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Abstract 

CO2 mitigation by cycloaddition to bis-epoxides to obtain bis-cyclocarbonates (CC) paved one 

way to a new class of polyurethanes (PUs), the non-isocyanate polyurethanes (NIPUs). By 

using molecules functionalized with alkoxysilyl groups as end chain it is possible to obtain 

hybrid NIPUs, also called urethanesils, by Sol-Gel chemistry. Using bis-cyclocarbonate 

polydimethylsiloxane (CCPDMS) with proper diamines and end-chain amino silanes followed 

by sol-gel processing leads to versatile hybrid non-isocyanate polydimethylsiloxane urethanes 

(PDMS-urethanesil). This review reports–besides our recent studies about PDMS-urethanesil 

materials–the sol-gel chemistry applied to synthesize urethanesil and its applications. While 

the antimicrobial, photochromic, and anticorrosion properties of urethanesil loaded with 

phosphotungstic acid as well as the luminescent effect of material loaded with Eu3+ have 

already been reported, antimicrobial features of urethanesil loaded with phosphoric acid are 

our newest findings which we herein report for the first time. The impact of the inorganic acid 

used on the sol-gel process is highlighted together with the importance of antibiofouling 

properties. Although the antibiofouling mechanism is still under investigation, the broad 

spectrum of action of phosphoric acid loaded urethanesil is worth mentioning, since it has 

been tested to be efficient against some pathogenic bacteria including a drug resistant 

Staphylococcus aureus strain as well as pathogenic fungi and yeast. Due to the simple, 

straightforward, and highly reproducible synthesis as well as the opportunity to obtain 

versatile materials with tuneable mechanical and physical properties, this new class of hybrid 

materials promises to be applicable in different industrial fields. 

Keywords 

Non-isocyanate polyurethanes, inorganic-organic hybrid, polydimethylsiloxane, biomedical 

coatings, photonic, anticorrosion 
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Graphical abstract 

  

Highlights 

• Combining CO2 use and Sol-Gel processing yields versatile PDMS-Urethanesils with tunable 

properties 

• Key approach: combine non-isocyanate PU with silica and PDMS through aminolysis of 

cyclocarbonate 

• Morphology control using inorganic acid as catalyst for sol-gel process 

• Inorganic loading defines the application, e.g. as anti-corrosion coating or as white light 

emitter 

• Novel finding with new applications, e.g. antimicrobial activity against pathogenic 

microorganisms 
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1. Introduction 

Polyurethanes (PUs) are considered as a 

special group of polymeric materials 

having many different applications and are 

present in our everyday life, for instance as 

material in furniture, cars, clothing, shoes, 

elastomers, coatings, wall and roofing 

insulation, and many others [1–4]. Two 

main aspects drive the development of 

novel PU materials. First, new types of 

functionalities are desired to improve the 

performance of PUs in their existing fields 

of application or to open up new uses. 

Second, novel synthetic strategies are of 

interest to the PU industry in order to 

enhance sustainability. For example, 

combining PUs and silica leads to hybrid 

materials with high performance, so-called 

urethanesils [5]. This second aspect is also 

particularly important, since the 

conventional fabrication routes require the 

use of isocyanate functional groups. The 

international community, however, has 

emerged with concerns about the toxic 

effects of isocyanate exposure to humans. 

These include skin irritations, chest 

tightness, and difficulty in breathing, 

besides being a potential human 

carcinogenic compound [6]. To avoid the 

impact of isocyanates in the synthesis of 

PUs, research on non-isocyanate 

polyurethanes (NIPUs) are of great interest 

for both academic and industrial sectors 

[7–10].  

Among many approaches, the aminolysis 

of cyclocarbonates (CCs) is one of the most 

practical strategies for three main reasons 

in addition to the isocyanate-free aspect: 

firstly, it allows synthesizing NIPUs at mild 

reaction conditions without the 

emergence of by-products, secondly, the 

CC precursor can be obtained via insertion 

of Carbon dioxide (CO2) to epoxides, and 

finally, hydroxyl groups next to the 

urethane bond are formed. The latter two 

aspects are particularly important. On the 

one hand, it is essential to use CO2 as raw 

material to produce valuable and market-

competing products to reduce the total 

emission to the atmosphere and to face 

global warming [11–13]. On the other 

hand, the additional hydroxyl groups of 

hydroxyurethanes (NIPUs) have a great 

impact on microphase separation through 

intra- and intermolecular hydrogen 

bonding to nitrogen or oxygen atoms on 

different segments [14–16]. Also, it 

provides better hydrolysis resistance being 

moisture insensitive [7] compared to 

conventional polyurethane system. Thus, 

simple NIPU polymers have inferior 

mechanical and physical characteristics in 

comparison to conventional PUs. This 

raised interests in developing hybrid 

compositions of NIPUs by subsequent 

cross-linking with chain extenders or poly-

functional reactants such as aminosilanes, 

polyamines, and polycyclocarbonates [17–

19]. One of such compounds is 

poly(dimethylsiloxane) (PDMS), which is 
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classified as a silicone and can be used to 

build different types of devices including 

implants, microfluidic devices, microchips, 

water repellents, membrane for gas 

permeability, lithography, antifouling 

coating for marine environment and many 

others [20–23]. Over the past years, our 

research network worked on the synthesis 

of hybrid NIPUs from PDMS-based 

bis(cyclocarbonate) with (3-

aminopropyl)triethoxysilane (APTES) as 

chain coupling agent [24] leading to the 

formation of different materials with 

potential applications as protective and 

antimicrobial coatings [25] or photonics 

[26]. 

In this article, some important research 

studies related to PUs and NIPUs are 

explored. It is structured as follows. In 

section 2, the synthetic strategies are 

summarized: first the conventional 

approach to form PU, second the sol-gel 

process to obtain urethanesils, and third 

the aminolysis of CC to form NIPUs. A 

stronger focus is given to the last point 

consisting of the CO2 fixation to epoxy 

groups and the aminolysis of CC as they are 

essential key reactions for our studies. 

Subsequently, section 3 is focussed on 

PDMS- and silica-based NIPUs; particularly 

those derived from APTES, are gathered up 

and the impact of inorganic acids as 

catalyst in the sol-gel process on the 

morphology of the obtained material is 

considered.  

