS) and poly(3MPy-co-Py)(DBS) films are less
than that of PPy(DBS). A possible explanation for this is the
tendency of substituted polypyrroles to display lower conductivities
than PPy.4’ % In this respect N-substitution is known to decrease the
conductivity more than beta-substitution.” % However, there is an
increase in reversible expansion with increasing 3,4DMPy content
for the poly(3,4DMPy-co-Py)(DBS) series of copolymers. For the
0.28 poly(3,4DMPy-co-Py)(DBS) films the mean maximum reversible
expansion is almost as large as the PPy films. In contrast the mean
reversible expansion of the poly(3MPy-co-Py)(DBS) films decrease
slightly with increasing 3MPy content. Both types of copolymer
films undergo greater irreversible expansions than PPy films. The
irreversible expansion increases with increasing substituted
monomer content for both types of copolymer. Interestingly, the
mean irreversible expansion of poly(3,4DMPy-co-Py)(DBS) films was
less than the poly(3MPy-co-Py)(DBS) films in the range 0.020-0.024.
However, it does appear that poly(3,4DMPy-co-Py)(DBS) films are
capable of producing films with greater irreversible expansions than
poly(3MPy-co-Py)(DBS) by extrapolating the graph showing the
irreversible expansion of poly(3,4DMPy-co-Py)(DBS). It may simply

This journal is © The Royal Society of Chemistry 2015
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Fig. 8 The variation in maximum reversible and irreversible expansion in the stable
state with increasing substituted monomer content (n=3). Fraction 0.00 means
PPy(DBS) homopolymer. Error bar = 1SD.

be that the poly(3,4DMPy-co-Py)(DBS) films fracture and
delaminate before they can demonstrate a higher irreversible
expansion than the poly(3MPy-co-Py)(DBS).

The variation in the mean maximum expansion rate in the stable
state of the copolymer films during the reduction and oxidation
scans with substituted monomer content is displayed in Fig. 9. The
variation in expansion rate can be seen to mirror the changes in
reversible expansion for the copolymer films. Although the
expansion rate of the poly(3,4DMPy-co-Py)(DBS) films is less than
the PPy(DBS) films, the speed increases with increasing 3,4DMPy
content. In contrast, the expansion rate of the poly(3MPy-co-
Py)(DBS) films decreases with increasing 3MPy content. Comparing
the expansion rate during the reduction scan with the expansion
rate (more correctly the contraction rate) during the oxidation scan,
there is little difference observed for both the PPy and
poly(3,4DMPy-co-Py)(DBS) films. However, in general, the
expansion rate during the reduction scan is greater than during
oxidation scan for the poly(3MPy-co-Py)(DBS) films.

The variation in the mean reduction charge in the stable state,
recorded during the first 20 seconds of the cycle, with substituted
monomer content is shown in Fig. 10. The bulk of the redox charge
flow occurs within this time. Comparing the reversible expansion
(Fig. 8) with the consumed charge (Fig. 10) there is indeed less
reversible expansion and less charge for both types of copolymer
compared to polypyrrole. However, the changes in reversible
expansion and charge do not correlate (e.g. for 0.04 poly(3MPy-co-
Py)(DBS) -7.8% decrease in charge results in a -35.2 % decrease in
reversible expansion relative to PPy(DBS)) as should be expected
since these are faradaic machines.”’ On the other hand the
reversible expansion of poly(3,4DMPy-co-Py)(DBS) increases while
the charge decreases with increasing 3,4DMPy fraction. Whereas
for poly(3MPy-co-Py)(DBS) the reversible expansion decreases
whilst the charge is more or less stable with increasing 3MPy
fraction. In addition, the reversible expansion of poly(3,4DMPy-co-
Py)(DBS) undergoes a 54 % increase with increasing cycle number
(see Fig. 6, 1.52 um at cycle 2 to 2.34 um at steady state), and yet
there is essentially no change in charge (Fig. S8).

The reduced reversible expansion of the copolymers compared to
polypyrrole that accompanies the introduction of substituted
pyrrole monomers can only be explained to minor extent due to a
reduced faradaic charge exchange (due to the electronic and steric
effects®® of the methyl group) as could be expected. However, from

This journal is © The Royal Society of Chemistry 2015
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this data is it clear that there is also a large contribution due to
changes in the structure of the polymer network.

