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Introduction

Electrospinning is a fascinating and versatile tech-
nique that allows to prepare micro- and nanofibers
and non-woven fibrous membranes suitable for a
broad range of applications, such as textiles, filters,
tissue engineering, drug delivery, wound healing,
food packaging, sensors, and catalysis, among oth-
ers [1-7]. One of the main strong points of electro-
spinning is the possibility to process a large set of
polymers, both natural and synthetic. In particular,
being polybutadiene-based polymers characterized
by high elasticity and extensibility, flexibility, low
hysteresis loss, excellent resilience, and high abra-
sion resistance, rubber electrospun nanomaterials
are interesting due to their lightweight, high stretch-
ability, porosity, breathability, and area-to-volume
ratio. Accordingly, they can play an important role
in the development of high-performance devices,
such as stretchable or wearable electronics [8], flex-
ible sensors and actuators [9, 10], selectively perme-
able membranes and filters [11, 12], as well as energy
devices [13]. However, electrospinning of polybuta-
diene-based polymers has not been extensively stud-
ied, and there are only few works in the literature
focusing on fiber fabrication of these rubbery mate-
rials [14-19]. In fact, such electrospinning process
can be challenging: Due to the high viscoelasticity
and high molecular weight of the polymers, poor
spinning ability and unsteady process are reported.

@ Springer

Moreover, being their glass transition temperature
(Ty) below room temperature, such polymers strug-
gle with the tendency to cold flow over time [20, 21].
This is a very well-known drawback in rubber pro-
cessing and storage, which becomes a serious issue
in the case of fibrous structures, as the fibers gradu-
ally increase their diameter over time after the elec-
trospinning and eventually collapse together [19]. In
order to tackle this issue, chemical crosslinking can
be applied to inhibit the movement of the polymer
macromolecules and to prevent the overall flowing
of the material.

Being rich in C=C double bonds, polybutadiene-
based polymers are potential candidates for photo-
induced crosslinking reactions. Upon UV irradia-
tion, the allylic hydrogen atoms in the a position
of the double bonds can be abstracted [22, 23], and
subsequently, the generated radicals can trigger
the chemical crosslinking. The photo-crosslinking
process of polybutadienes can be made more effi-
cient and substantially accelerated by the addition
of multifunctional thiol monomers that copolymer-
ize with C=C double bonds of butadiene, especially
with the easily accessible pendant vinyl groups [24].
Generally, thiol-ene polymerization follows a free-
radical step-growth addition mechanism, in which
propagation and chain-transfer reactions continually
cycle [25]. When a diene or a polyene reacts with a
multifunctional thiol, a polymer network is formed:
Photo-initiated thiol-ene chemistry is thus a highly
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efficient way to crosslink polybutadiene-based rub-
bers in a fast manner [26-28].

It has been previously demonstrated by our group
that the coupling of electrospinning and thiol-ene
photo-crosslinking of butadiene-based polymers
allows fine-tuning the morphology of the nanofibrous
mats, in terms of the fiber diameter up to the nanom-
eter range and of the membrane porosity [19]. How-
ever, solution electrospinning of polybutadiene-based
polymers requires the use of harsh, toxic, and often
flammable organic solvents (e.g., tetrahydrofuran,
dichloromethane, toluene, dimethylformamide),
which raise concerns about environmental and safety
issues. Therefore, the development of more sustain-
able electrospinning processes of polybutadiene-
based polymers whose properties are similar to those
obtained by solution electrospinning is envisaged.
Suspension electrospinning is a novel technology that
has emerged in the last years as a smart alternative
to overcome the limitations of solution electrospin-
ning [29-35]. Suspension electrospinning consists of
electrospinning a stable dispersion of polymer micro-/
nanoparticles in water (i.e., a latex). In general, a small
quantity of an easily electrospinnable water-soluble
polymer (e.g., polyethylene oxide, PEO, or polyvinyl
alcohol, PVA), acting as a template, is required and can
be subsequently removed [30]. Using this technology,
water-insoluble polymers can be electrospun using
water as process medium, thus allowing to reduce
concerns regarding safety, toxicology, and environ-
mental problems. In addition, higher concentrations
than the ones used in solution electrospinning can be
processed, enhancing the fibers production rate. For
these reasons, suspension electrospinning is often
referred as green electrospinning.

