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Introduction

One-dimensional nanomaterials, in particular nanofibers and
nanofibrous nonwovens, are unique nanostructures with
extraordinary potential in the technological context' and in
medical application.>* Filtering,”® functionalization of tex-
tiles,® fiber reinforcement,”® catalysis,” drug delivery,'® wound
healing'"'* and tissue engineering’*'* are just some examples
of new opportunities. Among the different technologies'>*® to
afford nanorods, nanowires or nanofibers, electrospinning
is the only one which enables the fabrication of continuous
polymer fibers with diameters down to a few nanometers."”™*°
The high surface to volume ratio of nanofibers, which
improves the material sensitivity with respect to the bulk, com-
bined with a relative large productivity, makes electrospun
nanofibers very attractive for sensing.””*' In electrospun
materials, chemical sensing®*>* has been demonstrated when
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intrinsic conducting polymers (ICP), such as polyaniline
(PANI), are employed.>* The interest towards PANI comes from
its versatile synthesis*>*® and doping chemistry,>”*® high con-
ductivity***° and excellent environmental stability.>" Moreover,
in contrast to classical metallic conductors or polymeric insu-
lators, PANI can be reversibly switched by protonation and
deprotonation between a semiconductive emeraldine base
form and a conductive emeraldine salt.>*"** Different compo-
sites with gold®® or silver*® nanoparticles embedded into the
PANI polymer have been recently reported. Furthermore, PANI/
composite systems were proposed as active filters of hazardous
elements in water, such as mercury®”*® and chromium(vi).**°
Unfortunately, the process to produce PANI fibers is not
straightforward. To overcome this issue, several approaches
have been reported.*" Strategies include blending PANI with
a polymer which supports the fiber formation.*>*> However,
the presence of this insulating component often prevents
high electrical conductivities from being achieved. Although
the supporting material can be removed by a selective
rinsing,*® the fibrous morphology can be strongly affected by
this post-processing. Core-sheath PANI fibers with excellent
morphology and remarkable conductivity have been demon-
strated by means of coaxial electrospinning®”~*° that, however,
requires a careful optimization to gain control over the
process.

Another interesting method to obtain core-sheath nano-
fibers with an outer conductive polymer consists of the
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production of a polymer mat to act as a template and the sub-
sequent in situ polymerization of monomers to form a sheath
of an intrinsically conducting polymer grown onto the
template.’”>" This approach has been employed in the case of
polypyrroles®®*® and also in the case of PANI, with the
polymerization of the latter being performed in solution with
a two-step process, namely the diffusion of the monomer onto
the fiber surface followed by the oxidative polymerization of
the adsorbed monomer by addition of ammonium persulfate
in an acidic medium.**”*® As a matter of fact, the process
leads to rough fiber surfaces and not uniform fiber mats.
Moreover, PANI particle deposition often occurs not only onto
the fiber template but also between fibers and randomly in the
mat, which results in poor quality of the final coating.

In this paper we demonstrate the production of emeraldine
salt (ES) defect-free PANI nanofibers produced through a novel
and simple approach. The polymer membrane is prepared by
the spontaneous segregation of N-phenyl-1,4-phenylenedi-
amine (ADPA) onto the Nylon 6 fiber surface during the
electrospinning and the subsequent polymerization of this
template upon immersion into a solution containing an
oxidant agent and an acidic species. A doping process leads to
PANI fibers in the ES form. The presence of the aniline dimer
only on the template surface drives the formation of a homo-
geneous PANI sheath on the fiber template, disabling any
polymerization out of the fibers. As a result, PANI self-standing
membranes with exceptionally uniform and smooth fiber
morphology are attained.

Experimental method
Materials

Nylon 6 in pellets, formic acid (puriss. p.a., ~98%), iron()
chloride anhydrous (FeCly), iron(ur) hexahydrate (FeCl;-6H,0),
N-phenyl-p-phenylenediamine 98% (ADPA), ammonium per-
sulfate (APS, 98%), acetone (>99.5%), oxalic acid (>99%),
hydrochloric acid (37%) and p-toluenesulfonic acid mono-
hydrate (p-TSA, >98.5%) were purchased from Sigma Aldrich.
All reagents were used as received.