3.3.3 Poly(3,4DMPy-co-3MPy)(DBS) Copolymers. Copolymer
films were similarly electropolymerised using mixed monomer
solutions of 0.10 M 3,4DMPy and 3MPy in the volume ratio 1:100
respectively. When actuated these films displayed very large
irreversible expansions which increased with cycle number. They
displayed signs of deformation and delamination after a few tens of
cycles. The reversible expansion of the films increased then
decreased with increasing cycle number as they reached maximal
expansion prior to delamination. In this sense, the copolymer films
displayed similar behaviour to the poly(3MPy-co-Py)(DBS) and
Poly(3,4DMPy-co-Py)(DBS) above their threshold levels and
therefore were not studied further.

4. Conclusions

We have probed the relationship between network structure and
the actuation performance of polypyrrole films by synthesizing
beta-substituted polypyrroles (homopolymers and copolymers) and
comparing their actuation with polypyrrole. Beta-substitution of the
polymer prevents (‘blocks’) crosslinking and branching that occurs
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at the beta-positions. Increasing the amount of beta-substitution in
the polymer network results a decrease in crosslinking and
branching.

We have shown that a decrease in crosslinking (increased
blocking) results in an increase in irreversible expansion. This is
attributed to an increase in solvent swelling and electrochemical
creepsl‘ 8 accompanying decreasing levels of crosslinking;
behaviour which is well documented for other types of polymers
and gels.89

All of the substituted homopolymer films were of low mechanical
strength and underwent brittle fracture and delamination within a
few cycles when actuated. Prior to failure they underwent very
large irreversible expansion. In these materials the low levels of
crosslinking impact upon the strength of the materials. Crosslinking
. . . . . 90
is necessary to maintain the strength of an actuating film.

The reversible expansion of the copolymer films is less than
polypyrrole in the range investigated (below the threshold levels).
The reversible expansion of the poly(3,4DMPy-co-Py)(DBS)
increases with increasing 3,4DMPy content, whereas poly(3MPy-co-
Py)(DBS) undergoes a small decreases with increasing 3DMPy
content. The increase in reversible expansion of Poly(3,4DMPy-co-
Py)(DBS) with increasing 3,ADMPy is relatively large; for 0.28
Poly(3,4DMPy-co-Py)(DBS) it is very close to that of PPy(DBS). This
behaviour cannot be explained by electronic effects alone. We did
not see a correlation between the change in the redox charge and
the change in reversible expansion as should be expected for these
faradaic machines®. Moreover, methyl groups are expected to have
a relatively small effect on the electronic properties of the pyrrole
ring systemes‘ % and delocalisation between adjacent monomer
units along the polymer chain as occurs in the oxidised form of the
polymer68 and hence minimal effect on conductivity.67 Therefore
there appears to be a ‘structural’ or ‘polymer network’ effect.

Apart from their use as actuating materials, numerous
applications exist for these new materials. They might be capable of
being used to control the release of relatively large, biologically
relevant, molecules. At present only small molecules can be
released from within the matrix of conventional polypyrrole films as
large molecules become trapped within the highly crosslinked
matrix. The forms of polypyrrole developed in this work which have
low levels of crosslinking and become highly swollen might allow
larger molecules to be release and higher loadings of the films.

Another potential application for these materials is in the
mechanostimulation of cells.”® Here the materials would be capable
of applying a larger total strain (reversible + irreversible) to the cells
whilst maintaining the cells in a state of continuous strain
(irreversible) between strokes.

At present there is no established technique for directly
determining the crosslinking density of conducting polymers.
However, based on the work presented here, we propose that
changes in crosslinking can be indirectly monitored by observing
changes in irreversible expansion; an increase in irreversible
expansion reveals a decrease in crosslinking and vice versa. This
view is in agreement with the work of Tominaga et al. who
demonstrated that an increase in N-crosslinking results in a
decrease in the irreversible expansion of PPy films.*® Indeed, the
‘solvent swellability’ of polymers is commonly used to monitor
changes in crosslinking in important commercial polymers such as
crosslinked polyethylene e.g. American Standard Test Method:
ASTM D2765. We are currently investigating methods for directly
monitoring changes in crosslinking.
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Abbreviations

Py pyrrole; DBS dodecylbenzene sulphonate; 3MPy 3-methyl-
1H-pyrrole; 3,4DMPy 3,4-dimethyl-1H-pyrrole; PPy
polypyrrole; 3MPPy 3-methylpolypyrrole; 3,4ADMPPy 3,4-
dimethylpolypyrrole; poly(3MPy-co-Py) 3-methylpolypyrrole-
polypyrrole copolymer; poly(3,4DMPy-co-Py) 3,4-
dimethylpolypyrrole-polypyrrole copolymer; DEPT

Distortionless Enhancement by Polarisation Transfer.
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