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Abstract

Chemically activated polyacrylonitrile (aPAN) displays ionic electro-mechanically active
polymer properties. Thin, gel-like fibre is a technically feasible form of aPAN, as it quickly
shrinks or swells in response to a variation in electrolyte pH, soaking it in. A prerequisite
for direct electrical stimulation of aPAN fibres through electrolysis—produced variations in
PH is their electrical conductivity, commonly achieved by complex surface modification of’
already-formulated aPAN. The paper presents an alternative approach involving the ex-
ploitation of electro-conducting surface-modified PAN fibres as a precursor for fabrication
of aPAN. The electrical conductivity of precursor PAN fibres was achieved by the chemical
Jformation of a copper sulfide complex covering.
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conductivity, sulfide, polymer gel.

B Introduction

The idea of “artificial muscles” - mate-
rials that mimic the mechanical perfor-
mance of natural muscle tissue - is prac-
tically realised in electroactive polymers
(EAPs). EAPs are plastics and polymeric
composite materials which change their
geometric dimensions significantly (or
other mechanical properties, such as
viscosity or elasticity) in response to
electrical stimuli [1]. EAP gels (named
as Ionic Polymer Gels IPG) comprise a
sub-family of ionic EAPs. IPGs are hete-
ro-phase material systems encompassing
solid, cross-linked and partially dissoci-
ated polymer (polyelectrolyte) interpen-
etrated by interstitial liquid (solvent; usu-
ally water), remaining in thermodynamic
equilibrium with the polymeric matrix.
The special feature of IPG is its substan-
tial reversible volume change in response
to pH variations. Placing IPG in the an-
odic or cathodic region of an electro-
chemical cell allows to electrically churn
out changes in the pH of the gel liquid
phase and thus produce its shrinkage or
swelling as a result of electrical stimuli.
From an application point of view it is
highly desirable to induce pH changes
directly in the volume of the IPG, possi-
bly by means of electrodes deposited on
the surface of the gel or hosted directly in
its volume. As the kinetics of the electro-
mechanical reaction of IPG is limited
mainly by diffusion in the liquid phase,
the volume change rate depends - among
other factors - on the dimensions of the
gel actuator. In practice, this means that
the elements of artificial IPG muscles
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must be constructed in the form of thin,
micrometer-in-diameter fibres [2].

A cross-linked polymer with attached
groups of polyacrylic acid (PAA) display-
ing an anionic poly-electrolytic character
is often cited in the literature as a typical
IPG. It is produced from polyacryloni-
trile (PAN) in a two-phase conversion
process called “activation”, proposed by
Umemoto [3]. This procedure involves
the initial thermal oxidation of PAN,
which leads to the creation of a PANox
form partially cross-linked by thermally-
induced pyridine rings, but still contain-
ing a certain amount of non-reactive ni-
trile -CN groups. The subsequent second
stage of the process entails the saponifi-
cation of PANox in hot aqueous solution
of strong alkali, leading to hydrolysis of
the remaining -CN groups to carboxylic
-COOH groups of the PAA acid and the
formation of a so-called activated PAN
(aPAN) network of presumed structure,
shown in Figure I (see page 30).

The resulting aPAN hydrogel alternates
its volume in response to a change in
pH: in acidic conditions it shrinks, while
in alkaline it swells. It is a result of in-
teractions between -COOH and electro-
lyte-originated protons and changes in
the molecular conformational structure
of the aPAN cross-linked network ac-
cording to the molecular reaction mecha-
nism proposed by Schreyer [4]. As trans-
ferring aPAN strands between acidic
and alkaline solutions is not technically
feasible in practical application, a change
of pH is thus produced by means of a re-
versible electro-chemical reaction. Fibres
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Figure 1. aPAN structure (hypothetical, based on [9]).
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Figure 2. Schematic outline of PAN surface modification process.

