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GRAPHICAL ABSTRACT

The use of “green” oligoester additives in the design of castor oil-polyurethanes allows control of the gelation process, tuning micro- and nanostructural
features, and solvent entrapment. Herein, the new castor oil-oligoester organogels are thoroughly characterized and tested as tools for the cleaning of

artifacts and cultural heritage preservation.
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ABSTRACT

Castor oil (CO) can react with isocyanate to form polyurethane organogels, whose hydrophobicity can be
regulated by functionalization with “green” oligoesters of bio-dicarboxylic acids. Here, we elucidated the gela-
tion mechanism induced by the oligoesters to gain control of the gels’ mechanical properties and solvent
confinement capacity. This can be useful in cleaning Cultural Heritage items, a socioeconomically important
application, and other scientific/technological sectors. During gelation, the oligoesters react with isocyanate to
form aggregates whose compatibility with CO is regulated by the oligoesters’ hydrophobicity. This allows fine
control of gelation time and of the gels’ micro- and nanostructure structure, where the presence of oligoesters in
solid-like regions regulates rheological behaviour and mechanical resistance. The gels’ solvent upload capacity
also depends on the oligoesters’ hydrophobicity, which can favour chain relaxation over Fickian diffusion during

Abbreviations: CO, castor oil; DOSY, diffusion ordered spectroscopy; NMR, nuclear magnetic resonance; CH, Cultural Heritage; VOCs, volatile organic compounds;
M,, number-average molar masses; D, dispersity index; SEC-MALS, size exclusion chromatography-multi angle light scattering; ClogP, calculated octanol/water
partition coefficient; Xc, melting temperature; Ty,, degree of crystallinity; DSC, differential scanning calorimetry; WAXS, wide-angle X-ray scattering; SAXS, small-
angle X-ray scattering; CO-PUs, castor oil polyurethanes; PHDI, polyhexamethylene diisocyanate; T, gelation time; Ry, hydrodynamic radius; SEM, scanning
electron microscopy; CLSM, confocal light scanning microscopy; RBITC, rhodamine B isothiocyanate; FITC, fluorescein isothiocyanate; G’, storage modulus; G**, loss
modulus; THF, tetrahydrofuran; MEK, methyl ethyl ketone, DEC, diethyl carbonate; R/F, relaxation/fickian ratio.
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swelling. Finally, the swollen organogels were used to remove organic varnishes/coatings from painted wood and
glass, demonstrating potential as sustainable cleaning tools for works of art.

1. Introduction

Smart advanced materials represent one of the most intriguing topics
in material science, as they enable solving complex functions, with
higher time-effectiveness and improved sustainability than traditional
benchmarks [1-5]. In particular, versatile materials with potential
application in multiple scientific and technological sectors are advan-
tageous, and key desirable characteristics comprise the ability to
respond in controlled ways to external stimuli such as temperature or
the presence of chemicals, self-healing materials, etc. [6-14]. Examples
of fields where such responsive materials are continuously researched
and developed include food industry [15], cosmetics [16], biomedicine
[17], agriculture [18], tissue engineering [19], and even the preserva-
tion of Cultural Heritage (CH) [20-22], where smart materials allow the
durable restoration of works of art, buildings and collections, boosting
their socioeconomic value [23-26]. Indeed, while the traditional prac-
tice in CH preservation has borrowed materials and concepts from in-
dustrial applications, in the last decades research in art conservation
science has produced solutions with potential impact in several fields. In
this sense, colloids and soft matter have proven to be an ideal framework
to devise advanced materials with enhanced properties, such as physical
and chemical gels [27-31].

Namely, gels are optimal tools to address the preservation of canvas
paintings, iconic artifacts that hold fundamental historical, artistic, and
economic value. One of the most recurring tasks is the removal of soil,
aged coatings, adhesives and varnishes, or vandalism, from the paintings
surface. Owing to the presence of water- and solvent-sensitive pigments,
dyes, binders and additives, both classic and modern/contemporary
paintings can be highly challenging and risky to clean with conventional
solvent blends and aqueous solutions [32-34]. The confinement of
cleaning fluids in retentive matrices, then, can allow safe cleaning in-
terventions, provided that these matrices are retentive and exhibit good
mechanical properties.