Preparation of the feed solutions

N-FeA - Nylon 6 and FeClz anhydrous: Nylon 6 pellets (15 wt%
with respect to formic acid) were dissolved in formic acid, and
then anhydrous iron chloride (5.6 wt% with respect to formic
acid) was added.

N-FeH - Nylon 6 and FeCl;-6H,0: Nylon 6 pellets (15 wt%
with respect to formic acid) were dissolved in formic acid, and
then hexahydrate iron chloride (8.85 wt% with respect to
formic acid) was added.

N-sFeH - Nylon 6 and segregated FeCl3;-6H,0: Nylon 6 pellets
and hexahydrate iron chloride were separately dissolved in
formic acid and acetone, respectively. The Nylon 6 concen-
tration was set at 25 wt% (with respect to formic acid), while
the FeCl;-6H,O concentration was 8.85 wt% (with respect to
Nylon 6). Acetone and formic acid were taken in a 2:7 (v/v)

ratio. Once total dissolution was reached, the two solutions
were mixed and the mixture was magnetically stirred until a
homogeneous phase was obtained.

N-sADPA - Nylon 6 and segregated N-phenyl-1,4-phenylenedi-
amine (ADPA): Nylon 6 pellets were dissolved in formic acid,
while separately ADPA was dissolved in acetone. The Nylon 6
concentration was set at 25 wt% (with respect to formic acid),
while different concentrations of ADPA were considered
(48, 54, 60.5, 67, 73 wt% with respect to Nylon 6). Acetone and
formic acid were taken in a 2:7 (v/v) ratio. Once total dis-
solution was reached, the two solutions were mixed and the
mixture was magnetically stirred until a homogeneous phase
was obtained.

N-ADPA - Nylon 6 and N-phenyl-1,4-phenylenediamine
(ADPA): formic acid solutions of Nylon 6 (25 wt% with respect
to formic acid) containing ADPA (67 wt% with respect to
Nylon 6) were prepared.

N6 - Nylon 6: formic acid solutions of Nylon 6 (25 wt%
with respect to formic acid) with no other additives were
prepared.

Polymer fibers by electrospinning

Electrospinning was performed by loading the polymer solu-
tion in a 2.5 mL syringe with a 22 gauge needle (Hamilton
Gastight model 1002 TLL), which was then mounted on a
infusion pump (KDS Scientific, model series 200) that feeds
the solution into the capillary nozzle at a constant flow rate of
0.05 mL h™". All the electrospinning runs were carried out at
room temperature using a bottom-up vertical configuration.
Voltage was applied to the needle by a High Voltage Power
Supply (Spellman SL30P300). Fibers were collected randomly
on glass and on silicon substrates; the best setup parameters
are listed in Table 1.

Diffusion step

A diffusion bath containing an aqueous solution of N-phenyl-
1,4-phenylenediamine (0.125 M) and HCI (0.175 M) was pre-
pared and heated at 40 °C until complete dissolution. The
N-FeH and N-sFeH electrospun fiber webs collected on a glass
or silicon substrates were immersed in the solution. Samples
were next rinsed in acetone and distilled water, and then dried
with filter paper and stored under a hood for one night to
ensure a gentle and complete drying.

Table 1 Electrospinning parameters of the preparation sets

Voltage Tip-collector Flow rate
Preparation (kv) distance (cm) (mLh™)
N-FeA 15 20 0.05
N-FeH 15 20 0.05
N-sFeH 20 10 0.05
N-sADPA 17 10 0.05
N-ADPA 18 20 0.05
N6 18 20 0.05



Oxidative polymerization

Polymerization was performed by immersing the samples (i)
after a diffusion step for N-sFeH set or (ii) as spun for N-sSADPA
set in an oxidation bath containing APS (0.125 M) and HCI
(0.175 M) at 0 °C. The effect of other acids, such as oxalic acid
and p-toluenesulfonic acid (p-TSA), keeping the molar con-
centration constant, was also tested.

