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A B S T R A C T

With the aim of expanding the application possibilities of a derivative of soybean oil, namely epoxidized soybean 
oil acrylate (ESOA), a compound from renewable sources, by giving it functional and structural properties, the 
development of its formulations was investigated in this work. ESOA was combined with N-isopropylacrylamide 
(NIPAAm) by a reactive radical process to modify not only the features of the oil but also those of poly(N- 
isopropylacrylamide) (PNIPAAm), in particular to improve its mechanical properties and its retention capacity 
for hydrophobic molecules. The formulations, based on different ratios of ESOA/NIPAAm, were prepared using 
trihexyl tetradecyl phosphonium persulfate (TETDPPS) as a non-gas-releasing radical initiator, and applying a 
very energy-efficient polymerization method, i.e., frontal polymerization.

The investigation of the polymerization front velocity (Vf) and the front temperature (Tmax) showed a sig
nificant dependence of these two parameters on the ratio of the two components, with an increase in Tmax and Vf 
with the amount of NIPAAm and with a limit of front formation up to an ESOA/NIPAAm ratio of 90. As indicated 
by the microscopic measurements, the prepared formulations showed a decreasing porosity with increasing 
ESOA amount, while the DSC analyses proved a good compatibility between the components, which was favored 
by the formation of a copolymeric system during the free radical polymerization process. The mechanical 
properties were investigated by DMA compression analyses, which revealed a relevant increase in modulus when 
increasing the ESOA content in the reaction mixture. It was also found that the swelling and the ability to retain 
hydrophobic compounds depends on the initial composition, with the former parameter decreasing with 
increasing the ESOA/NIPAAm ratio and the retention capacity increasing significantly with increasing ESOA 
content in the reaction mixture.

1. Introduction

The development of novel formulations based on compounds from 
renewable sources is attracting considerable interest, as they address the 
need to limit the use of materials from fossil sources and, in some cases, 
these systems are derived from agricultural processing, thus reducing 
the impact of waste [1,2]. Among the various bio-based materials, those 
derived from soy, such as soybean oil or modified soybean oil, are 
particularly promising [3,4]. Indeed, the above-mentioned compounds 
can be modified in various ways to make them more usable for different 
applications [5–7]. In particular, Sharma et al. [5] successfully produced 
acyl derivatives of vegetable oils from epoxidized soybean oil and a 

series of acid anhydrides in a one-pot synthesis. The resulting derivatives 
proved to be suitable for the development of industrial lubricant for
mulations [6]. In a more recent study, Amos et al. [7] carried out the 
maleation of soybean oil in a pilot plant scale, obtaining a sustainable 
alternative to alkenyl succinic anhydrides, which are commonly used to 
modify polysaccharides to enhance their applicability in food additives, 
binders in papermaking and adhesives. Moreover, various studies dealt 
with the acrylation of epoxidized soybean oil [8,9], whose acrylic 
functionalities allow the resulting material to be used in radical re
actions and also to be combined with other polymer systems through 
reactive processes. Mauck et al. [10] took advantage of this feature by 
using epoxidized soybean oil acrylate (ESOA) as a modifier to improve 
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the toughness of polylactic acid (PLA), thus developing a biodegradable 
and renewable alternative to petroleum-based formulations for appli
cations requiring higher toughness than neat PLA. Another significant 
advantage of combining ESOA with other polymeric materials is the 
improvement in thermal stability. This was demonstrated by Oprea et al. 
[11], who developed blends and subsequently films of ESOA and poly
urethane acrylate that exhibited increased tensile strength and 
improved thermal stability, overcoming the typical limitations of poly
urethanes in high-temperature resistance [12]. In order to extend the 
application of ESOA, this work investigated the possibility of combining 
this compound with a polymer of great interest, namely poly(N- 
isopropylacrylamide) (PNIPAAm), to develop innovative materials 
with modified properties compared to those obtained from NIPAAm and 
ESOA. It is worth underlining that the strategy of combining systems 
from renewable sources with those from non-renewable sources, such as 
PNIPAAm, can be seen as a way to reduce the impact of conventional 
materials from fossil sources on the one hand and to modify and improve 
the properties of materials produced from renewable sources on the 
other, an approach that was applied to various systems such as PLA/ 
PMMA, PHB/PE, etc. [13–17].

The polymer we focused on our study, PNIPAAm, presents some 
drawbacks, especially in terms of mechanical properties [18]. This can 
be overcome by various approaches, including copolymerization, 
blending or combinations with other compounds that, if derived from 
renewable sources, make the formulation environmentally friendly. On 
the other hand, as previously mentioned, the development of novel 
formulations based on ESOA is an important goal, as it could allow an 
expansion of its applications. Given the hydrophobicity of ESOA, for
mulations based on this compound could enable the production of ma
terials capable of retaining non-polar molecules, thus offering potential 
applications in water treatment. With this in mind, we designed a study 
in which we also used a very energy-efficient polymerization method, 
namely frontal polymerization. This polymerization technique was used 
in a series of studies to produce PNIPAAm-based hydrogels, in combi
nation with a variety of polymer and non-polymer compounds, such as 
montmorillonite [19], polyvinylpyrrolidone [20], methylcellulose [21], 
polycaprolactone [22] and β-cyclodextrin [23], among others. Although 
these examples highlight the wide application of frontal polymerization 
in the preparation of PNIPAAm-based systems, it is important to un
derline that this method has not yet been used in the development of 
ESOA-based materials. The novelty of our work therefore relates to both 
the material development as well as to the preparation approach used 
for their synthesis. This work describes in particular the development of 
innovative systems based on ESOA and NIPAAm obtained by means of 
the frontal polymerization technique (Fig. 1). The thermal, mechanical 
and morphological properties of the materials were investigated as a 