Herein, a styrene-butadiene rubber (5BR) latex was
processed by suspension electrospinning to fabricate
polybutadiene-based nanofibers without using any
toxic solvent (water was the only medium for electro-
spinning). PEO was employed as template polymer,
and a multifunctional thiol monomer and appropri-
ate photo-initiators were introduced in the electro-
spinning suspensions: The electrospun membranes
were irradiated at ambient conditions to trigger the
photo-induced thiol-ene crosslinking reaction and
thus improve their stability. The effect of the com-
position of the electrospinning suspensions, in terms
of thiol crosslinker and PEO template contents, was
investigated. The kinetics and the efficiency of the
photo-crosslinking, together with the morphological
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Figure 1 Chemical structure of the materials used to produce
photo-crosslinked rubber electrospun membranes, including SBR
polymer, PEO template, TRIS thiol crosslinker, TPO, and Daro-
cur 1173 photo-initiators.

and thermal properties of the SBR/PEO fibrous mem-
branes, were studied. Ultimately, PEO could be easily
extracted from the nanofiber mats by a simple water
treatment procedure, and the photo-crosslinked SBR
nanofibrous membranes were characterized.

Experimental section
Materials

The SBR latex Elastolan S19, an aqueous disper-
sion of a 50 wt% of styrene-butadiene copolymer
(100-200 nm particle size, Tg=6 °C, and viscos-
ity of 200 cP s at 25 °C), was provided by RESCOM
srl. Polyethylene oxide (M,, =1,000,000 g/mol) was
purchased from Sigma-Aldrich and used as water-
soluble electrospinning template polymer. Trimeth-
ylolpropane tris(3-mercaptopropionate) (TRIS) from
Bruno Bock was used as thiol crosslinker. Diphenyl
(2,4,6-trimethylbenzoyl) phosphine oxide (TPO) and
2-hydroxy-2-methyl-1-phenyl-1-propanone (Darocur
1173) were provided by Ciba Specialty Chemicals and

@ Springer
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Electrospun fibers
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Figure 2 Schematic illustration of SBR fibrous membranes
preparation by latex electrospinning and photo-crosslinking.
After the SBR particles are dispersed in PEO template aqueous
solution, electrospinning and subsequent thiol-ene photo-induced

used as photo-initiators. The chemical structures of the
employed materials are reported in Fig. 1.

Electrospun mats preparation

The electrospinning suspensions were prepared by
mixing the SBR aqueous dispersion and a PEO aque-
ous solution. Specifically, PEO 5 wt% aqueous solu-
tion was prepared through magnet-stirring overnight,
then the SBR latex was added, and the suspension was
homogenized by magnet-stirring for 2 h. Afterward,
the photo-initiating system (TPO/Darocur 1173 1/1
wt/wt) and the TRIS crosslinker were added to the
suspension, and a final 15-min magnet-stirring was
performed. Different SBR/PEO composition ratios and
different TRIS contents were tested: The composition
of the prepared suspensions is detailed below. The
unit of measure for each component was phr (parts
per hundred rubber), considering the SBR polymer
as 100 parts.

The viscosity of the investigated electrospinning
suspensions was measured using a MCR 702e Multi-
Drive Rheometer (Anton Paar) equipped with a par-
allel-plate configuration, with diameter of 25 mm. The
shear viscosity was measured at a shear rate of 10 s at
25 °C and setting 0.5 mm as the gap between the upper
plate and the platform.

Electrospinning was performed by an E-fiber elec-
trospinning system SKE apparatus in horizontal setup
with a plane stationary collector, using an aluminum
foil as substrate. A syringe tip diameter of 1 mm was
employed, the feed rate was set at 0.2-0.3 ml/h, the
working distance at 15 cm, and a voltage of 13-17 kV
was applied. Throughout the electrospinning process,

@ Springer
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crosslinking are applied. Then, a water treatment is performed
to remove the un-cured PEO, leaving crosslinked rubber fibers
formed by SBR nanoparticles.

the temperature and relative humidity were 25 °C and
45%, respectively.

Immediately after electrospinning, the samples
were irradiated by UV light using a high-pressure
mercury-xenon lamp equipped with an optical fiber
LIGHTNINGCURE Spotlight source LC8, Hama-
matsu. The irradiation was performed in air condition
with a light intensity of 32 mW/cm? for 5 min. The UV
light intensity was measured using a UV Power Puck®
II from EIT® Instrument Markets.

After electrospinning and UV irradiation, in order
to remove the PEO polymer, samples were immersed
in distilled water for 24 h and then dried in oven at
60 °C for 3 h.

