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A single-step approach to rapidly convert low molecular weight polybutadienes into fine rubber 

crosslinked fibers and nonwoven mats without using any heat or solvent was described. This 

environmentally friendly method consisted in the electrospinning at room temperature of liquid 

polybutadiene and polybutadiene-graft-maleic anhydride polymers without any solvent; the 

flying jet was irradiated to trigger the in-situ curing of the forming fibers at ambient conditions, 

obtaining a good control over the fibrous morphology and enhancing the performance of the 

membranes. The kinetics of the photo-crosslinking reaction was studied through FT-IR 

spectroscopy. Liquid polybutadiene-graft-maleic anhydride polymers demonstrated a faster 

rate of photocuring, compared to neat polybutadienes. In order to further speed up the reaction, 

a thiol-based crosslinker and a photoinitiator were introduced into the formulations. The photo-

induced crosslinking was more efficient as different reactions concomitantly took place: 

besides the thiol-ene crosslinking involving the multifunctional thiol crosslinker, the oxidation 

of the polybutadiene chains and the esterification of the maleic anhydride moieties occurred. 

Moreover, a polar additive was used to control the electrospinning process by lowering the 

viscosity and increasing the electrical conductivity. The structural, thermal and surface 

properties of the fabricated polybutadiene-based electrospun membranes were assessed. The 

membranes exhibited an excellent morphology stability, high insolubility, good thermal 

properties and a pronounced hydrophobic character. 

Keywords: Liquid polybutadienes; Electrospinning; Photocuring; Photo-crosslinking; Rubber 
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Introduction 

Electrospinning is a fascinating technique for the fabrication of fine fibers ranging from several 

tens of nanometers to many micrometers with relatively straightforward tunability [1–4]. In the 

last decades, it has thus gained much attention in a wide range of applications, from filtration 

to environmental and energy fields [5], catalysis [6], sensing [7], textile, biomedical devices 

[8] and many more [9–12]. Electrospinning requires the application of a high electrical field 

(10–30 kV) to a polymeric solvent solution to form a jet; a rapid evaporation of the solvent 

allows the formation of solid polymer fibers on the collector [13]. As this technology usually 

employs large quantities of volatile solvents (i.e., 80–95 wt.%), drawbacks can be the difficulty 

in solvent recycling/recovery, the toxicity of the employed solvents, and a low mass throughput 

due to solvent evaporation. Alternatively, melt electrospinning has been developed [14–16], 

guaranteeing a higher productivity compared to solvent electrospinning. However, as polymer 

melts are employed, high operational temperatures must be adopted; moreover, the high 

viscosity and the low conductivity of polymer melts limit the control of the fiber size and larger 

diameters are generally obtained [14,17,18]. 

Another strategy is the electrospinning of reactive monomers/oligomers and their in-situ 

polymerization/crosslinking: it is an extremely interesting and sustainable way to form fine 

fibers without using solvents or heat [19]. In this case, a suitable chemistry assuring a fast 

reaction rate compatible with typical electrospinning fiber process speeds (>1 m/s) has to be 

identified. Photo-induced crosslinking may be appropriate, as it is characterized by very short 

conversion times [20]. Moreover, it has other advantages, namely the low-energy consumption, 

the ambient temperature operations, and the selective curing with a precise control both in time 

and space. Photo-crosslinking has been applied to preformed fibers obtained by solution 

electrospinning of various polymeric systems, such as polyethylene oxide, (meth)acrylated 

gelatin and unsaturated polyesters [21–28]. Correspondingly, greener approaches of in-situ 

photopolymerization/photocuring during electrospinning as well as other fiber spinning 

processes (i.e., melt blowing and centrifugal spinning) without using any solvent and thus 

raising less environmental and health concern have also been proposed in the literature. Such 

works are mainly based on the photopolymerization of thiol-ene and acrylic monomers  [29–

36], including  both synthesized on purpose and commercial products. Herein, we prepared 

electrospun rubber fibers and fibrous membranes using low molecular weight polybutadienes 

and polybutadienes grafted with maleic anhydride that are commercially available and 



currently employed as mold release additives and adhesion promoters. Being liquid, they can 

be electrospun without using any solvent; to obtain solid fibers and achieve thermo-mechanical 

performances comparable to those of high molecular weight polybutadiene polymers 

(processed by solution electrospinning) [28,37–42], the investigated systems were subjected to 

curing. 

It is well known that liquid polybutadienes can be crosslinked by an oxidative process by 

heating at 160–200 °C, eventually adding metallic catalysts [43,44]; this reaction is widely 

employed to dry coatings. Moreover, when liquid polybutadienes are modified by maleic 

anhydride, the thermal curing reaction can take place using appropriate amine crosslinkers and 

reactive polyols [45,46]. However, being highly unsaturated (i.e., rich in C=C double bonds), 

both polybutadienes and maleinized polybutadienes are also potential candidates for 

photocuring processes, which are much faster. Photo-induced reactions can happen due to the 

abstraction of allylic hydrogen atoms in the α position of the double bonds when the material 

is subjected to UV radiation [47,48]: free radicals are generated and trigger propagation 

reactions. Moreover, a radical-type photoinitiator and a multifunctional thiol crosslinker may 

be used to further speed up the photo-induced crosslinking reaction. Photoinitiated thiol-ene 

polymerization, in fact, proceeds by a radical-mediated step-growth mechanism, which is 

propagated by a chain transfer reaction involving the thiyl radicals (RS•) [49–51], assuring high 

efficiency under ambient conditions (i.e., air and room temperature environment) [52]. 