of aPAN are located in the direct vicinity
of the anode or cathode of the electro-
Iytic cell, where the pH may be electri-
cally varied. However, such an approach
is also not perfect as it requires a massive
(in relation to aPAN strand dimensions)
electrolytic cell and electrodes, which are
bulky (e.g. made of metallic mesh) or la-
borious to make (e.g. by winding a thin
Pt wire around aPAN strands). There-
fore for a direct electrical stimulation of
aPAN fibre its surface must be made to
be electro-conductive in order to produce
an electrode that stays in intimate contact
with the aPAN gel. Such conductivity is
achieved either by post-activation chemi-
cal Pt metallisation [1] or by making up
aPAN composite structures encompass-
ing Ag, polyaniline or polypyrolle [1].
Hou at al. showed that the electrospin-
ning of a PAN solution containing up
to 35% of multiwall carbon nanotubes
(MWCNT) surface-modified with car-

30

boxylic groups furnishes PAN-MWCNT
composite nanofibres approx. 200 nm in
diameter with carbon nanotubes well-
aligned along the fibres length [5]. Gon-
zalez and Walter exploited such an ap-
proach to make aPAN fibres electro-con-
ductive by means of carbon nanotubes
(MWCNT) and graphite modification.
PAN-MWCNT composite nanofibre
mats, with significant agglomeration of
conductive additive material were suc-
cessfully produced by electrospinning.
However, when subjected to thermal an-
nealing and hydrolysis the integrity of
aPAN mats was significantly reduced,
producing  weak, difficult-to-handle
structures not applicable as electrically-
activated IPG [6]. An approach to apply
activated carbon to compose electrodes
and to exploit the electric double layer ef-
fect (as exercised in supercapacitors) for
actuation in supramolecular nanocom-
posite ionogel containing UV-photopol-

ymerized hydroxyethyl methacrylate in-
terpenetrated with ionic liquid (1-butyl-
3-methylimidazolium tetrafluoroborate),
was recently exploited by Liu et al. as
a method to produce non-water based
IGP applicable for a wide temperature
range [7].

Treatments used to establish conductiv-
ity in aPAN are thus complicated, mul-
tistage, and require toxic, explosive or
flammable chemical reagents. Moreover
such conductive phases are non-replica-
ble, unstable and weakly bonded with
the IPG fibre core. As a result their de-
lamination after a very limited number of
electrochemically-induced shrink-swell
cycles is observed, leading to the disap-
pearance of electrically-driven mechani-
cal action.

The paper presents an experimental at-
tempt to reverse the conventional for-
mulation sequence of PAN — aPAN —
— conducting aPAN. In such a custom-
ized approach, raw PAN fibres were
initially made to be surface-conducting
and then exploited as a precursor to pro-
duce aPAN. A wet xanthate process was
adopted to produce surface-conductive
PAN by surface modification to form
a superficial layer made of copper sulfide
complexes bonded to nitrile functional
groups of the underlying PAN fibre core.
It provided a continuous, highly con-
ductive, robust and strongly PAN fibre-
bonded covering resistant to wear and
multiple washing. It is a well-established
process developed and commercially
employed by the Textile Research Insti-
tute. Electro-conducting PAN fibres com-
mercially produced this way are known
under the brand name Nitril-static (N-S)
and are used to manufacture charge dissi-
pative yarns and nonwovens [8]. Surface-
conducting PAN precursor with a copper
sulfide complex covering was then sub-
jected to the classical chemical activation
process, involving thermal oxidation and
saponification, transforming firm PAN
fibres to gel-like aPAN filaments display-
ing properties representative of IPG.

I Materials and methods

Commercially available PAN fibres
(Dralon X 100, Dralon GmbH, Germany)
of 20 - 25 um diameter and 3.3 dtex linear
density in the form of 60 mm long staples
were used in a wet process leading to the
formation of an electro-conducting cov-
ering. A proprietary xanthating method
developed by the Textile Research Insti-
tute (Lodz, Poland) consisted of several
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wet treatment steps undertaken in a hot
water bath containing:

= 5% w/w CuSOy - 5 H,O and

5 7% wiw Na28203 -5 H20
(concentration given in relation to
the mass of the fibres processed).
The acidity of the reaction bath was kept at
pH 3 by the addition of a suitable amount
of formic acid. Figure 2 illustrates the
schematically thermal and reactional
treatment steps leading to the formation
of copper complexes strongly bonded to
the PAN surface. Finally the fibres were
thoroughly rinsed in distilled water and
hot air dried. The above-mentioned xan-
thating process was also applied in order
to restitute the electro-conductivity of
aPAN gel fibres, which will be discussed
later in the text.