At the end of the fabrication process, flexible free-
standing fibrous mats having thickness of 30-50 pm
were obtained. The thickness was measured by digital
micrometer; for each sample, at least five values in dif-
ferent spots of the membrane were collected, and the
average value was calculated.

The schematic representation of the whole process
to obtain fibrous materials made of crosslinked SBR
particles is depicted in Fig. 2.

Electrospun mats characterizations

The chemical structure of the samples prior and after
UV irradiation was analyzed by Fourier Transform
Infrared (FTIR) spectroscopy by using a Thermo Fisher
Scientific Nicolet™ iS50 spectrometer in the spectral
range of 4000-400 cm™. The spectra were collected
both in transmission mode and in attenuated total
reflectance (ATR) mode with an accumulation of 32
scans at a resolution of 4 cm™'. Moreover, real-time
FTIR analyses were carried out: Simultaneously, with
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the FTIR scan acquisition in transmission mode, elec-
trospun mats were irradiated. The spectra were col-
lected with one spectra/scan at a resolution of 4 cm™,
by using a liquid nitrogen-cooled mercury—cad-
mium-telluride (MCT) detector. UV irradiation was
applied with an intensity of 32 mW/cm?, by a high-
pressure mercury-xenon lamp equipped with an opti-
cal fiber LIGHTNINGCURE Spotlight source LC8
(Hamamatsu). Silicon wafers were used as transpar-
ent substrates to IR wavelengths, and measurements
were taken in ambient condition. Upon UV irradiation,
crosslinking conversion was followed by monitoring
the decrease in the C=C double bonds of the SBR (vinyl
and trans-butene, at 910 cm™! and 962 cm™}, respec-
tively) and of the SH thiol groups of the crosslinker
(at 2565 cm™) as a function of the irradiation time ¢
[24]. The absorption band area of the reactive groups
A was normalized by the area of the peak at 699 cm™,
related to out-of-plane bending of the CH groups in
the aromatic ring, A, used as reference. Functional
groups conversion is calculated by Eq. 1:

AJA
Conversion (%) =| 1 — w x 100 (1)
|A/Aref|t=0

The peak areas were quantified through the
Omnic™ software. Three replicas were averaged, and
the error was calculated.

The insoluble fraction of the photo-cured electro-
spun mats was measured gravimetrically by calculat-
ing the mass loss after 24-h extraction in water and 3h
drying at 60 °C.

The morphology of the fibrous mats was ana-
lyzed using a Merlin field emission scanning electron
microscopy (FE-SEM), ZEISS. Prior to FE-SEM imag-
ing, samples were sputter coated with ~ 10 nm Cr film
using a Quorum Q150T ES sputter coater. The distri-
bution of fiber diameters was obtained by Image]J soft-
ware analyzing the FE-SEM images: Approximately
100 measurements were taken for each sample.

Thermal stability and resistance were characterized
by thermogravimetric analysis (TGA) using a Mettler
Toledo TGA/SDTA 851° apparatus. TGA was carried
out in the temperature range 25-800 °C with a heating
rate of 10 °C/min and a constant nitrogen flux of 60 ml/
min in order to avoid thermo-oxidative processes.

Thermal properties including the glass transition
temperature, the enthalpy of melting (AH,,), and the
melting point (T,,) were measured through differen-
tial scanning calorimetry (DSC) experiments using

a DSC1 STARe Mettler Toledo instrument. DSC was
carried out in a heating—cooling-heating cycle from
- 60 °C to 180 °C, with a heating and cooling rate of
20 °C/min and a constant nitrogen flux of 60 ml/min.
T, was obtained from the midpoint of the heat incre-
ment in the second heating cycle, and T,,, was obtained
from the maximum of the endothermic peak in the
second heating cycle. For PEO-containing samples, the
crystallinity degree X, was measured by calculating
AH_, in the second heating cycle, with respect to the
enthalpy of melting for a 100% crystalline PEO sample
(AH,, o =196 ]/g [36]) at the equilibrium melting point
(Ton)-

The viscoelastic properties of the electrospun
samples were analyzed through dynamic mechani-
cal thermal analysis (DMTA) using a Triton Technol-
ogy instrument. Analyses were performed in tensile
configuration, in a temperature range from — 100 to
100 °C, with a heating rate of 3 °C/min and a frequency
of 1 Hz on samples with approximate dimensions of
20 mm x 10 mm x 50 pm.