function of the ratio between ESOA and NIPAAm. In addition, the 
swelling ratio of these systems was evaluated by testing it at different 
temperatures in MilliQ water to demonstrate the influence of the hy
drophobic component and to allow a meaningful comparison with the 
swelling capacity of other PNIPAAm-based systems. Finally, with the 
aim of exploring a possible application of the formulations developed in 
the field of water treatment, and in particular in the removal of hydro
phobic pollutants, the ability of the prepared samples to retain a hy
drophobic molecule, namely Oil Red O, was investigated.

2. Materials and methods

2.1. Materials

Epoxidized Soybean Oil Acrylate (ESOA, with 4000 ppm hydroqui
none monomethyl ether), N-isopropylacrylamide (NIPAAm, purity ≥ 97 
%), dimetylsulfoxide (DMSO, purity ≥ 99 %), cyrene (purity ≥ 98.5 %), 
pentaerythritol tetraacrylate (PE-TA, with 350 ppm hydroquinone 
monomethyl ether), ammonium persulphate (APS, purity ≥ 98 %), tri
hexyl tetradecyl phosphonium chloride (TETDPC, purity ≥ 95 %), Oil 
Red O (solution 0.5 % in isopropanol), isopropanol (purity 69–71 %), 
were purchased from Sigma Aldrich® and used as received.

2.2. Sample preparation

For each sample, 5.0 g of monomer were used and the mass ratio 
between ESOA and NIPAAm was varied, as shown in Table 1. The 
samples were named according to their ESOA and NIPAAm concentra
tion, e.g. ESOA60_NIP40 denotes the system with a ESOA and NIPAAm 
content of 60 and 40 wt% with respect to the total amount of monomer, 
respectively.

The radical initiator trihexyl tetradecyl phosphonium persulphate 
(TETDPPS) was prepared according to the procedure reported elsewhere 
[24] and used at a concentration of 5.0 mol% with respect to the molar 
concentration of acrylate groups. In the case of ESOA, the number of 3.4 
acrylate groups per mole of triglyceride was taken as the basis for 
calculation.

To prepare the samples, ESOA and NIPAAm were mixed in a test tube 
with an inner diameter of 16 mm and a length of 100 mm in the presence 
of DMSO, which was identified as an optimal solvent, by using a me
chanical stirrer. Once complete solubilization was achieved, the initiator 
was added, and the system was stirred for approximately one minute. 
Frontal polymerization was initiated by heating the outer wall of the 
upper part of the test tubes with a tin welder set at 450 ◦C.

The sample designated ESOA_100, which consists exclusively of 
ESOA, was prepared through a classical bulk polymerization due the low 

Fig. 1. Scheme of the formulation preparation.
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reactivity of the monomer in question. Again, the radical initiator 
TETDPPS was used at a concentration of 5.0 mol%, based on the moles 
of acrylate groups, and the polymerization was carried out at a tem
perature of 80 ◦C.

Sample PETA_NIP was prepared by substituting ESOA with pen
taerythritol tetraacrylate. The amount of PE-TA was chosen in order to 
maintain the same concentration of acrylate groups in moles as that of 
ESOA10_NIP90 sample, which allowed a meaningful comparison be
tween the two systems.

2.3. Characterization

The frontal polymerization process was investigated with regard to 
the velocity of the reaction front (Vf) and the front temperature (Tmax). 
The temperature (±10 ◦C) was recorded using a K-type thermocouple 
connected to a digital multimeter inserted into the reaction system at a 
depth of approximately 3 cm from the bottom of the test tubes used for 
sample preparation. The front velocity (± 0.05 cm/min) was determined 
by monitoring its position over time. The thermal characterization of the 
samples was performed using a Mettler Toledo differential scanning 
calorimeter (DSC1 STARe System®). The analyses were carried out be
tween − 100 and 200 ◦C, with a heating/cooling rate of ± 10 ◦C/min and 
an N2 flow rate of 20 mL/min. Observation and examination of the 
thermograms enabled the acquisition of glass transition temperature 
(Tg) for the various formulations.

A Zeiss Supra 40 VP field emission scanning electron microscope, 
equipped with a backscattered electron detector, was employed for the 
morphological analysis of the samples. Prior to analysis, the samples 
were cryogenically fractured, immersed in liquid nitrogen, and covered 
with a thin layer of graphite using a Polaron E5100.

