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Abstract 

 

Hybrid films prepared from TEOS and polyoxazoline cross-linkers(Si-POx-Si) were coated on 

different substrates in order to modify their surface properties. The film cohesion and adhesion 

on substrates were expected through the hydrogen bonding of the polyoxazoline crosslinked 

network. Low molecular-weight α,-unsaturated polyoxazolines (DA-PMOx)s were synthesized 

by a one step cationic ring-opening polymerization (CROP) of 2-methyl-2-oxazoline (MOx) with 

a good control over the molecular weight. Based on double thiol-ene coupling (d-TEC), a post-

functionalization of end chains DA-PMOx gave in good yield polyoxazoline cross-linker (Si-

POx-Si). Glass and various polymer substrates (PP, PEI, POM...) were spin coated by the 

organic-inorganic hybrid films through sol-gel process. AFM, SEM, visible reflectance 

spectroscopy and contact angle experiments allowed the full characterization of targeted surfaces 

and demonstrated the efficiency of the polyoxazoline coating. 
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1. Introduction 

Nowadays, sol-gel process was known to be one of the mainly practical methods for 

substrate coating. Nevertheless, the achievement of crack-free hydrophilic films on organic 

polymer substrates still reminded challenging. Indeed a main limitation in using coated plastics 

was the weak interfacial adhesion of the inorganic thin film on the polymeric substrate resulting 

in cracking upon drying process [1]. In order to prevent this drawback,surface activation methods 

such as plasma have been developed, to activate the surface and improve the wettability by 

bonding between the coating and the substrate [2]. Moreover, glycidoxypropyltrimethoxysilane 

(GOTMS) was used to enhance the properties ofthe deposited film [3]. In this way, our efforts 

were concentrated on the elaboration of crack-free coating for polymer supports using hybrid sol-

gel technique with a new polyoxazoline based precursor. The modified polyoxazoline acted as 

hydrophilic cross-linker of the polymeric network where its flexible chains avoided cracks upon 

drying process. 

Over the last few years, polyoxazolines have received significant attention, due to their 

high potential for applications in technical matters [3,4] and biomedical applications [5-8]. They 

have allowed the synthesis of a wide range of functionalized polymers [9-12]. Functionalities can 

be introduced into the polymer through the initiation [13,14] and/or the termination steps [15] 

giving head and/or end groups. Poly(2-oxazoline)s with methyl (PMOx) and ethyl side groups are 

water-soluble polymers. These candidates are applied as compatibilizer between reinforcing 

agent and the polymer matrix in composites [16], biocompatible agent in the fabrication of tip for 

scanning probe nanolithography [17] and protein-repellent agent in surface coatings [18].  

Various hybrid polyoxazoline coatings were already explored with colloidal polymer 

hybrids where the C=O bonds interacted by hydrogen bonds with Si-OH of silicate network [20-

22]. The grafting of PMOx on silicone was another polyoxazoline coating method [23]. Finally 
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the sol-gel process between an inorganic cross-linker such as tetraethyl orthosilicate (TEOS) and 

PMOx bearing an alkoxysilane coupling agent was investigated. The sol-gel reactive group was 

introduced either in pendant chain of oxazoline monomer [24,25] or in the polyoxazoline end-

chain [26]. In the latter case, hydrosilylation reaction was used to modify the α- or -end group 

of polyoxazoline [23,27-30]. Nevertheless, this method suffers from low yield.  

In this contribution, a new synthetic pathway was investigated to convert by one step 

process α,-allylic PMOx (DA-PMOx) into α,-alkoxysilane PMOx (Si-PMOx-Si) through a 

double thiol-ene coupling (d-TEC). The TEC reaction has been extensively exploited in polymer 

chemistry [31,32] and in biomaterials for application in medicine, especially dentistry [33], 

taking advantage of the absence of toxic transition-metal catalyst. However, only few examples 

of thiol-ene coupling from polyoxazoline were described in the literature [34-38] and never a one 

step double thiol-ene coupling. 

