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Polyurethanes are largely employed in various fields such as building, insulation and adhesive industries,
but there is the constant need to develop sustainable formulations using “green” components and
feasible processes. Here, a new series of sustainable castor oil and epoxidized castor oil-based (CO/
EpCO) polyurethane networks was synthetized and characterized. The added epoxy functions react with
isocyanates forming oxazolidinone linkages in the gels’ network, reducing the gelation time from over
3 hours up to 0.5 hours, increasing thermal resistance from 385 °C to 400 °C, tuning the gels’ chemical
affinity to organic solvents, and modulating some of their structural features at the nanoscale
(e.g., polymer mesh size and characteristic persistence lengths), which altogether affect the mechanical
behavior and the functionality of the gels. The key features of the new gels are fast gelation, good
mechanical properties in the solvent-less and swollen states, and interactions with organic solvents,
together with the high sustainability of the whole syntethic process. These features make the novel
poly(urethanes-co-oxazolidones) castor oil organogels promising sustainable materials for potential use
in several scientific and technological fields, ranging from cleaning/detergency to the adhesives and

rsc.li/soft-matter-journal sealant industry.

Introduction

Since their introduction in the early 20th century, and following
the postwar boom, polymers have become ubiquitous in scien-
tific and technological applications." Recently, however, growing
issues and concerns related to the production, use, and disposal of
classic polymeric materials from oil sources, have pushed research
towards more sustainable alternatives. Vegetable oils from renew-
able sources are of high interest since they are cost competitive
and can be used to produce sustainable biofuels and industrial
raw materials, replacing fossil feedstock.> Accordingly, polymeric
materials produced from renewable sources have gained growing
attention in various fields, spanning from paints to cosmetics,
coatings, and lubricants.*® Some examples include polyurethane,
polyesteramide, and polyetheramide produced from natural
oils, which are considered biodegradable, non-toxic, and easy to
modify, in addition to the large availability of their monomers,
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and are thus used for different applications in several sectors.””®
In particular, polyurethanes are versatile polymers that can be
largely employed in coatings, adhesives, and textile sizing.'® As a
result, vegetable oil-based polyols are gaining importance as
alternatives to hydrocarbon-based feedstocks for the synthesis of
this class of polymers."* Among natural oil polyols, castor oil (CO)
is the only commercially available material directly produced by
nature, and can be used to synthesize coatings, elastomers, foams,
sealants and adhesives.'" The castor bean plant, Ricinus communis,
is grown worldwide and its seed oil has been applied in many
materials.”*™® CO is produced with high yields, and is a sustain-
able, renewable source that does not impact on the food chain
(being nonedible).'"" Research in CO-based polyurethanes is far
from concluded, with virtually unlimited perspectives, but poses
significant challenges to devise time- and cost-effective processes
and highly performing materials.'®*°

Targeting these issues, we propose in this work a new class
of bio-based organogels obtained from CO and epoxidized
castor oil (EpCO).

Recently, we demonstrated the employment of CO to synthe-
size polyurethane gel networks with promising properties as
sustainable and biodegradable pollutant adsorbers or cleaning
tools.”’* These systems constitute an advantageous class of
organogels owing to their feasible and low-energy preparation
routes, the use of a renewable source (CO) to build the gel
network, and the formation of the network without using
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solvents or purification steps, differently from other examples
of organogels reported in the literature.”**> However, despite
the promising studies carried out so far, there is large room to
devise new systems capable of adapting to different tasks, by
modifying the CO chains to obtain specific structural, dynamic
and functional properties.