Tensile mechanical properties were evaluated using
an INSTRON 3366 electromechanical universal test-
ing machine (ITW Test and Measurement Italia S.r.1.,
Instron CEAST Division) equipped with a 500-N
load cell. Samples with approximate dimensions of
30 mm x 8 mm x 50 um were used. Measurements
were taken in ambient conditions by applying a con-
stant stretching speed of 5 mm/min. During the tensile
testing, the stress (through machine-recorded force)
and strain (the displacement based on initial cross-
section area and gauge length) were measured. At
least five replicates were tested. The Young’s modu-
lus E (evaluated in the initial linear elasticity regime
of the stress—strain, which corresponds to a strain in
the range 0.05-0.1 mm/mm), the elongation at break,
and the UTS (ultimate tensile strength) of the samples
were calculated.

Results and discussion

Fibrous membranes preparation by latex
electrospinning and photo-crosslinking

The addition of PEO in the electrospinning suspen-
sion was necessary as the SBR latex was found to
be non-electrospinnable by its own (i.e., a stable jet
could not be formed). Whereas, with the addition
of a small amount of PEO, as low as 7.5 phr, latex

@ Springer



3716

J Mater Sci (2024) 59:3711-3724

Table 1 Composition of the

. Sample name PEO (phr) Photo-initia-  TRIS (phr) Solid content  Vis-
latex-based formulations used .
for el O tor (phr) (Wt%) cosity
or electrospinning (cPas)
SBR/30PEO/3TRIS 30 1 3 16.2 n/a
SBR/30PEO/10TRIS 30 1 10 16.0 740
SBR/30PEO/50TRIS 30 1 50 15.2 180
SBR/15PEO/10TRIS 15 1 10 22.5 n/a
SBR/7.5PEO/10TRIS 7.5 1 10 29.8 590
(a)50 (b) 50
—— SBR/30PEO/3TRIS —— SBR/30PEO/10TRIS
7 —— SBR/30PEO/10TRIS | —— SBR/15PEO/10TRIS
40 -+ — SBR/30PEO/50TRIS 40 1 — SBR/7.5PEO/10TRIS
=30 = 30 4
K] K]
&2 4
2 20 - 2 20 -
[e] [e]
O O
10 4 10 A
0 T T T T - T v T . 0 v r r - r r - r .
0 2 4 6 8 10 0 2 4 6 8 10
Time (min) Time (min)

Figure 3 Photo-induced crosslinking kinetics by real-time FTIR
spectroscopy: vinyl C=C conversion as a function of UV irradia-
tion time for electrospun mats made from different SBR/PEO/

electrospinning process was stable. The electrospin-
ning of SBR/PEO suspensions thus resulted in the
successful fabrication of nanofibrous membranes
made of uniform and continuous fibers composed
of both SBR and PEO (Fig. S1 of the Supplementary
Information). However, being un-crosslinked, the fib-
ers tended to form connection points and to collapse
upon few days of storage, due to the cold flow of the
rubber polymer [19]. Photo-crosslinking of SBR, in the
presence of a suitable photo-initiating system and a
multifunctional thiol crosslinker (TRIS) reacting with
the double bonds, was therefore applied to stabilize
the fibrous structure. The amount of the photo-initi-
ator was fixed at 1 phr with respect to SBR content,
while different amounts of crosslinker were evaluated
(i.e., 3, 10, and 50 phr), maintaining a fixed SBR/PEO
ratio, corresponding to 100/30 wt/wt. Moreover, at a
fixed SBR/TRIS ratio of 100/10 wt/wt, the influence of
PEO content on the electrospinning process and on
the properties of the fibrous mats was also examined,
changing the quantity of PEO in the range 7.5-30 phr.
The details of the investigated formulations together

@ Springer

TRIS formulations. a Effect of thiol crosslinker TRIS content and
b effect of template polymer PEO content.

with their names, their viscosities, and the indication
of the total solid content are reported in Table 1.

