Open Access Article. Published on 14 April 2017. Downloaded on 12/4/2025 3:56:26 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Joumal of

Materials Chemistry A

ROYAL SOCIETY

OF CHEMISTRY

View Article Online

View Journal | View Issue,

{ ") Check for updates ‘

Cite this: J. Mater. Chem. A, 2017, 5,
9733

Silvia Montolio,® Gabriel Abarca,? Raul Porcar, Jairton Dupont,©
Maria Isabel Burguete,® Eduardo Garcia-Verdugo &

Hierarchically structured polymeric ionic liquids
and polyvinylpyrrolidone mat-fibers fabricated by
electrospinningy

@ and Santiago V. Luis =

Different polymeric ionic liquids/polyvinylpyrrolidone (PILs/PVP) fiber membranes were prepared by
electrospinning from the corresponding polymeric blends. Supramolecular interpolymeric interactions
between PILs and PVP seem to define not only the solution properties but also the final morphology and
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performance of the mat-fibers. The fine tuning of the counter anion and the length of the alkyl chain

allows modulating both their hydrophilic/hydrophobic properties and their morphology. In this way, it
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Introduction

Electrospun polymer fibers are of great current interest because
they allow the preparation of nanostructured materials with
potential applications in different fields such as filter media,*
energy,” drug delivery,® nanosensors,* tissue engineering® or
catalysis.® Ultrafine fibers can be produced by several tech-
niques but the use of electrospinning has been increasingly
investigated.” It is considered as one of the most simple, effi-
cient and versatile methods for preparing mats of micro- and
nanoscaled fibers from polymer solutions.®? The nanofiber
morphology and microstructure obtained can be controlled and
adjusted by the experimental electrospinning parameters and
by the intrinsic physico-chemical properties of the polymer or
polymer mixtures used in the preparation.® In this context, the
fabrication of polymeric membranes based on a variety of
blends in which each of the components provides a series of
specific properties to the membrane is of increasing impor-
tance, particularly in energy related fields.>*®

Ionic liquids (ILs) are well-known materials with excellent
tuneable physico-chemical properties.'* The application of ILs
to materials science has led to new scientific and technologic
developments.”” ILs have been employed as functional
advanced materials, advanced media for materials production
or components for preparing highly functional materials."®
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was possible to obtain materials with potential applications in different fields as highlighted by the
promising results obtained for oil-water separation or for the synthesis and stabilization of AuNPs.

Properly designed ILs can dissolve a wide spectrum of organic,
organometallic and inorganic compounds and polymers. Their
application in electrospinning has increased the families of
materials from which fibers can be made, opening up new
avenues in the preparation of fibers by this technique. Thus, for
instance, ILs provide a good solvent ability for biopolymers
enabling the electrospinning of recalcitrant materials like
cellulose.” The preparation of functional hybrid materials
based on blends of ILs and conventional polymers can lead to
advanced systems combining the properties of polymers (e.g
mechanical strength) and ILs (e.g. high ionic conductivity, high
thermal stability, or catalytic activity).”” This can also be
accomplished by the design of polymeric ionic liquids (PILs).*®
The solution properties of this kind of polyelectrolytes make
them electrospinnable polymers enabling the development of
PIL-based membrane systems with interesting morphologies.
Besides, the properties of these membranes can be easily
adjusted by fine tuning the PIL structure. The surface wetting
behaviour,*® for instance, can be greatly affected by a simple
exchange of PIL anions, with anions such as C1™, Br and BF, "
providing hydrophilicity, and others like PFs~ and Tf,N~
impairing hydrophobicity." However, there are scarce examples
of the formation of electrospun membranes derived from the
homopolymers obtained by free radical polymerisation of the
ionic liquid monomers. This is associated with the difficulty in
preparing PILs with the physicochemical properties required
for this purpose and the examples reported are always based on
PILs having a large molecular weight but, at the same time,
displaying a very large and uncontrolled polydispersity.>***
Here, we report on the synthesis, characterization and
application of polymeric membranes prepared by electro-
spinning of blends of different PILs with poly(vinylpyrrolidone)
(PVP). The PIL/PVP interactions define the morphology and
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properties of the obtained membranes. The fine-tuning of the
counter anion and the length of the alkyl chains on the IL-
fragments allows modulating their hydrophobic/hydrophilic
properties and the morphology of the fibers obtained. The
mats obtained can be used for oil-water separation and as
nanostructured supports for the synthesis and stabilization of
metal nanoparticles by sputtering deposition.

Experimental
Materials

All the reagents and solvents used were commercially available
and were used as received unless otherwise stated. 4-Vinyl-
benzyl chloride (p-chloromethylstyrene, 90%, Aldrich) was
purified by passing through a column of basic aluminium
oxide. 4-Cyano-4-(phenylcarbonothioylthio)pentanoic  acid
(CPA, >97%, Aldrich), 4,4'-azobis(4-cyanovaleric acid) (ACVA,
>98%, Aldrich), N,N-dimethylformamide (DMF, 99.5%, Schar-
lab), 1-methylimidazole (99%, Aldrich), 1-octylimidazole (98%,
Aldrich), 2-methyl tetrahydrofuran (2-Me-THF, 99%, Acros),
methanol (MeOH, 99.9%, Scharlab), bis(trifluoromethane)sul-
fonimide lithium salt (LiNTf,, 99%, Aldrich) and acetone HPLC
(99.9%, Scharlab) were used as received. Polyvinylpyrrolidone
(PVP) had M,, = 1 300 000 and was obtained from Aldrich.

Materials characterization

The surface morphology of the electrospun films was analyzed
with a scanning electron microscope (SEM) (JEOL 7001F) after
platinum coating. The diameter of the fibers was measured on
the basis of SEM images. IR spectroscopy was used to check
intra- and inter-polymer interactions and the molecular struc-
ture of the membranes. FT-IR spectra were obtained using
a spectrometer (JASCO FT/IR-6200) equipped with an ATR
(MIRacle single-reflection ATR diamond/ZnSe) accessory at 4
em™" resolution (4000-600 cm™" spectral range). Differential
scanning calorimetry (DSC) (DSC8, Perkin Elmer) was per-
formed in a nitrogen atmosphere at 10 °C min~ " heating rate.
Elemental analyses were obtained with a CHN Euro EA 3000
instrument. Wettability of the membranes was determined by
using a static contact angle goniometer in open air (Phoenix-
150, Surface Electro Optics, Korea).