In particular, CO can be used to modify epoxy resins and
obtain materials for special uses.****> Moreover, the presence of
carbon-carbon double bonds makes the CO molecule particu-
larly suitable for epoxidation. To this aim, different catalytic
systems, based on biological, organic and inorganic pathways,
can be used in the epoxidation process.*’™*>

Several polymeric nanocomposites can be prepared from
EpCO and montmorillonite clay with efficient mechanical
properties compared with traditional polymers.*® Furthermore,
EpCO represents an interesting bio-based building block for
the chemical industry to produce fatty acid carbonates,*”*®
which in turn have a variety of applications.** >

The use of epoxidized reactants can alter the physico-
chemical properties of the resulting rubbers due to its function-
alization with oxirane moieties. For instance, the use of
epoxidized reactants in the presence of isocyanates can lead
to the formation of oxazolidinone linkages capable of varying
crosslinking density (Scheme 1). Moreover, the presence of
epoxide moieties in the final material can be beneficial to tune
features such as solvent entrapment and (bio)degradability.”*>*

In this work a new series of CO/EpCO-based polyurethane/
oxazolidinones networks was synthetized and characterized.
Prior to the study of the cured EpCO/CO samples, a preliminary
study of EpCO was performed by means of both proton nuclear
magnetic resonance ("H NMR) and size exclusion chromato-
graphy (SEC). Subsequently, the estimation of gelation times
was performed via rheological analysis for a series of selected
samples. The final CO/EpCO gels were characterized by RAMAN
and 2D-FTIR spectroscopy, thermogravimetric analysis (TGA),
and by Small angle X-ray scattering (SAXS) to access their
structural features at the micro- and nano-scale and to verify
the presence of oxazolidinone linkages. Rheological measure-
ments were carried out to characterize the mechanical behavior

Urethane
oo C~c:o S
oS Nx/\/\/‘NnNu‘N’\/\/\aNt‘.o OH . 04\0 .
N NN Ny AN
c o) N
h‘) )
“C:o

Oxazolidinone

o=
N ©
B o
xi—'
e &
8o

Scheme 1 Representation of the reaction between CO, EpCO and pHDI
(poly(hexamethylene diisocyanate)).
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of the final materials. The main rationale was to devise a new
sustainable platform of polyurethane-based systems with
enhanced performances of interest in transversal scientific
and technological fields, since epoxy castor oil and its derivates
are applied in several sectors.”>>° In the field of coatings and
adhesives for example, the partial replacement of CO with
EpCO in a specific material, could be beneficial to improve
adhesion to specific surfaces.®®**

Materials and methods

Materials

Castor oil (CO, viscosity: 2.11 x 10~ * m? s ' at 40 °C, Guinama),
epoxy Castor oil (EpCO, Specific Polymers) and poly (hexa-
methylene diisocyanate) (pHDI, viscosity: 1.3-2.2 PA s at
25 °C, Sigma-Aldrich) were used as received for the preparation
of the gels, without any purification. Diethyl carbonate (DEC,
99-100%, Carlo Erba), ethyl methyl ketone (MEK, 99.5%, Carlo
Erba) and acetone (99.5%, Sigma-Aldrich) were used as received.

Preparation of organogels

Five series of CO/EpCO-based organogel gums were prepared
using pHDI as crosslinker. The composition of these systems,
obtained by changing the ratio between CO and EpCO, and
keeping the quantity of pHDI fixed (18% wt compared to CO +
EpCO), is reported in Table 1. For comparison, a gel with only
CO was also prepared, as a reference system.

The gels were all prepared following the same synthetic
procedure, regardless of the initial mix composition: CO, EpCO,
and pHDI were placed in a vial of 40 mL at room temperature.
The reaction mixture was heated at 60 °C and stirred for 30 min
to obtain a pre-polymer viscous liquid. Then, the pre-polymer
solution was poured in 10 x 14 cm® molds, to obtain sheets
with a thickness of 2 mm. The molds were cured at 60 °C in an
oven for 16 h. The final systems were then removed from the
molds and employed for further characterization.

Swelling degree of organogels

When immersed in organic solvents, the cured gels increase in
size and weight. The amount of solvent adsorbed by the
polymeric network was measured gravimetrically at different
loading times to calculate the swelling degree (S):

S(%) = (Ws — Wq)/Wq x 100

where Wy is the weight of the swollen gel at a particular
time and Wy is the weight of the corresponding dry system.
Measurements were repeated at least three times.