In order to study the kinetics of the photo-induced
thiol-ene crosslinking reaction, real-time transmis-
sion FTIR spectroscopy was conducted on the SBR/
PEO electrospun fibers. Figure 3a shows the effect
of the thiol crosslinker amount on the crosslink-
ing kinetics, displaying the conversion of the SBR
pendant vinyl (at 910 cm™) as a function of irradia-
tion time. The systems containing 10 and 50 phr of
TRIS had a similar conversion curve, reaching a
comparable double bond conversion of 36 +4% and
33 +4%, respectively, after 10 min of irradiation.
This result suggests that the SBR/TRIS 100/10 wt/
wt ratio supplied enough thiol moieties for an effi-
cient copolymerization of the vinyl groups. In the
SBR/30PEO/50TRIS formulation, there was instead
an excess of thiol crosslinker, without any change
in the reaction rate. Whereas, the system with 3 phr
of TRIS showed a much lower conversion: Only a
value of 14% was obtained after 10 min of irradia-
tion. In this case, the thiol groups concentration was



J Mater Sci (2024) 59:3711-3724

Figure 4 Morphology of the photo-crosslinked electro-
spun membranes fabricated from SBR/PEO/TRIS aqueous

suspensions. a—e: FE-SEM images of SBR/30PEO/3TRIS

much lower than that of the vinyl unsaturations:
After their rapid consumption, the thiol monomer
was rapidly consumed, and then the conversion of
the vinyl double bonds continued slowly mainly due
to homopolymerization.

Figure 3b shows the vinyl conversion curves
for samples with a different content of PEO. As
expected, as PEO does not take part in the thiol-ene
crosslinking, its content did not affect the reaction
kinetics.

It is well-known that the pendant vinyl groups are
much more reactive toward thiyl radicals (RS-) than
the backbone 2-butene double bonds of the butadiene
chains [27, 37]. Accordingly, for SBR/30PEO/3TRIS,
SBR/30PEO/10TRIS and SBR/30PEO/50TRIS sys-
tems, the conversion of the 2-butene C=C bonds (at
962 cm™) was found to be much lower than the vinyl
groups conversion (Fig. S2 of the Supplementary
Information).

Moreover, the SH group consumption could
be tracked in the FTIR spectra of the system con-
taining the highest amount of TRIS, meaning
SBR/30PEO/50TRIS. Interestingly, the thiol conver-
sion was found to be very similar to the vinyl con-
version (~ 32% after 10 min of irradiation, as shown
in Fig. S3 of the Supplementary Information). The
reason for this low thiol conversion may lay in
the lack of enough accessible neighboring double
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(a), SBR/30PEO/10TRIS (b), SBR/30PEO/50TRIS (c),
SBR/15PEO/10TRIS (d), and SBR/7.5PEO/10TRIS (e) mem-
branes. f: Average fiber diameter of the mats.

bonds. Moreover, the fibrous morphology, the par-
ticle shape of SBR, and the solid state can restrict the
molecules movement and further reduce the number
of accessible C=C groups.

Characterization of the photo-crosslinked SBR/
PEO electrospun membranes

The fibrous morphology of the photo-cured elec-
trospun mats was analyzed by FE-SEM analyses:
Results are shown in Fig. 4. Interestingly, the photo-
crosslinked SBR/PEO fibers have uniform cylindrical
shape, well-defined borders along their length and did
not exhibit any collapsing point. The photo-induced
thiol-ene reaction was thus demonstrated to make the
rubber fibers shape-stable: The SBR flowing, which is
responsible for the fiber collapsing, is inhibited, and
the fibrous morphology remains unchanged over time.
The investigated systems show good-quality fibers
with diameter in the range ~ 735-970 nm (Fig. 4f), with
a quite narrow size distribution (the fiber diameter
distributions for the different systems are shown in
Fig. 54 of the Supplementary Information).

The morphology of the nanofibrous membranes
was found to be affected by both the viscosity and
the solid content of the electrospinning formulation,
which are indeed dependent on its composition. By
increasing the TRIS crosslinker content, the average
fiber diameter slightly decreases, mainly due to the

@ Springer
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Table 2 Comparison between the theoretical amount of PEO
and the water-soluble fraction of the photo-crosslinked electro-
spun mats made from formulations with different TRIS and PEO

contents
Sample Theoretical PEO Water-soluble
content (Wt%)* fraction (Wt%)
SBR/30PEO/3TRIS 224 19.4
SBR/30PEO/10TRIS 21.3 18.7
SBR/30PEO/50TRIS 16.6 19.5
SBR/15PEO/10TRIS 11.9 11.1
SBR/7.5PEO/10TRIS 6.3 59

*Theoretical PEO content is obtained based on initial suspension
formulations for electrospinning

lower viscosity of the formulation (Table 1). Moreover,
it seems that the lower the TRIS content, the coarser
the surface of the electrospun fibers. Whereas, by
increasing the PEO content, the average fibers diam-
eter is decreased, together with the width of their size
distribution, although the viscosity slightly increases
(Table 1). This means that in this case the solid con-
tent, which increases with the SBR/PEO ratio (Table 1),
is the predominant factor governing the fibers size.
Finally, as PEO template is easily and successfully
electrospinnable, the higher its concentration, the
better the fiber-forming process, and the thinner and
more uniform the fibers.