In order to obtain aPAN electroactive gel,
the PAN precursor fibres were subjected
to a traditional two-phase conversion
process [4]. First the fibres were ther-
mally oxidised in ambient air at 220 °C
for 90 minutes and then slowly cooled
down; oxidation process parameters were
chosen according to Shreyer [4]. Loose
strands of PANox were then bonded into
bunches containing a few hundred fibres,
for each of which chemo-resistant epoxy
resin was used (460 DP, 3M). Bundles of
PANox fibres were then subjected to sa-
ponification in boiling 1 N aqueous solu-
tion of LiOH for 30 minutes. The result-
ing aPAN gel fibre bundles were finally
thoroughly rinsed in distilled water for
30 min.

Microscopic examination and fibre com-
position analysis was made using an SEM
microscope (Hitachi S-3400N, Japan) fit-
ted with an EDS analyser. The reaction
of aPAN to pH variation was monitored
visually using an optical microscope
(MMT 800BT, Microlab, Poland). Meas-
urement of the resistance of individual
fibres was carried out using an electrom-
eter (Keithley 6517, USA) working at
10 V test voltage. In order to do that two
electrodes made of copper foil adhesive
tape (1181, 3M) were affixed to a dielec-
tric substrate and separated by a 10 mm
gap. The electrodes were fitted with cable
connectors to the electrometer and single
polymeric fibres were then attached be-
tween electrode pairs using electro-con-
ducting glue (EP77M-F, Masterbond).

I Results and discussion

The electrical surface conductivity in
PAN precursor fibres was related to
the continuous copper sulfide CuySy
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SEM MAG: 999
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Det: BSE Detector 100 pm

‘WD: 10.9680 mm

Figure 3. Surface-conducting PAN fibres: a) SEM image, b) EDS-SEM microanalysis of

the fibre cross-section.

SEM MAG: 1.00 kx
Det: BSE Detector 100 ym
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WD: 10.2670 mm VEGAW TESCAN g/’

Figure 4. PANox fibres after thermal treatment: a) SEM image, b) EDS-SEM microanalysis

of the fibre cross-section.

layer strongly attached to the PAN fibre
surface, owing to co-ordinate bonding
with PAN nitrile functional groups [9].
Such electro-conductive sulfide cladding
displayed both good mechanical endur-
ance and resistance to multiple washing.
The as-processed PAN precursor fibres
had a distinctive, olive-greenish hue and
diameter of approx. 22 pm (Figure 3.a).
The surface of the PAN precursor fibres
was minimally rough (Figure 3.a inset)
and generally homogeneously, composed
of a negligible number of minuscule
dust-like protrusions.

EDS-SEM composition microanalysis of
the PAN precursor surface revealed C,
Cu, S, and O as its main atomic compo-
nents. The ratio of Cu:S = 1:1 determined
suggested that the main compound pre-
sent in the superficial section of the fibre
was CuS (which may also be respon-
sible for its olive-greenish coloration).
The EDS-SEM line composition microa-
nalysis focused on 2 constituents of CuS
i.e. Cu and S, and was also carried out