To determine the swelling ratio, square specimens of approximately 
0.5 cm side length were taken from each sample. These were washed in 
MilliQ water for three days, changing the water every 24 h. They were 
then washed in toluene for a further three days, changing the solvent 
every 24 h. The specimens were then dried in a vacuum oven at room 
temperature until they reached a constant weight. The swelling ratio of 
the samples was quantified through testing in MilliQ water at temper
atures ranging from 2 to 34 ◦C, with an increase of ca. 2–3 ◦C every 24 h.

The percentage swelling ratio (SR%) was then calculated using Eq. 
(1): 

SR(%) =
Ms − Md

Md
⋅100 (1) 

Where Ms and Md are the weight of the swollen sample and the dried 
sample, respectively. The reported data are an average of three mea
surements (reproducibility was about ± 10 %).

Gel fraction tests were carried out to determine the degree of cross- 
linking of the samples and thus the yield of the polymerization reaction. 
Square specimens with a side length of approximately 0.5 cm were cut 

from each sample, dried in a vacuum oven after the washing procedures 
described above, and weighed. The samples were then immersed in 3 mL 
anhydrous toluene for 24 h, dried in a vacuum oven and weighed again. 
The same procedure was repeated a second time and the percentage gel 
fraction (GF%) was calculated using Eq. (2): 

GF% =
Md,2

Md,1
⋅100 (2) 

Where Md,2 and Md,1 are the weight of the dried sample after second and 
first washing respectively.

The same procedure was then repeated in MilliQ water. The reported 
data are an average of three measurements (reproducibility was about 
± 10 %).

The mechanical properties of the samples were analysed at room 
temperature (T = 25 ◦C) using a dynamic mechanical analyser (DMA) 
TA-Q-800 instrument (TA Instruments), equipped with the TA Universal 
Analysis 2000 software. The samples were cut into squares with a side 
length of approximately 6.0 mm and a height of approximately 3.0 mm 
and subjected to dry and immersion compression tests employing the 
appropriate clamps. For the immersion compression tests, the specimens 
were placed in the clamp tank, which was filled with sufficient water to 
fully submerge the samples. The tests were conducted using a controlled 
force method with a force ramp from 0 to 18 N, with an increment of 1.0 
N/min and a preload of 0.01 N. The elastic modulus was calculated at 
3.0 % strain. For each sample three measures were performed, and the 
mean values were reported; the standard deviation was always below 5 
%.

2.4. Retention tests

For the retention tests, square specimens of approximately 0.5 cm 
side length were excised from each sample. A solution of 0.5 % Oil Red O 
in isopropanol, which is commonly used to highlight lipids and water- 
insoluble substances, was used [25]. The dye was diluted 1:30 ratio in 
isopropanol and the specimens were immersed in 5.0 mL of this solution 
for 24 h. The supernatant was analysed using a Shimadzu® UV 1800 
UV–Vis spectrometer. To quantify the amount of dye adsorbed by each 
sample, a calibration curve was constructed by measuring the absor
bance relative to standard solutions at different dye concentrations at 
the characteristic wavelength of Oil Red O, i.e. 515 nm. Equation (3)
was then applied: 

Absorbance[a.u.] = 0.00913⋅Concentration[μg/mL] +0.40835 (3) 

R2 = 0.98396 

Table 1 
Characteristics of the prepared systems.

Sample code ESOA [g] NIPAAm [g] TETDPPS [g] DMSO [mL] PE-TA [g] Polymerization technique

ESOA_100 5.0 0.0 0.479 0.0 − BP
ESOA90_NIP10 4.5 0.5 0.579 0.3 − FP
ESOA80_NIP20 4.0 1.0 0.682 0.6 − FP
ESOA70_NIP30 3.5 1.5 0.783 0.9 − FP
ESOA60_NIP40 3.0 2.0 0.884 1.2 − FP
ESOA50_NIP50 2.5 2.5 0.985 1.5 − FP
ESOA40_NIP60 2.0 3.0 1.087 1.8 − FP
ESOA30_NIP70 1.5 3.5 1.189 2.1 − FP
ESOA20_NIP80 1.0 4.0 1.291 2.4 − FP
ESOA10_NIP90 0.5 4.5 1.392 2.7 − FP
NIP_100 0.0 5.0 1.488 3.0 − FP
PETA_NIP − 4.5 1.396 2.7 0.417 FP

BP = bulk polymerization, FP = frontal polymerization
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3. Results and discussion

3.1. Study of the frontal polymerization parameters

Fig. 2 shows the trends of Vf, (Fig. 2a) and Tmax (Fig. 2b) as a function 
of the NIPAAm concentration (expressed as a wt.% with respect to the 
total amount of the two compounds). The figures do not show data for 
ESOA_100 because it was obtained by batch polymerization only. 
Indeed, this is due to the balance between the heat developed by the 
polymerization involving the acrylic groups and that absorbed by the 
non-reactive part of the ESOA, which results in insufficient energy to 
sustain the polymerization front. Nevertheless, it is interesting to notice 
that as low as 10 wt% NIPAAm was sufficient to sustain the front 
propagation, allowing the preparation of very rich ESOA formulations 
by exploiting frontal polymerization.

