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A B S T R A C T   

Poly(urethane-acrylates) (PUAs) are UV-curable resins used for biomedical applications, coatings, adhesives, and 
many others. Their syntheses usually involve the use of aromatic diisocyanates and polyols coming from fossil- 
based resources, in the presence of tin-based catalysts, which present a very well-known toxicity. In the last years 
the increase of environmental and economic issues related to the depletion of limited sources, the increase of 
greenhouse gas emissions, the release of toxic degradation compounds and the catalyst contamination has shifted 
the attention toward more sustainable solutions. In this study a low-impact, sustainable and efficient procedure 
for the synthesis of bio-based PUA promoted by solid supported CeCl3⋅7H2O–NaI/SiO2 was developed. This 
catalytic system provides the target compounds with good monomer conversion and molecular weights and 
allow the synthesis under heterogeneous conditions as main advantage, with the final recovery of the catalyst. 
We also confirmed its rapid separation, stability, and efficient recycling of the catalyst, obtaining comparable 
results over a seven reactions cycles. The goodness of the polymerization process under heterogeneous condition 
was confirmed by chemical and thermal characterizations.   

1. Introduction 

Green and sustainable catalytic reactions always find application in 
polymer synthesis, and particular attention is paid to ‘precision poly-
merization’ where the catalyst plays a key role [1]. In this context, rare 
earth-heterogeneous-catalyzed processes are widely applied to polymer 
synthesis [2], and cerium(III) salt based systems have found increasing 
application as eco-friendly catalysts for polymer synthesis innovation 
[3–5]. To our knowledge there are no data in the literature on the use of 
Ce(III) salts as catalysts in the preparation of polymers within the 
polyurethanes family. Conversely, Ce(IV) has found greater application, 
especially added as nano-cerium colloids to previously synthesized 
waterborne polyurethane dispersions [6]. Recently, CeO2 has been used 
as a catalyst in the synthesis in situ of diisocyanate from diamine, CO2 
and methanol for a suitable preparation of polyurethane [7]. Given that, 
in the last few decades we were able to demonstrate how Ce(III) is an 
active species in the promotion of important reactions concerning new 

carbon-carbon and carbon-heteroatom bond formation [8], where 
instead Ce(IV) does not behave as catalyst [9]. Thus, we found useful to 
develop in this manuscript a new methodology for the synthesis of 
bio-based PUAs promoted by CeCl3⋅7H2O–NaI supported on SiO2. 

The synthesis of polyurethanes (PUs) and poly (urethane-acrylates) 
(PUAs) is of great interest. In fact, they are a class of polymers with a 
wide-ranging application, such as automotive, thermal insulation, 
coatings, adhesives, construction, etc., due to their properties which can 
be adapted by varying the chemical composition, the molecular weight, 
and the ratio of the soft-to-hard segments [10–16]. 

Conventional PU materials are based on aromatic diisocyanates such 
as toluene diisocyanate (TDI) and methylene diphenyl diisocyanate 
(MDI), that release toxic and carcinogenic aromatic diamine products as 
a consequence of in vivo degradation [17,18]. Therefore, aliphatic and 
cycloaliphatic isocyanates, such as hexamethylene diisocyanate (HMDI) 
and isophorone diisocyanate (IPDI), result suitable for the synthesis of 
these polymeric derivatives [19], also due to their UV-resistance, finding 
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application in the field of transparent coatings [20]. Another important 
aspect is that being the PU industry strongly dependent on fossil-based 
materials, environmental and economic concerns have led to the 
growth of interest in starting materials coming from renewable re-
sources such as, sorbitol, amino acids, furan derivatives, cellulose, 
lignin, vegetable oils and derivatives [21–23]. In fact, the use of sus-
tainable materials avoids the depletion of limited resources, reducing 
greenhouse gas emissions and health related issues [24–27]. 

During the last few decades, UV-curing technology has attracted 
attention in the fields of drug delivery systems, coatings, and adhesives. 
This technology is environmentally friendly (less VOC emissions) with 
low energy consumption and fast curing conditions [28,29]. 

Among UV-curable resins, poly(urethane-acrylates) have been 
drawing growing interest thanks to their unique properties as excellent 
abrasion and chemical resistance, adhesion to substrates, light stability, 
water resistance and weatherability, as well as mechanical properties 
which are highly desirable for industrial applications [30–32]. 

PUA is generally obtained by the reaction of a polyol 1 with a dii-
socyanate 2 in the presence of a catalyst, and using a stoichiometric 
excess of diisocyanate, the resulting urethane oligomer chains 3 are 
NCO-terminated (Scheme 1). Afterwards, the isocyanate end-groups 
react with hydroxyl functional acrylic monomers of 2-hydroxyethyl 
methacrylate (HEMA) (4) to obtain a urethane acrylate oligomer 
(UAO) 5, with unsaturation at the end of the polymer backbone. The last 
step is the radical polymerization by UV radiation of vinyl group of end- 
capped acrylates, in the presence of benzophenone as well-known type II 
photo-initiator (6) and methyl diethanolamine (7) as co-initiator, to 
obtain PUA 8 [33,34]. 