along the cross-section of the fibre (Fig-
ure 3.b). Low quality SEM image shown
in Figure 3.b (and also in Figure 4.b)
was due to the so-called environmental
mode used for the EDS-SEM analysis in
order that its results not be hindered by
the PAN precursor specimen Au metalli-
sation used in the standard SEM mode of
operation (the environmental mode uses
low pressurization of the SEM chamber
and thus residual humidity to disperse
electron-beam-generated charges, which,
however, results in low quality SEM
images fuzzed and blurred due to elec-
tron beam dispersion). Such ESD-SEM
line analysis indicated, however, that
the sulfide covering was not strictly su-
perficial, because the majority of Cu and
S atoms were located to a depth of about
2 um, corresponding to about 20 % of the
diameter of the fibres. This fact explains
the good adhesion of the conducting
layer to PAN fibre and its resistance to
wear and wash. The experimentally de-
termined resistance of 1 cm of the PAN
precursor fibre was approx. 1 MQ. As-
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Figure 5. Microphotographs of aPAN fibres at: a) pH 1, b) pH 7, ¢) and d) pH 14 (explana-

tion in the text).
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Figure 6. SEM image of aPAN fibres after attempt to restitute the surface-conducting

sulfide cladding.

suming that the thickness of the sulfide
layer was 2 um, its mean resistivity was
approx. 1.2 Qcm, which stayed in a good
agreemnet with literature data which de-
clared that more than 87% of electro-con-
ducting PAN fibres displayed a resistivity
in the range 1 - 5 Qcm [10].

After the completion of the first phase of
the activation process i.e. after thermal
oxidation, the PANox fibres become uni-
formly black. SEM microscopic analysis
showed (Figure 4.a) that the thickness
of the fibres decreased to approx. 18 pm
and the microstructure of the oxidized fi-
bre surface was not noticeably distorted.
Unfortunately as a result of the oxida-
tion process, fibres lost their initial good
electrical conductivity, manifested by
a resistance exceeding 1000 MQ, as ex-
perimentally determined for 1 c¢cm long
PANox fibres.

EDS-SEM composition analysis made
along the oxidized fibre cross section
(Figure 4.b) indicated evident changes in
the distribution of Cu and S in the sub-
surface region of the fibre as well as
a substantial change in the Cu:S ratio in
this area. It suggests that the sulfide layer
was partially diffused towards the fibre
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core and supposedly some part of the
original CuS was also thermally trans-
formed into other Cu-S compounds. Lit-
erature sources provide a different CuS
transformation temperature: 220 °C [11],
130 - 330 °C [12], 181 - 313 °C [13]
and the temperature range cited depends
mainly on the way CuS was synthesised.
It can therefore be presumed that when
the PAN precursor fibres were heated
a thermo-chemical transformation of
CuS into chalcocite CuyS or digenite
Cu, ¢S may have already started at 130 -
180 °C. The resulting black colour of the
PANox precursor fibres further supports
this assumption as chalcocite is a black
mineral. As a result of CuS diffusion
and transformation into Cu-reach forms,
a significant deterioration of electrical
conductivity was observed. Chalcoc-
ite Cu,S is substantially more resistive
(5.7 x 105 Q/sq [14]) than digenite
Cuy gS (346 Q/sq [14]) and both display
p-type semiconducting properties. On
the other hand covellite CuS exhibits
metallic-like conduction [15] and is char-
acterized by low resistivity (3.6 x 10-6 -
- 6.3 x 10-7Qm [16]).

Despite the negative result of the first
phase of the activation i.e. obtaining

non-conductive PANox fibres, they were
subjected to saponification in order to
test whether such altered PANox fibres
may be correctly saponified to produce
the aPAN form, whether sulfide surplus
may interfere with the saponification pro-
cess, and whether it is possible to recreate
a sulfide covering on such gel aPAN fibre
boundless using the xanthating method.
Saponification process parameters, in-
cluding the use of LiOH, were chosen ac-
cording to Choe [17]. PANox fibres were
bonded together with chemo-resistant
glue into boundless prior to saponifica-
tion because loose PANox fibres tend to
form unusable tangles when boiled. As
a result of saponification, proper elastic
fibres of aPAN were fabricated, which
significantly contracted when the pH
was reduced from 14 (I N LiOH) to
7 (distilled water). Strong volumetric
variations of gel aPAN fibres caused by
a pH shift were clearly evident in micro-
scopic images (Figure 5). An increase
in pH from 1 to 7 was accompanied by
over 180% relative thickness expansion
of the fibres from approx. 40 um (Fig-
ure 5.a) to approx. 75 um (Figure 5.b).
A further increase in pH up to 14 brought
about a thickness rise of up to approx.
135 um (Figure 5.c), almost reaching
the 330% relative thickness change relat-
ed to the pH range 1 - 14. Due to the iso-
tropic character of the expansion process,
the length change of the fibres was ex-
pected to be similar. It was also observed
that among the correctly pH-responding
aPAN fibres there were some exotic fibres
that reacted correctly by compression in
acidic conditions but displayed virtually
no volumetric change in the pH range
7 - 14 (Figure 5.d). However, the reason
for this effect was unidentified.