The curves shown in Fig. 2 indicate that both parameters are strongly 
influenced by the NIPAAm concentration in the reaction mixture, with 
Vf and Tmax showing a similar trend. In particular, it can be observed 
that Vf ranged from ≈ 0.5 cm/min for the sample with the lowest 
NIPAAm concentration, namely ESOA90_NIP10, to ≈ 1.8 cm/min for 
ESOA10_NIP90.

The variation of Vf as a function of NIPAAm amount was greater at 
the lower concentrations: for example, Vf doubles (from ≈ 0.5 cm/min 
to ≈ 1.0 cm/min) when the concentration increases from 10 to 20 %, 
while it reaches an almost constant value of 1.7 cm/min from 
ESOA40_NIP60. It can also be observed that the NIPAAm homopolymer 
has a lower Vf value than the samples based on the highest ESOA con
tent. To explain these results, one must take into account that this 
sample was not cross-linked, and its polymerization front was charac
terized by the fingering phenomenon, in which, as described in the 
literature, some pieces of the denser polymer drip into the cold mono
mer, thereby removing heat from the propagating front and triggering 
bulk polymerization within the monomer itself [26]. As already 
mentioned, the same trend was observed for Tmax as for Vf: the front 
temperature increased almost hyperbolically with increasing NIPAAm 
concentration, and a decrease in Tmax due to fingering can be observed 
for NIP_100.

Finally, analysis of the values of Vf and Tmax for the sample in which 
ESOA was replaced by the same molar amount of reactive acrylate 
groups of pentaerythritol tetraacrylate, PETA_NIP (Fig. S1), revealed 
that both Vf and Tmax values were lower than that obtained for the 
corresponding system based on ESOA, demonstrating the lower reac
tivity of PE-TA compared to ESOA. This phenomenon can be explained 
by considering various parameters that may affect polymerization, e.g. 
the different viscosity of the reactive mixture, which can influence the 
diffusivity of the reagents and the specific reactivity due to the different 
chemical structure of ESOA and PE-TA [27].

3.2. Morphological analysis

Fig. 3 shows the FE-SEM micrographs of the cross-section of some of 
the prepared samples subjected to freeze-drying process, namely 
ESOA90_NIP10 (Fig. 3a), ESOA50_NIP50 (Fig. 3b), and ESOA10_NIP90 
(Fig. 3c). These samples were selected as representative of the evolution 
of morphology depending on the composition of the reaction mixture.

Although the ESOA/NIPAAm-based samples did not exhibit a clear 
sponge-like morphology typical of hydrogels, the porosity/roughness 
increased with increasing NIPAAm content in the reaction mixture. This 
can be attributed to the presence of ESOA, which makes the material 
more compact and with a lower affinity for water. Indeed, these results 
must be taken into account to explain the properties of the systems as 
reported for other PNIPAAM-based materials, where both the degree of 
crosslinking and the strength were correlated with their morphology 
[22]. In addition, it should be highlighted that the morphological ho
mogeneity of the ESOA/NIPAAm-based samples indicates a good 
compatibility between the two phases that compose the material after 
the polymerization reaction.

3.3. Thermal properties of the ESOA/NIPAAm systems

The systems prepared starting from neat ESOA (ESOA_100) and 
PNIPAAm (NIP_100) as well as the formulations based on both ESOA 
and NIPAAm were characterized in terms of their thermal properties 
using a differential scanning calorimeter. The resulting data are shown 
in Table 2, while DSC traces are given in the Supporting Information 
(Fig. S2).

In the second heating DSC trace, ESOA_100 exhibited a glass tran
sition temperature (Tg) of 32 ◦C, thus demonstrating the typical thermal 
behaviour of an amorphous polymer. It was reported that the Tg of ESOA 
depends on the curing conditions and consequently on the degree of 
cross-linking. For example, Lebedevaite et al. [28] prepared a system of 
neat ESOA that exhibited a degree of cross-linking of 88 %, and a Tg of 
− 4.5 ◦C, while Yang et al. [29] reported the development of an ESOA- 
based sample with a cross-linking density of 751 mol/m3 and a Tg of 
16 ◦C.

In the case of NIP_100, a Tg of 103 ◦C was observed, which is 
consistent with the value of linear non-crosslinked polymer [30]. The 
formulations containing ESOA and NIPAAm in different ratios exhibited 
a single Tg, which increased when the NIPAAm content was augmented 
at least up to a concentration of 40 wt%. Indeed, Tg ranged from 64 ◦C 
for ESOA90_NIP10 – a sample containing 10 wt% NIPAAm –, to 105 ◦C 
for that with 40 wt%, ESOA60_NIP40. The samples with higher NIPAAm 
concentration also had a single Tg characterized by values close to that 
of neat PNIPAAm, i.e., around 103 ◦C. Indeed, the fact that the materials 
were characterized by a single Tg is evidence of a good compatibility 

Fig. 2. (a) Vf and (b) Tmax as a function of NIPAAm concentration for the ESOA/NIPAAm systems.
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between the formulation components and that ESOA acts as a co- 
monomer/crosslinker in the crosslinking process, which probably fa
vours the formation of a copolymer system within the network. 
Furthermore, the increase in Tg in the ESOA/NIPAAm-based samples 
compared to neat ESOA – a phenomenon that cannot be related to a 
change in the degree of crosslinking, as the samples exhibited a similar 
GF – suggests that the incorporation of NIPAAm into the network leads 
to a decrease in free volume. In contrast, the glass transition temperature 
of the samples with a high ESOA content showed a lower value 
compared to fully crosslinked PNIPAAm systems characterized by a Tg of 
about 130 ◦C [31,32], suggesting that the ESOA improve the free volume 
of the ESOA/NIPAAm network.