The most employed catalysts during this synthesis are tin-based 
compounds [35], one of the most used is the dibutyltin dilaurate 
(DBTDL), but its homogenous nature means that complete removal of 
the catalyst from the polymer matrix is not feasible. Furthermore, many 
studies have been shown the potential toxicity of tin, and this aspect 
limits its use in the synthesis of polymers involved in biomedical 
application [36]. Nowadays, the challenge is to reduce the metal content 
in the final product. For this purpose, the replacement of homogenous 
catalysts with heterogeneous ones represents a potential solution. This 
feature allows to recover and reuse the catalyst, reducing the metal 
content and wastes produced [37,38]. Herein, we studied a new and 
eco-compatible cerium(III) salt-solid supported catalyst with a remark-
able activity in PUA synthesis. We developed an efficient polymerization 
process promoted by an inexpensive, non-toxic silica supported cerium 
trichloride heptahydrate-sodium iodide system (CeCl3⋅7H2O–NaI/SiO2) 

[39,40]. Furthermore, we synthesized a fully bio-based poly(ure-
thane-acrylate) (Scheme 2), starting from renewable poly(L-lactic acid) 
(PLLA) and L-lysine diisocyanate, comparing its final chemical and 
thermal properties to those coming from fossil based materials, prepared 
with the same approach. The very soft reaction conditions does not 
allow the oligomers alteration with the subsequent formation of poly-
amide derivatives [41]. The development of this PUA encloses the 
bio-based economy principles, allow the generation of PUA suitable for 
biomedical appications and drug delivery systems, due to the very low 
toxicity of CeCl3⋅7H2O–NaI/silica catalyst. 

2. Material and methods 

Materials. All reagents such as dibutyltin dilaurate (DBTDL), Ce 
(OAc)3, CeCl3⋅7H2O, NaI, CuI, KI, SiO2, Al2O3, Isophorone diisocyanate 
(IPDI), Hexamethylene diisocyanate (HDI), L-Lysine, PEG400, L-Lactic 
Acid, Isosorbide, 2-hydroxyethyl methacrylate (HEMA), benzophenone 
and N-methyldiethanolamine were all purchased from Merck. As first 
treatment, both diols and diisocyanate were dried at 50 ◦C under vac-
uum for 24 h, in order to remove residual water. In the case of air and 
moisture sensitive reactions, the glassware was oven dried at 100 ◦C for 
more than 2 h prior to use, when the reactions were performed under 
nitrogen atmosphere. L-lysine methyl ester diisocyanate was synthetized 
according to reference of Nowick et al. [42] CeCl3⋅7H2O–NaI/SiO2 was 
prepared according to Bartoli et al. procedure [43]. 

Scheme 1. General PUA synthetic procedure with DBTDL.  

Scheme 2. Our approach to the synthesis of fully bio-based PUA.  
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Instruments. Compounds were characterized by FT-IR ATR anal-
ysis, performed with a PerkinElmer FT-IR spectrometer Spectrum Two 
UATR, equipped with ZnSe crystal. The measurements were performed 
in a 400-4000 cm− 1 range at a 2 cm− 1 resolution, 4 scans and processed 
by a PerkinElmer data manager (Spectrum). The molecular weights of 
polymer matrix were evaluated by gel permeation chromatography. The 
measurements were carried out with an Agilent 1260 Infinity II Multi 
Detector Suite (MDS) device. In this device, there was an Agilent 1260 
Infinity Quaternary Pump (G7111B), containing a 4-channel vacuum 
degasser to pump the eluent into the system. The auto sampler was 
G7129A and the thermostatic column compartment G7116A. The used 
device consisted of three different detectors (G7800A): a dual light 
scattering detector (measuring in the angles of 15◦ and 90◦), an RI de-
tector, and a VS-detector. The THF mobile phase contained 250 ppm of 
BHT (butylated hydroxytoluene) and the flow rate was fixed at 1.0 ml/ 
min. In the measurements and data analysis, an Agilent GPC/SEC Soft-
ware, was used. GPC system was equipped with two columns in series 
(PLgel MIXED-C and PLgel MIXED-D) and before the columns there was 
also a guard column (Agilent GPC/SEC Guard Column). The standards 
used in the measurements for column calibration were PSs with different 
Mp values in the range of 580–283800 g/mol. The chemical nature of 
poly(urethane-acrylate) was determined by nuclear magnetic reso-
nance. 1H NMR and 13C NMR spectra were recorded on a Varian Mer-
cury 400 (400 MHz or 100 MHz respectively). Chemical shifts are 
quoted in ppm and are referenced to residual protons in the deuterated 
solvent as the internal standard such as CDCl3 (7.26 ppm for 1H and 
77.0 ppm for 13C) or dimethyl sulfoxide-d6 (DMSO‑d6, 2.50 ppm for 1H 
and 39.5 ppm for 13C). Splitting patterns are designated as follows: s, 
singlet; d, doublet; t, triplet; q, quartet; m, multiplet. Thermogravimetric 
analysis (TGA) was performed to evaluate their thermal stability. TGA 
was carried out using a Netzsch STA 2500 Regulus thermal analyzer, 
equipped with Al2O3 crucibles. 10 mg of samples were heated from room 
temperature to 900 ◦C, under nitrogen atmosphere with a heating rate of 
10 ◦C/min. The thermal behaviour was also determined by differential 
scanning calorimetry (DSC). Samples (8–9 mg in an aluminum concave 
pan with pierced lid) were analyzed in a DSC 250 TA, according to the 
following thermal program: heating from − 90 ◦C to 100 ◦C (2 min hold), 
cooling to – 90 ◦C (2 min hold) and heating to 100 ◦C, all steps at 10 ◦C/ 
min. Microscopic morphology of polymer samples was evaluated by an 
high-resolution scanning electron microscope with field emission gun 
(FE-SEM, Sigma Family, Zeiss, Oberkochen, Germany) operated at 15 
keV, equipped with an energy-dispersive X-ray spectroscopy system 
(Quantax 200, EDS, Bruker) that enables elemental analysis. Samples 
were deposited on aluminium stabs using self-adhesive carbon 
conductive tabs and sputtered with a thin film of chromium (5 nm) by 
the sputter coater Quorum QT150 (Quorum, Laughton, UK). UV-Lamp 
used for the curing step is the VL-215.G-2.15 W with a characteristic 
wavelenght at 254 nm, filter size 495 × 120 mm and power[W]: 2 × 15. 