This step was carried out in an ice bath®>"** in order to slow
down the reaction kinetics and gain better control over the
polymerization rate. For the N-sFeH set, the oxidation time
was set at 30 min. Conversely, different oxidation times were
tested for N-sADPA as this procedure has not been investigated
so far. The core/sheath fiber webs were then washed with dis-
tilled water, dried with filter paper and stored under a hood
until the complete evaporation of the solvent.

Doping

Doping was carried out upon immersion of the samples in an
acidic solution, followed by drying with filter paper to remove
the excess acid. Different acids, including HCI, oxalic acid
(H2C,0,), sulfuric acid (H,SO,) and p-toluenesulfonic acid

(CH3C¢H,SO3H), were tested at different concentrations,
namely 1 M, 0.5 M and 0.175 M.

Characterization

A high resolution scanning electron microscope (SEM), FEG
LEO 1525 was used to collect electron micrographs of the elec-
trospun fibers. No conductive coating was deposited onto the
samples. The mean diameter and distribution from the SEM
images were determined with the Image] software (Rasband,
W.S., Image], U. S. National Institutes of Health, Bethesda,
Maryland, USA, http:/rsb.info.nih.gov/ij/, 1997-2014). Contact
angles (CA) were measured with an OCA system-DataPhysics
according to the sessile method. Fourier transform infrared
spectroscopy (FT-IR) was performed in transmission mode
using a Nicolet NEXUS FTIR interferometer (DTGS detector)
on free-standing electrospun membranes. The ADPA spectrum
was collected from a drop cast film from acetone on the ZnSe
substrate. The resolution was 0.1 cm™" and 256 sample scans
were acquired. The Omnic 7.1 software (Thermo Nicolet Instru-
mentation) was used to analyze the spectra. Ultraviolet-visible
(UV-vis) absorption spectra were recorded on a Varian Cary
5000 spectrophotometer with the integrating sphere to
measure the diffuse reflectance of the fiber mats.

Results and discussion

The electrospinning of conjugated polymers is generally rather
demanding because of their limited solubility, relatively low
molecular weight and rigid backbone. Among the possible
methods reported in the literature to produce conjugated
polymer fibers,>**® we referred to polymerization onto fiber
templates, which allows the production of fibers with an
insulating core and a conducting sheath. We have previously
demonstrated that on exposing an electrospun polymer

template containing an oxidizing salt to pyrrole vapours, a
polymerization occurs at the fiber surface to afford Nylon
6/polypyrrole fibers.>?

Herein we applied a similar procedure to produce polyani-
line (PANI) fibers. Nylon 6 was chosen as a core polymer since
it has been widely electrospun and the stability of polyamide
to many solvents makes it suitable for a wide range of appli-
cations. The literature reports ammonium persulfate (APS) as
the common oxidant employed in PANI synthesis.** However,
APS cannot be directly dissolved in the Nylon 6 feed solution
since formic acid reduces it to sulfate, disabling its ability to
polymerize aniline. For this reason, iron(m) was used. Com-
pared with APS, iron(m) chloride is characterized by a lower
oxidation potential, which is not high enough to promote
aniline polymerization. Interestingly, this problem can be over-
come if, instead of aniline, N-phenyl-p-phenylenediamine
ADPA is used as a starting monomer.>®

Hexahydrate iron(um) chloride was preferred to the anhy-
drous one as the latter is highly hygroscopic. A good fiber
morphology was obtained by using the same molar amount of
anhydrous salt which has been tested in a previous work> (see
ESI Fig. 1f). However, during the following polymerization
steps, consisting in the monomer diffusion and oxidation in
acidic medium, polyaniline growth suffered from poor control
(see ESI Fig. 21). We have tentatively ascribed this fact to the
lack of a sufficient quantity of iron chloride onto the fiber
surface to promote a uniform PANI polymerization. Acetone
was added to the formic acid to promote segregation of the
FeCl,-6H,0 during the flight of the spun jet.”” Surface segre-
gation was expected to improve the polymerization efficiency,
the quantity of salt available on the template surface being
larger. The experimental flow chart of this strategy is shown in
Scheme 1.