Both hydro- and organogels have been formulated over the decades
to confine, respectively, aqueous fluids [35] or organic solvents, with
improved control and performances over traditional polymeric thick-
eners. Moreover, the gels’ apparent tortuosity has been successfully
linked to the systems’ cleaning performance [36,37].

However, while hydrogels have been demonstrated for the cleaning
of paintings such as works of Pablo Picasso [38], Jackson Pollock [39],
and others [40,41], organogels are still in their infancy, and only limited
materials and synthetic approaches have been explored [42-45].
Because modern/contemporary paintings are often highly
water-sensitive [32-34], the development of valid organogels remains
an open issue in CH conservation. In addition to effectiveness, a
fundamental requirement is that newly developed materials must be
sustainable and exhibit a high green chemistry profile with reduced
toxicity and ecological impact [36,37,46,47,48], coping with interna-
tional policies such as the European Green Deal [49,50]. For instance,
chemical organogels based on polymethacrylates have been previously
demonstrated [51-53], but they are often restricted to solvents with
average polarity, and are derived from petrochemical resources.

In this regard, castor oil (CO) represents a strategic building block for
material preparation due to its renewability and biodegradation [54,
55]. In addition, CO does not impact on the food chain, and can be
grown in marginal lands [56-59]. Taking advantage on the reactivity of
ricinolein, the major CO component, polyurethanes can be feasibly ob-
tained to build organogel networks [60-62]. One of the key features of
this approach is that CO-gels can be obtained directly as dry systems that
can be easily stored, and then loaded with solvents before application
[63]. Alternatively, these CO-based polyurethane networks can also be

uploaded with particles to capture and neutralize volatile organic
compounds (VOCs) in the preventive conservation of museum enclo-
sures [64]. In addition, the polyurethane network can be built by
reacting CO with a bio-derived isocyanate, whose improved hydrophi-
licity provides the gel with good biodegradability in soil and compost
[65].

However, despite these promising characteristics, several physico-
chemical aspects of this CO organogel class are still poorly explored.
Careful evaluation and control of the CO-gel synthetic pathways is
required to tune solvent entrapment, a major feature in several appli-
cations. In principle, the use of additives can control structural features
of the polyurethane network at the micro and nanoscale, tailoring its
macroscopic features in addition to solvent confinement and release.
Recently, we have reported on the preparation of a library of oligoesters,
derived from bio-dicarboxylic acids, as probes for a new protocol to
evaluate polymers/oligomers hydrophobicity estimation, and the
application of the protocol to predict solvents compatibility in gelled
polymer systems [66]. While these “green” oligoesters can be used to
enrich CO gels, the gelation mechanisms induced by the esters was not
yet understood, and their specific effect on the gels’ structure and
uploaded solvent dynamics was not studied. These are crucial aspects to
control the gels’ properties and boost their versatility and applicative
potential.

Herein we study the correlation among the oligoesters hydropho-
bicity, the formation of a polyurethane CO-isocyanate-oligoester three-
dimensional network, and the final properties of these new CO orga-
nogels. Aiming to obtain the polyurethanes without the addition of
solvents, a synthetic protocol in melt was established. The study of the
gelation process through rheology and nuclear magnetic resonance shed
light on the central role of the oligoesters hydrophobicity during gel
formation. Extensive characterization was carried out on the final gel
materials, through scanning electron and confocal microscopy, small-
angle X-Ray scattering, and rheology, to link the gelation mechanism
with the structural features of the gels. Then, aiming to test the gels in art
cleaning applications, solvent upload was studied with a series of sol-
vents with varied hydrophilic/hydrophobic balance, analyzing different
swelling behaviors. Finally, application of the CO gels on model surfaces
was performed to remove coatings and varnishes found in the restora-
tion practice.