Finally, the glass transition temperature of PETA_NIP was found to be 
higher than that of the corresponding ESOA-based sample, being 115 
and 106 ◦C for PETA_NIP and ESOA10_NIP90, respectively, which is 
probably due to the different mobility of the two chemical structures.

3.4. Gel fraction of the ESOA/NIPAAm systems

In order determine the formation of a three-dimensional network in 
the NIPAAm/ESOA system, gel fraction (GF) tests were carried out. After 
checking the solubility of the starting reagents, water and toluene were 
identified as suitable solvents for carrying out these tests. Indeed, water 
is able to solubilize the residual unreacted NIPAAm, while toluene can 
dissolve the unreacted ESOA. The results of the gel fraction tests are 
given in Table 2 as a function of NIPAAm concentration relative to the 
total amount of monomers in the systems.

The gel fraction tests carried out in water evidenced that samples 
containing up to 60 wt% ESOA exhibited a degree of cross-linking of 
almost 100 %, which decreased to 94 % only for the sample based on the 
highest content of NIPAAm, namely ESOA10_NIP90.

The GF values in toluene were also high, ranging from 99 % in sys
tems with the highest NIPAAm content to 96 % in those with lowest 
amounts, showing that both compounds, NIPAAm and ESOA, were 
involved in network formation. Moreover, the gel fraction values found 
are consistent with those of other materials composed of cross-linked 
PNIPAAm or ESOA described in the literature [33,34]. However, it is 
worth underling that similar GF values were obtained using thermal 
curing, which took much longer than frontal polymerization approach. 
For example, Chuang et al. [35] reported the development of hydrogels 
based on NIPAAm and N-methylol acrylamide prepared by redox poly
merization, finding a GF close to 90 % after one hour of thermal curing 
at 110 ◦C. At the same time, Paramarta et al. [36] reported the devel
opment of thermoset coatings based on acrylated epoxidized soybean oil 
and an amine crosslinker, prepared via aza-Michael reaction, which 
achieved cross-linking of approximately 93 % with a curing time of 45 
min at 80 ◦C. These results clearly demonstrate the effectiveness of the 
preparation method used in our work, which is able to activate the 
formation of a network in a very short time, on the order of seconds.

3.5. Swelling properties of the ESOA/NIPAAM systems

The swelling properties of the ESOA/NIPAAm-based formulations 
were investigated by testing in MilliQ water, as this is the usual medium 
for analyzing the swelling capacity of PNIPAAm-based systems [37,38].

Fig. 4 shows the swelling ratio % (SR%) at room temperature (25 ◦C) 
as a function of formulation composition. It can be seen that SR% was 

Fig. 3. FE-SEM micrographs: (a) ESOA90_NIP10, (b) ESOA50_NIP50 and (c) ESOA10_NIP90.

Table 2 
Tg and gel fraction (GF) for samples based on neat ESOA (ESOA_100), neat 
NIPAAm (NIP_100) and the formulations ESOA/NIPAAm, and PETA_NIP.

Sample code Tg 

[◦C]
GFw

a

[%]
GFt

b

[%]

ESOA_100 32 99 98
ESOA90_NIP10 64 99 97
ESOA80_NIP20 94 99 97
ESOA70_NIP30 98 99 98
ESOA60_NIP40 105 99 98
ESOA50_NIP50 102 99 96
ESOA40_NIP60 102 99 96
ESOA30_NIP70 107 97 96
ESOA20_NIP80 106 97 97
ESOA10_NIP90 106 94 99
NIP_100 103 − −

PETA_NIP 115 90 97

a GFw measured in water at room temperature,
b GFt measured in toluene at room temperature.

Fig. 4. SR% as a function of NIPAAm concentration in ESOA/NIPAAm copol
ymer systems.
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strongly influenced by the presence of ESOA in the system, with this 
parameter decreasing as the amount of ESOA increases. There are two 
main effects to consider: cross-linking density and hydrophobicity. The 
first aspect is that ESOA acts as a cross-linker of NIPAAm and thus in
fluences the formulation cross-linking density, while the second aspect is 
that ESOA is a molecule that has a highly hydrophobic central part due 
to the long alkyl chains. Both factors can contribute to an increase in the 
hydrophobicity of the system as the amount of ESOA in the reagent 
mixture increases. At NIPAAm concentrations up to 60 wt%, the SR% 
resulted to be less than 10 %, indicating that the samples were highly 
hydrophobic and cross-linked, as the long alkyl chains of ESOA, forming 
a hydrophobic environment, and the tight mesh of the polymer network 
prevented water molecules from penetrating and swelling the material.