In section 4, potential applications of 

PDMS-based urethanesils are detailed 

reviewed covering the areas of protective 

coatings, photonics, and antibacterial 

membranes. The first two of these 

applications have been reported in 

literature over the last years and were 

based on pristine, phosphotungstic acid 

(HPW) loaded [27–30], or Eu3+ loaded 

urethanesils [26]. Aiming at enlarging the 

area of applications of PDMS-based NIPUs, 

new, phosphoric acid loaded materials are 

currently of our interest [31]. For those, we 

found antibacterial and antifungal 

activities, which are communicated here 

for the first time. 

 

2. Synthesis of Polyurethanes 

2.1 Traditional Route 

The conventional route to synthesize PU 

materials goes back to 1937, when the 

German Chemist Otto Bayer and his co-

workers established the production of PU 

by polyaddition of diisocyanate and polyol 

[3, 32]. As depicted in Figure 1, most PU 

materials consist of two building blocks: a 

rigid and a soft segment, which are linked 

via a urethane bond. Up to now, most PUs 

 Figure 1 Molecular structure of a 
thermoplastic polyurethane elastomer. 
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are synthesized in the same way following 

a two-step methodology. The first step 

corresponds to a reaction between a polyol 

and an excess of diisocyanate to obtain a 

pre-polymer. The second step consists in 

the reaction of this pre-polymer with 

another polyol as chain extender or 

crosslinking agent [33]. Many biomedical 

applications [33, 34] such as spinal devices 

[35], scaffold for tissue regeneration [36], 

osteochondral implant [37], breast 

reconstruction [38], and so on, have been 

documented based on the fine tuning of 

the soft and hard segments. Moreover, the 

progress in processes, additives, and 

techniques has allowed infinity of 

formulations that contributed to increase 

the number of applications for PU 

materials that continue instigating the 

growing global market [39]. Isocyanate 

precursors, however, are very harmful at 

each stage of the life cycle of the 

polyurethane. Sustainable routes to obtain 

PUs can circumvent environmental and 

human health drawbacks of this material 

which can negatively impact their future 

applications [40, 41].  

2.2 Sol-gel chemistry towards hybrid PUs  

While most of the traditional PUs belong to 

the class of organic materials, in the past 

years there has been a growing interest in 

PU materials containing silica or silicone 

additives or both [42, 43]. Compared to 

polymers with carbon backbones, the 

presence of siloxane results in increased 

Figure 2 The scheme of aliphatic polyurethane-silica composite preparation using pre-
polymerization technique. Figure taken from [52]. 
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thermal stability, higher mechanical 

strength, and chemical resistance [34, 35]. 

This high stability is mainly due to high Si-

O bond dissociation energy [44] the reason 

of which as well as of the unusual large 

bond angles was recently assigned to 

hyper-conjugative interactions of 

LP(O)→σ*(Si‐R) type [45, 46] although this 

issue is debatable [47]. 

The combination of organic and inorganic 

materials entangled on a molecular level 

yields products which are typically referred 

to as hybrid materials [48]. This term, 

however, is used for many different 

systems comprising a wide range of 

materials, such as crystalline highly 

ordered coordination polymers, 

amorphous sol-gel compounds, or 

materials with chemical and physical 

interactions between the inorganic and 

organic units. All these materials are 

typically synthesised via sol-gel processes, 

with or without hydrothermal conditions. 

Such a process is frequently used to 

prepare polymer composites containing 

silica in order to improve thermal stability, 

scratch resistance, tensile strength, and 

transparency [49–51]. For example, 

Pavličević synthesized novel aliphatic 

polyurethane-silica hybrid films using a 

pre-polymerization method in the 

presence of spherical, submicron 

amorphous SiO2 [52]. It was found that low 

amounts of silica act as a dispersing agent 

between soft and hard segments and 

cause a remarkably improved thermal 

stability and mechanical properties for the 

obtained PU composites (Figure 2). In 

another study, He et al. investigated the 

effect of a mixed sol-gel precursor on the 

viscoelasticity as well as on the mechanical 

and the coating properties of a series of 

inorganic-organic hybrid urethane coatings 

[53]. Considering mixed sol-gel precursors–

in particular mixtures of 

Tetraethylorthosilicate, Titanium(IV) 

isopropoxide, and Zirconium(IV) propoxide 

in different molar ratios–as the inorganic 

phase and cyclohexane-based polyester 

polyol reacted with hexamethylene 

diisocyanate isocyanurate (3HDI), hetero-

bonded silicon-oxygen-metal colloids were 

formed. It was discovered that the mixed 

sol-gel precursor with equal weight 

percentage ratio of the three materials 

resulted in an increase of the glass 

transition temperature compared to other 

ratios. The authors related this observation 

to a decreased size of the inorganic phase 

and consequently an increase of the 

interface between the inorganic and 

organic phases. 

Another example of how the introduction 

of silica in PU materials enhances the 

mechanical properties was published by 

Bonab and co-workers who prepared 

hybrid inorganic-organic nanocomposite 

foams of silica aerogel and PU for thermal 

insulation [54]. They reported that with the 

increase in nanoparticle content, the cell 

size distribution was broadened and the 

cell density was decreased. According to 
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their results, the addition of 0.5 up to 

1 wt% of silica aerogel enhances the 

mechanical properties of the PU 

nanocomposite foams. 

The higher demand for waterborne 

coatings propels the production of water-

soluble PUs. These waterborne finishes 

have a broad variety of applications; 

including automobiles, concretes, 

furniture, plastics, woods, and even 

printing inks. They are also compatible 

with both conventional and electrostatic 

application equipment. Commercial 

waterborne PUs, such as Baymedix® FD 

and CD, are medical-grade PUs used to 

manufacture absorbent, breathable, skin-

friendly adhesives for backing films and 

surgical gloves. 

Besides PU, polyacrylate (PA) is another 

ubiquitous polymeric binder used in 

waterborne coating systems. While PA 

exhibits water and chemical resistance, 

weathering properties and hardness, and 

low cost production [55], PU shows 

elasticity, scratch resistance, flexibility and 

toughness [56]. Hence, the two materials 

look promising for improved waterborne 

coatings on combining those advantages. 