2. Results and discussion
2.1. Oligoester synthesis and properties

The synthesis of oligoesters employed as additives for the prepara-
tion of castor oil-polyurethane systems was accomplished according to a
previously reported procedure [66]. Briefly, a two-step poly-
condensation reaction of selected dicarboxylic acids (sebacic acid,
adipic acid or succinic acid) and diols (hexanediol or butanediol) was
performed at 180 °C. As a result, the library of oligoesters 01 to O5
featured similar number-average molar masses (M) and moderate dis-
persity index (D) according to size exclusion chromatography-multi
angle light scattering (SEC-MALS) analysis (Table 1).

Before employing the oligoester library as additives in castor oil-
polyurethanes networks, bulk properties such as melting temperatures
(T and degree of crystallinity (Xc) were investigated by means of
differential scanning calorimetry (DSC) and wide-angle X-ray scattering
(WAXS). DSC analyses were performed in a temperature range between
— 80 and 150 °C using two consecutive heating/cooling runs. During the
first heating run, the oligoester with the highest repetition unit clogP, i.e.
the calculated water/octanol partition coefficient, (01, 4.57) featured a
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Table 1

Selected structural characterization data of the synthesized oligoesters [66].
Code  Repetition unit clogP" M, p" Tm [°C] X, [%]

[kg mol 11"
o1 hexylene 4.57 3.0 1.36 67.9 67.5
sebaceate

02 butylene sebaceate  3.66 3.0 1.37 63.6 62.8
03 hexylene adipate 2.75 2.8 1.48 58.2 56.6
04 hexylene succinate ~ 1.84 3.0 1.42 53.4 49.5

@ Octanol/water partition coefficient calculated from the meric structure with
OSIRIS DataWarrior (v. 5.5.0) [67].

> Number-average molar mass (M,) and dispersity index (P) obtained with
absolute calibration (Viscometer-RI detection) by SEC-MALS analysis, THF, 40
°C, 1 mLmin~’. The melting temperatures (Ty,) and degree of crystallinity (Xc)
were obtained here by DSC and WAXS measurements.

melting point at 67.9 °C (Fig. 1). When clogP decreases passing from O1
to 04, Ty, decreased linearly, suggesting that the different chemical
structure of the repetition units (meric) could impair the formation of
crystalline domains in the pure oligoester samples in line with literature
data on similar systems [68-71]. The second heating run confirmed that
the same trend of Tp, vs. clogP occurs also when the thermal history is
removed. Exothermic crystallization events, occurring during the first
cooling run, follow the same trend as for T, (see Fig. 1).

Interestingly, similar WAXS patterns were collected on all the oli-
goesters, showing two main peaks at 21.8 and 24.8 26, i.e. the different
meric structure in 01-04 did not produce a variation in the structure of
crystallites. However, the degree of crystallinity showed the same trend
than Tp,, with the highest (67.5 %) for O1 and the lowest (49.5 %) for
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04.

Thus, the O1 to 04 series constitutes a compact library of oligoesters
with similar molar mass but tuned thermal/structural properties
(further investigated in the following sections), which was employed as
additive for the preparation of the castor oil-oligoester polyurethanes.