From ESOA70_NIP30, SR% increased significantly and doubled 
compared to ESOA40_NIP60, indicating an increase in both the hydro
philicity and mesh size. The sample with the highest NIPAAm concen
tration (ESOA10_NIP90) was the only one with a high swelling degree 
(91 %). Indeed, in the synthesis of hydrogels, NIPAAm is usually 
crosslinked using amounts of crosslinkers that do not exceed 5 mol% to 
ensure good swelling of the final material. For example, a swelling ratio 
of 650 % was achieved with 5 mol% N,N’-bisacrylamide [39], while 
with 2.5 mol% triethylenglycoldimethacrylate (TGDMA) SR% was 750 
[40].

Thus, we used ESOA in our formulations in amounts exceeding the 
typical value of NIPAAm crosslinkers, reaching almost 80 mol%. As 
already underlined, this justifies the high degree of crosslinking and the 
low affinity of the produced systems for water uptake. Nevertheless, the 
results obtained show: i) the reactivity of ESOA under the applied con
ditions, ii) the possibility of adjusting the swelling ratio by changing the 
ESOA content in the reaction mixture and iii) the fact that this com
pound has a dual function: as a co-monomer, as shown by the DSC re
sults, and as a cross-linker. With regard to the latter aspect, it should be 
underlined that PNIPAAm-based formulations and copolymers usually 
use monomers with a single functional group, such as poly(N- 
isopropylacrylamide-co-acrylic acid)-based materials [41,42], so that a 
crosslinker must be added. The effect of ESOA structure also becomes 
clear when comparing the behaviour of ESOA10_NIP90 with PETA_NIP, 
which had an SR% of 91 and 287, respectively. As mentioned above, it 
can be inferred that the peculiar chemical structure of ESOA, which 
consists of long alkyl chains different from those of PE-TA, may affect 
the hydrophobicity of the resulting material and thus reduce its ten
dency to adsorb water.

In our study, the trend of SR% as a function of temperature was also 
investigated to verify the effect of ESOA on the lower critical solution 
temperature (LCST), which represents a typical feature of PNIPAAm. 
Indeed, the above temperature, which is about 32–33 ◦C in the neat 
sample [43], corresponds to the temperature at which the polymer un
dergoes a coil to globule transition. As shown in Fig. S3, the concen
tration of ESOA in the formulation at compositions up to 50 wt% was 
high enough to completely neutralize the effect of NIPAAm: the mate
rials absorbed only very small amounts of water (average SR% < 10 %), 
and temperature had no effect on this parameter. In the case of 
ESOA40_NIP60, an increase in swelling was observed at the lowest 
temperature (SR% = 25 at 2 ◦C) but the LCST could not be determined 
yet (Fig. 5).

For samples with NIPAAm concentrations of 70 wt% and more, a 
clear dependence of the SR% on temperature can be observed, and two 
regions below and above the LCST can be identified, in which the 
polymer is in a swollen and unswollen state. In contrast to NIPAAm 
homopolymer hydrogels [40,44,45], the LCST for the above samples, is 
not sharp: the transition from coil to globule was hindered by the ESOA 
chains and occurred in a wider temperature range. Therefore, we 
decided to consider the point where the SR% variation reached the 
maximum slope to evaluate the LCST, finding that the amount of ESOA 
had a strong influence on the LCST as it moved to lower values with 
increasing the ESOA concentration.

Specifically, the LCST was found to decrease from 24, to 15 to 8 ◦C 
when the ESOA concentration increased from 10 wt% (ESOA10_NIP90) 
to 20 wt% (ESOA20_NIP80) to 30 wt% (ESOA30_NIP70). Together with 
the LCST, the SR% of the polymers also changed at low temperatures: it 
increased significantly by increasing NIPAAm content. For example, the 
SR% values at 2 ◦C in the samples containing 50, 60, 70, 80 and 90 wt% 
NIPAAm, were 5, 24, 47, 116 and 313, respectively. To explain the 
behaviours described above, one must consider that the LCST phe
nomenon is determined by interactions leading to an attraction between 
polymer-water and polymer–polymer, where structural factors that in
crease polymer-water interactions lead to an increase in LCST, while an 
increase in polymer–polymer interactions decreases the value of LCST 
[46]. In the case of ESOA/NIPAAm-based systems, it is therefore 
possible to infer that the peculiar chemical structure of ESOA, together 
with its inherent hydrophobicity, reduces the specific interactions be
tween the final material and water while favouring the interactions 
within the polymer network, thus reducing the LCST value.

3.6. Mechanical properties of the ESOA/NIPAAm systems

The mechanical properties of the developed formulations were 
studied by compression tests on swollen samples, both immersed and 
non-immersed in water. It is worth underling that this method was 
chosen as it allows to avoid the problems associated with tensile tests for 
PNIPAAm-based materials, which are mainly due to noisy measure
ments caused by the possible disruption of the generally soft samples, 
imperfect clamping and difficult redistribution of water within the 
specimens [47,48].

Table 3 shows the values of the compression modulus (E) for the 
ESOA/NIPAAm systems. The compression was evaluated on swollen 
samples, both immersed and non-immersed in water.