For instance, aiming to combine both 

polymer technologies with polysiloxane, 

Chinese researchers synthesized 

polysiloxane urethane acrylate (PSi-IPDI-

HEA) by reacting polysiloxane (PSi), 

isophorone diisocyanate (IPDI) and 2-

hydroxyethylacrylate (HEA) with and 

without long chain modifiers [57]. It was 

found that the system of PSi-IPDI-HEA has 

excellent yellowing resistance, which is 

caused by photo-oxidation or photo-

degradation of polymers and coatings 

upon UV irradiation. 

In another work, Cakić et al. successfully 

prepared a series of waterborne PU 

adhesives through a sol-gel process using 

different amounts of isophorone 

diisocyanate as hard segment, recycled 

castor oil-based polyols as soft segments, 

and APTES as chain organosilica former as 

well as covalent coupling reagent. The 

amino group of APTES reacts with 

isocyanate forming the interfacial bond 

between the silica and the PU. The authors 

concluded that the glass transition 

temperature and particle size of PU 

nanocomposites were dependent on 

silicate concentration, which is based on 

the alkoxysilane content. The experimental 

results revealed that APTES and the hard 

segment contents play a key role in 

controlling the structure and the 

properties of the PU cast films based on 

castor oil-recycled polyols [58]. 

2.3 Non-isocyanate polyurethanes 

Over the past years, different processes for 

producing non-isocyanate polyurethane 

(NIPU) have been investigated which can 

majorly be grouped into four approaches 

[2] where the polyaddition is the most 

attractive method from an environmental- 

and health-friendly point of view [59–64]. 

In this approach, cyclocarbonates react 
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with amino groups through a ring-opening 

process as shown in Figure 3. This 

aminolysis of cyclocarbonates was 

reported for the first time more than 50 

years ago as a US patent by Groszos et al. 

[65]. In their early works, however, only 

compounds containing a single 

cyclocarbonate ring were reacted with 

amines or diamines forming urethane or 

bis-urethanes, respectively. By using the 

obtained precursors, PUs were then 

obtained by further reactions of the 

hydroxyl groups with urea compounds. The 

underlying reaction mechanism of this ring 

opening reaction has been studied in detail 

over the past years starting from focusing 

on the key functional groups [66, 67], as 

well as substituents on the CC side [68] and 

at the amine [69].   

Since the first report of the aminolysis of 

CC, the procedure has been applied in 

various ways, such as using compounds 

with two or more cyclocarbonates, which 

yields NIPUs in a single reaction step 

(Figure 3 b). In this case, additional 

hydroxyl groups are present next to the 

urethane bond. The resulting materials are 

therefore also called 

polyhydroxyurethane. The presence of 

these additional OH moieties has an 

influence on the material properties since 

they form additional intra- and inter-

molecular hydrogen bonds with the 

urethane moiety resulting in higher 

mechanical strengths and improved 

chemical resistance to nonpolar solvents 

[2]. Due to this ability to form hydrogen 

bonds, it is possible to blend non-

isocyanate polyhydroxyurethane with 

hydrophilic biopolymers such as starch [62] 

decreasing the Young’s Modulus and 

tension at break. Moreover, the water 

wettability, the water permeability, and 

the potential biocompatibility can be 

tuned. This gives rise to use the material 

for biomedical devices, wound dressing, 

and food packaging. In another work, a 

hybrid epoxy-polyhydroxyurethane blend 

was prepared by Lambeth and co-workers 

[70]. There, thermomechanical tests 

showed a decrease in the rubbery modulus 

of the epoxy-polyhydroxyurethane hybrids 

a) 

b) 

Figure 3 a) Aminolysis of cyclocarbonate to form hydroxyurethanes and b) Generic NIPU 

route from a bis-cyclocarbonate and a diamine. 
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compared to virgin epoxy samples, which 

was assigned to a decrease in the crosslink 

density. More importantly, the glass 

transition temperature was shifted to 

higher values which is likely due to 

hydrogen bonding limiting the segmental 

motion of the polymer chains. The 

possibility to form hydrogen bonding plays 

furthermore an important role in case of 

NIPUs obtained by co-polymerization of 

cyclic and aromatic cyclic carbonates, for 

instance diglycidyl ether bisphenol A or 

Araldite CY230, with poly(propylene glycol) 

bis (2-amino propyl ether) [71]. Here, self-

assembling among the chains triggered by 

H-bonding leads to folded-sheet 

morphology and thermoreversible 

adhesion.  

Cyclocarbonates are the primary reactants 

in the synthesis of the non-isocyanate 

polyhydroxyurethane. The synthesis of this 

precursor compound reveals another 

environment-friendly argument for the 

cyclocarbonate polyaddition route to 

fabricate PUs. Starting from corresponding 

epoxy precursors, cyclocarbonates can be 

obtained by chemical fixation of CO2, 

which is not only non-toxic but also easily 

renewable as well as abundantly available 

and, therefore, inexpensive. Moreover, 

making use of stored CO2 to produce 

valuable products helps in achieving 

negative emission technologies. Over the 

last years, several reviews on the synthesis 

and the catalytic preparation of 

cyclocarbonates from epoxides and CO2 

were published [2, 72, 73]. As highlighted 

by North et al., the production of 

cyclocarbonates requires highly purified 

CO2 as well as high temperatures and 

pressures. Bimetallic aluminium (salen) 

complexes used as catalyst, however, has 

the potential to allow this process to be 

performed at or near room temperature 

and pressure [72]. 

In summary, the ever-growing literature 

illustrates the wide range of properties 

achieved by these eco-friendly PUs. In the 

next section, we will address the class of 

PDMS-based NIPUs and their combination 

to silicates, i.e. PDMS-urethanesil, as well 

as their properties. 

 

3. Non-isocyanate PDMS-

Urethanesils 

3.1 PDMS based NIPU materials  

The consideration of the ring-opening 

polymerization as reviewed in section 2.3, 

was only based on the key compounds 

needed to perform the reaction: the amine 

and the cyclocarbonate. The general 

concept, however, opens a large 

playground to tailor the material by 

choosing a suitable reactant structure. As 

described in section 2.2, the introduction 

of silicone- and silica-based substructures 

enhances the mechanical, chemical, and 

physical properties of PU materials. 