Synthesis of poly(vinylbenzyl chloride) 2

Compound 1 (50.0 g, 327 mmol), CPA (0.915 g, 3.27 mmol)
and ACVA (0.275 g, 0.983 mmol) were dissolved in DMF (46
mL) and the solution was deoxygenated with five freeze-thaw-
cycles. Then, the mixture was heated at 120 °C for 24 hours.
The polymerization was stopped by immersing the flask in
liquid nitrogen. The mixture was diluted with acetone and the
product was isolated by precipitation with methanol followed
by further purification by two precipitations with acetone and
methanol. Polymer 2 was isolated with 45% yield and
a molecular weight of 6.9 kg mol™' (1.5 PDI, determined
by GPC).
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Synthesis of polymeric ionic liquids 4a-b

Synthesis of 4a. 1-Methylimidazole (3a, 6.3 mL, 79.2 mmol)
was added to a solution of polymer 2 (6.04 g, 39.6 mmol) in 2-
Me-THF (24 mL). The reaction was allowed to proceed at 40 °C
for 2 days. The partially modified polymer precipitated during
the reaction, so MeOH (40 mL) was added to keep the polymer
in solution. The polymer 4a was finally purified by dialysis with
a cellulose membrane against MeOH and isolated by evapora-
tion to yield 4a with 71% yield.

Synthesis of 4b. PIL 4b was obtained by the same method-
ology described above using octylimidazole (3b, 7.8 mL, 39.4
mmol) and 2 (3.00 g, 19.6 mmol) in 2-Me-THF (25 mL) at 40 °C
for 2 days. MeOH (35 mL) was added to the reaction mixture to
avoid the precipitation of the partially modified polymer. The
final polymer was obtained by dialysis against MeOH and iso-
lated by evaporation to yield PIL 4b (76% yield).

Synthesis of polymeric ionic liquids 5a-b

Synthesis of 5a. A solution of LiNTf, (3.40 g, 11.8 mmol) in
acetone (20 mL) was added to a solution of 4a (2.50 g, 10.6
mmol) in MeOH (35 mL). The mixture was stirred at room
temperature for 24 hours. After evaporation, the residue was
suspended in Mili-Q® water (40 mL) and extracted with EtOAc
(3 x 30 mL). The organic fractions were collected, dried over
anhydrous MgSO, and vacuum evaporated to afford polymer 5a
(80% yield).

Synthesis of 5b. Polymer 5b was obtained by the same
methodology used to obtain 5a, using a solution of LiNTf,
(1.90 g, 6.6 mmol) in acetone (20 mL) and a solution of 4b
(2.00 g, 6.0 mmol) in MeOH (30 mL); (82% yield).

Synthesis of the polymeric ionic liquid 6a

Synthesis of 6a. A solution of CF;(CF,);SO3;K (3.70 g, 10.7
mmol) in Mili-Q® H,O (60 mL) was mixed with a solution of
polymer 4a (2.54 g, 10.8 mmol) in MeOH (170 mL). The mixture
was stirred at room temperature for 24 hours. After evaporation,
the residue was suspended in Mili-Q® water (40 mL) and
extracted with EtOAc (3 x 30 mL). The organic fractions were
collected, dried over anhydrous MgSO, and vacuum evaporated
to afford polymer 6a (99% yield).

Preparation and properties of electrospinning solutions

Polymer solutions for electrospinning were prepared by mixing
and sonicating, for 40 min at room temperature, the corre-
sponding polymer 2, 4a-b or 5a-b, (25% by weight) with PVP
(9% by weight) in the appropriate solvent (DMF or MeOH).

Characterization of the electrospinning solutions

Three main parameters were determined for each solution
assayed. Surface tension: it was obtained by the pendant drop
method by using a Phoenix-150 instrument (Surface Electro
Optics, Korea). Viscosity: it was determined with a rotating
viscometer (Brookfield R/S-CPS+ Rheometer, USA). Conduc-

tivity: it was measured by electrochemical impedance

This journal is © The Royal Society of Chemistry 2017
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spectroscopy (broadband dielectric spectrometer NOVOCON-
TROL CONCEPT-80, BDS-80, Germany).

Electrospinning process

The electrospinner used in this study was a Fluidnatek LE
100.V1 (Biolnicia, Spain). The polymer solutions were loaded
into a plastic syringe equipped with a stainless steel needle tip
(0.9 mm inner diameter). The tip-collector working distance was
fixed at 16 cm. The applied voltage was kept between +23 and
—13 kV and the flow rates ranged from 1 to 2 mL h™". The
electrospun fibers were collected on aluminum foil that covered
a rotating collector. All electrospinning experiments were
carried out at room temperature and a relative humidity of 36%.
The obtained membranes were vacuum dried overnight in an
oven at 50 °C.

Sputtering process

A film mat of the corresponding polymeric blend (40 mg) was
placed into a Petri plate (3 cm in diameter) and degassed for 2 h
at 298 K under vacuum prior to introduction into the sputter
chamber. The vacuum chamber was placed under a sputtering
working pressure of 3 mbar by adding an Ar flow. Au (99.999%
purity) deposition was performed in a MED 020 (Bal-Tech,
CMM-UFRGS), in the sputter mode, with a discharge voltage
of 345 V (40 mA) for 120 s. After the deposition, the chamber was
vented with N,. The films were recovered and stored for their
further characterization and application.