In particular, for the samples containing the highest amount of 
ESOA, the experiments carried out by compression without submersion 
yielded moduli that were much larger than those obtained by mea
surements with compression under immersion. It is noteworthy that in 
the case of ESOA90_NIP10, E decreased from 22 MPa to 2.3 MPa for 
compression and submersion compression tests, respectively. These re
sults can be attributed to the plasticizing effect of water, which is greater 
when compression tests are performed on materials immersed in this 
medium, justifying the lower value of the modulus for the samples 

Fig. 5. SR% as a function of temperature for some representative samples of the 
series. For ESOA30_NIP70, ESOA20_NIP80 and ESOA10_NIP90, the lower crit
ical solution temperature is indicated with yellow circles. (For interpretation of 
the references to colour in this figure legend, the reader is referred to the web 
version of this article.)
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subjected to submersion compression. Despite this difference, the data 
for both types of measurements show a clear dependence of E on the 
composition of the formulation, with the above parameter decreasing as 
the ESOA content in the formulation diminishes. Indeed, as already 
mentioned, the systems become more hydrophilic as the ESOA content 
decreases, which increases the plasticizing effect of the water in the 
network, a phenomenon that contributes to the decrease in modulus.

It is difficult to compare the data obtained with those reported in the 
literature, as the mechanical properties of PNIPAAm-based materials are 
highly dependent on a number of parameters such as the measurement 
conditions, cross-linking state, etc [18]. Nevertheless, the material with 
the highest NIPAAm content, namely ESOA10_NIP90, was found to have 
a modulus consistent with the values reported in the literature for neat 
PNIPAAm hydrogel, which are in the range of 10–20 KPa [48,49]. In our 
materials, a relevant increase in modulus occurred in the sample based 
on 70 wt% ESOA, as E increased from 0.38 to 3.0 MPa in the case of 
compression tests and from 0.61 to 1.7 MPa in immersion compression 
tests in the case of ESOA60_NIP40 and ESOA70_NIP30, respectively. 
Systems consisting of 90 % ESOA, ESOA90_NIP10, exhibited a modulus 
that even reached 22 MPa. This result shows the formation of extremely 
stiff materials, but it is relevant to underline that the values obtained 
with lower amounts of ESOA, such as those based on 20 and 30 wt% 
ESOA, are also extremely interesting, as they achieved moduli compa
rable to those reported for composite/nanocomposite materials 
combining PNIPAAm with systems such as graphene oxide and clays 
[50,51]. Indeed, our formulations offer several advantages, as ESOA not 
only fulfils a dual function as a co-monomer and cross-linker but is also a 
compound from renewable sources that does not suffer from dispersion 
problems, as is the case with materials based on a mixture of inorganic 
(nano-)fillers. Finally, when comparing PETA_NIP with the analogous 
ESOA10_NIP90, the following can be stated: in the test without im
mersion, the modulus is higher for the sample cross-linked with ESOA, 
as the water content in the polymer is low (see the SR% values in Fig. 3). 
For the samples immersed in water, the modulus is higher for the sample 
with PE-TA, a phenomenon that is probably due to the combined effect 
of the greater mobility of the ESOA chains and the plasticizing effect of 
the medium. Indeed, for the PE-TA cross-linked sample, the plasticizing 
effect of immersion is less evident because the non-immersed sample, 
which is much more hydrophilic, already contains a high quantity of 
water.

3.7. Retention tests

Retention tests were performed using Oil Red O (ORO), a non-polar 
organic dye used for the histological staining of hydrophobic lipids and 
belonging to a class of highly lipophilic azo dyes commonly known as 
Sudans [52,53]. It is worth underlining that Sudan class dyes were used 
to colour soybean oil and its derivatives to perform oil repellency tests 
[54], oil/water separation experiments [55] and analysis on wettability 

behaviour [56]. The choice to use ORO was based on the aim to inves
tigate the effect of the hydrophobic nature of our formulation, related to 
the presence of ESOA, on the adsorption capacity of water-insoluble 
molecules [25]. Although the ability of these vegetable oils to interact 
with azo dyes is well-known, the retention capacity of the above dyes in 
ESOA-based systems has never been investigated. In order to obtain a 
more comprehensive understanding of the results obtained, the samples 
were subjected to swelling tests at room temperature in isopropanol, the 
solvent used to dissolve the dye and thus to perform the retention tests. 
The swelling ratios and the amount of dye adsorbed by the prepared 
samples are summarized in Table 4, while Fig. 6 shows the amount of 
dye retained by the samples based on ESOA and NIPAAm.