Polydimethylsiloxane (PDMS) can be used 

for this purpose. The backbone of PDMS 

features alternating Si and O atoms and 
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two methyl groups on each silicon atom. 

This chemical structure gives rise to an 

enormous number of applications [22, 74, 

75], which is mainly for the following three 

characteristics: a) the energy barrier for 

rotation of the chain around the siloxane 

backbone is very small which renders the 

polymer very flexible, b) the compact 

methyl groups are highly non-polar which 

leads to intermolecular, fluctuating dipole-

induced dipole interaction, i.e. London 

dispersion force, and c) the large Si-O-Si 

bond angles which result in low hydrogen-

bonding interaction energies of maximal 

11.05 kJ mol-1 for an angle of 105° in a 

siloxane–water complex [45]. The 

combination of these features is essential 

for the rubber-like elasticity and the 

uniquely high flexibility of PDMS materials 

and the low Hansen polar and H-bonding 

solvency parameter, hydrophobicity and 

low liquid water permeability [76–78].  

Because of its properties, PDMS is an 

interesting soft component to tailor the 

properties of PU materials. For instance 

the wettability can be reduced, the surface 

energy can be decreased, the glass 

transition temperature and the melting 

point can be lowered, the cell-adhesive 

property can be improved, or the 

bendability and even stretchability can be 

tuned. In order to synthesise PDMS-

urethane (PDMSUr) materials using the 

aminolysis of cyclocarbonates, our 

research network reported on the 

preparation of PDMS with terminal 

cyclocarbonate groups (CCPDMS) utilizing 

the cycloaddition of CO2 to epoxy rings 

[24]. For this precursor, the reactivity with 

amines was tested in the past years. In 

particular, 3-Aminomethyl-3,5,5-

trimethylcyclohexylamine (isophorone 

diamine, IPDA) and phenylethylamine 

(PEA) were considered as chain extensor 

Figure 4 Diamines and amines considered as chain extensors and chain terminator, 
respectively. 
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and chain terminator groups, respectively, 

and a high conversion of CCPDMS to 

PDMSUr was found. In a more recent work 

[69], we tested further diamine 

compounds as novel potential chain 

extensors including aromatic and aliphatic 

amines (Figure 4). We observed that 

aromatic amines do not react in our 

experimental conditions, which is due to 

the positive mesomeric effect of the amine 

attached to an aromatic system. In 

opposition, all tested aliphatic amines 

showed a high conversion towards 

PDMSUr. Furthermore, we recently 

reported dopamine as promising chain 

terminator group [30], which distinguishes 

itself from PEA via the catechol group. This 

functionalization allows a chemical 

bonding to metal-oxide layers yielding high 

resistance against mechanical and 

chemical forces due to covalent metal-

oxide interfacial bond [79–81].  

Besides our work, other groups use similar 

approaches to synthesize novel PU 

materials and look for potential 

applications. For instance, a series of novel 

cyclocarbonate-functionalized PDMS 

compounds were successfully developed 

by Liu et al. In their work, materials with 

different carbonate content were reacted 

with various diamines such as IPDA, 4,4′-

diaminodicyclohexylmethane, 1,2-

diaminopropane and 1,6-diaminohexane 

to form NIPU coatings [82]. Thermal and 

mechanical properties were evaluated and 

the results showed that cycloaliphatic 

amine-cured coatings have higher tensile 

strength compared to the aliphatic amine-

cured coatings. Furthermore, with the 

increase of the carbonate content, the 

tensile strength, Young’s modulus and 

glass transition temperature of the 

coatings have been increased. 

3.2 PDMS-Urethanesils 

Nanocomposite silica- and silicone-based 

materials produced by using organo-

alkoxysilanes leads to so-called Organic 

Modified Silicates (ORMOSILs) which can 

be considered as a sub-group of hybrid 

materials [5, 83–87]. PDMS-Ormosils are 

especially of interest due to the possibility 

to tune the mechanical features [88], the 

optical [89] properties, and the surface 

energy, the permeability, as well as the 

biocompatibility and the bioactivity [90]. 

PDMS-Ormosils have found applications in 

biosensors or as matrix materials for 

functionalized coating such as UV-

protection, Ion-exchange, or metal 

corrosion protection. For example, Doro et 

al. [91] studied coatings made by the 

reaction of ormosils prepared from 

tetraethoxysilane (TEOS) and PDMS. The 

obtained coatings showed microphase 

separation and low surface energy due to 

the hydrophobic feature of the 

organosilane chemical structure. 

Furthermore, no alteration of cellular 

viability has been noted upon exposure to 

cytotoxicity assays. Additionally, no 

biofunctional change was observed 

throughout the migration assays for cells 
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with the PDMS and TEOS coatings. 

Therefore, it was concluded that these 

coatings were suitable for biomaterials in 

cardiovascular environment and other 

potential health applications such as 

incorporating bioactive species in order to 

prepare drug-eluting stents.  

Using reactive aminoalkoxysilanes, the 

aminolysis reaction can be used to 

combine PUs with silica and form so-called 

urethanesils [92]. In doing so, improved 

mechanical and thermal properties can be 

induced to NIPU materials. 

Aminoalkoxysilanes, like APTES can 

concomitantly tune the urethane chain 

length and create covalently bonded 

organosilica domains within the material. 

The polysilsesquioxane network is formed 

alongside solvent evaporation as a result of 

the polycondensation reactions involving 

the silanol groups which results in an 

improvement of the properties of the pure 

PU [93]. A vivid proof of the organosilicate 

network is the T peak found at around -

68ppm in the solid state Magic Angle 

Spinning (MAS) 29Si Nuclear Magnetic 

Resonance (NMR) spectroscopy as 

exemplified for the PDMSUr1 and 

PDMSUr2 materials in Figure 5. The specific 

material compositions are given in Table 1. 

This T-peak refers to R-Si-(OSi)3 bonds 

formed during the hydrolysis of APTES 

whereas the M- and D-peaks at 7.7 ppm 

and -22.3 ppm belong to R3-Si-(OSi) and R2-

Si-(OSi)2 substructures, respectively, that 

majorly arise from the PDMS chain. 