In this work, first the photo-crosslinking reaction of liquid polybutadienes, with and without 

crosslinker and photoinitiator, and its efficiency were studied through Fourier Transform 

Infrared (FT-IR) spectroscopy and insoluble fraction measurements. The liquid polybutadiene-

based formulation was optimized for electrospinning, especially in terms of reaction rate, 

viscosity and conductivity. Efficiently photo-crosslinked electrospun mats with an excellent 

morphology stability, high insolubility, good thermal properties and a pronounced hydrophobic 

character were obtained. Thus, we demonstrated that by combining electrospinning and in-situ 

photo-induced crosslinking liquid polybutadienes can be successfully converted into stable 

rubber crosslinked fibers and nonwoven mats without using any heat, solvent, or other volatile 

component. This is particularly interesting as the polybutadiene unsaturations are generally 

considered fairly unreactive under light irradiation. The chosen approach, besides being 

environmentally friendly, proved to be efficient, being a single-step process able to form at 

room temperature in few seconds solid rubber fine fibers with good performances. 



 

Materials and methods 

Materials 

Liquid polybutadienes (Lithene ultra® N4-5000) and liquid polybutadienes grafted with maleic 

anhydride (Lithene ultra® N4-5000-10MA and N4-5000-15MA) were kindly provided by 

Synthomer. To simplify the names of the samples, the following abbreviations are used: PB, 

PB-10MA and PB-15MA for Lithene ultra® N4-5000, N4-5000-10MA and N4-5000-15MA, 

respectively. The representative chemical structure of PB and a polybutadiene grafted with 

maleic anhydride (maleinized PB) are reported in Figure 1. Table 1 summarizes the main 

properties of the liquid polybutadienes as provided by the supplier. 

 

Figure 1. Chemical structure of polybutadiene (PB) and polybutadiene-graft-maleic anhydride (maleinized PB). 

 

Table 1. Properties of the investigated polybutadienes. 

Sample 
Mn 

(g/mol) 

Grafted 

maleic 

anhydride 

(wt.%) 

Vinyl 1,2 content 

(%) 

Viscosity 

@25°C 

(dPa s) 

f’ 

(functional 

groups/chain) 

Tg by DSC 

(°C) 

PB 5000 0 10-20 30-50 - -92.5 

PB-10MA 5500 10 10-20 250-600 5.1 -84.4 

PB-15MA 5750 15 10-20 1200-2200 7.7 -79.1 
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Trimethylbenzoyl diphenylphosphine oxide (TPO), trimethylolpropane tris(3-

mercaptopropionate) (≥95 %) (TRIS) and oleic acid (OA) from Sigma-Aldrich were used as 

photoinitiator, crosslinking agent and polar electrospinning additive, respectively. 

All other chemicals were acquired from Sigma-Aldrich. 

Photocured electrospun mats preparation 

Electrospinning was performed by an E-fiber electrospinning system SKE apparatus in 

horizontal setup, equipped with a high voltage power supply, a programmable syringe pump 

and a grounded aluminum foil as collector. A syringe tip with diameter of 1 mm was employed 

during electrospinning. Electrospinning was conducted at environmental conditions by 

applying a voltage of 14–16 kV, a flow rate of 0.1–0.4 ml/h, and a tip-to-collector working 

distance of 6 cm. During electrospinning, the liquid polymer jet as well as the collector were 

irradiated (at room temperature) by means of a high-pressure mercury-xenon lamp equipped 

with an optical fiber (LIGHTNINGCURETM Spotlight source LC8, Hamamatsu), with an 

intensity of 280 mW/cm2 on the collector. The UV light intensity was measured by a UV Power 

Puck® II from EIT® Instrument Markets. The electrospun mats were then characterized either 

keeping them on the collector or as free-standing membranes after detachment from the 

substrate. 

Photocured film preparation 

Plain films with a thickness of 12 µm were prepared by coating a glass substrate with the liquid 

polybutadiene, using a wire-wound applicator. The curing process was performed at room 

temperature by means of a high-pressure mercury-xenon lamp equipped with an optical fiber 

(LIGHTNINGCURETM Spotlight source LC8, Hamamatsu). The UV light intensity was 

measured by a UV Power Puck® II from EIT® Instrument Markets and was set to 280 mW/cm2. 

The polymer films were irradiated for different exposure times until solidification. 

Characterization 

The tack-free time of 12 µm thick flat films coated on a glass slide and irradiated for different 

time lengths was assessed by pressing the thumb on the specimen surface and turning it through 

an angle of 90° in the plane of the film. The film was considered tack-free when there was no 

mark left on the specimen surface, no trace of sticky surface on the thumb, as well as no 

loosening, detachment, wrinkling, or other evidence of distortion of the film (i.e., dry-to-handle 



time, as in ASTM D1640/D1640M) [53]. These experiments were conducted at room 

temperature (i.e., 23 °C), and the test was repeated on at least three samples. The error could 

be estimated to be <10 %. 

In order to study the absorption of pure materials in UV-Vis range, UV–Vis spectroscopy was 

performed. Absorbance spectra were collected by means of a 6850 Jenway UV–Vis 

spectrophotometer in the range of 200-700 nm with a resolution of 0.2 nm. 12 µm thick flat 

films were coated on a quartz slide and subjected to the measurement while a clean quartz slide 

was used as the reference.  