Acetone was chosen for the solvent induced segregation
since it (i) easily dissolves hexahydrate iron(ui) chloride, (ii)
shows a boiling point (56 °C) lower than formic acid
(100.8 °C), so it evaporates faster than the main solvent and
(iii) it is a bad solvent for polyamides.

PROCESS |
OPTIMIZATION | “ TG SEGREGATION
SOLUTION
TEMPLATE "G

Nylon 6+ FeCl, 64,0
electrospun fiber web

DIFFUSION
Immersion in aniline dimer + HCI
solution @ 40°C

OXIDATION

Mising acqueous (NH,),$,0, + HCI
Solution in ICE BATH .

RINSING

Distifled water; 25°C

Nylon 6 and
FeCls

Scheme 1 Flow chart of the process to yield N-sFeH fibers. On the
right: the sketch of the resulting core—sheath fiber mat.
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characterization  of

Fig. 1 Morphological N-sFeH (8.85 wt%
FeCls-6H,0) electrospun nanofibers: (a) SEM image at 20 kV, a flow rate
of 0.05 mL h™* and a tip-collector distance of 10 cm. SEM images of
N-sFeH electrospun nanofibers after a diffusion step of (b) 180" and
(c) 120'. (d) SEM images of N-sFeH electrospun nanofibers tp s = 180" +
tox = 30'

The volume ratio between acetone and formic acid was opti-
mized from 0:1 v/v to 3:7 v/v in order to dissolve the
maximum quantity of FeCl;-6H,0, while avoiding instability.
The best condition was 2 : 7 v/v of acetone to formic acid ratio
with 8.85 wt% of FeCl;-6H,0O with respect to Nylon 6 (25 wt%
with respect to formic acid).

The SEM analysis (see Fig. 1a) showed defect-free electro-
spun fibers with a mean diameter of 217 + 40 nm.

The presence of segregated iron nanostructures cannot be
highlighted by SEM due to the very thin nanofiber diameters.
In the literature Nylon 6 is electrospun from hexafluoroiso-
propanol®® to give fibers with larger diameters, thus allowing
the investigation of the details of the fiber surface. However,
FeCl;-6H,0 is not soluble in hexafluoroisopropanol.

Immersion in an acidic aqueous solution of APDA for 120
and 180 minutes (tgi) to promote diffusion of the aniline
dimer onto the fiber surface and its possible polymerization
did not affect fiber morphology and size. Statistical analysis of
mean diameters for N-sFeH fibers at different diffusion times
shows no significant changes of fiber diameter and
morphology, as reported in Fig. 1b and c and ESI Fig. 9.}

This result led to the hypothesis that no polymerization
occurred onto the fiber surface. Fibers were then immersed in
an oxidation bath to further promote polymerization, but just
new rough aggregates covered the fibrous mat (Fig. 1d oxi-
dation time 30’ (¢.x)). Despite fibers being expected to be likely
coated by PANI, the presence of these large defective islands
suggests a poor control over the polymerization and a low
template induced-effect ruled by the Nylon/FeCl; mat.

Nylon 6 and segregated N-phenyl-1,4-phenylenediamine
(ADPA) template nanofibers

As PANI did not uniformly coat fibers or, in the last case,
no uniform control over the template polymerization was

TEMPLATE
Electrospun nanofibers
Nylon 6 + Segregated Aniline Dimer
(Formic acid + Acetone)

RINSING
Distilled water
Double immersion

DOPING
Acid solution
HCI/p-TSA/H,SO,

'MEMBRANE
Electrospun nanofibers

(NH,),5,0, + HCl solution Nylon 6+ PANI ES

inICE BATH

Filter paper

Scheme 2 Flow chart of the experimental process carried out on
Nylon 6 and segregated ADPA blend.

achieved, any procedure involving the addition of oxidant salts
in the Nylon fiber template was not further considered. Alter-
natively, the feed solution was loaded with the aniline dimer
instead of the oxidant and segregation was solvent-induced to
maximize the dimer concentration at the surface. Afterwards,
the fibrous template with the surface-segregated ADPA
was polymerized upon immersion in the oxidation bath
(Scheme 2). This procedure lowers the number of steps as the
polymerization occurs in a single reaction bath containing
both the oxidant salt and the acidic species without any
diffusion step of the aniline monomer or dimer.