An approach towards similar materials as 

our PDMSUr was carried out and reported 

by Wu et al. who synthesized a hybrid 

waterborne PDMS silica hybrid via a two-

step approach [94]. First, an amino-PDMS 

emulsion (DN 100) was prepared by 

aqueous sol-gel reaction of 

diethoxydimethylsilane (DEDMS) and 

APTES. Then, a Janus PU pre-polymer was 

prepared by reaction of Dibutyltin 

dilaurate (DBTDL), polypropylene glycol, 2, 

2-Dimethylol propionic acid (DMPA), and 

Figure 5 29Si MAS NMR of the PDMSUr1 and 
PDMSUr2 materials. The peaks which 
correspond to structures M, D and T 
structures are observed at their typical 
chemical shifts. Redrawn from Ref. [29]  



 

14 
 

1, 4-butanediol (BDO), and APTES. These 

polymers have one isocyanate as 

termination group opposed to a 

triethoxysilyl moiety. This triethoxysilyl 

end was obtained in similar fashion as our 

PDMSUr, i.e. using APTES amino groups to 

form a urethane bond. These alkoxy 

terminal groups underwent a sol-gel 

hydrolysis and condensation of Si-OH 

group of the DN 100, and established a 

siliceous network between PDMS segment 

and waterborne polyurethane chain [94]. 

In contrast to our approach, this strategy 

to synthesize the urethane moiety is still 

based on isocyanate compounds. 

Therefore, the obtained material does not 

belong to the class of NIPU. Nevertheless, 

this work is worth mentioning at this point, 

since APTES is used as a coupling agent and 

silicate forming compound in a similar 

fashion as in our studies. In this way, the 

findings of Wu et al. pave the way to use 

the NIPU approach to produce new 

waterborne polyurethane-

polydimethylsiloxane hybrid silica by 

replacing the isocyanates by the 

cyclocarbonates. 

3.3 Inorganic Acids as sol-gel Catalyst and 

PDMSUr additive 

Among the different combinations of chain 

extensors and chain terminators, IPDA and 

APTES (Figure 4) yield, so far, the best 

performing PDMSUr materials and have 

therefore been investigated more deeply 

in the past years. In particular, the 

hydrolysis rate of APTES towards 

 

Name 
CCPDMS 

1182 g/mol 

APTES 
221 g/mol 

IPDA 
170 g/mol 

inorganic acid 
Refs. 

type wt% amount 

PDMSUr1 1 mmol 3 mmol - 

- - - [29] 

HPW 1 > 0.01 mmol [27, 28] 

HPW 35 0.22 mmol [27–29] 

HPW 55 0.35 mmol [29] 

PDMSUr2 1 mmol 2.25 mmol 0.75 mmol 

- - - [29] 

HPW 1 > 0.01 mmol [27, 28] 

HPW 35 0.22 mmol [27–29] 

PDMSUr3 1 mmol 0.5 mmol 0.75 mmol 
 - - - - 

H
3
PO

4
  1 0.14 mmol - 

 

Table 1 Molar ratios of the precursors used to obtain the PDMSUr materials with different 
amount of inorganic acid. 
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urethanesil, which can be boosted by 

adding an inorganic acid such as 

phosphotungstic acid (HPW) [29] or H3PO4 

[31], was considered more deeply. Besides 

the catalytic effect, the acid contributes to 

further tunable properties of the material, 

which leads to potential applications, as it 

will be discussed in Section 4.  

In our studies, on the one hand, the ratio 

of the precursors CCPDMS, APTES, and 

IPDA was varied. On the other hand, 

different percentages of acidic additives 

were considered [25, 27, 28, 31, 95]. The 

different compositions, which are 

presented in more detail here, are given in 

Table 1. The use of HPW as hydrolysis and 

condensation catalyst results in self-

adhesive, corrosion-resistant and 

reversible photochromic hybrid coatings. 

In the material compositions, which we 

studied so far, the mass percentage of the 

HPW in the dry solid ranges from 0 to 

55wt%. The sample with 35 wt% of HPW 

resulted in self-supported highly 

transparent yellowish films (Figure 6, on 

the right) [24].  

Recently, we prepared similar 

hydroxyurethanes as before testing 

different ratios of CCPDMS, IPDA, and 

APTES, but substituting H3PO4 for HPW 

[31]. The use of phosphoric acid, however, 

markedly affected the mechanical 

properties as well as the physical 

appearance. While compositions with 

larger amounts of IPDA resulted in sticky 

gels or sticky and elastomeric films, equal 

or smaller ratios with respect to CCPDMS 

yielded brittle up to self-sustained, 

resilient rubbers (Figure 7). A photographic 

comparison between the HPW loaded and 

the H3PO4 loaded materials is depicted in 

Figure 6. So far, no explanation is given 

Figure 6 Representative photography of 
PDMSUR3:H3PO4 (1 wt%) (left) and 
PDMSUr1:HPW (35 wt%) (right) samples. 

Figure 7 Images of the different phosphoric acid hydroxyurethanes obtained using different 
CCPDMSAPTES:IPDA molar ratios. The molar ratio for each material is shown in the lower 
side of each image. 
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why H3PO4 results in this different 

appearance when it was used in the 

urethanesil synthesis. 

In order to characterize the morphology of 

the acid-free and the acid-loaded PDMSUr 

materials, Scanning Electron Microscopy 

(SEM) measurements were carried out for 

the cross-sections of PDMSUr1 containing 

35wt% and 55wt% of HPW and the acid-

free as well as the H3PO4 loaded PDMSUr3 

materials. The obtained images are 

displayed in Figure 8. Whereas the acid-

free and the acid-loaded PDMSUr3 

materials show a predominantly 

homogeneous morphology, the 

PDMSUr1:HPW samples exhibit 

agglomerates displaying a wrinkled inner 

morphology [95]. Note, that due to the 

higher molar mass of HPW, which is of 

about 29 times larger than that of H3PO4, 

the molar amount of added acid only 

differs by a factor of 1.5 when comparing 

PDMSUr1:HPW (35 wt%) to 

PDMSUr3:H3PO4 (1 wt%). It is unlikely that 

such difference in molar concentration 

would be responsible for phase 

segregation in these materials. A 

microanalysis of the regions, which are 

highlighted in Figure 8d, by means of X-ray 

emission energy dispersive spectroscopy 

(EDS) revealed a higher percentage of HPW 

in these agglomerates (Table 2). 