To better investigate the chemical composition of
the nanofibers, their water solubility was tested, con-
sidering that PEO is soluble in water, while SBR is not.
As reported in Table 2, the quantity of PEO in the fib-
ers was approximately equal to that of the initial for-
mulations, meaning that the electrospinning process
does not modify the SBR/PEO ratio of the samples.
Moreover, the fact that PEO remained soluble in water
after UV irradiation of the fibrous mats suggests that

J Mater Sci (2024) 59:3711-3724

the photo-crosslinking thiol-ene reaction of SBR and
TRIS is much favored (and faster) with respect to the
photo-induced crosslinking of PEO [38].

For the SBR/30PEO/50TRIS sample, the water-solu-
ble fraction of the nanofibers was slightly higher than
the amount of PEO (Table 2). This is probably due to
the solubilization of the excess of thiol crosslinker.

The thermal properties of the samples were stud-
ied: The DSC scans of all the investigated SBR/PEO
photo-crosslinked electrospun mats (Fig. 5a) showed
a T, in the range 7-12 °C, which could be associated
to the SBR component of the nanofibers, and a T, in
the range 61-66 °C, due to the melting of PEO moieties
(Table 3). Both the Tg and the T, were not significantly
affected by the fibers composition and by the photo-
crosslinking reaction. Only the SBR/30PEO/50TRIS
system showed a reduced melting point and a reduced
glass transition temperature (Table 3), probably due
to the fact that the un-cured low-molecular-weight
crosslinker can act as plasticizer. By calculating the
AH,, from the second heating cycle of the DSC scans,

Table 3 Thermal properties of the photo-crosslinked SBR/PEO
electrospun membranes and of pristine SBR and PEO cast films

Sample T,(°C) T, (°C) X (%) Ty(°C)
SBR 11 - - 369
PEO <=20 72 633 375
SBR/30PEO/3TRIS 12 65 118 365
SBR/30PEO/10TRIS 11 66 1.1 359
SBR/30PEO/S0TRIS 7 61 101 326
SBR/ISPEO/I0TRIS 11 65 28 367
SBR/7.5PEO/I0TRIS 11 61 06 362

Glass transition temperature T,, melting temperature 7, and
crystallinity degree X, from DSC analyses, and T, (temperature
at which 10% of the initial weight is lost) from TGA analyses

Figure 5 Thermal analyses @ T————— == (b) 100 == ==
of the photo-crosslinked I —
electrospun membranes, in '_T\/— 80
addition to those of pristine = i i
. T —~
SBR and PEO cast films. = W & 60
a: DSC scans of the second Z ===3 k)
; & ----SBR 5] ----SBR
heating cycle and b: TGA 3 PEO = 404 peo
thermograms. T | — sBR/30PEO/3TRIS —— SBR/30PEO/3TRIS
| — SBR/30PEO/10TRIS —— SBR/30PEO/10TRIS |
—— SBR/30PEO/50TRIS 20— SBR/30PEO/S0TRIS
| — SBR/15PEO/10TRIS —— SBR/15PEO/10TRIS
— SBR/7.5PEQ/10TRIS 1Wig P SBR/7.5PEO/10TRIS = .
-20 0 20 40 60 80 0 200 400 600 800

@ Springer

Temperature (°C)

Temperature (°C)



J Mater Sci (2024) 59:3711-3724

Figure 6 Morphology of the (a) SBR/30PEO/3TRIS-WT
photo-crosslinked electrospun =

membranes after water treat-
ment (WT) for PEO removal.
a—d: FE-SEM images of
SBR/30PEO/3TRIS-WT (a),
SBR/30PEO/10TRIS-WT
(b), SBR/15PEO/10TRIS-
WT (c), and
SBR/7.5PEO/10TRIS-WT
(d) samples. The insets of a
and b are the same sample
with higher magnification
for better showing the SBR
nanoparticles. e: Average
fiber diameter of the mats
after PEO removal.

(c) SBR/15PEO/10TRIS-WT
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the crystallinity degree of the samples could be esti-
mated (Table 3). Indeed, X_ is proportionally related
to the content of PEO polymer in the fibrous structure.