Table 1 Name and composition of the five systems

Code CO® (Wt%) EpCO? (wt%)
SD 1 100 0
SD 2 70 30
SD 3 50 50
SD 4 0 100

¢ Fraction of CO or EpCO over the total CO and EpCO content.

This journal is © The Royal Society of Chemistry 2025
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Instruments

Size exclusion chromatography (SEC). SEC measurements
were performed utilizing a system composed of a Shodex
ERC-32150. degasser connected with a Waters 1525 binary
HPLC pump, a Waters 1500 series heater set at 40 °C, a Wyatt
Viscostar-II detector and a Wyatt OPTILAB T-rEX detector, three
Shodex columns (GPC KF-802.5, GPC KF-803 and GPC KF-804)
employing THF as eluent with a flow rate of 1.0 mL min~". A set
of polystyrene standards (PS, 400 g mol ' < M, < 50 kg mol ')
samples were purchased from shodex and used for calibration.
All data evaluation was performed according to standard
procedures employing ASTRA software.

Nuclear magnetic resonance (NMR). NMR were measured at
25 °C on a Bruker AVIII400 UltraShield Plus spectrometer
in deuterated THF (THF-dg). The residual 'H peak of the
deuterated solvent was used for chemical shift referencing.
All NMR data interpretation was performed with TopSpin
software (v.3.6.4).

Rheological characterization

Rheological measurements were carried out with a TA Instru-
ment Hybrid Rheometer DISCOVERY HR-3, using a plate-plate
geometry (flat plate 20 mm diameter) and a Peltier temperature
controller. The cell was closed by lowering the head to the
measuring position in the axial force-controlled mode. The
measurements were performed both for the pre-polymer solutions,
for the dried gums and for solvent-loaded gels. Each sample
was loaded onto the plate, and care was taken to minimize the
stress to the sample during the loading procedure.

Oscillation time sweeps were acquired on pre-polymer solu-
tions after 5’ since the start of the reaction, using a flat 40 mm
plate with a gap of 500 pm between plates. To measure the
viscoelastic properties of the material upon curing, the Peltier
temperature control was set at 60 °C. Measurements were
conducted at 1 Hz and 1% oscillation strain, with a sampling
interval of 150 s.

On cured systems, measurements were performed at 25 °C,
with no soak time and repeated at least three times. Amplitude
sweep tests (¢ = 0.01-10%; 1 Hz) were performed to determine
the linear viscoelastic (LVE) region. Frequency sweep mea-
surements were then carried out over the frequency range
0.01-10 Hz at a constant strain within LVE region.

Thermal gravimetric analysis (TGA)

The thermal behaviour of gels was studied by TGA using an SDT
Q600 TA Instrument, operating between 30 and 500 °C at a
heating rate of 10 °C min~" under nitrogen flow (100 mL min™").
Measurements were repeated at last three times. For each
measurement, about 10 mg of sample was placed inside an
alumina pan and analysed.

Differential scanning calorimetry (DSC)

DSC measurements were carried out with a Discovery DSC2500
(TA Instruments) apparatus. Scans from —90 °C to 25 °C at a

This journal is © The Royal Society of Chemistry 2025
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heating rate of 10 °C min~" were acquired on samples loaded in
sealed Tzero aluminum pans.

Raman spectroscopy analysis

Raman spectra were acquired in different areas of the gel
samples with an in Via Qontor confocal microRaman by
Renishaw. The instrument is equipped with a 532 nm laser
(200 mW, 1800 L mm ™" grating) and a front-illuminated CCD
camera. Representative spectra are reported.

Fourier-transform infrared (FTIR) spectroscopy imaging

The 2D FTIR imaging of the gels was carried out using a Cary
620-670 FTIR microscope equipped with a Focal Plane Array
(FPA) 128 x 128 detector (Agilent Technologies). This set-up
was selected as it allows discriminating compounds with
different chemical composition on a surface down to a spatial
resolution of few microns.®” The spectra were recorded directly
on the surface of the organogels (or of the Au background) in
reflectance mode, using an open aperture, a spectral resolution
of 8 em !, and acquiring 128 scans for each pixel. The
“single-tile” analysis yields a false-colour IR map of ca.
700 x 700 um?®, with each pixel providing an independent
spectrum over an area of 5.5 x 5.5 um® The chromatic scale
depends on the intensity of the imaged IR absorption in each
map, ranging from high intensity (red pixels) to low or no
intensity (azure or blue pixels).