2.1. Methods and experimental procedures 

Experimental procedure for the synthesis of compounds 3a-f. In a 25 
ml two-necked round bottom flask, 500 mg of polyol was reacted with 
diisocyanate (1.5 equivalents) at 70 ◦C in the presence of 
CeCl3⋅7H2O–NaI/SiO2 (0.3 wt%) for 2 h, under nitrogen atmosphere. 
Then, the catalyst was filtered off, washed with fresh CH2Cl2 (1 ml) and 
the products 3a-f were isolated after solvent evaporation under vacuum. 

Experimental procedure for the synthesis of compounds 8a-f. The 
NCO-terminated urethane pre-polymers (3a-f) obtained were cooled 
down to 50 ◦C and then end-capped with HEMA (2.5 mmol, 2 equiva-
lents), by adding it dropwise to the reaction mixture. The synthesis of 
UAO was performed at 50 ◦C for 4 h and the products were isolated after 
solvent evaporation under vacuum. Afterwards, benzophenone (1.5 wt 
%) with methyl diethanolamine (1.5 wt%) were added to 5a-f [34]. The 
reaction mixture was deposed in a small glass plate and was exposed to 
the UV-lamp for 10 min to obtain PUAs (8a-f). 

3. Results and discussion 

Catalyst screening and synthesis of NCO-terminated urethane pre-
polymer. Following our previous studies on the development of efficient 
and sustainable lactic acid polymerization [4], and synthesis of 
biomass-based PUA composite [5] we disclose a low-impact procedure 
for the synthesis of poly(urethane-acrylate). Several cerium-based cat-
alysts were tested for the urethane oligomer (3a) formation (Table 1), 
starting from polyethylene glycol (PEG 400, 1a) and isophorone diiso-
cyanate (IPDI, 2a). From the screening, CeCl3⋅7H2O combined with NaI 
(Table 1, CAT5), leads to the formation of 3a with a molecular weight 
Mw = 1700 Da and monomer conversion of 94% comparable to those 
achieved with dibutyltin dilaurate, DBTDL, (Table 1, CAT2). This cata-
lytic system based on cerium is a more active Lewis acid promoter, 
where the oligomeric structure of cerium(III) trichloride is broken by 
iodide ion to give more reactive monomeric structure [43], has also been 
confirmed by the XPS analysis performed in our previous studies [4]. 
Furthermore, the LD50 value of CeCl3⋅7H2O (2800 mg/kg) is sixteen 
times higher than DBTDL (175 mg/kg) and thanks to its non-toxicity, 
low cost and easy handling make this system an important alternative 
to obtain PUA, reducing the impact of the chemical process from both an 
economic and safety point of view. To further investigate the 
eco-friendly catalytic system, other iodine sources were tested (Table 1, 
CAT7-8), in combination with CeCl3⋅7H2O. The highest molecular 
weight was reached with sodium iodide (Table 1, CAT 5) as it is able to 
form a complex with a very strong Lewis acid character. Furthermore, to 
minimize costs and environmental impact, we performed the synthesis 
of 3a under heterogeneous conditions (Table 1, CAT9-10), to recover 
and recycle the catalyst once the reaction is over. The best performing 
systems resulted in CeCl3⋅7H2O–NaI/SiO2 where a molecular weight of 
1800 Da (Table 1, CAT9) was obtained. 

After selecting the best catalytic system, optimization of the reaction 
conditions was performed (Table 2). The highest molecular weight was 
obtained after 2 h at 70 ◦C with 0.1 wt% of CeCl3⋅7H2O–NaI/SiO2 and 
1.5 equivalents of IPDI (Table 2, RC3). Afterwards, a kinetic study 
(Figure S2†) was performed and after 2 h the highest Mw = 1800 Da was 
obtained. 

After this catalysts screening (Table 1), and following the good re-
sults obtained with solid supported CeCl3⋅7H2O–NaI/SiO2 catalytic 
system (Table 1, CAT9), we moved to the optimization of reaction 
conditions as follow (Table 2). 

Catalyst recyclability. Additional tests were performed to deter-
mine the catalyst recyclability. CeCl3⋅7H2O–NaI supported on SiO2 can 
be filtered, washed, dried under vacuum, and reused for seven cycles 
without noting any appreciable decrease in activity (Fig. 1). Stability 
and composition of this recycled catalyst was determined by SEM-EDX 
and FTIR analysis. The results obtained proved that the elements 
detected in the fresh catalyst were still present after the seventh recy-
cling (Fig. 2) and no differences are found in the FTIR spectra (Fig. 3). In 
particular, the peaks at 1080 and 800 cm− 1 corresponding to different 
modes of O–Si–O or Si–O–Si vibrations, were again observed in the 
recycled catalyst. 

Synthesis of bio-based poly(urethane-acrylates). To demonstrate 
the efficiency of the optimized catalytic procedure, we studied the 
reactivity of a plethora of polyols with different diisocyanate de-
rivatives. We focused the attention on the synthesis of bio-based NCO- 
terminated urethane pre-polymer (Table 3). With the aim of replacing 
PEG 400 (1a), it was first performed the reaction between isophorone 
diisocyanate (2a) and different bio-based diols 1b and 1c. Oligo (L-lactic 
acid) (OLLA) (1b), with MW of 400 Da and isosorbide (1c) led to the 
formation of compounds 3c and 3e, respectively, with a molecular 
weight of 1300 Da (Table 3). These data are comparable with those 
obtained with fossil-based polyols (compound 3a). Pursuing the idea of 
synthesizing a fully bio-based NCO-terminated urethane pre-polymer, 
both OLLA and isosorbide were reacted with L-lysine diisocyanate 
(2c). The latter proved to be less reactive than IPDI towards this reaction 
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and the pre-polymers 3d and 3f were obtained with a molecular weight 
of 1000–1100 Da (Table 3). 