TEM

For the transmission electron microscopy (TEM) analyses, the
samples were dispersed in ethanol at 25 °C and then submitted
to ultrasonic agitation over 20 min. After this, two drops of the
dispersion were placed on a carbon coated copper grid. Micro-
graphs were obtained using a JEOL JEM1200 EXII operating at
an acceleration voltage of 80 kV at 200 kV (CMM-UFRGS). The
diameters of the particles in the micrographs were measured
using the software Image].

Ultraviolet-visible diffuse reflectance spectra

UV-Vis spectroscopy measurements were performed in a Shi-
madzu UV2450 spectrophotometer (diffuse reflectance mode)
using an integrated sphere accessory and a light wavelength
range between 200 and 800 nm. The band gap was estimated
from the intercept of the absorption edge with the energy axis in
the plot (k/s)* vs. kv as reported in the literature.?

Results and discussion

Preparation of nano-structured PIL/PVP mats by
electrospinning

PILs 4a-b were prepared by chemical modification of polymer 2,
which was obtained by reversible addition-fragmentation
chain-transfer (RAFT) polymerization. This modification was
carried out using two N-substituted imidazoles, bearing two
different N-alkyl groups (R = -CHj; (3a) and R = —(CH,),CHj;

This journal is © The Royal Society of Chemistry 2017
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(3b), Scheme 1).>* Metathesis of the Cl™ counter anions by the
more hydrophobic NTf,” and CF;(CF,);SO; ™ anions led to the
corresponding PILs 5a-b and 6a, respectively (Scheme 1).

Initial electrospinning attempts of a solution composed
solely of PIL 4a failed to produce fibers. The obtained materials
were mainly composed of beads. This can be due to the low
molecular weight of the polymer precursor 2 (6.9 kg mol ') and
the associated very low viscosity of the resulting solutions. It is
known that the molecular weight of the polymer is an important
factor to define the resulting morphologies in this process.?

In order to overcome this problem, the blending of the PILs
with an additional polymer of higher molecular weight and
which could be easily electrospun was employed. Poly-
vinylpyrrolidone (PVP) was selected as the blending polymer.
PVP is a linear biocompatible synthetic polymer able to increase
the viscosity of the polymer solutions and with good electro-
spinnability that, additionally, is soluble in water and different
organic solvents.* Furthermore, PVP presents specific benefits
related to electrospinning like its extractability and ability to act
as a non-ionogenic partner for the electrospinning of an iono-
genic polymer.*® Hence, PVP is widely used in the fabrication of
fibers via electrospinning with various other materials that are
unspinnable or hardly spinnable by acting as a polymer carrier,
a partner or a guide.

Different polymer solutions were prepared by mixing poly-
mers 2, 4a-b or 5a-b, (25% w) and PVP (9% w) in the corre-
sponding solvent. For polymer 2 and PILs 5a-b displaying
a more hydrophobic character, DMF was used as the solvent,
while MeOH was used for the more hydrophilic PILs 4a-b con-
taining chloride and the counter anion. The use of PVP/PIL
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mixtures had a significant impact on the main properties of the
polymeric solutions like surface tension, viscosity and electric
conductivity (Table 1).

These properties influence the electrospinnability of the
corresponding polymer solutions to obtain fibers with the
desired morphology. Furthermore, the N-alkyl substitution
pattern of the imidazolium and the type of the counter ion in
PILs also allow for the fine tuning of the properties of the cor-
responding mixtures.' Fiber formation is primarily governed by
the viscosity of the polymer solutions and by the applied electric
fields.?® A significant increase on the viscosity was observed for
the polymeric mixtures in comparison with solutions solely
formed by PVP. The most viscous solution was found for the
mixture 5a/PVP (entry 7 Table 1) with a viscosity one order of
magnitude greater than the one for PVP. This viscosity was more
than 2.5 fold larger than the one obtained for the 2/PVP mixture
corresponding to the unmodified polymer. This is consistent
with the nature of the entanglements provided by the interac-
tions between the two polymers used in the mixtures, with these
interactions stronger for the polymers bearing IL-like units than
for the unmodified poly(p-chloro-methylstyrene). Interestingly,
the behaviour of viscosity as a function of the shear rate also
differs for the different polymeric mixtures (Fig. S9, ESIT).

On the other hand, as expected, the addition of the poly-
meric electrolyte increases the electric conductivity of the
polymeric mixtures in comparison with the non-charged solu-
tions by one order of magnitude.””

The solutions with one or two polymers were electrospun
and collected as is schematically described in Fig. 1. The elec-
trospinning parameters were adjusted during the electro-
spinning by collecting samples in situ and analysing the
morphology of the materials obtained by using an optical
microscope (Fig. S1, ESIT). As the equipment is provided with
two independent power supplies, negative voltages were applied
to the collector in order to direct the electrospinning jet towards
the collector.

Once the efficient electrospinning conditions were stabi-
lised, mats composed of a dense layer of entangled fibers were
obtained and collected in aluminum foil as membranes of ca.
20 x 15 cm®. The mats were dried under vacuum at 50 °C and
their morphology was analyzed by SEM. Fig. 2 and S2-S8 at the

Table 1 Characterisation of polymeric blends solutions

PIL : PVP
Entry  Pol. mix. (solv.) (% w/% w)  u” v’ o°
1 PVP (MeOH) 0:9 0.0500 — = —
2 PVP (DMF) 0:9 0.0596 — —
3 ps? — 0.1590 26.9 2.1 x10°
4 2 : PVP (DMF) 25:9 0.3120 32.6 1.5x 107"
5 4a: PVP (MeOH) 25:9 0.5560 23.6 4.2 x 10
6 4b: PVP (MeOH) 25:9 0.5360 324 1.3 x10°
7 5a : PVP (DMF) 25:9 0.8430 321 1.1 x10°
8 5b:PVP (DMF)  25:9 0.6030 284 2.7 x 1073

@ u = viscosity (Pa s). ” y = surface tension (mN m™"). © ¢ = electric
conductivity (S em™?). ¢ 30% PS 35000 and 5% PS 280000 in DMF.
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Fig. 1 Schematic diagram illustrating the formation of mats by elec-
trospinning of a polymer blend solution of PVP (M,, = 1300 000 g
mol™) and PILs in either DMF or MeOH (ca. 1/2.5 weight ratio).