Furthermore, infrared and Raman 

spectroscopy measurements of these 

PDMSUr1:HPW materials have been 

performed but are not shown here. No sign 

of partial or total phosphotungstate 

decompositions were found. Hence, the 

agglomerates can undoubtedly be 

assigned to phosphotungstate-rich 

regions. Likewise, the differences in 

Element 
area 1 area 2 

wt% at% wt% at% 

O 23.2 72.1 28.4 66.4 

Si 3.5 6.2 15.9 21.1 

W 71.9 19.4 54.5 11.1 

P 1.4 2.3 1.2 1.4 

 

Table 2 EDS semi-quantitative analysis for 
agglomerates found in PDMSUr1:HPW 
(55wt%). The presented areas refer to the 
marked regions in Figure 8d). 

Figure 8 SEM images of the cross-section of the acid free (a) and phosphoric acid loaded (b) 
PDMSUr3 materials in comparison to the 35wt% (c) and 55 w% HPW  loaded (d)  PDMSUr1. 
Subfigures c) and d) were reproduced from [29] by permission of The Royal Society of 
Chemistry[95]. 
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appearance and, even more, in 

morphology between the phosphotungstic 

acid and phosphoric acid urethanesils lack 

of explanation. Possible reasons might be 

differences in solubility, hydrogen 

bonding,  electrostatic interaction [96, 97], 

ion-pairing [98], or kosmothropic or 

chaotropic capacities [99–101]. 

4. Application 

So far, we reviewed the strategies to 

synthesize PU and NIPU materials in 

general, as well as in combination with 

silicas to form urethanesils from sol-gel 

approach. Moreover, we showed 

exemplarily how inorganic acids yield 

different structural features of the 

obtained materials. In the following, we 

now focus on some already published and 

some recently obtained data, which 

indicate these PDMS-Urethanesils as 

promising candidates for future 

applications, especially for biomedical 

technologies.  

4.1. Anticorrosive coatings 

Applying special coatings opens the 

possibility to functionalize materials in 

order to improve or modify the surface 

properties. Such coating can either protect 

the material against the environmental 

conditions in which they have to operate, 

or they can introduce new functionalities 

to the material, which may enable new 

applications. Among others, metal surfaces 

are of particular importance, due to their 

widespread use in constructions, 

transportation and logistics, vehicles, food 

industry, etc. While in transportation and 

logistics, special challenges are related to 

marine environment, chemical industry 

processing, such as biodiesel production 

for example [102], is performed using 

homogenous basic or acid catalysis [103, 

104].  

Metal alloy corrosion is even more relevant 

for biomedical applications. For instance, 

not only copper, nickel and magnesium 

suffer from corrosion when constantly 

exposed to biological fluids, but also 

stainless steel and titanium alloys. As a 

consequence, ion release is promoted to 

biological fluids [105–107]. To overcome 

this challenge, relevant coatings can isolate 

the underlying metal from the corrosive 

media and hence lower oxidation and 

associated device failures.  

PU materials are often used as protective 

coatings not only due to their outstanding 

shelf-life, their fast application abilities, 

their strong adhesion, and their nearly 

unlimited film building properties, but also 

particularly because of their resistance 

against chemical environments, abrasion, 

and corrosion [108, 109]. However, some 

caveats still remain to be overcome such as 

the UV resistance under wet environment 

or saline conditions for PU coatings [110]. 

Recently, our group proposed hybrid 

polymeric coatings made of non-

isocyanate PDMSUr as a novel and 

promising alternative [29]. In our studies, 

PDMSUr materials, which were 
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synthesized from CCPDMS and different 

proportions of IPDA and APTES, were 

investigated as implant coatings for the 

titanium alloy Ti6Al4V as well as the 

stainless steel SS307, an austenitic 

chromium-nickel stainless class. In addition 

to the pristine PDMSUr materials, coatings 

were tested to which HPW was added in 

different amounts. Due to its high acidity 

[111], HPW promotes the sol-gel process 

of hydrolysis and condensation of APTES, 

thus producing a stronger solid PDMSUr.  

The adhesion [29] properties of the 

obtained materials were investigated 

following three approaches to prepare the 

metal alloy surfaces before deposition of 

the polymeric films: no treatment, Nd:YAG 

pulsed laser treatment, oxygen plasma 

treatment [28]. In doing so, it was found 

that both physical treatments contributed 

Figure 9 Polarization curve for bare Ti6Al4V, coated with PDMSUr1:HPW (35wt%) and 
PDMSUr2:HPW(35wt%) in Hanks physiological solution [28][28] (a) and for bare stainless steel 
SS307, coated with acid free and HPW loaded PDMSUr1 in seawater, basic, and acid media [29]. 
All potentials (V) are referenced to saturated calomel electrode. Reproduced by permission of 
The Royal Society of Chemistry.  
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to the formation of a thin layer of oxides 

(TiO2 or Fe2O3) on the surface of the alloys, 

which improved the adhesion strength of 

PDMSUr by more than 100%. Moreover, 

the behaviour of the PDMSUr films 

containing 35 wt% of HPW was tested via 

corrosion essays. Specifically, the Ti6Al4V 

alloy samples without coating or coated 

with PDMSUr1:HPW (35 wt%) and 

PDMSUr2:HPW (35 wt%) were tested in 

Hank’s solution. Figure 9a shows, that 

although the corrosion potentials of the 

coated samples are similar, as compared to 

the uncoated substrate, the current 

densities are tremendously reduced. More 

specifically, for the uncoated sample 1.68 

µAcm-2 were measured, while 22.9 nAcm-2 

and 0.295 µAcm-2 were obtained for the 

samples coated with PDMSUr1:HWP 

(35wt%) and PDMSUr2:HWP (35wt%), 

respectively [28]. Due to the different area 

of usage, the anticorrosion properties of 

the SS307 samples were tested in different 

media: seawater as well as in basic and acid 

media. As depicted in Figure 9b-d), the acid 

loaded coating shifted the corrosion 

potential significantly and lowered the 

current density by up to two orders of 

magnitude [29]. Although the acid-free 

coating yielded similar corrosion potentials 

as the uncoated SS307 sample, the current 

density was reduced by about a factor of 

10. One possible explanation for this 

observation is that the polymeric layer 

suppresses the diffusion of charged species 

such as protons, dissolved oxygen and 

even water from medium to metallic 

surface. Altogether, it can be concluded 

that the anticorrosion protection is not 

only due to the urethanesil coating, but 

there is a synergistic effect between the 

HPW and the PDMSUr material.  