Furthermore, for the synthesis of 3d we developed a one-pot process 
that involves a first transformation of L-Lactic Acid (LLA) to 1b OLLA 
with a MW of 400 Da, followed by reaction with L-lysine diisocyanate 
(2c). For compound 3d it is useful to specify the reaction progress with a 
free carboxylic group which can then react with HEMA, to form an ester 
functionality, in order to ensure the curing process (Scheme 3). How-
ever, all pre-polymers obtained were further involved in the reaction 
with 2-hydroxyethyl methacrylate (HEMA, 4) in order to obtain ure-
thane acrylate oligomers (UAO, 5a-f) and the molecular weights ach-
ieved are comparable to those of compounds 3a-f (Table 3). Finally, the 
photo-polymerization of 5a-f in the presence of benzophenone (6) as 
photo-initiator and N-methyl diethanolamine (7) as co-initiator was 
performed. The final PUAs (8a-f) were chemically characterized, and the 
thermal properties were determined. To demonstrate the scalability of 
our protocol, we investigated the synthesis of 8a on a 5 g scale. The 
molecular weights (Mw) achieved for compound 3a and 5a were 1900 
Da and 2000 Da, respectively. 

Chemical and thermal characterization of compounds 3, 5 and 
8. The urethane pre-polymers, 3, were characterized by FT-IR and NMR 

analysis, to confirm their formation. The FT-IR spectrum (Fig. 4) shows 
that the peak relative to NCO stretching (2254 cm− 1) decreases while 
the peak at 1715 cm− 1, characteristic of the carbonyl group of the 
urethane bond increases, as the reaction proceeds. Furthermore, the 
broad peak at 3500 cm− 1, relative to the hydroxyl groups present in the 
polyol decreases and it is replaced by a narrow peak at 3200 cm− 1 

relative to the stretching of –NHR functionalities of the urethane group. 
The 13C NMR spectrum also confirms the formation of the pre- 

polymers. Basically, isophorone diisocyanate has a primary 
(Figure S3†, peak b) at 122.2 ppm and a secondary isocyanate group 
(Figure S3†, peak a) at 123.5 ppm. After the reaction with PEG 400, only 
the peak at 123.5 ppm disappears (Figure S4†, B), suggesting that under 
these reaction conditions, the secondary NCO group is more reactive 
than the primary one. In fact, the latter is shielded by the β-situated 
methyl substituents, the cyclohexane ring, and its neighboring methyl 
group, as reported by Hatada et al. [45] Therefore, the secondary NCO is 

Table 1 
Screening of catalysts and properties of 3a. 

Catalyst type Mna (g/mol) Mwa (g/mol) Monomer Conv.b (%) 

CAT1 – 600 700 60 
CAT2 DBTDL 1500 1900 96 
CAT3 Ce(OAc)3 1000 1400 86 
CAT4 CeCl3⋅7H2O 1000 1300 89 
CAT5 CeCl3⋅7H2O–NaI 1100 1700 94 
CAT6 CeCl3–NaI 900 1300 91 
CAT7 CeCl3⋅7H2O–CuI 900 1200 93 
CAT8 CeCl3⋅7H2O-KI 900 1300 87 
CAT9c CeCl3⋅7H2O–NaI/SiO2 1200 1800 95 
CAT10c CeCl3⋅7H2O–NaI/Al2O3 800 1100 90  

a Molecular weight has been determined by GPC analysis (detector RI, refractive index). 
b Percentage of monomer conversion has been established by GPC peak area analysis (Fig. S1†) [44]. 
c Solid Supported Catalyst (SSCs). 

Table 2 
Optimization of the reaction conditions (RC) of 3a.   

CAT9 
(wt%) 

IPDI 
(eq.) 

Temp. 
(◦C) 

Mna 

(g/ 
mol) 

Mwa 

(g/ 
mol) 

Monomer 
Conv.b (%) 

Residual 
-NCOc 

(%) 

RC1 0.1 2.0 70 600 800 78 4.5 
RC2 0.1 1.0 70 1000 1500 98 2.8 
RC3 0.1 1.5 70 1200 1800 95 4.3 
RC4 0.2 1.5 70 1000 1600 93 4.2 
RC5 0.3 1.5 70 1200 1700 92 4.0 
RC6 0.4 1.5 70 1100 1600 92 4.1 
RC7 0.1 1.5 80 1100 1600 95 4.2 
RC8 0.1 1.5 60 900 1400 96 4.0  

a Molecular weight has been determined by GPC analysis (detector RI, 
refractive index). 

b Percentage monomer conversion has been established by GPC peak area 
analysis. 

c The residual –NCO was determined by tritation with DIN EN ISO 14896 
following the reported method. 

Fig. 1. Catalyst recyclability screening up to seven cycles.  
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more available to react with the hydroxyl groups of polyols to form a 
urethane bond, confirmed by the signal at 155.56 ppm (Figure S4†, B). 
The formation of 5 was monitored by FT-IR analysis (Fig. 5). The 
disappearance of isocyanate peak at 2254 cm− 1 after 4 h confirms the 

formation of urethane acrylate oligomer, due to the reaction between 
NCO groups with HEMA. The PUA formation was confirmed by FT-IR 
and was further characterized by TGA, DSC and SEM analysis. From 
the FT-IR spectrum (Figure S11†) the characteristic peaks of acrylate 
double bond (1634 cm− 1 and 814 cm− 1) are not observed. This means 
that the carbon-carbon double bonds are involved in the formation of 
new chemical bonds by photo-polymerization. 