ESIt show some representative images of the morphologies
observed for the electrospun mats prepared. Table 2 summa-
rises the main data obtained. In general, the formed mats did
not show any indication of polymer phase separation at the
compositions assayed. The nature of the polymeric mixtures
had a strong impact on the morphology of the mats obtained.
Thus, the mixture 2/PVP led to continuous, cylindrical, bead-
free fibers with an average diameter of 530 nm (Fig. S2, ESIT).
Nano-fibers with a similar morphology were also obtained for
the mixtures of polymers having hydrophobic PILs, although, in
these cases, the fibers were thinner (360 nm and 280 nm for the
5a/PVP and 5b/PVP blends, respectively). This can be associated
with the increase in electric conductivity for the corresponding
solutions in comparison with the mixture 2/PVP (entries 7 and 8
vs. 2, Table 1) and the existence of stronger interpolymeric
interactions. In an analogous way to that observed for ILs in
solution, this facilitates the formation of thin and more
uniform fibers in PVP."?*

Surprisingly, polymeric mixtures containing PILs with the
Cl™ anion formed micro-ribbons instead of cylindrical fibers
(Fig. 2a and b). In addition, the size of these micro-ribbons was
in the order of micrometers rather than nanometers (13.9 + 3.6
um and 8.8 + 2.5 um for the blends 4a/PVP and 4b/PVP,
respectively). A ribbon-like shape is usually attributed to the
initial formation of a thin skin on the surface of a liquid jet in
the early stage of the electrospinning due to the rapid evapo-
ration of the solvent. Elimination of the remaining solvent
requires its diffusion through this skin. The collapse of the
resulting tube-like skin gives place to ribbon morphologies that
can display a variety of cross sections.”?*** The use of MeOH as
the solvent instead of DMF could be considered to favor this
process. However, well-defined cylindrical PVP fibers were ob-
tained under our experimental conditions for PVP in MeOH
(10% w, Fig. S8, ESIT) in good agreement with the literature
data.”® Hence, the ribbon-like shape observed for the 4a/PVP
and 4b/PVP blends should be attributed to the presence of the
PIL in the polymeric mixture. An IL or PIL component will

This journal is © The Royal Society of Chemistry 2017
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Fig. 2 SEM images for the electrospun mats formed from polymer blends 4a/PVP (a), 4b/PVP (b), 5a/PVP (c) and 5b/PVP (d).

Table 2 Electrospinning parameters used to fabricate the PIL : PVP fibers®

Entry Pol. mix. Voltage (kV) Fiber morphology Size®

1 2: PVP +14, -9t Fibers 530 + 120 nm
2 4a : PVP +13, —8° Ribbons, thickness 0.5 um 13.9 + 3.6 um
3 4b : PVP +14, —10° Ribbons, thickness 1.14 8.8 £ 2.5 um

pm

4 5a: PVP +21, —10¢ Fibers 360 £ 70 nm
5 5b : PVP +21, —13¢ Fibers 280 + 110 nm
“ In all experiments, the distance tip-collector was 16 cm. ” Flow rate 2 mL min . ¢ Flow rate 1.5 mL min~". ¢ Flow rate 1 mL min . ¢ Diameter and

thickness determined by SEM analysis.

produce an increase in the conductivity of the corresponding
mixtures, in particular when chloride is present as the counter
anion,” and this has been shown to influence the electro-
spinning process, although its main effect seems to be
enhancing the preparation of smooth fibers.** Formation of
electrospun flat fibers has been demonstrated to occur at high
M,, and concentrations, in particular when intra- and inter-
polymer bonding is enforced during solvent evaporation in
the electrospinning jet.** This has also been observed for
mixtures containing components that could increase inter-

This journal is © The Royal Society of Chemistry 2017

polymeric interactions, as is the case of a SAN (styrene-
acrylonitrile) copolymer in the presence of [BMIM][CI],** or
PVP in the presence of RUNO(NOj3);.** A strong inter-polymeric
association is expected to provide a similar effect to that of high
M,, polymers, and facilitate the formation of the skin on the
surface of the jet leading to the ribbon morphology. Thus, the
results shown in Fig. 2 suggest that inter-polymeric interactions
can be stronger for the combination of PVP with PILs 4a and 4b
containing Cl™ as the anion, in good agreement with other
experimental results that will be discussed later on.
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Another remarkable difference is that the mats derived from
PILs 4a and 5a bearing IL-like units with an N-methyl substi-
tution tend to give less dense entanglements than 4b and 5b
displaying N-octyl substitution and thus providing increased
hydrophobic interactions.

Wettability of PIL/PVP mats as a function of their composition

The surface wettability of the mats prepared was evaluated by
performing water contact angle measurements (WCA, Table 3).
The wettability of a solid surface is a very important property,
which is governed by both the chemical composition and the
geometrical microstructure of the solid surfaces.**

The film formed by the 2/PVP blend showed a slightly
hydrophobic character. It presented a WCA of 79.1°, similar to
the one obtained for a pure PS (polystyrene) membrane ob-
tained under analogous conditions (WCA = 78.8°, Table 3). This
result is somehow surprising as the 2/PVP mat is composed of
ca. 9% by weight of PVP, which is a hydrophilic polymer highly
soluble in water. In contrast, when a water droplet (2 uL) was
put in contact with the surface of the mats blended with PVP
and polymers 4a-b (PILs bearing Cl~ as the anion), the water
droplet immediately spreads over the film giving a formal
lecture for the water contact angle of 0° contact angle. This
indicates, as expected, that the mats are hydrophilic, with both
polymers in the blend being water soluble. However, the surface
of the films derived from PILs having NTf,  as the counter ion
showed a clear hydrophobic nature (105.3° and 82° for 5a/PVP
and 5b/PVP, respectively). It is worth noting that these values
are larger than those obtained for PS (78.8°) and for the blend 2/
PVP (79.1°). These results confirm that the anion exchange in
the PILs can be used to modulate the hydrophilicity/
hydrophobicity of the membrane surface. It should also be
pointed out that the WCA values obtained for 5a/PVP and 5b/
PVP reveal a higher hydrophobic character than other materials
modified with N-alkyl IL-units having hydrophobic counter ions
(see Fig. 3).3%38