Finally an attempt was made to re-create
a sulfide complex layer on aPAN gel
fibres using the same procedure as ap-
plied to produce the covering on PAN
precursor fibres. However, as a result
only a certain fraction of aPAN gel fibres
was covered with a layer of CuySy, (Fig-
ure 6.a) and the coating was deposited
only along parts of the fibre length. The
sulfide layer was not dense and it con-
sisted of porous agglomerates built up on
the filament surface (Figure 6.b). The re-
created coating was therefore completely
different in nature from the covering
formed on the original PAN precursor fi-
bres, where the sulfide layer was built in
the surface and sub-surface part of the fi-
bre and represented its solid section. As
the re-formed covering was non-continu-
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ous it did not provide a path for electrical
current flow, making the aPAN gel fibre
non-conductive. The failure in re-crea-
tion of the conductive sulfide covering
may be identified as related to the mini-
mal amount of —CN functional groups
left in the aPAN once the saponification
process (turning —CN into -COOH) was
terminated. On the other hand, the sulfide
formation method required the existence
of nitrile groups, which were responsi-
ble for creating centers for Cu atom co-
ordination bonding. The areas of aPAN
on which the sulfide layer was re-estab-
lished probably contained residual -CN
groups that had not been transformed in
-COOH during the course of saponifica-
tion. Such a flimsy sulfide layer could
also have arisen as a result of the pre-
cipitation of sulfides from the solution
and their physical deposition on the fibre
- the spongy structure of the restituted
sulfide conglomerates, which was weak-
ly linked to the surface of the fibres, tes-
tifying to this assumption. An additional
factor which led to the weak coverage
of fibres with a properly attached sulfide
layer was also related to the necessity
to carry out the xanthating process us-
ing bundles of aPAN, which seriously
hampered the penetration of reagents
between individual fibres. As a result,
only a minor fraction of fibres was fitted
with electrically-conductive surface enti-
ties, which translated into the electrical
discontinuity of such structures and to
the very high electrical surface resistance
of aPAN subjected to CuySy restitution.

@ Conclusion

It was experimentally shown that electro-
conductive PAN can be used as a precur-
sor to form proper aPAN gel, responding
to a shift in pH from 1 to 14 with a more
than 300% relative thickness change.
Unfortunately the process of thermal
oxidation of the electro-conductive PAN
precursor leads to the disappearance of
its surface electrical conductivity, associ-
ated with the diffusion and thermal trans-
formation of CuS into a less conducting
sulfide type. An attempt at restitution of
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this layer on aPAN gel fibres was not ef-
fective due to the lack of coordination
bonding sites, required for the formation
of properly bonded CuS. Further experi-
ments need to be performed in search of
an effective CuS deposition technique
for aPAN gel fibres, which may include
the application of dyes which display
the capacity of coordinative bonding to
metal sulphides [18].

Editorial note

The work presented was carried out within the
research activities of the Division of Electrical
Engineering Fundamentals of Wroclaw Uni-
versity of Technology. Its preliminary results
were presented as a poster presentation
during the 10th symposium EI-Tex 2012 ,Elec-
trostatic and electromagnetic fields — new
materials and technologies”, 12-13.11.2012,
t6dz, Poland.
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