Template production

Different solutions of Nylon 6 (25 wt% with respect to formic
acid) and ADPA in formic acid and acetone (ratio 2:7 (v/v)
with respect to formic acid) were electrospun in order to deter-
mine the maximum loading concentration of ADPA (from
0 wt% to 73 wt% with respect to Nylon 6) to guarantee a stable
electrospinning process. SEM images of the electrospun mats
collected starting from different aniline dimer concentrations
are shown in Fig. 2. Despite defect free fibers being obtained
at every condition, electrospinning underwent instability when
the aniline dimer concentration was increased to 73 wt%.

Interestingly, no segregated spot onto the fiber surface is
evident, thus leading to the hypothesis that a uniform segre-
gation at the fiber surface occurred. Electrospun nanofibers
containing 67 wt% of ADPA (Fig. 2e) were considered for the
following study.

To highlight the effect of ADPA segregation onto the fiber
surface, analogous non-segregated N-ADPA mats were pre-
pared, resulting in good fiber morphology also in this case
(see ESI Fig. 37).

Surface segregation of the aniline dimer during the fiber
formation was monitored by contact angle (CA) measurements:
a contact angle value of 122° was obtained for the pure Nylon
6 fiber mat, which is well consistent with that reported by Pant
et al.”® By addition of an aniline dimer into the feed solution,
CA reduces till reaching a plateau at concentrations higher
than 60 wt% (Fig. 3). Decreasing the contact angle while
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Fig. 2 SEM images of N-sADPA loaded with different ADPA concen-
trations: (a) 0%; (b) 48%; (c) 54%; (d) 60.5%; (e) 67%; (f) 73% wt% ADPA
with respect to Nylon 6.
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Fig. 3 Contact angle of Nylon 6 and N-sADPA electrospun nanofibers
with different ADPA concentrations.

increasing surface segregation is related to the presence of
amine groups in the N-phenyl-p-phenylenediamine.

UV-Vis spectra in diffuse reflectance were recorded on both
fiber samples prepared with and without the presence of
acetone in the feed solution. Fig. 4 reports the values 1-R
(magnification of the visible region is reported in the ESI
Fig. 47).

The curve of the pure Nylon 6 mat (green line) shows the
typical trend of a scattering material with no absorption in all
the 250-2500 nm region.

In contrast, the absorption fingerprints at 290, 420
and 625 nm typical of ADPA are evident in N-sADPA and
N-ADPA.*°

1,0 {2900m
09+
0,8+ '

420nm
0,7 4

1-R

06 4

625nm
05
04

034

T T T T T T T T
400 600 800 1000 1200 1400 1600 1800 2000 2200 2400

A (nm)

Fig. 4 UV-Vis diffuse reflectance spectra of Nylon 6 fiber mats (green
line), N-sADPA (blue line) and N-ADPA (red line).

Absorbance

1750

1650 1600 1550 1500

Wavenumbers (cm-')

1450 1400

Fig. 5 FTIR spectra of electrospun N6 (blue line) and N-sADPA mats
(red line), and ADPA film (green line). Narrowing of the amide | and
amide Il is highlighted in blue.

However, the relative intensity of these features differs
between the segregated and non-segregated samples, the
former being characterized by a higher absorption in the
regions corresponding to the ADPA bands. This evidence
demonstrates that the presence of acetone in the feed solution
is effective in ADPA segregation at the fiber surface.