For assessing the chemical bonds and compositions of thin films before and after UV curing, 

FT-IR spectroscopy analyses were performed using a Thermo Fisher Scientific NicoletTM iS50 

spectrometer in transmission mode in the spectral range of 4000–400 cm-1. 12 µm thick films 

on a silicon wafer as substrate were irradiated for different time lengths and analyzed by FT-

IR spectroscopy. All spectra were taken by an accumulation of 32 scans with a resolution of 4 

cm-1. The conversion of the reactive groups was calculated based on Eq. 1: 

𝐶𝑜𝑛𝑣𝑒𝑟𝑠𝑖𝑜𝑛 % = (1 −
𝐴𝑡

𝐴0
) × 100       (Eq. 1) 

Where At is the area of the peak of reactive groups at time t of irradiation, and A0 is the area of 

the same peak band at time 0 of irradiation. The double bond conversion was monitored through 

the C=C peak band at 1650 cm-1, while the opening of the maleic anhydride ring was controlled 

by tracking the disappearance of the two peaks at 1780 cm-1 and 1864 cm-1, assigned to the 

C=O groups attached to the ring. 

The insoluble fraction of photocured samples after their complete solidification was measured 

by gel content experiments, evaluating the weight loss after 24 h extraction by toluene at room 

temperature. 

Photo-rheology experiments were performed on liquid samples using a Modular Compact 

Rheometer MCR 302 (Anton Paar) equipped with a parallel-plate configuration with diameter 

of 25 mm and a quartz bottom glass. The gap between the two plates was set to 100 μm. A 

high-pressure mercury-xenon lamp equipped with an optical fiber (LIGHTNINGCURETM 

Spotlight source LC8, Hamamatsu), placed below the quartz plate, was used to irradiate the 

samples from the bottom part with a UV intensity of 100 mW/cm2 (measured by an EIT® 

Instrument Markets UV Power Puck® II radiometer). Initially, in order to determine the linear 



viscoelastic regime, an amplitude sweep experiment with a strain (γ) ramp ranging from 0.01 

% to 100 % at a constant frequency of 0.1 Hz was performed. Then, time sweep experiments 

were carried out in the linear viscoelastic region at a constant γ = 0.1% and a constant frequency 

of 0.1 Hz. The UV lamp was switched on after 60 s of data acquisition. The evolution of the 

elastic storage modulus G’ and the loss modulus G” with time was monitored until the 

occurrence of the gel point. All experiments were performed at 25 °C. 

The viscosity of the investigated liquid mixtures for electrospinning was measured using a 

Modular Compact Rheometer MCR 302 (Anton Paar) equipped with a parallel-plate 

configuration, with diameter of 25 mm. The shear viscosity was measured over a wide range 

of shear rate (0.01–100 s-1) at 25 °C and setting 1 mm as the gap between the upper plate and 

the platform. 

The electrospun fiber morphology was monitored by means of an Olympus BX53M optical 

microscope. Fiber size distributions were obtained by using ImageJ software; approximately 

100 measurements/sample were performed. The thermal stability of the fiber morphology was 

evaluated by heating an electrospun photocured mat at 40 °C, 60 °C, 80 °C and 100 °C for 20 

min for each temperature: samples were imaged and analyzed as previously described. 

Thermal stability of the electrospun membranes was evaluated by thermogravimetric analysis 

(TGA), using a Mettler Toledo TGA/SDTA 851e apparatus. Scans were made from 25 °C to 

800 °C with a heating rate of 10 °C/min, under a N2 flux to prevent thermos-oxidative 

processes. 

The viscoelastic behavior of the fibrous membranes was determined by using a dynamic 

mechanical thermal analysis (DMTA) instrument from Triton Technology. Measurements 

were conducted in dynamic tensile mode using a temperature sweep method, from -100 °C to 

25 °C, at a fixed frequency of 1 Hz with heating rate of 3 °C/min. Samples of approximately 

10 mm x 7 mm x 0.4 mm were cut from the collected membranes and placed directly into the 

grips. The glass transition temperature (Tg) was measured as the maximum of the tan δ curve. 

The wettability of the fibrous membranes was investigated by performing static contact angle 

measurements by means of a FTA 1000C instrument equipped with a video camera and image 

analyzer, at room temperature with the sessile drop technique. Three to five measurements were 

performed on each fibrous sample placing the liquid drops in different parts of the sample 



surface: the mean value and the error were determined. The probe liquids were water and 

hexadecane, whose surface tensions are 72.1 mN/m and 28.1 mN/m, respectively. 

 

 

Results and discussion 

With the aim of producing rubber fibrous membranes in a sustainable way, a low molecular 

weight polybutadiene polymer at the liquid state (PB) and its homologues grafted with maleic 

anhydride (i.e., maleinized polybutadiene PB-10MA and PB-15MA) were electrospun without 

the use of any solvent at room temperature. Electrospinning was combined with in-situ 

irradiation at ambient conditions, as illustrated in Figure 2: the UV light triggered the 

photocuring reaction, aimed at controlling the morphology of the fibers and enhancing the 

performance of the obtained fibrous membranes. 

 

Figure 2. Scheme of the electrospinning process with in-situ photocuring of liquid polybutadienes, leading to 

crosslinked solid fibers. 