2.2. The gelation of oligoesters-enriched CO polyurethanes

The oligoesters Ox were used in the formulation of castor oil poly-
urethanes (CO-PUs) employing poly(hexamethylene diisocyanate)
(pHDI) as crosslinking agent (CO:Ox:pHDI mass feed ratio of 72:10:18)
at 80 °C, above the melting temperature of the oligoesters. In addition,
CO was also simply reacted with pHDI (CO:pHDI 82:18) as a blank
reference gel formulation. Already during the first polymerization tests,
the addition of the oligoesters resulted in faster gelation as compared
with the blank. Insights on the reaction process were obtained with
rheological measurements in viscosity and oscillatory time sweep modes
at 80 °C. Briefly, all the samples analysed at this stage were prepared as
follows: CO and the selected Ox were transferred on a round bottom
flask and heated at 80 °C until complete homogenization. Subsequently,
pHDI was added to the CO-Ox mixture and the reaction was mixed with
a stirring rod for 5 minutes at 80 °C. Afterwards, c.a. 2 mL of the reac-
tion mixture was transferred on the pre-heated plate of the rheometer.
Viscosity, measured after 10 and 20 minutes from the reaction onset, is
lowest for the blank, while the addition of oligoesters produced a vis-
cosity increase (Figure S2). Interestingly, oscillatory time sweeps
showed a trend in gelation time (tge)), indicated by the crossover of the
system’s elastic and viscous moduli, with the fastest formulation
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Fig. 1. Bulk analysis of the samples O1 to O4. Top Left: First heating run of DSC between 0 and 100°C. Top Right: Plot of melting points (T,;,) and crystallization
temperatures (T.) vs. oligoester clogP, obtained respectively during the first and the second heating run, and the first cooling run (cooling runs are depicted in
Fig. S1). The dashed lines are guidelines. Bottom Left: WAXS curves of oligoesters O1 to O4 at room temperature. Bottom Right: Plot and linear fitting of the degree of

crystallinity (X.) vs. oligoesters clogP. Errors are included in the markers.
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(containing 02) reaching tg in ~45 minutes, and the blank in
~230 minutes (Fig. 2). Overall, the trend in gelation time is 02 < 03 ~
01 < 04.

Since the oligoesters have similar molar masses but different meric
structure, we hypothesized that hydrophobic interactions among the
pre-gel components played a major role during gelation. The calculated
logP of the oligoester’s repetition unit (clogP, see Table 1) was thus
chosen as a parameter of each component’s hydrophobicity. Notably,
there is a large clogP gap between pHDI (3.61) and ricinolein (17.99),
the reacting component of castor oil. Instead 02, the oligoester that
mostly accelerates gelation, has the closest clogP to pHDI. Overall, the
evolution of tge with the clogP deviation from pHDI (|clogPyupr —
clogPoy|) is a non-linear increase with the trend 02 < 03 ~ 01 < 04.

As an additional tool to study the reaction between castor oil, pHDI
and Ox, DOSY NMR analysis were performed on the separate compo-
nents and on pre-gel mixtures over 15 minutes since the reaction onset.
In all the samples containing the oligoesters, the diffusion plot showed
three main diffusion coefficients, related to the signals of species con-
taining mostly either castor oil, pHDI or oligoesters (Fig. 2, Figure S3).

In agreement with the rheological analysis, the addition of oli-
goesters resulted in faster growth of aggregates in the reacting pre-gel
mixtures than in the blank pre-gel (Fig. 2). In detail, the signals of
oligoesters-containing aggregates followed the same 02 > 03 ~ O1 >
04 trend (Fig. 2), which also follows the match of the oligoesters’ clogP
with pHDI’s. The evolution of the signals related to pHDI- and CO-
containing species followed similar trends (Figure S3).

Overall, the combined rheological and NMR analyses suggest that
the oligoesters act as compatibilizers for the reaction of CO with pHDI
during gelation, and their capability to do so is regulated by their
hydrophobicity.

In principle, the reaction between pHDI and Ox results in the for-
mation of larger aggregates with increased hydrophobicity, which in
turn have higher tendency to incorporate castor oil, the most hydro-
phobic component of the mixture, in the three-dimensional structure of
the forming polyurethane. In fact, clogP calculations of pHDI-Ox ag-
gregates indicated that clogP can be increased up to closely match the
logP of ricinolein. Accordingly, and based on our experimental data, the
gelation mechanism could be summarized in the following steps (Fig. 3):
(i) initial formation of pHDI-Ox aggregates; (ii) the aggregates have
increased compatibility with CO and thus start to include it in larger
structures; (iii) the final network forms, composed of dense regions of
CO and Ox.