TGA analysis of UV-cured films show two weight losses (Fig. 6) [5]. 
The first decomposition step occurs in the temperature range of 
120 ◦C-350 ◦C and it is due to the thermal degradation of the hard 
segments, which involves the breakage of urethane linkage. The second 
stage, instead, is due to the degradation of soft segments. The latter has a 
higher thermal stability and begins to decompose in the temperature 
range of 350 ◦C-470 ◦C. On the other hand, the initial mass loss up to 
120 ◦C was ascribed to moisture evaporation. The weight loss and Tonset 
(onset degradation temperature) in the two degradation steps remain 
unaffected when PUA was synthesized from renewable resources 
(Table 4). 

The glass transition temperature (Tg) of the cured samples 8a-f 
(Table 4), were analyzed by DSC. DSC curves showed a characteristic 
thermal behaviour of poly(urethane-acrylates). In fact, only compound 
8e, exhibited a positive Tg of 68 ◦C, due to the cyclic structure of both 
starting materials, isosorbide and IPDI (DSC graphs, Figures S22-27†). 

SEM images (Fig. 7) show that the surface of bio-based and fossil- 
based poly(urethane-acrylates) is smooth and homogeneous in which 
no crack or phase separation are observed, confirming the goodness of 
polymerization process. 

Fig. 2. SEM-EDX analysis of fresh catalyst (a) and recycled catalyst (b).  

Fig. 3. FTIR spectra of fresh catalyst and recycled catalyst.  

Table 3 
Synthesis of compounds 8a-f.  

Compound 1 Compound 2 Compound 3 Mna (g/mol) Mwa (g/mol) Compound 5 Mna (g/mol) Mwa (g/mol) Compound 8 

1ab  2a  3a 1200 1800 5a 1400 1900 8a 

2b  3b 2000 3400 5b 2100 3600 8b 

1b  2a  3c 900 1300 5c 1000 1400 8c 

2c  3d 600 1000 5d 800 1100 8d 

1c  2a  3e 800 1300 5e 1100 1500 8e 

2c  3f 700 1100 5f 900 1100 8f  

a Molecular weight has been determined by GPC analysis (detector RI, refractive index). 
b Reaction performed also on a 5 g scale with comparable results. 
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4. Conclusions 

We disclosed an efficient and low impact procedure for the synthesis 
of fully bio-based poly(urethane-acrylate) promoted by CeCl3⋅7H2O–NaI 
supported on SiO2. This catalytic system can be recycled for seven times 
without a decrease in activity, obtaining a pre-polymer with a molecular 
weight of 1800 Da. Furthermore, we demonstrated the scalability of our 
approach, preserving the Mw and monomer conversion. PUA formation 
was confirmed by the chemical characterization and the final thermal 
properties were determined. DSC, TGA and SEM analysis proved that 

bio- and fossil-based PUAs have similar chemical characteristics and 
behaviour. In this work, the use of a sustainable and recyclable catalyst 
together with aliphatic diisocyanates and polyols coming from renew-
able resources contribute to reduce greenhouse gas emissions, health 
issues and avoid the depletion of limited resources. Furthermore, we 
replaced the most used Tin based catalysts, which present a very well 
know toxicity, also recognized by the European Union (EU) [46] with a 
very no-toxic catalyst based on Cerium(III) salts, synthesizing this new 
fully bio derived polymer with a very promising future for biomedical 
applications and drug delivery systems. 
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Scheme 3. One-pot synthesis of 3d.  

Fig. 4. FTIR spectra of 3a at different reaction times (30′, 60′, 90′ and 120′).  

Fig. 5. FTIR spectra of 5a (at 60′ and 240′).  

Fig. 6. TGA thermograms of 8a, as example (TGA graphs, Figures S28-33†).  

Table 4 
Thermal properties of compounds 8a-f.  

Specimen TGA Analysis DSC Analysis 

TonI ◦C (Weight loss %)a TonII ◦C (Weight loss %)a Tg (◦C)b 

8a 310 (48) 431 (46) − 1 
8b 315 (47) 432 (47) − 28 
8c 298 (49) 430 (45) − 4 
8d 310 (49) 430 (45) − 30 
8e 297 (50) 433 (44) 68 
8f 300 (48) 428 (46) − 42  

a Determined by TGA analysis. 
b Determined by DSC analysis. 
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Chemical and mechanical characterization of licorice root and palm leaf waste 
incorporated into poly(urethane-acrylate) (PUA), Molecules 26 (2021) 7682, 
https://doi.org/10.3390/molecules26247682. 

[6] (a) Y. Zhao, C. Zhao, J. Shi, The preparation and properties of polyurethane/nano- 
CeO2 hybrid aqueous coating, Polym. Sci. 60 (2018) 671–677, https://doi.org/ 
10.1134/S0965545X18050140; 
(b) G. Cai, S. Xiao, C. Deng, D. Jiang, X. Zhang, Z. Dong, CeO2 grafted carbon 

nanotube via polydopamine wrapping to enhance corrosion barrier of 
polyurethane coating, Corrosion Sci. 178 (2021), 109014, https://doi.org/ 
10.1016/j.corsci.2020.109014. 

[7] K.A. Alferov, Z. Fu, S. Ye, D. Han, S. Wang, M. Xiao, Y. Meng, One-pot synthesis of 
dimethyl hexane-1,6-diyldicarbamate from CO2, methanol; and diamine over CeO2 
catalysts: a route to an isocyanate-free feedstock for polyurethanes, ACS 
Sustainable Chem. Eng. 7 (2019) 10708–10715, https://doi.org/10.1021/ 
acssuschemeng.9b01345. 

[8] G. Bartoli, E. Marcantoni, M. Marcolini, L. Sambri, Applications of CeCl3 as an 
environmental friendly promoter in organic chemistry, Chem. Rev. 110 (2010) 
6104–6143, https://doi.org/10.1021/cr100084g. 

[9] Q. Cheng, W. Shi, L. Duan, B. Sun, X. Li, A. Xu, A comparison between Ce(III) and 
Ce(IV) ions in photocatalytic degradation of organic pollutants, J. Rare Earths 33 
(2015) 249–254, https://doi.org/10.1016/S1002-0721(14)60411-7. 