Small-angle X-ray scattering (SAXS) measurements

SAXS measurements were performed using a HECUS S3-Micro
(Kratky-type camera) equipped with a position-sensitive detec-
tor (OED 50M) featuring 1024 channels of 54 pm. Cu Ka
radiation of wavelength /. = 1.542 A was provide by a GeniX
X-ray generator (Xenocs, Grenoble) working with a microfocus
sealed-tube (power: 50 W). The volume between the sample and
the detector was kept under vacuum during the measurements
to minimize air scattering. SAXS curves were obtained in the
Q-range between 0.0045 and 0.3 A~*. Gel samples were placed
into a 1 mm-thick cell for solid samples, with Kapton film as
window. Measurements were performed at 25 °C. Scattering
curves were corrected for the empty cell contribution, consider-
ing the scattering of the Kapton film windows and the relative
transmission factors.

Results and discussion

The aim of the present work is the development of novel
polyurethane organogels based on castor oil and epoxidized
castor oil. To this aim, a commercially available epoxidized
castor oil (EpCO), with 2.92 and 2.42 meq g " of epoxide content
and hydroxyl groups, respectively, was employed for synthesis.
Prior to its use as a reactant, the epoxidized castor oil was
analysed by means of size exclusion chromatography (SEC) in
THF eluent to gain insights on its molar mass employing a
system equipped with viscometer and refractive index detectors.
As a result, three main distributions were detected from both
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detectors, indicating the presence of oligomeric species.
To access the estimation of molar masses according to universal
calibration, the mass of each species was estimated employing

eqn (1):

Ai.Rl = KRI X m; X C(:—Ié (1)
where A;g; is the area of the ith peak, Ky is the instrument
calibration constant, m; is the mass of sample corresponding to
the ith peak, and the dn/dC is the refractive index increment of
the ith species that was hypothesized to be constant for all
the peaks.

The results indicated that the most abundant species
(81.6 m% of the sample) featured a number average molar
mass (M,,) of 948 g mol " and a low dispersity value (P) of 1.11,
in line with a monomeric epoxidized castor oil (Fig. 1). The
two additional species corresponded to a M,, of 2170 g mol *
(10.5 m%, P = 1.10) and 4659 ¢ mol™ " (7.90 m%, P = 1.06),
suggesting the presence of oligomeric species (dimeric and
tetrameric, respectively).

In addition to SEC analysis, proton nuclear magnetic analyses
were performed on EpCO to assess the presence of unsaturated

6 [ppm]

Fig. 1 Analysis of EpCO. Top: SEC curves (refractive index detector).
Bottom: Overlay of proton nuclear magnetic spectra of CO (black) and
EpCO (red), and assignments of peaks related to epoxidation.
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hydrogens. The comparison between EpCO and CO spectra
revealed the absence of signals corresponding to unsaturated
bonds at 5.40 ppm for EpCO, in line with a full conversion to
epoxide groups and were furthermore confirmed from HSQC-
NMR and HMBC-NMR analysis (Fig. S1, ESIt). The effect of
epoxidation also resulted in the absence of signals between
1.95 and 2.20 ppm ascribed to allylic protons, while resulted in
new signals in the regions between 2.70 and 3.10 ppm related to
hydrogens bound with the peroxide’s carbon atoms.

Following this preliminary insight on the EpCO structure,
castor oil and epoxided castor oil were mixed at a target mass
ratio of 100:0 (SD 1), 70: 30 (SD 2), 50: 50 (SD 3) or 0: 100 (SD 4)
(Table 1). The mixture was heated at 60 °C and pHDI (poly-
hexamethylene diisocyanate) was added to the CO/EpCO mix-
ture to achieve a pHDI to CO/EpCO ratio of 18% to 82 m% in
line with previous publications.'*"**?° In particular, the use of
such reactants feed allows to obtain COPU products stable to
mechanical friction and toward swelling in selected solvents,
that is a central step for developing and studying new materials
with applications for gel, rubbers and sealants.