The thermal resistance of the SBR/PEO electrospun
photo-crosslinked mats was evaluated by TGA analy-
ses (Fig. 5b). All samples exhibited excellent resist-
ance, with a Ty, (i.e., the temperature at which 10%
of the initial weight of the sample is lost) >360 °C,
except the formulation containing 50-phr TRIS
(SBR/30PEO/50TRIS), which underwent its major
weight loss starting from 320 °C. This is probably due
to the degradation of the residual un-reacted thiol
crosslinker. Because of its inferior thermal properties,

this sample (i.e., SBR/30PEO/50TRIS) was not sub-
jected to further characterizations.

Characterization of the photo-crosslinked SBR
electrospun membranes after PEO removal

As discussed above, the template polymer PEO could
be easily removed by a water treatment (WT), allow-
ing to obtain fibrous membranes fully made of SBR.
The morphology of the fibrous mats after PEO removal
was analyzed by FE-SEM imaging, as shown in Fig. 6
and in Fig. S5 of the Supplementary Information.
Even after the water treatment, the photo-crosslinked
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SBR membranes showed uniform and regular fibers,
thus demonstrating that the photo-induced reaction
assures the shape-stability of the systems. While the
fibers surface prior to PEO removal was smooth and
the SBR particles could not be detected (Fig. 4), the
water treatment step resulted in a higher surface
roughness and porosity of the fibers. The samples
with the highest PEO content (i.e., SBR/30PEO/3TRIS
and SBR/30PEO/10TRIS) displayed a particular sur-
face nanostructure with high surface area, reminding a
raspberry, being the fibers composed of distinct rubber
particles partially fused together (Fig. 6a and b). The
removal of the PEO template thus made visible the
individual photo-crosslinked SBR particles, also dem-
onstrating that such particles are able to maintain their
shape for a long time. The rubber particle diameter
was 105 +4 nm, similar in the two samples and com-
parable to the size of the SBR particles in the starting
latex, hence confirming their efficient stabilization by
photo-crosslinking.

Instead, the samples with a lower content of PEO
(i.e., SBR/15PEO/10TRIS and SBR/7.5PEO/10TRIS)
exhibited fibers with a rough surface made of col-
lapsed rubber particles, which were not individu-
ally detectable (Fig. 6c and d). This can be due to the
presence of more contact points among the rubber
particles during the photo-crosslinking reaction: The
lower amount of PEO chains surrounding the particles
could not keep them apart, leading to their tendency to
adhere together forming a cohesive structure. Moreo-
ver, some small holes are clearly visible on the fibers,
as a result of the removal of the template polymer. The
morphology of the rubber nanofibrous membranes can
thus be tuned by changing both the composition of the
electrospinning suspension and the fabrication process
(e.g., application of a water treatment).

The average diameter of the fibers decreased
after water treatment (Fig. 6e): Values in the range
757-811 nm were found. This is clearly due to the PEO
removal from the electrospun fibers.

In order to evaluate the chemical composition of
the nanofibers, FTIR spectra of photo-crosslinked
electrospun membranes prior and after water treat-
ment were collected and compared. As an exam-
ple, Fig. 7 shows the results for SBR/30PEO/10TRIS
system: after water treatment, the characteristic
absorption peaks of PEO (centered at 843 cm™ and
1090 cm™ and associated to ether groups) had a
much lower intensity, even though were still present.
Therefore, these results suggest that although most
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Figure 7 FTIR spectra of SBR/30PEO/10TRIS photo-
crosslinked electrospun sample before and after water treatment
(WT) for PEO removal.

Table 4 Thermal properties of the photo-crosslinked SBR-based
electrospun membranes

Sample T,(°C) T, (°C) X, (%) T (°C)
SBR/30PEO/3TRIS-WT 10 59 52 375
SBR/30PEO/10TRIS-WT 10 60 45 374
SBR/ISPEO/I0TRIS-WT 11 57 19 374
SBR/7.5PEO/10TRIS-WT 11 53 05 367

Glass transition temperature T,, melting temperature 7, and
crystallinity degree X, from DSC analyses, and T, (temperature
at which 10% of the initial weight is lost) from TGA analyses

of PEO component was removed from the nanofibers
(see solubility results in Table 2), some traces were
still present, proportionally to the initial amount of
PEO in the electrospinning formulation. In fact, it is
possible that some PEO chains remained trapped in
the crosslinked rubber network, and also that a par-
tial PEO photo-induced crosslinking reaction took
place during UV irradiation.