[10] K.M. Zia, H.N. Bhatti, I.A. Bhatti, Methods for polyurethane and polyurethane 
composites, recycling and recovery: a review, React. Funct. Polym. 67 (2007) 
675–692, https://doi.org/10.1016/j.reactfunctpolym.2007.05.004. 

[11] L.C. Rusu, L.C. Ardelean, A.A. Jitariu, C.A. Miu, C.G. Streian, An insight into the 
structural diversity and clinical applicability of polyurethanes in biomedicine, 
Polymers 12 (2020) 1197, https://doi.org/10.3390/polym12051197. 

[12] X. Jin, N. Guo, Z. You, Y. Tan, Design and performance of polyurethane elastomers 
composed with different soft segments, Materials 13 (2020), 4991. DOI: 10.3390/ 
ma13214991. 

[13] P. Furtwengler, L. Avérous, Renewable polyols for advanced polyurethane foams 
from diverse biomass resources, Polym. Chem. 9 (2018) 4258–4287, https://doi. 
org/10.1039/C8PY00827B. 

[14] J.O. Akindoyo, M.D.H. Beg, S. Ghazali, M.R. Islam, N. Jeyaratnam, A.R. Yuvaraj, 
Polyurethane types, synthesis and applications – a review, RSC Adv. 6 (2016) 
114453–114482, https://doi.org/10.1039/C6RA14525F. 

[15] P. Szczepanczyk, M. Szlachta, N. Złocista-Szewczyk, J. Chłopek, K. Pielichowska, 
Recent developments in polyurethane-based materials for bone tissue engineering, 
Polymers 13 (2021) 946, https://doi.org/10.3390/polym13060946. 

[16] M. Sultana, K.M. Zia, H.N. Bhatti, T. Jamil, R. Hussaind, M. Zuber, Modification of 
cellulosic fiber with polyurethane acrylate copolymers. Part I: physicochemical 
properties, Carbohydr, Polymer 87 (2012) 397–404, https://doi.org/10.1016/j. 
carbpol.2011.07.070. 

[17] Z. Wang, L. Yu, M. Ding, H. Tan, J. Lia, Q. Fu, Preparation and rapid degradation of 
nontoxic biodegradable polyurethanes based on poly(lactic acid)-poly(ethylene 
glycol)-poly(lactic acid) and L-lysine diisocyanate. Part I: physicochemical 
properties, Polym. Chem. 2 (2011) 601–607, https://doi.org/10.1039/ 
C0PY00235F. 

[18] C. Bolognesi, X. Baur, B. Marczynski, H. Norppa, Carcinogenic risk of toluene 
diisocyanate and 4,4’-methylenediphenyl diisocyanate: epidemiological and 
experimental evidence, Crit. Rev. Toxicol. 31 (2001) 737–772, https://doi.org/ 
10.1016/j.carbpol.2011.07.070. 

[19] M. Marzec, J. Kucinska-Lipka, I. Kalaszczynska, H. Janik, Development of 
polyurethanes for bone repairPart I: physicochemical properties, Mater. Sci. Eng. C 
80 (2017) 736–747, https://doi.org/10.3390/ma11030352. 

[20] L. Bengtström, M. Salden, A.A. Stec, The role of isocyanates in fire toxicity, Fire Sci. 
Rev. 5 (2016) 1–23, https://doi.org/10.1186/s40038-016-0013-2. 

[21] J. Konieczny, K. Loos, Green polyurethanes from renewable isocyanates and 
biobased white dextrins, Polymers 11 (2019) 256, https://doi.org/10.3390/ 
polym11020256. 

Fig. 7. SEM images of compounds: a) 8a, b) 8c and c) 8d.  

G. Pastore et al.                                                                                                                                                                                                                                 

https://doi.org/10.1016/j.rinma.2022.100294
https://doi.org/10.1016/j.rinma.2022.100294
https://doi.org/10.3390/catal11091098
https://doi.org/10.1002/macp.201400271
https://doi.org/10.1002/macp.201400271
https://doi.org/10.1039/D1GC02402G
https://doi.org/10.1039/D0RA10637B
https://doi.org/10.3390/molecules26247682
https://doi.org/10.1134/S0965545X18050140
https://doi.org/10.1134/S0965545X18050140
https://doi.org/10.1016/j.corsci.2020.109014
https://doi.org/10.1016/j.corsci.2020.109014
https://doi.org/10.1021/acssuschemeng.9b01345
https://doi.org/10.1021/acssuschemeng.9b01345
https://doi.org/10.1021/cr100084g
https://doi.org/10.1016/S1002-0721(14)60411-7
https://doi.org/10.1016/j.reactfunctpolym.2007.05.004
https://doi.org/10.3390/polym12051197
https://doi.org/10.1039/C8PY00827B
https://doi.org/10.1039/C8PY00827B
https://doi.org/10.1039/C6RA14525F
https://doi.org/10.3390/polym13060946
https://doi.org/10.1016/j.carbpol.2011.07.070
https://doi.org/10.1016/j.carbpol.2011.07.070
https://doi.org/10.1039/C0PY00235F
https://doi.org/10.1039/C0PY00235F
https://doi.org/10.1016/j.carbpol.2011.07.070
https://doi.org/10.1016/j.carbpol.2011.07.070
https://doi.org/10.3390/ma11030352
https://doi.org/10.1186/s40038-016-0013-2
https://doi.org/10.3390/polym11020256
https://doi.org/10.3390/polym11020256


Results in Materials 15 (2022) 100294

8

[22] A. Pepe, M.G. Guevara, G.A. Abraham, P.C. Caracciolo, Lysine-oligoether-modified 
electrospun poly(carbonate urethane) matrices for improving hemocompatibility 
response, Polym. J. 53 (2021) 1393–1402, https://doi.org/10.1038/s41428-021- 
00534-7. 