On the other hand, the previous results also put forward that
surface wettability depends not only on the counter anion but
also on the length of the alkyl chain. Lee et al. have shown that
the wettability of Au surfaces coated with monolayers of thiol-
functionalized ILs is largely dependent on the length of N-

Table 3 Contact angle (CA) measurements for water and glycerol

Entry Method Pol. mix. WCA Glycerol
1 Electrospinning 2: PVP 79.1 110

2 Electrospinning ps® 78.8 —

3 Electrospinning 4a: PVP 0 0

4 Electrospinning 4b : PVP 0 0

5 Electrospinning 5a: PVP 105.3 102.6

6 Casting 5a: PVP 39.8 —

7 Electrospinning 5b : PVP 82 124.7

8 Electrospinning 6a: PVP 65.4 108.1

¢ PS polystyrene film prepared by electrospinning a solution 30% W of
PS 35 000 and 5% PS 280 000 in DMF.
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Fig. 3 WCA values reported for different materials modified with IL-
like units; data taken from ref. 35-38.

alkyl chains of the imidazolium salt.*” Two different trends were
claimed. For the shorter N-alkyl-chains (C1-C4) the nature of
the counter anion controlled the surface wettability (Fig. 3). On
the contrary, for long N-alkyl-chains (C > 4) little effect on the
WCA was observed by exchanging the anion. For these cases, it
is likely that anions are embedded in the long N-alkyl-chains
and in close contact with the imidazolium cations. Thus, the
wettability is mainly related with the length of the N-alkyl-
chains (Fig. 3). Taking all this into account, it is noteworthy
that the present films showed an opposite trend. The 5a/PVP
film, with PILs bearing an N-methyl substitution, presented
a WCA of 105°, while the electrospun 5b/PVP composite film
bearing an octyl residue showed a smaller contact angle (82°,
23° less than the 5a/PVP film).

It is also remarkable that a significant difference on the WCA
was also observed between films with identical composition (5a/
PVP) but obtained either by casting or by electrospinning. The
mats prepared by electrospinning led to hydrophobic surfaces
with a WCA of 105.3°, while wettability of the film prepared by
casting was larger showing a significantly smaller contact angle
of 39.8°. The more structured material obtained by electro-
spinning is clearly improving the hydrophobic nature of the
surface of the films.

It should be mentioned that in the case of self-assembled
monolayers of long-chain fluorinated imidazolium ILs grafted
via -Si-O- covalent bonds to Al surfaces, superhydrophobic
materials (WCA above 160°) were obtained.* PIL 6a bearing
perfluorobutanesulfonate as the anion was prepared by
a simple anion exchange from 5a. The presence of the fluori-
nated chain in the counter ion was expected to enhance the
hydrophobic behaviour of the film formed by electrospinning
the corresponding solution of 6a/PVP. Surprisingly, the result-
ing film displayed a smaller WCA (65.4°) being even smaller
than that obtained for 2/PVP (79.1°).

The SEM images of the mats obtained from a 6a/PVP mixture
(Fig. 4) show a morphology displaying a combination of very
thin fibers and larger ribbons. According to data obtained from
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Fig. 4 SEM images for the electrospun mats formed from polymer
blends 6a/PVP.

pure PVP mats (Fig. S8, ESIt) and from other PIL/PVP mixtures,
this could correspond to the existence of some polymer segre-
gation in which pure PVP or enriched PVP polymer assemblies
are formed along with 6a enriched assemblies. The presence of
PVP rich entities on the surface would explain the decrease in
the observed WCA.

Overall, these analyses showed the influence of different
structural parameters of the PILs on the self-assembly abilities
leading to membranes with different morphologies and physi-
cochemical properties.

Thermal studies

TGA is a versatile tool for analyzing the thermal properties of
materials and has been used to study the interaction of PVP
with ILs.*® The TGA of pure electrospun PVP fibers reveals one
step decomposition at temperatures around 400 °C (Tq peak =
422 °C) in good agreement with the literature data for PVP,*
and the presence of a significant amount of water (ca. 16%)
adsorbed during the electrospinning process (Fig. S10a, ESIT).
Interestingly, in the case of mats containing PVP and PILs 4 or 5
the water content observed was lower in spite of the presence of
the ionic fragments associated with PILs, suggesting the exis-
tence of a strong interaction between the two polymeric phases.
The membranes formed from 4a/PVP and 4b/PVP displayed
awater content of 12.8 and 7.8% respectively, in agreement with
the more hydrophobic character of PIL 4b associated with its
longer aliphatic N-substituent. As expected, the lowest water
content was found for mats formed with PILs bearing the NTf,™
anion (5a/PVP and 5b/PVP, ca. 2.5%). Membranes containing
PILs 4a and 4b with CI™ as the counter ion show a three-step
decomposition. The first decomposition takes place at Tq peak
=242 °C and 266 °C for 4a and 4b, respectively and corresponds
to the nucleophilic attack of the anion on the benzylic carbon
atom, with the loss of the corresponding alkyl imidazole. The
second step is less well defined and takes place at a value of ca.
336 °C for Tq peak- In both cases the final decomposition occurs
at Ty peak = 435-440 °C. The thermal stability increases for mats
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derived from PILs 5a and 5b with the less nucleophilic NTf,™
anion, with the first decomposition mechanism essentially
absent. The decomposition steps are less well defined, in
particular for 5a/PVP displaying Ty peax values of 348 and 417 °C,
while for 5b/PVP (with a longer aliphatic tail) three steps at 324,
328 and 412 °C are observed. The decomposition temperatures
observed for the composite fibers significantly differ from those
of the pure original polymers indicating that an appreciable
interaction must take place in the electrospun materials. This is
particularly relevant for the first decomposition step in 4a/PVP
and 4b/PVP for which Ty pear is shifted at lower temperatures by
more than 20 °C (Fig. S10b, ESIY).