2.2.1. Properties of the oligoesters-enriched CO polyurethanes

The oligoesters-enriched castor oil polyurethanes were prepared in
~0.2cm thick sheets, employing a CO:0Ox:pHDI mass% ratio of
72:10:18. The new gels were labelled GO (blank without oligoester), and
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G1 to G4 according to the oligoester employed during the synthesis, e.g.
G1 contains 10 m% of O1.

While the blank gel GO is transparent, the remaining Gx are opal-
escent (see Fig. 4), suggesting the presence of micro-, and possibly,
nanodomains likely produced by the phase separation of aggregates
during the reaction. All samples have micro-clots >15 ym distributed
across the gels’ matrix (Fig. 4) as visualized by scanning electron mi-
croscopy (SEM) analysis. Moreover, looking at the gels’ vertical section
showed that the addition of Ox produced a vast number of micro do-
mains of 1-5 ym. Confocal light scanning microscopy (CLSM) revealed
that the large microdomains observed with SEM are oligoester domains
(marked in green), that are recurring in the sample, surrounded by a
dense region of CO (marked in red), see Fig. 4.

Insights on the polyurethane nanostructure were then obtained by
SWAXS (Fig. 5).

In addition to broad peaks related to the gels’ characteristic mesh-
sizes or interatomic distances, systems G1 to G4 showed two main
peaks likely due to oligoesters crystallites at 2 theta values close to 22
and 25 (Fig. 5). Interestingly, the degree of crystallinity obtained from
the WAXS curves, follows the same trend as gelation speed (G2 > G1 ~
G3 > G4, see Figure S4). This indicates that, in addition to driving the
gelation process, the oligoester hydrophobicity also affects the final
structure of the gel network.

Characteristic dimensions of the networks at the nanoscale were then
obtained through analysis of the SAXS curves. A customized fitting
model, which we previously adopted for CO organogels,[63] was
adapted to describe the new CO-oligoesters’ profiles:

I ( Q) = IPomd (Q) + IInhnmogeneities (Q) + IGaussian,l (Q) + IGaussian,2 (Q)

@
+ IGaussian,B (Q) + Bkg

The first term in Eq. 1 features a Porod slope at low Q, accounting for
the scattering from large clusters of different density:

IPomd(Q) = IPQ(?)

(2

where Ip(0) is a constant and n the Porod exponent.
The second term in Eq. 1 is the Guinier function, accounting for the
presence of solid-like inhomogeneities in the networks [72]:

2 o R2
Q g] 3

IInhamogeneiﬁes(Q) = IG(O) ® €Xp |: - 3
where I;(0) is the Guinier excess intensity at Q = 0, and Rg the gyration
radius of the clusters.

The last terms preceding the background (Bkg) in Eq.1 are gaussian
functions, used to model the broad peaks found at high Q in all the gels’
curves:

G G
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Fig. 2. (Left) Oscillatory time sweep experiments to determine gelation time (tge1) of the castor oil gels. The coloured dashed lines are guidelines. Errors are included
in the markers. (Centre, left) Diffusion of CO (black) and its mixtures with pHDI (red), or with pHDI and Ox (blue), obtained via DOSY NMR in deuterated chloroform
at 25 °C. Left: DOSY NMR plots of CO (black), CO and pHDI (red) and CO, O3 and pHDI mixtures (blue). The mixtures were quenched after 15 minutes of stirring at
80 °C. Right: Plots of the hydrodynamic radii (Ry), obtained from the signals related to the Ox-containing species, vs. reaction time. Errors are included in

the markers.
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Fig. 3. Schematic representation, based on the rheological and NMR data, of the reaction between castor oil, Ox and pHD], to yield CO-oligoester polyurethane