[23] S. Chuayjuljit, A. Maungchareon, O. Saravari, Preparation and properties of palm 
oil-based rigid polyurethane nanocomposite foams, J. Reinforc. Plast. Compos. 29 
(2010) 218–225, https://doi.org/10.1177/0731684408096949. 

[24] J. Bernardini, P. Cinelli, I. Anguillesi, M.B. Coltelli, A. Lazzeri, Flexible 
polyurethane foams green production employing lignin or oxypropylated lignin, 
Eur. Polym. J. 64 (2015) 147–156, https://doi.org/10.1016/j. 
eurpolymj.2014.11.039. 

[25] A. Noreen, K.M. Zia, M. Zuber, S. Tabasum, A.F. Zahoor, Preparation and 
properties of palm oil-based rigid polyurethane nanocomposite foams, Prog. Org. 
Coating 91 (2016) 25–32, https://doi.org/10.1016/J.PORGCOAT.2015.11.018. 

[26] J. Han, B. Chen, L. Ye, A.-Y. Zhang, J. Zhang, Z.-G. Feng, Synthesis and 
characterization of biodegradable polyurethane based on poly(ε-caprolactone) and 
L-lysine ethyl ester diisocyanate, Front. Mater. Sci. China 3 (2009) 25–32, https:// 
doi.org/10.1007/s11706-009-0013-4. 

[27] N.M. Noor, A. Sendijarevic, V. Sendijarevic, I. Sendijarevic, T.N.M.T. Ismail, M.A. 
M. Noor, Y.S. Kian, H.A. Hassan, Comparison of adipic versus renewable azelaic 
acid polyester polyols as building blocks in soft thermoplastic polyurethanes, 
J. Am. Oil Chem. Soc. 93 (2016) 1529–1540, https://doi.org/10.1007/s11746- 
016-2903-9. 

[28] Y. Hu, Q. Shang, C. Bo, P. Jia, G. Feng, F. Zhang, C. Liu, Y. Zhou, Synthesis and 
properties of UV-curable polyfunctional polyurethane acrylate resins from 
cardanol, ACS Omega 4 (2019) 12505–12511, https://doi.org/10.1021/ 
acsomega.9b01174. 

[29] D. Czachor-Jadacka, B. Pilch-Pitera, Progress in development of UV curable 
powder coatings, Prog. Org. Coating 158 (2021) 106355–106369, https://doi.org/ 
10.1016/j.porgcoat.2021.106355. 

[30] C. Decker, Kinetic study and new applications of UV radiation curing, Macromol. 
Rapid Commun. 26 (2002) 1067–1093, https://doi.org/10.1002/ 
marc.200290014. 

[31] B.K. Kim, K.H. Lee, H.D. Kim, Preparation and properties of UV-curable 
polyurethane acrylates, J. Appl. Polym. Sci. 60 (1996) 799–805, https://doi.org/ 
10.1002/(SICI)1097-4628(19960509)60:6<799::AID-APP2>3.0.CO;2-E. 

[32] L. Xu, Z. Wang, G. Yang, G. Zhang, H. Wei, H. Fang, Y. Ding, CO2-triggered 
hydrophobic/hydrophilic switchable waterborne polyurethane–acrylate with 
simultaneously improved water resistance and mechanical properties, J. Coating 
Technol. Res. 18 (2021) 989–998, https://doi.org/10.1007/s11998-021-00476-y. 

[33] D. Kunwong, N. Sumanochitraporn, S. Kaewpirom, Curing behavior of a UV- 
curable coating based on urethane acrylate oligomer: the influence of reactive 
monomers, Songklanakarin J. Sci. Technol. 33 (2011) 201–207. 

[34] S.S. Khasraghi, A. Shojael, U. Sundararaj, Bio-based UV curable polyurethane 
acrylate: morphology and shape memory behaviors, Eur. Polym. J. 118 (2019) 
514–527, https://doi.org/10.1016/j.eurpolymj.2019.06.019. 

[35] M.M. El-Molla, Synthesis of polyurethane acrylate oligomers as aqueous UV- 
curable binder for inks of ink jet in textile printing and pigment dyeing, Dyes 
Pigments 74 (2007) 371–379, https://doi.org/10.1016/j.dyepig.2006.02.021. 

[36] M.C. Tanzi, P. Verderio, M.G. Lampugnani, M. Resnati, E. Dejana, E. Sturani, 
Cytotoxicity of some catalysts commonly used in the synthesis of copolymers for 
biomedical use, J. Mater. Sci. Mater. Med. 5 (1994) 393–396, https://doi.org/ 
10.1007/BF00058971. 

[37] C.-H. Tran, M.-W. Lee, S.-W. Park, J.-E. Jeong, S.-J. Lee, W. Song, P. Huh, I. Kim, 
Heterogeneous double metal cyanide catalyzed synthesis of poly(ε-caprolactone) 
polyols for the preparation of thermoplastic elastomers, Catalysts 11 (2021) 1033, 
https://doi.org/10.3390/catal11091033. 

[38] N. Sheikh, A.A. Katbab, H. Mirzadeh, Isocyanate-terminated urethane prepolymer 
as bioadhesive base material: synthesis and characterization, Int. J. Adhesion 
Adhes. 20 (2000) 299–304, https://doi.org/10.1016/S0143-7496(99)00060-3. 

[39] G. Bartoli, E. Marcantoni, L. Sambri, The CeCl3⋅nH2O/NaI system in organic 
synthesis: an efficient water tolerant Lewis acid promoter, Synlett 14 (2003) 
2101–2116, https://doi.org/10.1055/s-2003-42098. 