4.2 Antibacterial membranes and coatings 

Chronic wounds associated with persistent 

pathologies or medical comorbidities can 

take up to 8 months to fully healing. Thus, 

antimicrobial dressings are necessary for 

efficient wound care. Hydroxyurethanes 

can be used as dressings, making the study 

of antimicrobial activity of the urethanesil 

hybrids an important issue for this type of 

application [112]. Hence, the PDMSUr 

materials obtained under the addition of 

HPW and H3PO4 were tested for 

antibacterial properties.  

We studied the bacterial adhesion of the 

gram positive bacterium Escherichia coli 

and the gram negative bacterium 

Lactobacillus casei  to the surface of the 

PDMSUr:HPW hybrid coatings and 

evaluated the resistance to biofilm 

formation [27]. The results showed that 

the PDMSUr:HPW coatings prevented the 

adhesion of both bacterias on the 

substrate surface. The evaluation of the 

rinsing solutions, that were used to remove 

bacteria that were poorly adhered to the 

substrate surface, suggested that the 

coatings were not bactericidal but 

bacteriostatic. This means, that the initial 

bacterial adhesion and consequently the 
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surface biofilm formation on the 

substrates were inhibited by the hybrid 

coatings. The underlaying mechanism for 

this antibacterial action in the 

PDMSUR:HPW coatings is assumed to be a 

combination of factors. On the one hand, 

the superacid HPW [111, 113, 114] can 

transfer protons to the amino groups of 

unreacted APTES increasing the amount of 

positively charged nitrogen on the surface 

of the coating as probed by X-ray 

Photoelectron Spectroscopy. It can be 

assumed that the higher the amount of 

HPW, the higher is the percentage of 

protonated nitrogen species. The 

antibacterial capacity of PDMSUr may then 

arise from the electrostatic interaction 

between the positive charges of hybrid 

hydroxyurethane and the negative 

portions of the bacteria cell wall. On the 

other hand, the roughness of the 

PDMSUr:HPW films presented a Ra 

parameter near 0.077 µm up to 0.150 µm 

while for the uncoated substrates the 

corresponding values were higher than 

0.20 µm. As demonstrated by Medilanski 

et al., microbial adhesion on linear surfaces 

is minimal when the roughness parameter 

Ra is smaller than 0.16 [115]. Hence, the 

bacteriostatic behaviour can also be 

related to the reduced roughness. 

Only recently, we tested the antimicrobial 

activities of self-supported membranes of 

PDMSUr:H3PO4 hybrids. For that purpose, 

PDMSUr:H3PO4 membranes were tested 

by inoculation with Staphylococcus aureus 

ATCC 25923, Staphylococcus epidermides 

ATCC 0128) and methicillin-resistant S. 

aureus ATCC -N315 (MRSA). The 

experimental details are given in the 

Electronic Supplementary Materials. The 

results (Table S1) reveal a bacteriostatic 

action of PDMSUr:H3PO4 against S. aureus 

and MRSA bacteria as well as the 

bactericidal activity against S. epidermides. 

The biostatic property was also observed 

for the extract of the hybrid membrane, 

even after seven days of immersion in 

Brain Heart Infusion broth. It can be 

Figure 10 Representation of the percentage of growth of the strains tested in the different 
membranes.  
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assumed that some PDMSUr:H3PO4 minor 

compounds, such as residual precursors, 

protons, or phosphate, are delivered into 

the medium. This antimicrobial activity of 

PDMSUR:H3PO4 against relevant bacteria 

encouraged us to investigate further this 

material as wound dressing or adhesive for 

biomedical devices uses. For this reason, 

additional medically relevant, pathogenic 

yeasts and fungi were selected and 

evaluated in terms of susceptibility to 

PDMSUr:H3PO4 membranes. In particular, 

the filamentous fungus Aspergillus 

fumigatus and the yeasts Candida albicans, 

Candida glabrata, Criptococcus 

neoformans and Criptococcus gatti were 

considered. Details on the performed 

assays are shown in the electronic 

supplementary materials. Our results 

suggest that PDMSUr:H3PO4 is a broad-

spectrum antimicrobial agent. Growth 

inhibition was achieved for all the fungal 

pathogens currently reported as leading 

agents of both nosocomial infections and 

persistence in different medical devices 

(Figure 10). Noteworthy, the 

PDMSUr:H3PO4 used as growth substrate 

showed biostatic activity against the A. 

fumigatus and C. glabrata while biocide 

activity was observed against C. albicans, 

C. neoformans, and C. gatti. These results 

point out the promising use of 

PDMSUr:H3PO4 membranes as a control 

strategy against multiple pathogens. It is 

furthermore worthy to notice, that the 

mechanism of action of this biomaterial 

was broad enough to support either the 

growth inhibition or cell death of 

microorganisms regardless of their genetic 

traits or whether they are multi drug 

resistant or intrinsically tolerant to 

clinically used drugs. In addition, our 

results reveal that the combination of 

PDMSUr and H3PO4 accounts for the 

observed antimicrobial properties since 

none of the precursor compounds–except 

the H3PO4–showed antimicrobial activity 

(see Table S2 and associated methodology 

in the Electronic Supplementary 

Materials). As a first trail to explain the 

biocidal effect of PDMSUr:H3PO4, we 

investigated the time dependent pH value 

of the culture medium as well as of purified 

water films, which were in contact with the 

hybrid membrane. Table S3 shows that in 

contrast to other cases that  we studied 

before [116], no acidulation was observed. 

More details are presented in the Section 2 

of the Electronic Supplementary Materials. 

For applicability in medical devices, the 

compatibility to human cells must be 

considered. For this reason, the PDMSUr 

materials were assessed for 

biocompatibility with osteoblast and 

fibroblast cells via WST-1 methodology. 