Relevant information on the interaction between polyamide
and the aniline dimer was obtained from FTIR spectroscopy
(Fig. 5). The detailed peak assignment of the two components
is reported in Table 1 of the ESL7 It is worth noting that the
bands associated with amide I and amide II vibrations (at 1650
and 1542 cm™', respectively) of the pure Nylon 6 mat are
broad, being affected by all the possible conformations of the
methylene segments. When Nylon 6 is loaded with ADPA, a
significant sharpening of the amide I and II peaks is
noted, which leads to the hypothesis that an interaction
between the aniline dimer and nylon amide groups actually
occurs that hampers some possible conformations in the poly-
amide chain. This hypothesis is further confirmed by the
weakening of the N-H stretching of the aniline dimer (see ESI
Fig. 51).
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Fig. 6 N-sADPA (ADPA 67 wt% with respect to Nylon 6): on the left:
SEM image after oxidative polymerization (tox = 150 s); on the right:
after doping in HCL (0.175 M).

Oxidative polymerization

Upon immersion of N-sADPA (67 wt% ADPA/Nylon 6) in the
oxidation bath, polymerization occurred at the fiber surface.
Oxidation bath temperature was set to 0 °C since at room
temperature the polymerization kinetics is too fast.

Immersion in the oxidative bath was varied from 30 s,
150 s, 300 s, 450 s to 600 s to determine the best time scale
for polymerization to be completed while avoiding an over-
oxidation of the PANI.>

Polymerization does not affect either the fibrous morphology
or fiber size distribution (Fig. 6 and ESI Fig. 107). By statistical
analysis of the electrospun mats it turns out that the mean fiber
diameter was equal to 160 + 30 nm before polymerization and
150 = 30 nm after oxidative polymerization. Therefore, the final
PANI mat has a similar diameter distribution to the Nylon 6
template. Acting on the solution parameters, such as polymer
concentration, and processing conditions as voltage and flow
rate, it is possible to control the fiber diameter of the final mat.

During polymerization by immersion in APS (0.125 M) and
HCI (0.175 M) bath the ivory fibrous membrane turned dark
grey immediately after the immersion, then pale blue. After
rinsing in water and drying, the final color of the mat was
bluish, typical of the emeraldine base (Fig. 7).

The effects of other acids, such as oxalic acid or p-toluene-
sulfonic acid (p-TSA), were tested (0.175 M). The former
showed poor solubility under the polymerization conditions,
whereas fibers were successfully polymerized with p-TSA.
Despite fibrous morphology being retained after oxidation,
SEM images showed the presence of some shining spots,
probably associated with residual p-TSA (see ESI Fig. 67).

The formation of PANI onto the fiber surface upon immer-
sion of the mat in the oxidation bath containing APS (0.125 M)

Doping bath

Fig. 7 Colour turning of the N-sADPA electrospun nanofibrous mem-
brane after oxidative polymerization and doping steps: (a) free-standing
fibrous membrane as spun; (b) after oxidative polymerization step: tox =
150 s in APS (0.125 M) and HCL (0.175 M); (c) after the following doping
step: tpop = 30 s in HCL (0.175 M).

120 4

100

CA mean ()

T

T T
N6 N-sADPA N-sADPA after polymerization

Fig. 8 Contact angle (CA) measurements of the N6 nanofiber mat, as-
spun N-sADPA mat, N-sADPA mat after oxidation in APS (0.125 M) for
150 s. Each value arises from the average of at least ten measurements
on different points of the same sample.

R(as spun)/R(ox)

06 ‘
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Fig. 9 UV-Vis reflectance spectra of N-sADPA (67 wt% ADPA vs. Nylon
6) electrospun nanofibers tox = 20 s (blue); tox = 50 s (red); tox = 120 s
(green). R (as spun)/R (ox) spectra.

and HCI (0.175 M) was monitored by contact angle measure-
ments with UV-Vis and infrared spectroscopy.

The CA value of the electrospun mat increases after
polymerization (see Fig. 8), as the primary amine groups of
ADPA react during the oxidation step.

UV-Vis spectra collected in diffuse reflectance mode of
samples after 20, 50 and 120 seconds of immersion in the
polymerization bath were recorded. Relative spectra obtained
as the ratio R(as spun)/R(ox) to avoid the scattering issue and
highlight the differences are reported in Fig. 9 (as recorded
spectra is reported in ESI Fig. 77).