Gelation times were obtained through time sweep analysis
of the pre-gel crude reaction mixtures at 60 °C (Fig. 2).
A gelation time of ~3.2 hours was obtained from SD 1 gels
containing CO and pHDI (82 and 18 m%, respectively), as
previously reported.”’ In contrast, the use of EpCO resulted in
faster gelation times up to 0.5 h for SD 4 (where CO is fully
replaced with EpCO), showing a SD1 > SD2 > SD 3 > SD 4
trend.

Fast gelation times are typically desired, e.g. to reduce the
curing time of adhesives, making the addition of EpCO in the
reaction mixture pivotal for the fast, controlled formation of
three-dimensional crosslinked CO-based structures. In princi-
ple, differences in gelation time can be ascribed to different
capability of forming the three-dimensional gel network.

SD1 SD2 SD3 SD4
Storage modulus ® = [ | O
Loss modulus O O O m|

l—l1041 .... |
S . s
£ 10 " .
g it

e im0
5 10%4 RS

= &

—
o
-
ul

O
o
O m

[ |
100 -
10"

102
Time [min]

Fig. 2 Time sweep rheological analysis of the pre-gel mixtures SD 1
to SD 4.
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Recently, we have demonstrated that oligomeric additives with
well-defined hydrophobicity can act as compatibilizers to tune
gelation times in CO-based polyurethane networks."*! Given
the similar structure of CO and EpCO, in this case the gelation
time variation is likely due to the known capacity of epoxides to
react with isocyanates resulting in the formation of oxazolidinone
linkages in a fast and controlled manner.®>"* The formation of
such linkages can occur along with the formation of urethane
bonds, ie. obtained by the reaction of hydroxyl groups with
isocyanate, resulting in a gelation speed-up (see Scheme 1).

Additional information on the presence of oxazolidinone
species were obtained by RAMAN analysis of the cured gels after
16 hours reaction (Fig. 3). The typical peak of the isocyanate
—(-NCO) at ca. 2270 cm™ " is absent in all the gelled samples.
In contrast, the CO and EpCO containing gels SD 1 to SD 4
showed similar peaks at 1545 and 1280 cm ' assigned to the
vibration in the carbamate bond (R-NH=—CO), confirming the
excellent conversion of isocyanate to urethane bonds. Other
characteristic peaks fall at 1759 cm™ ' (-C=O0 stretching of the
triglyceride ester carbonyls), 2950 and 2860 cm ™" (asymmetric
and symmetric vibrations of aliphatic -CH, fatty acid hydro-
carbon chains), 1473 cm~ " (bending of ~CH, aliphatic group),
and 1280, 1187, 1100 and 1074 cm™ " (bending vibrations of
ester carbonyl groups). Interestingly, all the CO-containing gels
show a peak at 1655 cm™ " related to C—C stretching. A peak at
1637 cm™ ' can be seen for the ECO-based gel SD 4, which cannot
be related to C—C due to the full epoxidation of the sample. Such
absorption is typically found in the spectra of oxazolidones and
can be, therefore, connected with the formation of these new
linkages.®® However, gels SD 2 and SD 3, obtained with a mixture
of EpCO and CO showed a broad peak containing both oxazoli-
done and C—C stretching contributions (Fig. 3, left).

To decouple oxazolidinone and C—C contributions between
1580 and 1700 cm ™", the spectra obtained from SD 1 to SD 3
were deconvoluted using two Gaussian contributions fixed at
1640 and 1656 cm '. The ratio of the areas underlying the
curves was calculated according to eqn (2).

_ Aiess
1640

X

X Mf,CO (2)

where M¢ o is the mass fraction of CO in the sample.

Intensity (A.U.)