The obtained mats were further investigated by differential
scanning calorimetry (DSC). In a first cycle, the mats were heated
to 120 °C to eliminate adsorbed water and, after cooling, a second
heating-cooling cycle was carried out from 25 to 200 °C. A third
cycle was again run from 25 to 200 °C to check the reversibility of
the process. Data provided by the second DSC cycle (Fig. S11b,
ESIT) revealed a thermal behaviour that is clearly different from
that of the individual components. Under our experimental
conditions, PVP displayed a broad transition centered around
124 °C and a small Ty, peak at 180 °C associated with its amor-
phous nature. The four selected PILs display only broad transi-
tions in the range considered. Above 60 °C, 4a shows a T of ca.
175 °C that is shifted to around 132 °C for 4b. The presence of the
less coordinating NTf,™ anion involves the observation of a very
broad T in the 120-130 °C range for 5a and the absence of any
observable transition above 60 °C for 5b. In the case of the
electrospun composites, the 4a/PVP system displays a stronger
Tm peak at 181 °C and a transition at 137 °C, suggesting an
increase in the degree of order. For 4b/PVP only one single
transition is clearly observed at 141 °C. An intense peak at 126 °C
(Twm) is observed for 5a/PVP along with a small transition at
126 °C. For the composite from the more hydrophobic PIL (5b/
PVP) two very broad transitions are present at 70-130 and 140-
190 °C. Overall thermal data suggest that no phase separation is
present in none of the composites and that important interac-
tions can occur between the two polymeric components.

ATR-FT-IR studies

The presence of an amide group in PVP provides this polymer
with the capacity to interact with other polymers and with
different molecules through hydrogen bonding and coulombic
interactions. This has been exploited for the preparation of
homogeneous miscible blends with polymers displaying
hydrogen donor groups like poly(vinyl alcohol),** poly-
(vinylphenol),*> poly(acrylic acid),”® or the copolymer of
Bisphenol A with epichlorohydrin,*** for the formation of
blends with different drugs and other active molecules,*® metal
salts,” or ILs,***® and for its use as a coating for a variety of NP
surfaces.** In all these cases, FT-IR studies, particularly
involving the carbonyl stretching frequency, have provided
essential data to analyze the interactions taking place. Fig. 5a
shows the ATR-FT-IR regions of the C=0 bands for the different
mats. The spectrum of the mat prepared with pure PVP (36%
water content under the electrospinning conditions) shows
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Fig. 5 Selected regions for the ATR-FT-IR spectra of (a) 4a/PVP, 4b/
PVP, PVP, 5a/PVP and 5b/PVP. (b) 5a and 5a/PVP.

a complex carbonyl band with three main components at 1678
em ', 1663 cm ' and 1652 cm ', This is in good agreement
with the values reported in the literature for non-hydrated,
partly hydrated and strongly hydrated PVP,** and similar contri-
butions have been observed for the interaction with other
hydrogen bond donors like Naproxen,*® or phenolic polymers,*
and with metal cations or MNPs.**! For the mat obtained with
the PIL having a higher capacity of interaction, 4a/PVP, a broad
red-shifted C=0 signal was observed with the predominant
absorption taking place in the 1650-1665 cm ™' region. This
cannot be attributed to a stronger hydration of PVP fragments as
its water content is lower than that for PVP alone and indicates
a strong interaction between the two polymers where coulombic
interactions can occur between the oxygen of the PVP carbonyl
and the cation moieties in PIL and hydrogen bonding can be
established between this amide group and the acidic C-H groups
of the imidazolium cation, and including the formation of
hydrogen-bonded C=O---water---Cl™ - - -imidazolium arrays.*’
The change in the anion, from CI™ to NTf,™, in 5a produces
important changes in the IR spectrum of the 5a/PVP mat in the
carbonyl region. An increase in the intensities at higher
frequencies is observed. This can be ascribed to two different
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factors, the very low water content of this mat (<3%) and the less
coordinating character of the anion. In any case, the appearance
of the major component at 1669 cm™ " indicates an appreciable
degree of association of the amide group in PVP through elec-
trostatic or hydrogen bonding interactions. Rather surprisingly,
the substitution of the N-methyl substituent by the N-octyl group
in 5b is accompanied by an important increase in the intensities
at lower frequencies for the spectrum of the 5b/PVP mat. Thus,
the presence of the long aliphatic tail on the imidazolium cation
seems to favor a stronger PIL-PVP interaction. The prevalence of
this structural unit in this regard is confirmed by the similar
band observed in the case of the 5a/PVP mat in spite of the more
coordinating anion present in 5a.

An additional indication of the PVP-PIL interactions can be
found when the characteristic peaks of the imidazolium units in
PILs are compared with the ones obtained for the mats. The
intense peak between 1000 and 1300 cm ™" in the spectra of PILs
can be assigned to the skeletal symmetric stretching of the
imidazolium ring along with components assigned to CH,(N)
stretching.*® This band is found at 1161 cm™* for 4a/PVP and at
1157 cm™* for 4b/PVP while peaks at 1157 cm ™ and 1154 cm ™"
are found for the corresponding original PILs. Finally, the
bands at higher wavenumbers (3300 cm ™" to 2700 cm ™) cor-
responding to the symmetric and asymmetric stretching vibra-
tions of the C(4/5)H and C(2)H groups of the imidazolium
provide further information.