 

As liquid oligomers are used, in order to obtain solid fibers on the collector, the photo-

crosslinking rate should be compatible with the electrospinning fiber formation speed (a 

gelification time ≤ 1 s is expected). Thus, the photo-induced curing process was investigated, 

assessing the solidification rate of the liquid polybutadienes upon UV irradiation in air by 

measuring their tack-free time (i.e., the irradiation time needed to completely solidify and cure 

the sample), when in the form of thin films coated onto a glass slide. Tack-free time data of 

PB, PB-10MA and PB-15MA are reported in Table 2: they varied in the range of few minutes 



(3–8 min) for all the investigated samples. Interestingly, liquid polymers having maleic 

anhydride grafts solidified faster than pure polybutadiene, and the higher was the amount of 

maleic anhydride, the lower was the solidification time. As a result, the sample containing the 

highest amount of grafted maleic anhydride (i.e., PB-15MA) showed the fastest photocuring 

reaction in air.  

Table 2. Tack-free time of thin films of liquid polybutadienes due to UV irradiation in air and nitrogen 

atmosphere: effect of maleic anhydride grafted on the polybutadiene chain. 

Sample 
Tack-free time (min) 

Air Nitrogen 

PB 8 12 

PB-10MA 5 7 

PB-15MA 3 5 

 

For comparison, the same tack-free time tests were carried out by UV irradiation in N2 

atmosphere. The photocuring was faster in air, suggesting the occurrence of crosslinking 

reactions assisted by oxygen (i.e. the presence of oxidation processes), as will be discussed 

below. However, the influence of the maleic anhydride group is evident in improving the 

reactivity under nitrogen as well: in fact, in the presence of such group the light absorption is 

higher, as assessed by UV-Vis spectroscopy (Figure S1 in the Supplementary Information). 

Moreover, UV-Vis spectroscopy demonstrated that the maleic anhydride ring is involved in the 

photocuring reaction also in an inert atmosphere (Figure S1). 

The introduction of grafted maleic anhydride moieties on the polybutadiene chain was expected 

to facilitate the electrospinning by increasing the polymer conductivity and viscosity (Table 1). 

Accordingly, among the different investigated liquid polybutadiene-based polymers, PB-

15MA (Mn≈5750 g/mol, and ≈15 wt.% of grafted maleic anhydride) was the only one that 

could form a continuous jet of fibers during electrospinning. In fact, with liquid PB and PB-

10MA the electrospinning was not successful (e.g., dripping of the liquid polymer, difficulties 

in forming the jet, discontinuous jet, flowing of the fibers on the collector) even changing the 

electrospinning parameters. 

However, although PB-15MA underwent the fastest photo-crosslinking (≈ 180 s, see Table 2), 

the reaction rate was not sufficient to assure a curing time comparable to the polymer jet flying 

time from the spinneret to the collector. Therefore, the electrospun fibers tended to deform 



once they reached the collector, becoming flat and eventually collapsing together (Figure S2 

in the Supplementary Information). 

To promote the setting of the fiber shape by accelerating the curing reaction, the addition of a 

radical-type photoinitiator (TPO) and a multifunctional thiol crosslinker (TRIS), which 

copolymerizes with the polybutadiene carbon-carbon double bonds by a thiol-ene chemistry, 

was attempted. The effect of the concentration of TPO (1 and 2 wt.%) and TRIS (1.5 and 3 

wt.%) on the tack-free time under UV irradiation in air at room temperature was first assessed 

on PB and PB-15MA thin films: results are reported in Table 3. As expected, for both systems, 

the solidification time was strongly reduced by the introduction of the photoinitiator (going 

from 8 to 6 min for PB, and from 3 to around 1 min for PB-15MA, with the addition of 2 wt.% 

TPO). The introduction of both the photoinitiator and the crosslinker had an even stronger 

impact on the tack-free time: PB and PB-15MA formulations containing 2 wt.% TPO and 3 

wt.% TRIS solidified in few seconds (≤ 5 s) under UV irradiation in air. Thus, while pure liquid 

polymers were cured in few minutes, the addition of the photoinitiator and the crosslinker led 

to a faster solidification in a matter of seconds. These curing times were found very promising 

to perform in-situ photocuring of liquid polybutadienes during electrospinning, assuring an 

adequate solidification of the polymer fibers.  

Table 3. Tack-free time of thin films of liquid polybutadienes due to UV irradiation in air: effect of the addition 

of TPO photoinitiator and TRIS thiol crosslinker. 

Sample Tack-free time (s) 

PB–1TPO 480 

PB–2TPO 360 

PB–2TPO–1.5TRIS 60 

PB–2TPO–3TRIS 5 

PB-15MA–1TPO 120 

PB-15MA–2TPO 65 

PB-15MA–2TPO–1.5TRIS 25 

PB-15MA–2TPO–3TRIS < 5 

 

In order to monitor the crosslinking reaction, track the structural changes of the polymer chains 

during UV irradiation in air, and investigate the effect of the presence of grafted maleic 

anhydride and of the addition of TPO photoinitiator and TRIS thiol crosslinker on the 

photocuring, FT-IR spectroscopy was employed. The liquid polymer films were irradiated by 

UV light, FT-IR spectra were acquired at various time intervals, and the spectra evolution was 



monitored (Figure S3–S5 in the Supplementary Information). As an example, Figure 3a and b 

report the FT-IR spectra of PB and its maleinized homologue PB-15MA at different irradiation 

times (i.e., 0, 5, 15 min). 