The swelling ratio (SR%) data in isopropanol showed almost con
stant values (around 30 %) for samples with an ESOA concentration of 
up to 60 %, while for the samples prepared with lower amounts the SR 
tended to increase until the value of 258 % was reached. These results 
can be interpreted taking into account the fact that, as discussed for 
swelling in water, for materials with high amounts of ESOA, the pre
dominant effect related to the hydrophobicity of the system reduces its 
affinity for the swelling medium. In contrast, it was reported in the 
literature that the swelling of NIPAAm-based systems in isopropanol 
increases with increasing alcohol content in the mixture with water 
[57], indicating an affinity of the polymer for this medium, as found in 
the samples based on a higher NIPAAm content. As far as the retained 
dye values are concerned, the behavior of the developed materials is 
extremely peculiar. Indeed, up to a concentration of 60 wt% ESOA, the 
amount of dye absorbed was ca. 500 μg/g. The behavior of the above 
formulations can be explained considering that, although the swelling 
values were low, the affinity for the dye was mainly determined by the 
hydrophobic component of the system. It is surprising that the formu
lation ESOA50_NIP50 had about twice the retention capacity, which 
corresponds to 900 μg/g. For the samples with an ESOA concentration of 
less than 50 wt%, this capacity decreases from approx. 450 μg/g to 
approx. 60 μg/g. From this it can be concluded that, despite the high 
swelling ratio, the affinity for the dye decreases with the increase in the 
amount of NIPAAm, which represents the hydrophilic portion of the 
formulation. The sample ESOA50_NIP50, which is characterized by the 
highest retention capacity, deserves a more detailed comment. This 
system represents an optimal compromise between the hydrophobicity 
of ESOA, which allowed an effective interaction with ORO, and the high 
degree of swelling, due to the presence of NIPAAm in the system, which 
facilitates the adsorption of solvent and improves the ability to interact 
with the dye. Furthermore, these results show the specific influence of 
the degree of swelling on the retention capacity of the material. Since 
the SR% clearly depends on the type of medium used, it can be deduced 
that retention of the system can also be tuned by changing the envi
ronment with which the material comes into contact.

These results, although related to a single compound, are very 
interesting considering that PNIPAAm-based materials – generally 
having a great ability to retain both positively and negatively charged 
dyes in aqueous solutions [58–61] – cannot interact with highly hy
drophobic molecules such as ORO and encourage exploring the 

Table 3 
Elastic moduli at 3 % of strain carried out with DMA submersion compression 
and compression test.

Sample Code Elastic Modulusa [MPa]b Elastic Modulus [MPa]b

ESOA90_NIP10 2.3 22
ESOA80_NIP20 2.2 3.5
ESOA70_NIP30 1.7 3.0
ESOA60_NIP40 0.61 0.38
ESOA50_NIP50 0.46 0.19
ESOA40_NIP60 0.35 0.12
ESOA30_NIP70 0.32 0.12
ESOA20_NIP80 0.14 0.052
ESOA10_NIP90 0.030 0.028
PETA_NIP 0.011 0.021

a Submersion compression,
b the standard deviation was always below 5 %.

Table 4 
Amount of retained Oil Red O and swelling ratio in isopropanol for ESOA/ 
NIPAAm systems.

Sample code Retained dye [μg/g] SR% in isopropanol [%]

ESOA90_NIP10 489 ± 79 31
ESOA80_NIP20 449 ± 111 33
ESOA70_NIP30 536 ± 26 35
ESOA60_NIP40 507 ± 51 35
ESOA50_NIP50 931 ± 69 178
ESOA40_NIP60 449 ± 19 201
ESOA30_NIP70 425 ± 28 231
ESOA20_NIP80 199 ± 24 241
ESOA10_NIP90 61 ± 22 258
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versatility of the materials towards other molecules as well their 
biodegradability in a future research. Considering the latter aspect, it is 
important to underline that although biodegradability and environ
mental impact will be the subject of a future work, materials based on 
neat ESOA and NIPAAm, the two components of our formulations, were 
evaluated in several works demonstrating biocompatibility and de
gradability without release of any toxic compounds [62–68]. Therefore, 
it is possible to conclude that the optimal formulation developed pos
sesses characteristics not shared with other NIPAAm-based systems, not 
only for the ability to interact with hydrophobic compounds and for the 
bio-based nature of one of the two components, but also in terms of 
mechanical properties.

4. Conclusions

In this work, the possibility of exploiting a bio-based compound, 
namely ESOA, in polymer formulations prepared by a free radical pro
cess using the frontal polymerization technique was demonstrated. In 
particular, the above polymerization method was effectively applied to 
obtain formulations with different ESOA/NIPAAm ratios, also based on 
high ESOA contents (up to 90 %), which were found to be fully cross
linked. The prepared systems, in which ESOA fulfill a dual function as 
co-monomer and as crosslinker, were homogeneous, phenomenon that 
can be attributed to possible exchange reactions that could lead to the 
formation of copolymer systems that increase the compatibility between 
the phases. Indeed, the combination of ESOA with NIPAAm in the 
reactive process made it possible to obtain materials whose properties 
depend on the ratio between the components of the mixture. In partic
ular, it was found that the degree of swelling decreased with increasing 
ESOA content in the formulation, while the mechanical properties 
increased significantly in systems with high ESOA content, improving 
one of the main problems associated with the application of PNIPAAm. 
Finally, a formulation characterized by the right combination of 
swelling and hydrophobicity was found, allowing to maximize the 
adsorption capacity of hydrophobic compounds – a property not present 
in normal PNIPAAm-based systems. The properties of the developed 
materials, the renewable source for one of the two components as well as 
the applied polymerization method make the systems promising in 
terms of their application and large-scale development.
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