In a second part of the study, this new sol-gel precursor, Si-PMOx-Si, was used to achieve 

an improved crack-free inorganic-organic hybrid coating on raw polymeric substrates through a 

sol-gel route and a deposition carried out by spin-coating technique. Then, the surface of the 

coated substrates was observed on SEM images and the roughness was measured by AFM 

spectroscopy. The modification of the surface was finally evaluated by contact angle 

measurement as well as the transparency was measured by visible reflectance spectroscopy.  
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2. Experimental section 

2.1 Materials and chemicals 

 Allylic alcohol, tosyl chloride, allylamine, 3-mercaptopropyl-triethoxysilane (TEOSi-

thiol), tetraethyl orthosilicate (TEOS), 3-glycidoxypropyltrimethoxysilane (GOTMS), methanol, 

ethanol, H2SO4, HCl, diethyl ether, KOH and CaH2 were purchased from ACROS and were used 

as received. Acetonitrile was dried and distilled according to standard procedures [39]. 2-Methyl-

2-oxazoline (MOx) was dried, distilled from CaH2 and stored under a dry nitrogen atmosphere. 

Acetate butyrate cellulose (CAB), Polystyrene (PS), Polyoxomethylene (POM), Polyetherimide 

(PEI) and Polypropylene (PP) substrates were purchased from Goodfellow and were used as 

received. Glass substrates (microscope slides from Marienfeld) were carefully washed with a 

solution of H2SO4/H2O2 and then intensively rinsed with MilliQ water, and dried. Deuterated 

solvent (CDCl3) was purchased from SDS and were used without further purification.  

 

2.2 Instrumentation and characterization 

1
H and 

13
C NMR spectra were recorded using a Bruker AC 200 with CDCl3 as solvent. In

 1
H 

NMR chemical shifts were referenced to the peak of residual CHCl3 at 7.26 ppm. In
 13

C NMR 

chemical shifts were referenced to CDCl3 at 77 ppm. Size exclusion chromatography (SEC) was 

performed on a PL-GPC 50 Plus equipped with an RI refractive index detector. Three PL 

aquagel-OH columns (25, 7.5 and 4.6 mm ID) were used at 40°C with a 0.8 mL·min
-1

 flow rate 

of H2O/CH3OH: 7/3 (0.1M LiNO3), calibrated using PEO standards.Contact angles were 

determined with a Digidrop camera contact-angle meter, Fast/60 from GBX, with an automatic 

liquid dispenser. Experiments were carried out at room temperature. A liquid droplet (4 µL) was 

carefully placed on the sample surface and imaged with a coupling device camera. The contact 
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angle was determined mathematically through the fitting of the Young–Laplace equation. The 

displayed values are the average value of 3 measurements with a dispersion of measured data 

lesser than 5 %.Scanning electron microscopy (SEM) images were obtained on a Hitachi S2600N 

scanning electron microscope. AFM images were obtained with an AFM Digital D 3100 (Digital 

Instruments) in tapping mode and phase. Visible reflectance spectroscopy was carried out using a 

reflectance fiber optic probe FCR-7IR200-2 from Avantes, a tungsten halogen light source 

(150W) and an AvaSpec-2048TEC spectrometer.  

2.3 Preparation of Allylic p-toluene sulfonate (ATs). KOH (15 g, 267 mmol, 2 eq) was 

dissolved in 160 mL of ethyl ether solution containing allylic alcohol (2.5 eq). At 5°C,tosyl 

chloride (25 g, 131 mmol, 1 eq) was added dropwise .The resultingmixture was stirred for 6 h at 

room temperature and filtered and finallyconcentrated under pressure. The product ATs was 

isolated in 89% yield. 
1
H NMR (CDCl3) δ (ppm): 7.8 (d, 2H, Haromatic), 7.4 (d, 2H, Haromatic), 5.7-

5.6 (m, 1H, CH=), 5.3 (m , 2H, CH2=), 4.6 (d, 2H, =CH-CH2-), 2.5 (s, 3H, CH3). 
13

C NMR 

(CDCl3) δ (ppm): 145.0 (Caromatic-CH3), 133.2 (Caromatic-S), 130.3 and 127.9 (CHaromatic), 120.3 

(CH2=), CH= no visible, 70.9 (CH2-O), 21.7 (CH3). 

2.4 Typical polymerization of MOx using ATs (DA-PMOx). All reactions were carried out 

under a dry nitrogen atmosphere. ATs and MOx were dissolved in dry acetonitrile (4 M). The 

solution was vigorously stirred at 80°C. The reaction product was quenched by addition of an 

adequate amount of allylamine (10 eq). The flask was maintained for 24 h at 50°C. After cooling, 

the polymer was isolated by slow precipitation from cold diethyl ether. DA-PMOx was isolated 

in 93% yield. 
1
H NMR (CDCl3) δ (ppm): 5.8 (m, 1H, CH=), 5.2 (m, 2H, CH2=), 3.9-3.3 (m, 4nH, 

CH2 of POx), 2.8 (m, 4H, =CH-CH2-N), 2.0 (s, 3nH, CH3 of POx). 
13

C NMR (CDCl3) δ (ppm): 
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171.2-170.6 (C=O of POx), 132.2 (CH=), 118.1-117.1 (CH2=), 51.1-43.2 (CH2-N and CH2 n of 

POx), 20.9 (CH3 of POx). 