500 1000 1500 2000 2500 3000
viem™]

1650
viem™]
Fig. 3 RAMAN analysis of the cured SD 1 to SD 4 gels. Left: Traces overlay.
Right zoom in in the region between 1580 and 1700 cm™* of the RAMAN
curves (full lines) related to both C—C and oxazolidone stretching fre-
quencies and fitting according to Gaussian extrapolation (peaks at 1640
and 1656 cm™, dotted lines).
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Fig. 4 2D FTIR imaging of the 1161 cm™* peak (—~C-O stretching) in the
spectra of CO and EpCO/CO gels. Green pixels indicate regions of the
gels’ surface where the peak is observed in addition to the CO polyur-
ethane absorptions (pixel size is 5.5 x 5.5 um?). Blue-azure pixels indicate
regions where the peak was not observed. Representative IR Reflectance
spectra are included in the bottom-right panel, related to green pixels
(green line) or blue-azure pixels (blue line).

As expected, maximum X value was found for SD 1 (0.25),
decreasing as EpCO ia added with the trend SD 1 > SD 2 (0.21)
> SD 3 (0.17) > SD 4 (0). It follows that the decrease of X values
corresponds to an increase of new oxazolidone linkages, sup-
porting the initial hypothesis.

Consistently with RAMAN data, FTIR 2D imaging high-
lighted, in the EpCO- containing gels, the presence of a peak
at 1161 cm™ ' (green pixels on azure background in Fig. 4) in
addition to the CO polyurethane absorptions, ascribable to
ether or ester C-O stretching bonds in unreacted epoxy groups
or oxazolidone species.

As a result, FTIR 2D analysis revealed the presence of regions of
tens of microns ascribed to epoxy-containing regions (green pixels
in Fig. 4) that are phase separated to the pHDI and CO regions.

Overall, the use of epoxidized castor oil for the new castor oil
organogels enabled the formation of oxazolidone crosslinks, in
addition to the urethane bonds, which are expected to affect the
gels’ properties due to the variation of crosslinking density.

Indeed, different degradation patterns were measured by
TGA on the four formulations (Fig. 5). Briefly, a first main
thermal event is located between 270 and 410 °C, which can be
ascribed to the degradation of urethane linkage and/or volati-
lization of highly volatile and unstable compounds such as
oxygenated compounds, hydroperoxides, and polyunsaturated
fatty acids. Two additional steps were observed in the range
410-450 °C and 450-490 °C, which correspond to the decom-
position of monosaturated and saturated fatty acids, respectively.
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Fig. 5 TGA analysis of the SD 1 to SD 4 samples. Left: Weight loss (line)

and derivative weight loss curves (dots) and depiction of the derivative

peak temperature (Tp) of the more intense degradation step. Right:

Evolution of T, over mass fraction of EpCO over CO; the dotted line is a

guide.
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Fig. 6 Rheological analysis of samples SD 1 to SD 4. Left: Frequency
sweep curves of gels. Right: Plot of G’ and G” at 1 Hz vs. mass fraction of
EpCO over CO; the dotted line is a guide.

Interestingly, the evolution of the most intense derivative peak
temperature (T},), corresponding to the peak obtained in the
380-410 °C region, featured a linear increase with the mass
fraction of EpCO over CO (mgpco) suggesting that the presence
of oxazolidinone bonds can alter the overall thermal properties
of the final gels (Fig. 5).°¢
The rheological behaviour of all the investigated systems
(see Fig. 6) is typical of a viscoelastic solid, as advisable for a
gel, rubber or a cured sealant/adhesive. Frequency sweeps
revealed that the addition of EpCO in the mixture CO/pHDI
resulted in higher storage modulus (G’), up to 180 kPa for SD 4.
The loss modulus (G”) showed the same increase (Fig. 6).
In line with thermal data, also G’ and G” featured a linear
increase over mgpco revealing the possibility to tune mechan-
ical properties by varying the EpCO content in the formulation.
Additional information on the SD gels were accessed by
means of glass transition temperature (7,) evaluation obtained
by means of differential scanning calorimetry (DSC) analysis.
The T, of these systems, confirms the effect of the isocyanate
content on the mechanical properties of the material. Indeed,
SD 1, which only contains CO and pHDI, has a T, of —47.1 °C,
while SD 4 displays a T, of —26.1 °C. Indeed, the T, increased
linearly with the content of EpCO in the EpCO/CO mixture.
These values are in line with those of polyurethane networks
reported in the literature,’” and clearly indicate that the gels
will be in rubbery state when applied at room temperature,
where chain mobility can facilitate mechanical compliance and
thus favour the adaptability of the PU to curved surfaces.
Gels’ inhomogeneities at the nanoscale were investigated
through SAXS measurements. SAXS curves fitting was per-
formed according to a Porod-Guinier model, based on the
literature®®’° and our previous observation on similar systems