 

 

Figure 3. FT-IR spectra of: (a) PB and (b) PB-15MA films prior (irradiation time = 0 min), during (irradiation 

time = 5 min) and after (irradiation time = 15 min) UV irradiation in air, and (c) PB and (d) PB-15MA films 

containing 2 wt.% photoinitiator and 3 wt.% crosslinker (PB–2TPO–3TRIS and PB-15MA–2TPO–3TRIS in c 

and d, respectively) prior (irradiation time = 0 s) and after (irradiation time = 10 s) UV irradiation in air. 

As shown in Figure 3a, during irradiation of neat polybutadiene, an important increase of the 

absorption peaks of the ether (1090 cm-1), carbonyl (1730 cm-1), and hydroxyl (3400 cm-1) 

groups was detected. This means that PB under UV irradiation in presence of oxygen 

underwent crosslinking and photo-oxidation reactions, as reported in the literature [47,48,54]. 

In fact, oxygen molecules can get excited by absorbing UV light, and different reactive oxygen 

species are generated. These species attack the α-carbons and alkene groups of the PB chains, 

and hydroperoxide and hydroxyl radicals are thus formed. Such macroradicals can then 

combine forming a three-dimensional network (photo-crosslinking reaction). Hence, ether 

linkages between the reactive chains (associated to the peak at 1090 cm-1) increased with UV 

irradiation time (Figure 3a). A schematic representation of the photo-induced oxygen-mediated 

crosslinking reaction occurring in the PB system when irradiated in air is proposed in Figure 
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4a. The photo-crosslinking reaction was also confirmed by the solidification of the liquid PB 

and its high gel content value (insoluble fraction of 78.6 % after 10 min of irradiation). 

The macroradicals on the polymer chains can also combine with oxygen species forming 

carbonyl and hydroxyl groups. The absorption peak at 1730 cm-1, associated to C=O groups, 

and the broad band at 3400 cm-1, associated to hydroxyl stretching arising from –OOH or –OH 

groups [55], grew with irradiation time (Figure 3a), demonstrating not only the appearance of 

reactive oxygen species responsible for oxygen-mediated crosslinking but also the occurrence 

of oxidation reactions. Moreover, after UV irradiation, a decrease of the bands at 720 cm-1 (out-

of-plane deformation of cis –CH=CH–), 960 cm-1 (out-of-plane deformation of trans –

CH=CH–), 910 cm−1 (out-of-plane wagging of –CH=CH2 in the vinyl structure) and 1650 cm-

1 (stretching of C=C in alkenes) was detected and implied the consumption of double bonds in 

the PB system.  

Comparing the FT-IR spectra of neat PB (Figure 3a) and maleinized PB (Figure 3b) before 

irradiation, the two peaks at 1780 cm-1 and 1864 cm-1 in the latter clearly indicated the presence 

of the carbonyl groups of the maleic anhydride. Moreover, the carbonyl peak at 1715 cm-1, 

assigned to the C=O bonds of carboxylic acids, revealed the partial opening of the maleic ring. 

During irradiation of maleinized PB, the peaks at 1780 cm-1 and 1864 cm-1 decreased, whereas 

that at 1715 cm-1 increased (Figure 3b), indicating further ring opening. Interestingly, upon 

irradiation, a new band at 1739 cm-1, assigned to the C=O ester groups, also appeared, 

demonstrating a photo-induced esterification reaction of the anhydride [56–59]. As sketched 

in Figure 4b, this led to the crosslinking of the polybutadiene chains through the maleic moiety, 

which occurred together with the crosslinking oxidative reactions of the polybutadiene 

unsaturations, as discussed before. In fact, the FT-IR spectra of PB-15MA (Figure 3b) showed 

a decrease of the peaks assigned to the polybutadiene unsaturations (720 cm-1, 910 cm-1, 960 

cm−1, and 1650 cm-1) during UV irradiation, indicating the consumption of the double bonds. 

Whereas the band at 1436 cm-1, assigned to methylene groups –CH2–, increased with 

irradiation. This is probably due to the gel formation through the crosslinking reaction because 

of chain reaction and chain transfer mechanisms [48]. In addition, some deformations in the 

region of the peak bands centered at 1225 cm-1 and 1068 cm-1, associated to the symmetric and 

asymmetric stretching of the ring =C–O–C=, respectively, could be detected. 

Therefore, having two concomitant photo-induced curing reactions, i.e., the esterification and 

the oxidation (Figure 4a and b), the maleinized PB solidified faster than pure PB, as shown by 



the tack-free time results (Table 2), leading also to a higher insoluble fraction (i.e., 81.8 % after 

only 5 min of irradiation). 

 

 

Figure 4. Scheme of the photo-induced crosslinking reactions of PB (a), maleinized PB (b), and polybutadienes 

in the presence of the trifunctional thiol crosslinker TRIS (R(SH)3) and the photoinitiator TPO (c), occurring 

during UV irradiation in air. 

 

The crosslinking was further investigated upon addition of the photoinitiator and of the thiol 

crosslinker. Figure 3c and d report the FT-IR spectra of PB–2TPO–3TRIS and of PB-15MA–

2TPO–3TRIS prior and after 10 s of UV irradiation, leading to complete solidification of the 

films. In this case, the photo-crosslinking reaction was expected to involve the thiol groups of 

the TRIS crosslinker: however, the consumption of such groups could not be analyzed, as the 

peak at around 2556 cm- 1 was not detectable due to its very low intensity (samples contained 

only 3 wt.% of TRIS). Indeed, a decrease of the peaks assigned to the polybutadiene 

unsaturations (720 cm-1, 910 cm-1, 960 cm−1, and 1650 cm-1) was observed, as the thiyl radicals 

react with the backbone butene double bonds as well as with the pendent vinyl double bonds, 

even when they are in low amount [60]. 