gel networks.
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Fig. 4. Top. SEM and CLSM images of CO gels G1 and G3. From left to right,
SEM analysis of the polyurethane surfaces and CLSM of vertical sections. In
CLSM images the RBITC-labelled castor oil is marked in red, while the FITC-
labelled Ox in green. The CLSM images here reported were corrected to visu-
alize the gel’s background as black. For additional SEM analysis see the Sup-
porting Information file. Bottom.(A) A GO CO gel (blank without oligoester
additive) and (B) a Gx CO gel.
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Porod’s and Guinier’s terms fitting parameters are listed in Table 2.
Inhomogeneity at the nanoscale was not observed from the SAXS
curves of GO, which is characterized only by a —4 Porod slope that in-
dicates a smooth surface.
In the Gx series the radius of gyration, Rg, is likely related to solid-
like domains composed of polymer aggregates [20,39], in our case oli-

goesters. While Rg does not vary significantly among G1, G2 and G3, its

value is substantially smaller in G4, which also showed the lowest lower
degree of crystallinity in the series. G4 has also the lowest scale
parameter Ig, i.e. it has fewer solid-like regions. At lower Q, the Porod
exponent n describes the presence of large mass fractals, denser in G2 —
G4 than in G1.

Peaks in the high-Q range are similar in all gels, characterized by
lengths of 27, 12 and 4 A, respectively (see Q values in Table S1). Such
characteristic dimensions are likely related to interatomic distances or
characteristic mesh-sizes generated after crosslinking, and not to spe-
cific oligoesters (no differences among GO and G1 — G4).

Overall, from microscopy and X-ray scattering data we concluded
that the oligoesters confined in the polyurethane matrix can rearrange
during the gel formation process, generating solid-like fractions at the
micro- and nanoscale, and the Ox hydrophobicity regulates the di-
mensions of solid-like regions and crystallites in the gels with similar
trends as in the gelation speed.

The structural characterization was complemented by the study of
the mechanical properties of the CO gels, through frequency sweep ex-
periments (Fig. 6).

Independently of the Ox additive used, the storage and loss moduli
(G’ and G*) are higher in Gx than GO. In agreement with SWAXS data,
G’, which describes the gels’ solid-like behaviour, followed the trend G2
~ Gl > G3 > G4, i.e. the higher the number and size of solid-like re-
gions, the higher G’. Moreover, G’’ shows a similar trend.

Heating up to 80C resulted in a decrease of G’ for all the samples,
ascribed to the melting of the solid-like oligoesters aggregates. The
decrease is highest in G2 (AG’ ~50 kPa), the sample with the highest
crystallinity and solid-like areas, and lowest in G4 (~6 kPa), which has
the lowest crystallinity. Indeed, G2 shows the highest modulus up to
50°C, and the lowest at 80°C, following the melting of the oligoester
domains. The variation of the storage modulus (G’) during heating
across the G1-G4 series seems to be related to the melting of oligoester
chains capable of forming aggregates physically linked and crosslinked
to the gel network. Thus, we hypothesized that the oligoester additives
can be present either as entangled branched units or involved in the gel’s
chemical crosslink network (Fig. 6), and the entangled units are capable
of crystallizing similarly to the unbound oligoesters. This hypothesis was
also suggested by the increase of tan(s) (the G’/ G’ratio) for G1-G4
series passing from 25 to 80°C, i.e. physically linked/crosslinked oli-
goester domains could melt inside gel regions confined by chemical
crosslinks. Indeed, it is known in the literature that oligoester units
involved in physically linked/crosslinked entanglements affect the
rheological behavior of the rubbery network [73-76].

The gels’ compatibility with a range of solvents with varied hydro-
philic/lipophilic balance (ethanol, acetone, MEK, DEC and p-xylene)
was then linked to the networks’ hydrophobicity via swelling experi-
ments. In principle, the solvent uptake capability can give information
on the diffusion/swelling mechanism in the three-dimensional structure
of rubbers and gels, and on the gels’ structure [77-79]. Swelling of GO in
ethanol (which has logP —0.24) resulted in a plateau in the solvent
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Table 2

Overview of the Porod’s and Guinier’s SAXS fitting parameters of gels GO — G4,
obtained from Eq. 1.