DSC analyses (results are reported in Fig. 56 of the
Supplementary Information and in Table 4) did not
show any significant change before and after water
treatment in the values of T, related to the rubber
component. Instead, crystallinity was lower than in
SBR/PEO electrospun mats, with X_ proportional to
the remaining PEO content after water treatment.
Interestingly, also the T, was found to be lower after
PEO removal: This means that the remaining PEO
chains could rearrange differently during the water
treatment. Moreover, a lower amount of residual PEO
resulted into a lower T,, (Table 4).
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Figure 8 Mechanical prop-
erties of SBR/30PEO/10TRIS
photo-crosslinked electrospun
membranes prior and after 10°4
water treatment (WT) for
PEO removal: DMTA results
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After water treatment, as shown in Fig. S6 of the
Supplementary Information and in Table 4, the elec-
trospun mats presented a slightly better thermal resist-
ance: T, values (Table 4) are higher, probably due to
the removal of un-reacted monomer during the water
treatment step.

Finally, the viscoelastic properties of the photo-
crosslinked electrospun membranes were examined
through DMTA experiments. As an example, Fig. 8a
shows the storage modulus of the SBR/30PEO/10TRIS
fibrous mats before and after PEO removal. SBR/PEO
membranes before water treatment showed a severe
drop of storage modulus around the melting point
of PEO (~ 60 °C), due to the polymer flowing. While,
after PEO removal, the fibrous samples exhibited the
typical trend of a crosslinked network, as the storage
modulus reached a plateau in the rubbery regime.
These results confirm that the thiol-ene photo-curing
reaction allows to form an adequately crosslinked net-
work within the fibers, and that the PEO component is
efficiently removed by the water treatment.

Considering that the final rubber fibers obtained
from latex electrospinning and subsequent PEO
removal are composed of SBR particles and can have
a special raspberry-like morphology, their mechanical
properties could differ from those of SBR electrospun
fibers with a homogenous structure obtained by solu-
tion electrospinning and photo-crosslinking [19]. Ten-
sile tests were thus performed on SBR/30PEO/10TRIS
mats before and after PEO removal. Figure 8b shows
an example of collected stress—strain curves for these
samples (other curves are shown in Fig. S7 of the
Supplementary Information): An elastic modulus
E of 18.4+3.2 MPa and 13.1 +4.8 MPa, an elonga-
tion at break of 51 +9% and 75+ 12%, and an UTS of
2.0+0.4 MPa and 1.4 +0.2 MPa were obtained before

20 40 60 80 100 0 0.2 0.4 0.6 0.8

Strain (mm/mm)

and after PEO removal, respectively. The presence
of PEO in fact increases E and UTS but decreases the
stretchability of the rubber nanostructured mats.

Interestingly, although their morphology is differ-
ent, the fibrous SBR membranes from latex electro-
spinning exhibited comparable mechanical strength
to the membranes produced by solution electrospin-
ning coupled with photo-crosslinking [19], while their
extensibility is slightly lower. These results suggest
that in the investigated fibers from suspension electro-
spinning, the photo-induced crosslinking of the SBR
occurs not only within each spherical rubber particle
but also among different adjacent particles.

Conclusions

The work proposed a sustainable approach to pre-
pare ultrafine shape-stable rubber fibrous membranes
based on the electrospinning of a SBR latex coupled
with thiol-ene photo-induced crosslinking in ambi-
ent conditions, using water as the only medium dur-
ing the whole process. By varying the amount of the
template polymer PEO and the concentration of the
thiol crosslinker, thus changing the viscosity and the
solid content, the electrospun membranes showed tun-
able fiber size and morphology. Fibrous membranes
made of SBR and PEO exhibited a uniform morphol-
ogy, good thermal resistance (degradation started at
T>360 °C), but instability above PEO melting point
(~ 60 °C). Whereas, when PEO was removed by water
extraction, raspberry-like nanofibers, namely formed
by the assembly of distinct round rubber nanoparti-
cles with a diameter of ~ 105 nm, only partially fused
together, could be obtained. The photo-crosslinked
rubber electrospun mats showed good stability,
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excellent thermal resistance (degradation started at
T>370 °C) and mechanical resistance, and stretch-
ability similar to those of their homologues obtained
by solution electrospinning.

This work thus demonstrates that suspension elec-
trospinning is a green, attractive, and versatile technol-
ogy to fabricate rubber nanofibrous membranes with
tunable chemical composition, morphology, water
solubility, and thermal properties, which can be prom-
ising materials for different applications, especially
those requiring flexibility and stretchability.
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