Interestingly, PB-based sample (Figure 3c) exhibited the appearance of a peak band at 1730 

cm-1, assigned to C=O carbonyl bonds (of lower intensity than in the absence of TRIS), but the 

evolution of the broad peak at 3400 cm-1 as a signal for oxidation reactions could not be 

observed, contrary to what was shown in the absence of the crosslinker (Figure 3a). It can thus 

be concluded that when a proper photoinitiator and thiol crosslinker are added, the photo-

crosslinking of PB, which proceeds readily through intermolecular reactions between 

functional groups located on different polymer chains, is the main reaction over oxidation. 



For PB-15MA–2TPO–3TRIS sample (Figure 3d), upon irradiation, a new band at 1739 cm-1 

appeared, together with changes to the peaks at 1715 cm-1, 1780 cm-1 and 1864 cm-1; as 

explained above, these modifications indicated the photo-induced esterification reaction of the 

anhydride. Moreover, some deformations of the peak bands centered at 1225 cm-1 and 1068 

cm-1, associated to the symmetric and asymmetric stretching of the ring =C–O–C=, 

respectively, could be detected. Therefore, the photo-induced crosslinking in the presence of 

oxygen of maleinized polybutadienes added with a thiol crosslinker and a photoinitiator was 

found to be a multivalent and complex reaction, which concurrently involved the thiol 

crosslinker links (Figure 4c), the esterification of the maleic anhydride ring and the oxygen-

mediated crosslinking of polybutadiene unsaturations, leading to a very fast solidification time. 

 

 
Figure 5. Conversion of C=C functional groups at 1650 cm-1 in PB pristine polymer (a) and of C=C functional 

groups at 1650 cm-1 and C=O carbonyl groups of the maleic anhydride at 1780 cm-1 and 1864 cm-1 in PB-15MA 

pristine polymer (b) and PB-15MA-2TPO-3TRIS system (c). 

 

Also, the kinetics of crosslinking was analyzed by FT-IR spectroscopy, performed at different 

irradiation time. In particular, the double bond conversion was monitored through the decrease 

of the C=C peak at 1650 cm-1, as butene double bonds are only reacting with the thiyl radicals, 

conversely to vinyl groups that undergo both homopolymerization and copolymerization with 

the thiol groups [60]. Moreover, the opening of the ring was controlled by tracking the 

disappearance of the two peaks at 1780 cm-1 and 1864 cm-1, assigned to the C=O groups 

attached to the ring. Conversion results are reported in Figure 5. The conversion of the double 

bonds on the polymer chain in pristine PB-15MA was found to be lower than for PB system 

(39% and 27% for PB and PB-15MA, respectively, after 15 min of irradiation). Whereas the 

disappearance of C=O bonds associated to the maleic anhydride ring was quite high, reaching 

more than 50 % after 15 min of irradiation. In PB-15MA the crosslinking is thus mainly taking 

place through the maleic anhydride ring opening. Instead, the addition of the multifunctional 

a. b. c.



thiol crosslinker and of the photoinitiator leads to a higher contribution of the double bonds on 

the polybutadiene chains in the crosslinking reaction by the thiol-ene mechanism. In PB-

15MA–2TPO–3TRIS system, the C=C conversion was nearly 50% after 15 min of irradiation, 

while the consumption of C=O did not exceed 25%. 

Although the addition of the photoinitiator and the crosslinker greatly accelerated the 

solidification process for both PB and PB-15MA (Table 3), a small amount of TPO and TRIS 

significantly decreased the viscosity of the liquid polybutadiene formulations (see below). 

Therefore, only PB-15MA–2TPO–3TRIS was suitable for electrospinning and in-situ UV 

curing: in this case fibers with a stable morphology were obtained. Thus, this formulation (i.e., 

PB-15MA–2TPO–3TRIS), exhibiting the fastest solidification time (Table 3) and the best 

electrospinning performance, was selected for further investigation and characterization. 

Firstly, in order to monitor the fast kinetics of the photo-crosslinking of the optimized PB-

15MA–2TPO–3TRIS formulation in more detail, as FT-IR spectroscopy did not allow to 

accurately follow the reaction due to the low intensity of the thiol vibrational band, real-time 

photo-rheology analyses (i.e., rheology analyses during irradiation) were carried out. Initially, 

an amplitude sweep experiment was performed to determine the linear viscoelastic region 

(LVR). Afterwards, a time sweep test at constant strain in the LVR was done, and the UV lamp 

was switched on after 60 s of data acquisition. As shown in Figure 6, the thiol-ene photo-

induced crosslinking reaction was very fast, leading to gelation of PB-15MA–2TPO–3TRIS 

after 6 s of light irradiation (taken as the time at which G’ and G’’ cross over). In fact, the 

storage modulus (G’) quickly rose after switching on the UV lamp and after only few seconds 

predominated the loss modulus (G”). Hence, the UV light irradiation increased the elasticity 

(G’) of the polymer formulation. This is particularly interesting as a higher degree of elasticity 

can improve the jet continuity and its elongation [61]. As it can be seen from Figure 6, before 

irradiation the system exhibited a viscous behavior, while after the UV irradiation it had an 

elastic behavior with a high G’ plateau.  