Code P n Ic Rg Bkg

[10-6] [A]
GO 0.00018 + 0.00005 4.0 £ 0.1 - 0.003 + 0.001
G1 20.2 + 0.1 239+01 074 6945  0.003+0.001
G2 9.30 + 0.05 268+01 148 7245  0.003 + 0.001
G3 8.03 + 0.05 267+01 110 67+5  0.003 =+ 0.001
G4 2.50 + 0.05 260+01 025 40+5  0.003 =+ 0.001

uptake (Am/mg) at =~ 0.7 after 5h. Lower values (0.5-0.6) were ob-
tained for the Ox-containing gels. Increasing the solvent hydrophobicity
up to MEK (logP 0.37) gave higher Am/mg, with maximum values be-
tween 1.8 and 2.2. However, more hydrophobic solvents reduced the
maximum uptake, i.e. the overall swelling capability of the Gx samples
was maximized for solvents with average hydrophobicity. Overall, we
expected that different structural features in the Ox additives could
affect solvent confinement in the corresponding gels. To support this
hypothesis, the swelling curves were fitted to the Peppas-Salhin equa-
tion, evaluating diffusive and relaxation phenomena in solvent uptake
by the polymer network [80-82]:

m
m o0

= kpt™ + kgt™™ (5)

where my is the mass of the solvent uploaded in the gel at time t, m, is
the solvent upload at equilibrium (which was reached in variable times
from ca. 180-600 minutes), kg and kg are the kinetic constants of,
respectively, diffusive and relaxation process, and m is the purely
Fickian diffusion exponent. According to the model, m decreases from
0.500 to 0.425 as the thickness of the absorber increases upon swelling
in the solvent.

The fitting was performed for datapoints with m¢/m,, below 0.7 as
required from the model. i.e. for the kinetic process before reaching the
equilibrium (Fig. 7) [80,83,84].

The obtained values of m depend strongly on the Ox employed in the
gels’ synthesis, and on the solvent choice (Table S2, Fig. 7, Figure S5).

The fitting results are reported in Table S2. Changing the oligoester
additive’s clogP in the Gx series for different solvents allowed pro-
nounced swelling (up to m = 0.425). An indication of the balance be-
tween chain relaxation and pure diffusive phenomena during solvent
uptake in the gels, is represented by the Relaxation/Fickian ratio (“R/
F”), expressed by [80]:

R kR
= DR 6
F ok (6)
that uses the fitting parameters obtained from Eq. 5.

A plot of R/F at 180 minutes vs. the clogP of the oligoester additive’s
Ox in the gels, is given in Fig. 7. The results showed that for DEC (logP

1.21) and less hydrophobic solvents, higher R/F values were obtained
for G4, while G1 featured the highest R/F value when p-xylene (logP
3.15) was uploaded. Therefore, the gels’ affinity (relaxation over
diffusion) to a range of organic solvents can be tuned by changing the
oligoester additive in the CO polyurethane matrix. Overall, we observed
that the CO-oligoester gels were able to upload the solvents up to more
than 200 % of their initial weight, depending on the mutual additive-
solvent chemical affinity. This versatility in solvent uptake could
represent an improved practical advantage when the swollen organogels
are used to remove varnishes and coatings from works of art.