Fig. 5b depicts this region for PILs 5a (blue/top) and the
corresponding 5a/PVP mat (red/bottom). The original PIL 5a
displays clearly visible bands at 3156 cm™ " (C(4)H) and 3124
em~ ' (C(5)H). It is noteworthy that these bands appear at lower
wavelengths (3150 cm™* and 3112 cm™ ') in the fiber mat (5a/
PVP). This is characteristic of the participation of C(2)H and C(4/
5)H in extensive hydrogen bonding networks either directly or
through C=0-water-H-C or polymer-water—polymer arrays.>*

The homogeneous character of the mats was analysed by
washing the mat 5a/PVP with water at r.t. (3 days). Being PVP
water-soluble and 5a non water soluble, it could be expected
that in the case of segregated or not uniform polymer mixtures,
selective washing out of PVP could take place.”® This would
increase the rugosity of the surface but also modify other
properties like the WCA (hydrophobic/hydrophilic balance) or
the chemical composition, which could be detected through
ATR-FT-IR spectroscopy. In this case, the ATR-FT-IR of the
washed mat showed that more than 95% of the PVP remained
after this washing protocol. On the contrary, when a similar
treatment was carried out for a 5a/PVP polymeric film prepared
by casting with the same composition, at least 20% of the PVP
was washed out. This confirms that an intimate blending is
obtained through electrospinning in contrast with the situation
obtained for the material prepared by casting.

Application of the fiber-mats to oil/water separation and
related systems

In the search of possible applications for the materials prepared
here, a series of proof-of-concept experiments were carried out
to test their oil/water separation capacities. Materials composed
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of electrospun fibers with selective oil/water absorption have
found promising technical applications on separation.®® Initial
studies focused on the separation of a 1:1 (v/v) mixture of
isopropyl palmitate and water. The electrospun membrane was
fixed between two glass tubes with flanged connections
(Fig. S12, ESI{). The liquid mixture was poured into the upper
tube and the filtrate was collected on a beaker, using gravity as
the only flowing force. The mat 5a/PVP displaying an excellent
isopropyl palmitate wettability (OCA = 0°) and a strong hydro-
phobicity (WCA = 105.3°) was selected for this purpose. When
a mixture (2 mL) of oil (isopropyl palmitate) and water (coloured
with bromothymol blue) was used, no flow through the
membrane was observed (being water the lower phase). Under
strong agitation, an emulsion was formed (Fig. S12, ESIt)
allowing the contact of the formed oil droplets with the
membrane. In this case, the oil selectively passed through the
membrane and was collected in the container, while water was
repelled and kept in the upper glass tube. Pure oil was obtained
in the receiver vial with only very minor water content as
determined by Karl-Fischer titrations. The efficiency of the
separation attending the initial volumes and the permeate
volume was >99%.%” Only traces of o0il (<0.5 mol%) were detected
in the upper phase at the end of the experiment as determined
by NMR in DMSO-ds. The oil flux of the membrane was obtained
by calculating the permeation volume per unit time from the
valid area. The membrane 5a/PVP exhibited an oil flux of 17 L
h™' m™2 These results demonstrate the potential of this kind of
membranes for oil/water separations.

Polymeric materials modified with IL-like units are suitable
supports for the immobilization of enzymes (e.g. lipases).”®
These bioactive materials are excellent catalysts, for instance,
for biodiesel synthesis. Thus, the use of electrospun mats in
a similar process can be foreseen. Two approaches can be
considered, one combines a catalytic phase with the membrane
as the separation unit and second one involves supporting the
biocatalyst in the same membrane, integrating in a single unit
material transformation and separation processes. The sepa-
ration of the glycerol side product from FAMES is the bottleneck
in many processes for biodiesel synthesis. With this idea in
mind, the contact angle for glycerol was evaluated for the
different membranes (Table 3). The mat formed by 5b/PVP
showed the larger CA (124.7°), while the other hydrophobic
mats presented a slightly smaller CA (110° for 2/PVP, 102.6° for
5a/PVP and 108.1° for 6a/PVP). As expected, the hydrophilic
membranes were wetted by glycerol (4a/PVP and 4b/PVP, CA =
0°). Thus, the membranes showed, in principle, the adequate
features to facilitate the separation of biodiesel/water/glycerol
mixtures (3/3/1 molar ratio). The mat 5a/PVP was selected to
assay this separation as it provided good wettability by the oil
while being incompatible with both water and glycerol. The oil
phase (isopropyl palmitate) was easily separated from the
mixture water/glycerol with a recovery of oil and glycerol of
>98% by volume. The "H-NMR (DMSO-d,) spectra of the oil
phase obtained showed the absence of glycerol as no detectable
signals at 3.4-3.8 ppm, characteristic for glycerol, were observed
in the spectra. On the other hand, the analysis of the aqueous
phase showed the presence of glycerol as a major component.
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The analysis of the signals at 2.27,1.87,1.58,1.27, 1.23 and 0.89
assignable to isopropyl palmitate revealed the presence of
minor amounts of oil in the glycerol/water phase (ca. 2.0-2.5%
mol).

Application of the fiber-mats as supports of MNPs

Both bulk ILs and related polymeric materials have been used
for the synthesis and stabilisation of metal nanoparticles
MNPs.*”* Among the different methods for the synthesis of
MNPs in ILs,* the sputtering-deposition techniques, where
gold atoms, knocked out from a gold target cathode by the
argon ions, are deposited on an IL, has been revealed as an
interesting alternative for the synthesis of soluble MNPs.

Generally, sputter deposition is a very clean synthesis
method, because it does not introduce other chemical species.
The nanoparticles prepared by this method have been found to
be very stable, even in the absence of stabilizing agents, with
clean surfaces, being obtained under mild conditions with an
easy control of their size and shape by appropriate tuning of the
sputtering conditions.*"*

In this vein, the nanostructured films based on PILs, here
obtained by electrospinning, were evaluated for the preparation
of mats of AuNPs-PILs. Sputter deposition of Au onto the mats
was carried out for 120 s with a discharge voltage of 345 V (40
mA) and a working pressure of 3 mbar generated by an Ar flow.
After deposition, the chamber was vented with N,. After sput-
tering deposition, the films were recovered and further char-
acterized. The change of their colour to purple was the initial
indication of the deposition of the gold onto the film surface.