 

Figure 6. Photo-rheology curve of PB-15MA–2TPO–3TRIS formulation: storage modulus G’ and loss modulus 

G” as a function of time of irradiation; the UV light was switched on after 60 s of measurement. 

 

As comparison, photo-rheology experiments were also performed on the liquid maleinized 

polybutadiene system containing solely the photoinitiator (PB-15MA–2TPO) or solely the thiol 

crosslinker (PB-15MA–3TRIS): results are reported in Figure S6 in the Supplementary 

Information. In these cases, the photo-crosslinking reaction rate was found to be much lower 

(requiring >90 min and ≈15 min, respectively, to reach the gel point), confirming the 

importance of the presence of both the photoinitiator and the crosslinker to obtain a very fast 

curing reaction, meeting the electrospinning process speed. 

In order to better control the electrospinning process and reduce the obtained fiber diameters, 

polar additives can be used. In fact, by reducing the viscoelastic forces, they allow the polymer 

jet to undergo higher axial stretching during the whipping instability phase [62–64]. Moreover, 

being easily polarized, they can increase the electrical conductivity governed by mobility of 

charge carriers or ions, enhancing the charge-carrying capacity of the liquid polymer, favoring 

the bending instabilities during electrospinning and inducing higher stretching phenomena. 

Accordingly, polymer mixtures containing a polar additive experience greater repulsive forces, 

together with stronger stretching forces, leading to more stable electrospinning process [62–

64]. In this work, OA was used as polar additive. Prior to electrospinning, the effect of the 

amount of oleic acid on the formulation viscosity was evaluated by addition of 3, 5 and 9 wt.% 

OA to the PB-15MA–2TPO–3TRIS sample (Figure 7). It is worth mentioning that the addition 

of a small amount of crosslinker and photoinitiator reduced the viscosity of the liquid polymer 

PB-15MA. As shown in Figure 7, the introduction of OA further decreased the viscosity of the 

system, which passed from 226 Pa s (at a shear rate of 0.01 s-1) to values lower than 100 Pa s 

(at a shear rate of 0.01 s-1), going from mixtures with no OA to systems with 9 wt.% OA. 



However, all the studied formulations showed a viscosity suitable with the electrospinning 

process [65]. 

 

Figure 7. Viscosity vs. shear rate of the pristine PB-15MA, and of PB-15MA–2TPO–3TRIS formulations used 

in electrospinning with 0, 3, 5 and 9 wt.% OA. 

The electrospinning and in-situ photo-crosslinking process was successful with all the 

investigated formulations based on PB-15MA (i.e., PB-15MA–2TPO–3TRIS with 0, 3, 5 and 

9 wt.% OA): solid cylindrical fibers were produced in few seconds and collected to form 

fibrous membranes. It is worth mentioning that the absence of the solvent and accordingly a 

lower degree of whipping instability and stretching, together with the high viscosity of the PB-

15MA formulations at room temperature were expected to yield quite large fibers, as in the 

range of fibers obtained from melt electrospinning processes [16]. Figure 8 shows the PB-

15MA–2TPO–3TRIS electrospun fibrous mat morphology obtained and their fiber diameter 

distribution. As expected, the addition of OA reduced the fiber diameters: average diameters 

of 61 μm, 60 μm and 48 μm were obtained for the formulations with 0, 3 and 5 wt.% OA, 

respectively. However, when the content of OA was 9 wt.%, very large fibers (i.e., average 

diameter of 115 μm) with a quite wide range of size distribution were produced (Figure 8). In 

fact, increasing the conductivity of the polymer above a certain level can intensify the 

instability of the electrospinning process. Anyway, the diameter range of the produced fibers 

is in well accordance with similar works applying monomer electrospinning and in-situ UV 

curing without solvent [31,32,34]. 

After preparation, the electrospun mats could be easily detached from the collector, forming 

free-standing fibrous membranes (Figure S7 in the Supplementary Information).  



  

Figure 8. Fiber morphology by optical microscope images of PB-15MA–2TPO–3TRIS formulations with 0 (a), 

3 (b), 5 (c) and 9 (d) wt.% OA and their diameter distribution histograms. 

 

The photocuring efficiency as well as the solvent resistance of the different electrospun fiber 

systems were evaluated by insoluble fraction measurements (Figure S8 in the Supplementary 

Information). The high gel content values (>80 %) indicated that all fibrous membranes were 

crosslinked and resistant to solvent. The insoluble fractions slightly decreased with increasing 

the polar additive content, as it does not take part to the crosslinking reaction and thus remains 

soluble even after irradiation. 

The thermal stability of the different electrospun mats was studied by TGA. As shown in Figure 

9a, all samples presented very high thermal resistance. A first small degradation took place at 

around 250 °C, due to the presence of OA additive, while the major degradation of the 

photocured membranes occurred after 350 °C (degradation peak centered at around 460 °C). 

Also analyzing T5 data (i.e., the temperature at which 5 wt.% of the sample is lost) reported in 

Table 4, it is clear that the addition of OA lowered the onset temperature of decomposition of 

the fibers. Whereas T50 values (i.e., the temperature at which 50 wt.% of the sample is lost) 

were found very similar for all investigated systems, in the range 446–449 °C. 