The capability of the systems G1 and G4, swollen in solvents, to
remove typical coatings/varnishes found in art restoration, was then
checked. Fig. 8 shows the results of the gels application to a painted
wood panel, and to glass. Previous characterization carried out on this
wood panel had shown that it has a top layer of a polyhydroxy acid-
—based varnish (e.g., shellac) [85]. This class of resins is found in var-
nishes applied onto artifacts [86-88]. The varnish was likely applied to
the panel by the artist, or in some past restoration intervention, and has
naturally aged over time into a brownish layer that strongly jeopardize
the appearance of the artifact. The G4 organogel was swollen in MEK for
35 minutes, and then shortly applied to the varnished surface, leading to
the removal of the varnish and the recovery of the painted layer. Glass
was instead chosen as a model surface and coated with beeswax, another
coating found on works of art [89-91]. The G1 organogel was swollen in
p-xylene for 35 minutes, and then applied onto the coated surface,
leading to the removal of wax. The chemical action of the organogel was
coupled with gentle mechanical action with a swab to remove the
swollen/softened coating. These preliminary tests showed that the new
CO-oligoester gels have versatility and potential as tools for further
evaluation in cleaning interventions on works of art.

3. Conclusion

We elucidated for the first time the gelation mechanism in castor oil
(CO) polyurethane networks enriched with a library of “green” oli-
goesters, obtained from biomolecules (dicarboxylic acids) and diols. In
addition, the effect of the esters on the gels’ structure, mechanical
properties, and solvent upload dynamics, were detailed.

The key-result is that the oligoesters’ hydrophobicity, expressed by
their clogP parameter (calculated water/1-octanol partition coefficient),
regulates the gelation process, allowing fine control of the structure of
the obtained networks, and of the gels’ capacity to upload solvents of
different polarity. In particular, as indicated by rheology and DOSY
NMR analysis, the driving force in the CO polyurethane formation is
likely the compatibilization of pHDI with castor oil through the forma-
tion of hydrophobic oligoester-pHDI units able to incorporate CO as the
network builds. In addition, the oligoesters can also rearrange during
gelation to generate physically linked solid-like fractions and crystal-
lites, whose dimension increases with the oligoesters’ clogP, which in-
crease the elastic modulus of the gels. The oligoesters’ clogP can be
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experimental data. In the grey ellipsoid is depicted the presence of Ox’s entanglements giving physical crosslinking, while the in the orange ellipsoid is depicted the
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tuned to upload a range of different solvents, and to have chain relax-
ation progressively add to Fickian diffusion during solvent uptake by the
gel networks.

Finally, the swollen gels were used to clean a wood panel and glass,
removing varnishes and coatings typically found on works of art. These
results support a new class of materials with appealing characteristics
that advances the state-of-the-art in cleaning tools for Cultural Heritage
preservation. Previously reported poly(ethyl) or poly(methyl

methacrylate), [51,52] or polyvinyl alcohol-borax gels, had showed
good cleaning performances but lack fully sustainable formulation
processes and in some case broad solvent compatibility. Recently pro-
posed organogels based on polyhydroxy butyrate and y-valerolactone,
on the other hand, have good “green” profiles but still need optimization
of their cleaning efficiency, retentiveness, and mechanical properties
[45,92]. While the influence of different isocyanates has been investi-
gated [61], and some components from renewable sources proposed
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Fig. 8. Cleaning tests using the CO-oligoester gels to remove varnish/coating from surfaces. The G4 gel was swollen in MEK and used to remove a polyhydroxy
acid-based varnish from a painted wood panel. The cleaned rectangular stripe aside to the organogel cleaning test, was previously obtained with hydrogels [85]
loaded with oil-in-water microemulsions, and kept here as a reference. The G1 gel was swollen in p-xylene and used to remove beeswax from glass. The coated glass is

lying on a slab with a grill that serves as spatial reference.

[93,94], we demonstrated here for the first time how bio-derived oli-
goesters can affect the gelation of CO gels to yield networks with
controlled, tunable properties. Polyurethane matrices from castor oil are
gaining growing attention to replace petrochemical materials [95], with
potential application in fields where sustainable and “green” gel net-
works are used to confine actives, e.g. food chemistry, cosmetics,
biomedicine, agriculture, etc. [96-99], and for engineering foams [100].
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