The cell viabilities results are shown in 

Figure 11. According to the specifications 

of the ISO 10993-5 standard (see also 

Section 3 in the Electronic Supplementary 

Materials for method details), which 

considers a material toxic when the 

reduction of the viable cells is more than 
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30%, the urethanesil materials with both 

HPW, as reported in Ref. [27], and H3PO4 

presented here present no cytotoxic effect 

after 24 h of extraction. Nonetheless, 

further tests are required to evaluate the 

cytotoxicity effects of PDMSur:H3PO4 after 

extended extraction time.  

4.3 Photonic Applications  

Considering all the highlighted applications 

of the PDMSUr-based materials, the optic 

and photonic potentials applications are 

still underexploited. To the best of our 

knowledge, the first factual report pointing 

out the light emitting utilizations of 

siloxane-based materials was published in 

2017 by Liu et al. [117]. In their work, they 

considered 

poly(tetramethyldisiloxane)hydroxyuretha

nes (PTMDSHU) and observed that the 

hydroxyurethane unit of linear 

polyhydroxyurethane acts as an effective 

photoluminescent (PL) chromophore. The 

PL profile and quantum yields can be tuned 

by properly choosing the linker between 

the hydroxyurethane moieties, which also 

affects the chain conformation. Under 

optimized conditions, they were able to 

demonstrate the potential use as white 

light with low voltage and high luminance. 

Exploiting the revealed PL profile from the 

PTMDSHU unit, Xu et al. [118] developed a 

Fe3+ sensor based on PTMDSHU obtained 

from chemical fixation of CO2 into 1,3‐bis‐

(3‐glycidoxypropyl) tetramethyldisiloxane, 

which was posteriorly reacted with 1,6‐

diaminohexane to yield a fluorescent 

PTMDSHU material. The obtained 

materials present PL quenching when 

exposed in Fe3+ rich environments. The 

proposed mechanism considers that Fe3+ 

chelate with carbonyl and secondary 

amine to form complexes, which in turn 

increased the UV absorption. The lower 

detection limit of Fe3+ was calculated to be 

4.56 μM.  

The PL effect of hybrid urethanesil 

materials was also demonstrated by L.D. 

Figure 11 Cytotoxicty of PDMSUr materials in comparison with the positive (PC) and negative 
(NC) controls. aData taken from Ref. [27] 
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Carlos and co-workers [119], who prepared 

sol-gel derived hybrids polyethylene glycol 

repeated units grafted onto a siliceous 

backbone. They demonstrated that the 

white light PL arises from an unusual 

convolution of a longer-lived emission that 

originates in NH groups with shorter lived 

electron-hole recombination occurring in 

the siliceous domains.  

Based on the synthetic procedure 

discussed above, in our group we 

considered longer siloxane chains to 

prepare the silicone-urethane hybrid using 

IPDA as linker and APTES as chain 

termination agents [24] and loaded the 

PDMSUr with an Eu3+ polyoxometalate 

(POM) complex, hereafter referred to as 

PDMSUr:EuPOM. The Eu3+ was 

incorporated into the PDMSUr during the 

aminolysis step [26] by using 

[Eu(PW11O39)2]11–, a sandwich bis-lacunary 

Keggin compound [120]. For the obtained 

material, white light generation was 

observed upon UV irradiation. As shown in 

Figure 12, the colour coordinates at 

intersection were determined within the 

white light region (x = 0.313 and y = 0.332). 

Moreover, a suitable colour rendering 

index (CRI) of 61 and colour correlated 

temperature (CCT) of 4888K (neutral white 

light) was found. The PDSMUr:EuPOM 

material does have the capacity of white 

light luminescence with the benefits of 

utilization of mild conditions, easy 

processability, self-standing flexible films 

as well as self-adhesive coatings. It is 

worthy to notice that the specific colour 

coordinates were not only due to the rare 

earth fluorescence but due to its 

combination with the urethanesil matrix. 

This highlights the contribution of the 

hybrid material toward this photonic 

behaviour.  

 

4. Conclusions 

In this review, we presented hybrid 

urethanesils obtained by using sol-gel 

approach and carbon dioxide fixation as a 

substitute for isocyanate in the traditional 

route to produce polyurethanes. Using CO2 

makes the synthesis strategy a possible 

contribution to negative emission 

approaches and is therefore, a 

contribution to a more environmental-

friendly future. The synthesis methods, 

Figure 12 Calculated colour coordinates for 
the PDMSUr:EuPOM in the CIE 1931 colour 
diagram. Inset: digital photograph of the 
film under UV exposure, showing the white 
light generation. Figure was taken from 
Ref. [26]. 
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some properties, and potential 

applications of these materials were 

presented. The hydroxyurethane hybrids 

are versatile, highly adherent and self-

adhesive materials that can be obtained as 

sticky gels, elastomers, and self-supported 

films. 

We summarized recent studies and 

pointed out to what extent the hybrid 

PDMSUr materials are superior to common 

PU materials, especially for the application 

as coatings. We provide examples of how 

the pristine PDMSUr material can yield 

water-repellent coatings due to the 

hydrophobic properties of the PDMS 

building block in the polymer structure. 

Moreover, we demonstrated three 

possibilities on how new functionalities 

can be applied to such materials. By using 

phosphoric acid or phosphotungstic acid as 

hydrolysis-condensation catalysts, it was 

possible to achieve antimicrobial 

properties against relevant pathogens 

associated with nosocomial or healthcare-

associated infections. Furthermore, a 

flexible white light emission platform and a 

polyvalent anti-corrosion coating in 

biological fluid and acid or basic media for 

titanium alloys or stainless steel were 

reported. We argue that further 

development of these versatile materials 

alongside with a deeper understanding of 

the structure-property relationships can 

widen their application possibilities  

Based on these recent developments, we 

conclude that the class of PDMSUr is a 

multifunctional platform of auspicious 

hybrid materials. Upon advanced 

innovation associated processes, PDMSUr 

may contribute to more sustainable 

industrial activities. Nevertheless, it is 

important to emphasize that innovation “is 

the process whereby any scientific 

discovery or invention or idea is converted 

to a commercial product, process or 

service”, as Landau put it in 1998 [121]. 

Thus, the PDMSUr hybrid technology has 

still a long way to go.  
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