Table 4. Degradation temperatures obtained from TGA analyses and Tg obtained by DMTA analyses of 

crosslinked electrospun PB-15MA–2TPO–3TRIS systems containing 0, 3, 5 and 9 wt.% OA. T5 and T50 are the 

temperature at which 5 and 50 wt.% of the initial weight is lost, respectively. 

Sample T5 (°C) T50 (°C) Tg (°C) 

PB-15MA–2TPO–3TRIS 346 449 -58 

PB-15MA–2TPO–3TRIS–3OA 265 448 -55 

PB-15MA–2TPO–3TRIS–5OA 239 446 -56 

PB-15MA–2TPO–3TRIS–9OA 240 446 - 

 

a. PB-15MA-2TPO-3TRIS b. PB-15MA-2TPO-3TRIS-3OA

c. PB-15MA-2TPO-3TRIS-5OA d. PB-15MA-2TPO-3TRIS-9OA



Interestingly, the photo-crosslinked mats were proven to have an exceptional thermal stability 

of the fibrous morphology. As shown in Figure 9b and 9c, after exposure to elevated 

temperatures up to 100 °C (see experimental section), the fibers morphology remained 

unaltered with a slight increase of the fibers diameter (from 60 μm to 77 μm for PB-15MA-

2TPO-3TRIS-3OA and from 48 μm to 58 μm for PB-15MA-2TPO-3TRIS-5OA). Moreover, 

the fiber morphology of the mats was very stable also over time, remaining unchanged for at 

least one year; only a yellowing process of the membranes could be detected. 

 

Figure 9. a. TGA thermograms of crosslinked electrospun PB-15MA–2TPO–3TRIS systems containing 0, 3, 5 

and 9 wt.% OA. b. and c. Fiber morphology of photocured electrospun PB-15MA–2TPO–3TRIS mats with 3 

wt.% OA (b) and 5 wt.% OA (c), before and after a thermal treatment up to 100 °C). 

 

The shape stability of the fibers is particularly remarkable considering that they are 

characterized by a very low glass transition temperature. The Tg values of the photocured 

electrospun mats, evaluated by DMTA tests, were comparable for all investigated samples and 

found approximately at -56 °C (results are reported in Table 4). The electrospun fibers thus 

maintained their rubber behavior despite the photocuring reaction, which led to a moderate 

increase of Tg (as the pristine liquid polymer has a Tg=-79°C, measured by DSC, as provided 

by the supplier). Hence, the crosslinking reaction guaranteed a stable morphology of the fibers 

but did not modify their rubbery state. 

Due to the high surface area of the electrospun mats, their surface properties are of primary 

importance. The wettability of the photocured fibrous membranes was assessed by static 

contact angle measurements with water and hexadecane as test liquids. All samples showed 

very low wettability (contact angle > 80°) when water was used (Figure 10). Whereas contact 

angle measurements with hexadecane revealed a high oleophilic character of the electrospun 



membranes, which showed contact angles close to 0°. These results demonstrating concomitant 

hydrophobicity and oleophilicity, together with high thermal and morphological stability, are 

particularly promising for the use of the photocured polybutadiene-based electrospun mats as 

membranes for water-oil separation. 

 

Figure 10. Contact angle with water of the photocured electrospun mats of PB-15MA–2TPO–3TRIS with 0, 3, 

5 and 9 wt.% OA. 

 

Conclusions 

In view of an increased focus on sustainable production processes of fine fibers, this work 

describes a technique able to minimize both overall energy consumption from heating (i.e., the 

entire process is conducted at room temperature) and emission of volatile organic compounds 

(i.e., no solvents are used). The fabrication of ultrathin rubber fibers was obtained by 

electrospinning of liquid polybutadienes and their in-situ photo-induced crosslinking. As the 

curing process of the system has to show a fast rate to assure solidification during 

electrospinning, liquid maleinized PB (polybutadiene-graft-maleic anhydride) polymers were 

used exploiting both the radical abstraction reaction of allylic hydrogen and the photo-induced 

ring opening of maleic anhydride. However, by employing pure liquid maleinized PB 

polymers, the fiber morphology of the electrospun mat was not retained. The addition of a 

photoinitiator (TPO) and of a multifunctional thiol-based crosslinker (TRIS) was thus proposed 

to achieve suitable photocuring reaction rates. A very fast and complex photo-induced 

crosslinking reaction, involving at the same time the oxidation of the polybutadiene chains, the 

esterification of the maleic anhydride moieties and the multifunctional thiol crosslinker, was 

exploited. Moreover, a polar additive such as oleic acid was introduced in the electrospinning 

formulations to tune their viscosity and charge density. The liquid polybutadiene-based 

formulation was optimized, and rubber fibrous membranes with an average fiber diameter of 



48 μm were obtained by processing PB-15MA–2TPO–3TRIS with 5 wt.% OA. The 

membranes showed a remarkably stable morphology over time and temperature changes, high 

insolubility (insoluble fraction >80 %), good thermal properties (onset temperature of 

decomposition at ≈250 °C, and major degradation at ≈460 °C), low Tg (-56 °C), and a 

pronounced hydrophobic and oleophilic character. Moreover, the used method is a single-step 

approach to easily convert liquid low molecular weight polybutadienes into crosslinked rubber 

fibers and fibrous membranes in a matter of seconds, without employing solvents and/or 

heating as requested in spinning a high molecular weight polymer. 
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