The growth of absorption bands at 315 nm and at 620 nm
is consistent with the electronic transitions in the emeraldine
base,®®* as sketched in Fig. 10, while the decrease in absorp-
tion at 290 nm indicates that the ADPA was exhausted during
polymerization.®***

Although UV-Vis reflectance spectroscopy clearly demon-
strates the occurrence of polymerization, the kinetics of the
process could not be quantitatively determined as spectra
suffer from the scattering due to the fibrous morphology, and
a common baseline could not be set.
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Fig. 10 Energy diagrams and molecular structure of PANI before
doping (emeraldine base form EB) and after doping with HCL (emeral-
dine salt ES) (values of level transitions adapted from the literature®®).

Conversely, it is possible to monitor the reaction proceed-
ing by IR spectroscopy, following some vibrational modes
which are strongly modified during the PANI formation
(Fig. 11).

A gradual disappearance of the peaks near 1600 cm ™
occurs, which are fingerprints of the aniline dimer. These
features are associated with the aromatic ring stretching and
the N-H bending of the primary amine (-NH,), which is
the functional group involved in the polymerization reaction.
This band totally disappears after 150 s of polymerization,
so this time was adopted as the optimal to complete the
polymerization.

For a prolonged oxidation time ({ox = 150 s), a band at
1147 cm™" is observed, which has been assigned, according to
ref. 67, to the vibrations of the positively charged polymer
units Q=NH'-B or B-NH'"-B, where Q indicates a quinoid

Absorbance

1700 1600 1500 1400 1300
Wavenumbers (cm-")

Fig. 11 FTIR spectra of N-sADPA (67 wt% ADPA vs. Nylon 6) in wave-

numbers range 1700-500 cm™ at different oxidation times: before oxi-
dation step (red); tox = 10 s (green); tox = 30 s (blue); tox = 150 s

(orange).

structure while B, the benzenoid one. It means that a slight
protonation may accompany oxidation, which is reasonable
since polymerization occurs in an acidic environment.
Although this assignment could be an object of criticism since
many vibrations lie in this frequency range, this hypothesis
has also been confirmed by the spectra collected after a base
treatment (see ESI Fig. 11 on the right), which was carried
out upon immersion of the sample in an aqueous solution of
KOH (0.175 M). The band at 1147 cm™" completely disappears,
thus indicating that alkaline treatment has effectively removed
the partial doping.

Doping step

In order to convert polyaniline from the blue emeraldine base
form to the conductive green emeraldine salt, a doping
process was carried out in an acidic environment. 1 M and
0.5 M HCI was too aggressive and a damage of the fabric was
observed. Immersion into the 0.175 M HCI doping bath, which
is the same concentration used in the polymerization, did not
affect the homogeneity and uniformity of the mat (see Fig. 6
on the right). To avoid possible damaging of the fibers, the
excess of acid was removed by drying the fibrous mat onto an
absorbing paper. Doping time was set at 30 s.

The statistical analysis on the diameters evidenced that the
distribution frequency, with average diameter of 140 + 20 nm,
did not change by doping (see ESI Fig. 107). Doping was also
performed with oxalic acid, p-TSA and sulfuric acid and
similar results have been obtained in all cases.

It is known that doping leads to the formation of charged
species (e.g. polarons and bipolarons) which are evidenced by
the appearance of a broad electronic band at longer wave-
lengths in the UV-vis spectra. As regards PANI, the position of
the polaronic absorption bands shifts to a longer wavelength
while increasing the size of the dopant. Specifically, PANI
doped with a smaller dopant shows a polaronic band located
at 800-900 nm, whereas a band above 1000 nm characterizes
PANI doped with a larger dopant.>*®

In the UV-Vis spectra (Fig. 12), the band at 620 nm charac-
teristic of PANI emeraldine base disappears with HCI doping,
while two bands at ca. 800 nm and 400 nm were found, the
latter being ascribed to a convolution of the two bands at ca.
360 nm and at 440 nm which are related to the n-n* and polar-
on-n* transitions, respectively®® (as recorded spectra are
reported in ESI Fig. 81). The band at lower energy (e.g. 800 nm)
is related to n—-polaron transition. For the sake of clarity, the
energy diagram for PANI-ES is reported in Fig. 10. Interest-
ingly, the doped material evolved with time and, in the spec-
trum collected one hour later, some bands slightly arise in the
region of 1000-1500 nm, whose appearance may be ascribed
to the relaxation along the chain structure of polarons and
bipolarons.