(eqn (3)):**

1
10) = 22+ Ig - e 3Ra®’> | pio (3)

where Ip and I are the scales of Porod and Guinier terms,
respectively, n is the Porod slope, Rg is the gyration radius of
networks inhomogeneities (indicating dense, crosslinked areas),
and Bkg the background.

SAXS data analysis (Fig. 7) showed that the inclusion of
EpCO in the crosslinked CO matrices, leads to the formation
of inhomogeneities of about 4 nm (Rg values of SD 2-SD 3
in Table 2). No inhomogeneities in the nanometers range
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Fig. 7 SAXS data (markers) and fitting curves (dotted lines) of the SD 1 to
SD 4 systems. Curves have been shifted along the y-axis for clarity.

Table 2 Fitting parameters obtained by fitting SAXS data of the CO/EpCO
gels

Sample I, (x 107 n Is (x 107?) R; (A)
SD 1 1.7 £ 0.1 4.00 £ 0.05 — —

SD 2 7.4 £ 0.1 4.00 £ 0.05 5.4 £ 0.2 39+£1
SD 3 20.5 £ 0.1 4.00 =+ 0.05 1.0 £ 0.2 39+1
SD 4 18.2 £ 0.1 4.00 £ 0.05 0.5+ 0.2 12+1

emerged in the pure CO sample (SD 1), while the SD 4 formed
with only EpCO and pHDI, showed few inhomogeneities of
about 1 nm. The porod slope at low-Q indicates the presence of
larger inhomogeneities (>1 pm, ie. not detectable in the
investigated Q-range) with a smooth surface, likely linked to
an initial CO-pHDI incompatibility during mixing, observed in
laboratory tests.

The detection of nanoscale inhomogeneities with different
sizes is likely related to the formation of different types of
crosslinks as the CO-EpCO ratio varies, in agreement with the
gelation points experiments and TGA results. In other words,
crosslinks might be mixed and more polydisperse in bicomponent
systems, due to the higher reactivity of EpCO toward pHDI.

Considering the latter, it is plausible that crosslinked
regions in SD 4 will be more ramified than in SD 1 network,
resulting in larger Rg inhomogeneities. We cannot exclude,
however, that the lack of inhomogeneities in SD 1 might be the
result of lower contrast in this system (Fig. 7).

Overall, we can conclude that the use of EpCO allows to tune
mechanical properties and crosslinking density in the matrices.

The use of additives in polyurethanes can also lead to
different interactions with solvents, with applications in several
fields, such as the cleaning of works of art, where the castor
oil gels are used as sponges to remove aged varnishes, the
purification of waste waters, where the gels can be used
to selectively uptake solvents contaminating water, or in
the sealant industries, where solvents can be used to ease the
removal of cured polyurethane adhesives.

This journal is © The Royal Society of Chemistry 2025
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Fig. 8 Amplitude sweep experiments of EpCO-CO based gels. Left.
Rheology of SD 2 to SD 4 after swelling in DEC for 0.5 h. Right. Rheology
of SD 2 after swelling for 0.5 h in MEK, DEC, and acetone and FS of the
initial material (bulk).