The morphology and composition of the films, after Au
sputtering, were studied by SEM and EDX analyses. Thus, the
surface composition obtained by EDX analyses showed the
presence of gold in all mats, confirming successful modifica-
tion. Regarding the morphology, the film without IL-like units,
composed of the mixture 2/PVP, showed similar continuous,
cylindrical, bead-free fibers than the initial material. The mesh
of this film had also a similar degree of porosity than the
original one (Fig. S2 vs. S13). However, the average diameter
size of fibers was slightly larger (740 vs. 530 nm).

A similar trend was also found for the gold modified mats
(5b/PVP) obtained by the blend of PVP and a hydrophobic PIL
(5b). Accordingly, the fibers preserved, after modification, the
original cylindrical morphology and porosity and again an
increase in the fiber diameter size was detected (635 vs. 380 nm,
Fig. 6b vs. 2¢). The larger increase observed in this case can be
attributed to the more important interactions present between
the AuNPs and the functionalized polymeric chains forming the
mat as both IL-like and pyrrolidone side chain units can interact
and stabilize AuNPs.

The mats obtained with PILs containing the Cl™ anion (4a/
PVP and 4b/PVP) showed, after modification, an important
change in their morphology. The SEM pictures revealed an
almost complete loss of porosity for these two fiber mats (Fig. 6a
vs. 2a and S5 vs. S15%). The original structure formed by
entangled micro-ribbons before modification suffered, upon
the gold sputtering, a collapse of the porosity, probably due to
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Fig. 6 SEM images for the electrospun mats formed from polymer blends 4a/PVP after sputtering (a), 5a/PVP after sputtering (b).

a strong increase in the interactions, as considered above,
between the functionalized polymer and the gold nanoparticles
leading to a crosslinking of the fibers. These results highlight
again the close relationship between the nature of the PILs and
the morphology of the materials obtained opening up the
opportunity to fine tune their morphology by changing the PIL
nature.

The size distribution of the formed AuNPs was obtained by
TEM. Films were dispersed in ethanol at 25 °C and then sub-
jected to ultrasonic agitation for over 20 min. After this, two
drops of the dispersion were placed on a carbon coated copper
grid to be analyzed by TEM. Table 4 summarizes the sizes ob-
tained using this methodology (micrographs in Fig. S13-516,
ESIT). Variations in the NP size between the different gold
modified mats were observed. Thus, the average size distribu-
tion of the smaller AuNPs was obtained for the 2/PVP mat
composed of ca. 9% by weight of PVP (4.11 + 1.02). PVP is well
known as a polymeric nanoparticle stabiliser. For the films
bearing a polymer functionalized with IL-units, the smaller
AuNPs were obtained for 5a/PVP providing an average size of
6.96 & 5.2 nm.

The AuNPs obtained for the other PIL mats assayed varied
slightly depending of the composition of the film. Thus, the
change, in the N-substitution of the PIL, substituting the methyl
group for a larger hydrophobic alkyl-chain led to an increase in
size of the gold nanoparticles (9.40 + 3.7 nm for 4b/PVP vs. 7.55
+ 2.1 nm for 4a/PVP). In the same way, for the mats containing

Table 4 Characterization of the polymeric mats after Au-sputtering

Entry Pol. mix. AuNPs®(nm) Fiber morphology  Size”

1 2 : PVP 4.11 + 1.02 Fibers 740 + 109 nm
2 4a:PVP  7.55+2.1 Collapsed ribbons —

3 4b: PVP  9.40 + 3.7 Collapsed ribbons —

5 5a:PVP  6.96 £5.2 Fibers 635 £+ 120 nm

“ Size determined by TEM analysis. * Determined by SEM.
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PILs bearing Cl™ as the counter anion larger particles were
always detected. The surface composition of the mats seemed to
be the key factor in controlling the size of the AuNPs contrib-
uting both the polymeric framework itself and the IL-like
moieties to the nucleation and stabilization of the gold nano-
particles. Indeed, a similar behaviour was observed in neat ILs
and hybrid IL/silica materials in which the nature of the anion
and the strength of the ionic pair play a major role on the size of
the NPs produced by sputtering deposition.®®

The band gap of the AuNPs supported onto the nano-
structured film 5a/PVP was estimated by diffuse UV-Vis spectra,
using the ratio of absorption to scattering (k/s)* from the diffuse
reflection spectra and applying the Kubelka-Munk equations
(Fig. S171).*%* The calculated value was 2.42 eV (513 nm).* This
result is in agreement with the size of the AuNPs measured by
TEM (6.96 + 5.2 nm) and similar to those obtained for related
polymeric composites obtained by reduction with aqueous
NaBH,.%

This preliminary study suggests that by the appropriate
selection of the structural parameters of the PIL mats such as
the fiber morphology and nature of IL-like groups (cation and
anion), AuNP-mat composites with tunable AuNP size distri-
butions can be obtained by simple gold sputtering deposition.
These type of materials can have a wide range of potential
applications as catalysts, luminescent probes in biological
labeling or in chemical sensing.

Conclusions

Altogether, the experimental evidence obtained in this work
suggests that PILs and PVP are able to undergo strong supra-
molecular interpolymeric interactions between complementary
structural elements directly or mediated by water molecules.
Hydrogen bonding and electrostatic and hydrophobic interac-
tions can be involved, providing homogeneous polymeric
blends that favor their electrospinning in comparison with pure
PILs.®® Indeed, it has been reported that by the enhancement of
these interactions low molecular weight polymers or even
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nonpolymeric species can be electrospun.®’® The differences
observed, over those of the systems containing just one indi-
vidual component, for the solutions containing PILs and PVP
(e.g. increase in viscosity, conductivity, etc.) and for the
morphology and performance of the final fibers can be related
with the nature of these supramolecular interactions. Thus, the
overall properties of the mats obtained can be easily tuned not
only through a proper design of the electrospinning parame-
ters, but through appropriate changes in the molecular vectors
of the imidazolium fragments present in PILs, i.e. N-substitu-
tion patterns and the nature of the counter anion. The prelim-
inary experiments presented here reveal that this approach
allows for the preparation of materials with a high potential for
important applications in a broad range of currently relevant
fields.
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