The modifications of the IR spectra induced by doping
involve different vibrational modes; indeed, it is expected that
a large portion of the spectrum changes upon doping as the
size of the polaron and bipolaron is large, thus involving
several chemical units; within this frequency range, many
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Fig. 12 UV-Vis reflectance spectra N-sADPA (67 wt% ADPA vs. Nylon 6)
electrospun nanofibers: tox = 150 s (black); tpop = 60 s (red); tpop = 60 s
after 1 h (blue). R (pristine)/R (doped) spectra.

weak, medium, and sometimes very strong bands may be
observed. A school of thought®® claims that the doping
induced infrared spectrum is only the result of a “spreading”
of the electronic intensity on the infrared spectra. The
phenomenon is called “Fano resonance” and is still under
study for simple systems.

Samples were analyzed immediately after the doping step,
once the membranes were dried. The collected spectra of the
protonated samples are reported in Fig. 13.

Looking at the range of the spectrum from ca. 1400 to ca.
900 cm ™" as arising from the vibrations of polarons or bipolar-
ons, HCI and H,SO, were revealed to be weak doping agents
because band intensities related to the protonated emeraldine
salt do not significantly increase. Protonation still remains not
efficient even if the dopant concentration increases.

Conversely, p-TSA turned out to be a more efficient doping
agent than HCI or H,SO, as the IR spectrum shows a strong
doping-induced increase in intensity.

Absorbance

Y Ut

1800 1600 " 1200 1000 800 " 600

Wavenumbers (cm-1)

1400

Fig. 13 FTIR spectra in wavenumbers range 1800-500 cm™ before
doping (red) and after doping: tpop = 30 s in HSO4 0.175 M (green);
toop = 30 s in HCL 0.175 M (orange); tpop = 30 sin p-TSA 0.175 M (blue).

Incidentally, for some dopants own normal modes may be
recognized with a few characteristic bands which do originate
from motions localized right in the counterion. These parti-
cular features can be well observed in the case of p-TSA: the
hydrogen sulfonate counterion of tosylate may be evidenced by
the band at 1040 cm™" that is attributed to the symmetric
SO; stretching. New bands appear at 900 cm™" and 560 cm ™"
by doping and both are due to the SO*~ group of p-TSA.>*

Conclusions

Homogeneous and defect-free emeraldine salt PANI nano-
fibrous membranes consisting of a Nylon 6 core and a poly-
aniline (PANI) sheath were demonstrated by means of
electrospinning combined with template polymerization.
Although the general procedure could consist of the introduc-
tion of an oxidant salt that promotes the polymerization in the
feed solution to be electrospun, this strategy turned out to be
not successful even in the case of the segregation of
FeCl;-6H,0 onto the fiber surface. Nevertheless, segregation
was exploited in the new two-step process herein proposed
where N-phenyl-1,4-phenylenediamine (ADPA) is loaded into
the Nylon 6 feed solution and then polymerized upon immer-
sion of the composite fibers into a solution containing an
oxidant and an acidic species. The control over the process
resulted to be excellent, providing homogeneous fibers which
maintained the same morphology during the polymerization
step. Formation of a PANI sheath onto the fiber surface was
demonstrated by monitoring the polymerization by UV-Vis and
FTIR spectroscopy. The composite Nylon 6/PANI nanofibrous
membranes were doped to give the emeraldine salt. Among
the different acids, the most effective doping has been
obtained with p-TSA.

The method herein proposed provides an easy, simple,
rapid route to the production of remarkable free-standing
emeraldine salt PANI membranes which, combining the high
surface to volume ratio of the elctrospun mats with the versati-
lity of polyaniline coating, leads to potential developments
in biological applications, chemical sensors and filtration of
hazardous elements.
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