The newly developed CO/EpCO gels were swollen in some
“green” organic solvents, ie., acetone, methyl ethyl ketone
(MEK) and diethyl carbonate (DEC), for 30 minutes. In all
cases, the swelling degree followed the trend SD 1 > SD 4 >
SD 3 > SD 2 (Table S1, ESIt). In principle, the behaviour of SD 1
could be related to its lower crosslinking density, that could
be beneficial for solvent entrapment, since the increase of
ramifications in the three-dimensional gel’s structure impairs
solvophobic features. However, the addition of EpCO can result
in the presence of unreacted epoxide rings in the three-
dimensional gel structure as outlined from IR data. It is likely
the balance of crosslinking density, type of crosslinking bonds
(urethane vs. oxazolidones), and presence of unreacted polar
groups, which overall concur to determine the swelling degree.

Frequency Sweeps performed on CO/EpCO systems in DEC
after 0.5 h swelling time (Fig. 8-left) showed that the swollen SD
2 gel has the lowest storage and loss moduli, ~32 and 0.9 kPa
(at 1 Hz), while SD 3 and SD 4 featured a G’ of ~80 kPaand a G’
of ~2 kPa (at 1 Hz), i.e., addition of EpCO beyond 30% yields
higher crosslinking density and a lower decrease of mechanical
properties upon swelling. The replacement of DEC with MEK
and acetone resulted in further decrease of G’, suggesting that
these organic solvents could be feasibly used for the swelling
and the removal of adhesives or sealants based on the new
CO/EpCO formulations, a possible important application of
these new gels adding to current castor oil adhesives.”"

In summary, we demonstrated how new ‘“green”, sustainable
poly(urethanes-co-oxazolidones) organogels can be formulated and
modulated by addition of EpCO to tailor their structure, thermal
and rheological behaviour, and swelling in organic solvents,
elucidating the effect of EpCO addition on some important
physico-chemical properties, with potential application in several
of applicative fields.

Conclusions

A series of new “green”, sustainable poly(urethanes-co-oxazolidones)
organogels, based on castor oil and its epoxidized derivative
(EpCO), was prepared and characterized, with potential applica-
tions in the polyurethane chemistry research and industry. The
effect of EpCO addition on some important physico-chemical
properties was elucidated. During gel curing, the use of EpCO

This journal is © The Royal Society of Chemistry 2025
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enabled to increase the speed of the polyurethane network
formation, likely due to the capability of epoxides to react with
isocyanates forming oxazolidinone linkages. RAMAN and FTIR
microscopy confirmed the presence of these functionalities in
the cured gels. The presence of oxazolidinone linkages deter-
mined the variation of relevant physico-chemical properties in a
controlled manner in the gels, by simply varying the initial
EpCO-CO reaction feed. Namely, the thermal and rheological
behaviour, the nanoscale structure (studied through SAXS), and
the swelling behaviour of the gels in some ‘‘green” organic
solvents, were controlled by EpCO addition. Overall, the present
work enabled the development of a new class of organogels with
fast gelation, good mechanical properties in the solvent-less and
swollen states, and interactions with solvents, together with high
sustainability of the whole synthetic process.

In principle, the combined variations of reaction features,
nanostructures, mechanical and thermal properties can be
obtained by varying reactants feed, or by employing additives."**
The variation of isocyanate feed can be beneficial to act on the
abovementioned properties. For instance, the increase of material’s
stiffness can be accessed by increasing crosslinker agent. In contrast,
the use of sustainable additives can be beneficial to obtain materials
with higher stiffness but also affect the formation of micrometric
domains. For this reason, the use of sustainable epoxidized reactants
can be of outmost interest to access new materials with unperturbed
microstructure, enabling the decoupling of such features, and
avoiding the increase of isocyanate feed, and therefore reducing
the amount of highly reactive species. These properties make the
new organogels potential candidates for use as sponges, rubbers,
adhesives and sealants in different applications, simply playing on
the reactants feeds. Being based on the highly sustainable castor oil
and its epoxidized counterpart, the new gels represent thus promis-
ing materials for different industrial sectors, while also complying
with sustainability and zero-impact socio-economical challenges.
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