[40] G. Bartoli, J.G. Fernández-Bolaños, G. Di Antonio, G. Foglia, S. Giuli, R. Gunnella, 
M. Mancinelli, E. Marcantoni, M. Paoletti, SiO2-Supported CeCl3⋅7H2O− NaI Lewis 
acid promoter: investigation into the garcia gonzalez reaction in solvent-free 
conditions, J. Org. Chem. 72 (2007) 6029–6036, https://doi.org/10.1021/ 
jo070384c. 

[41] A.L. Chen, K.L. Wei, R.J. Jeng, J.J. Lin, S.A. Dai, Well-defined polyamide synthesis 
form diisocyanates and diacids involving hindered carbodiimide intermediates, 
Macromolecules 44 (2011) 46–59. 

[42] J.S. Nowick, N.A. Powell, T.M. Nguyen, G. Noronha, An improved method for the 
synthesis of enantiomerically pure amino acid ester isocyanates, J. Org. Chem. 57 
(1992) 7364–7366, https://doi.org/10.1021/jo00052a069. 

[43] G. Bartoli, M. Bosco, A. Giuliani, E. Marcantoni, A. Palmieri, M. Petrini, L. Sambri, 
Investigation into the allylation reactions of aldehydes promoted by the 
CeCl3⋅7H2O− NaI system as a Lewis acid, J. Org. Chem. 67 (2004) 1290–1297, 
https://doi.org/10.1021/jo035542o. 

[44] B. Newland, H. Tai, Y. Zheng, D. Velasco, A. Di Luca, S.M. Howdle, C. Alexander, 
W. Wang, A. Pandit, A highly effective gene delivery vector – hyperbranched poly 
(2-(dimethylamino)ethyl methacrylate) from in situ deactivation enhanced ATRP, 
Chem. Commun. (J. Chem. Soc. Sect. D) 46 (2010) 4698–4700, https://doi.org/ 
10.1039/c0cc00439a. 

[45] K. Hatada, K. Ute, K.-I. Oka, S.P. Pappas, Unambiguous 13C-NMR assignments for 
isocyanate carbons of isophorone diisocyanate and reactivity of isocyanate groups 
in Z - and E-stereoisomers, J. Polymer Sci.: A Polymer Chem. 28 (1990) 
3019–3027, https://doi.org/10.1002/pola.1990.080281111. 

[46] Official Journal of the European Union, COMMISSION DECISION of 28 May 2009, 
amending Council Directive 76/769/EEC as regards restrictions on the marketing 
and use of organotin compounds for the purpose of adapting its Annex I to 
technical progress. https://eur-lex.europa.eu/LexUriServ/LexUriServ.do?uri=OJ: 
L:2009:138:0011:0013:EN:PDF. 

G. Pastore et al.                                                                                                                                                                                                                                 

https://doi.org/10.1038/s41428-021-00534-7
https://doi.org/10.1038/s41428-021-00534-7
https://doi.org/10.1177/0731684408096949
https://doi.org/10.1016/j.eurpolymj.2014.11.039
https://doi.org/10.1016/j.eurpolymj.2014.11.039
https://doi.org/10.1016/J.PORGCOAT.2015.11.018
https://doi.org/10.1007/s11706-009-0013-4
https://doi.org/10.1007/s11706-009-0013-4
https://doi.org/10.1007/s11746-016-2903-9
https://doi.org/10.1007/s11746-016-2903-9
https://doi.org/10.1021/acsomega.9b01174
https://doi.org/10.1021/acsomega.9b01174
https://doi.org/10.1016/j.porgcoat.2021.106355
https://doi.org/10.1016/j.porgcoat.2021.106355
https://doi.org/10.1002/marc.200290014
https://doi.org/10.1002/marc.200290014
https://doi.org/10.1002/(SICI)1097-4628(19960509)60:6<799::AID-APP2>3.0.CO;2-E
https://doi.org/10.1002/(SICI)1097-4628(19960509)60:6<799::AID-APP2>3.0.CO;2-E
https://doi.org/10.1007/s11998-021-00476-y
http://refhub.elsevier.com/S2590-048X(22)00042-5/sref32
http://refhub.elsevier.com/S2590-048X(22)00042-5/sref32
http://refhub.elsevier.com/S2590-048X(22)00042-5/sref32
https://doi.org/10.1016/j.eurpolymj.2019.06.019
https://doi.org/10.1016/j.dyepig.2006.02.021
https://doi.org/10.1007/BF00058971
https://doi.org/10.1007/BF00058971
https://doi.org/10.3390/catal11091033
https://doi.org/10.1016/S0143-7496(99)00060-3
https://doi.org/10.1055/s-2003-42098
https://doi.org/10.1021/jo070384c
https://doi.org/10.1021/jo070384c
http://refhub.elsevier.com/S2590-048X(22)00042-5/sref40
http://refhub.elsevier.com/S2590-048X(22)00042-5/sref40
http://refhub.elsevier.com/S2590-048X(22)00042-5/sref40
https://doi.org/10.1021/jo00052a069
https://doi.org/10.1021/jo035542o
https://doi.org/10.1039/c0cc00439a
https://doi.org/10.1039/c0cc00439a
https://doi.org/10.1002/pola.1990.080281111
https://eur-lex.europa.eu/LexUriServ/LexUriServ.do?uri=OJ:L:2009:138:0011:0013:EN:PDF
https://eur-lex.europa.eu/LexUriServ/LexUriServ.do?uri=OJ:L:2009:138:0011:0013:EN:PDF

	An efficient synthesis of bio-based Poly(urethane-acrylate) by SiO2-Supported CeCl3·7H2O–NaI as recyclable Catalyst
	1 Introduction
	2 Material and methods
	2.1 Methods and experimental procedures

	3 Results and discussion
	4 Conclusions
	Credit author statement
	Declaration of competing interest
	Acknowledgment
	Appendix A Supplementary data
	References