2.5 Typical di-thiol-ene coupling (d-TEC) (Si-PMOx-Si). In a 50 mL round flask DA-PMOx, 

TEOSi-thiol (3 eq per C=C group) and AIBN (0.12 eq) were dissolved in CHCl3solution (0.3 M). 

Nitrogen was bubbled in the solution for 30 min. The reaction mixture was heated at 60°C for 72 

hours under a nitrogen atmosphere. The reaction mixture was poured in a large excess of cold 

ethyl ether. Si-PMOx-Si was isolated in 86% yield after precipitation. 
1
H NMR (CDCl3) δ (ppm): 

3.8-3.3 (m, (4n+12) H, CH2 POx and CH3-CH2 of OEt), 3.2-2.8 (s, 4H, CH2-N), 2.5 (m, 8H, CH2-

S), 2.1 (s, 3nH, CH3 of POx), 1.8-1.6 (m, 8H, CH2-CH2-Si and CH2-CH2-N), 1.2 (t, 18H, CH2-

CH3 of OEt), 0.7 (t, 4H, CH2-Si).
13

C NMR (CDCl3) δ (ppm): 170.1 (C=O of POx), 57.8 (CH2 of 

O-Et), 51.4-42.6 (CH2 of POx, CH2-CH2-S and CH2-N), 34.6 (CH2-S side end group), 28.1 (CH2-

S side POx), 20.5 (CH3 of POx), 17.7 (CH3 of O-Et), 9.3 (CH2-Si). 

2.6 Film elaboration. The reactive polyoxazoline Si-PMOx-Si was co-hydrolyzed and co-

condensed with TEOS and GOTMS with HCl as acidic catalyst to yield a series of hybrid sol–gel 

sols. The solutions stirred for 2 hours were then spincoated at 1800 rpm, for 20s on different 

inorganic or polymer substrates, glass, POM, PS, CAB, PEI and PP. Every coating procedure was 

performed around 30°C. In the preparation of the sol, Si-PMOx-Si was first diluted in absolute 

ethanol to obtain a 10wt% solution. The weight ratio between Si-PMOx-Si solution and silica 

precursors was optimized and the following composition of the hybrid sols 1:0.3:0.2 (Si-PMOx-

Si:GOTMS:TEOS weight ratio) displayed coated films with no macroscopic defects. 
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3. Results and discussion 

3.1 Synthesis of polyoxazoline cross-linker 

Hybrid sol-gel coatings were realized from PMOx bearing alkoxysilane end groups, Si-

PMOx-Si, as shown in Scheme 1. The previous stage was the synthesis of α,-telechelic 

polyoxazoline DA-PMOx bearing allylic end-groupsobtainedby both the addition of allyl tosylate 

initiator ATs and allylamine as termination agent. 

 

 

Scheme 1.Synthesis of Si-PMOx-Si. 

 

Low molecular weight polyoxazolines were further used as sol-gel cross-linkers. As a 

consequence, the control over molecular weight was investigated using SEC and NMR 

techniques. The experimental number-average molecular weights, Mn,SEC and the theoretical 

values (calculated from the molar ratio of introduced monomer MOx, DPn,th) versus conversion 

werereported in Supporting Information. The Mn,SEC values wereslightly higher than the 

theoretical ones. Mn, SEC values increased linearly until approximately 80% whichindicatedthat 

the transfer reactions were negligible in this range. Above this limit the decrease of the molecular 

weight and the enhancement of polydispersity indicated the presence of transfer reactions. In 

conclusion,,-allylic polyoxazolines DA-PMOx could be prepared with a good molecular 

weight control under relatively high conversion (<80%) and alow polydispersity (Mw/Mn< 1.3). 
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The number average polymerization degree was obtained by SEC analysis and NMR 

spectroscopy as summarized in Figure 1. A narrow polydispersity ranged from 1.2 to 1.3 and the 

unimodal SEC traces were detected. The peaks shifted towards higher molecular weights with the 

same distribution of molecular weight. It wasimportant to notice that polymerization reactions 

were stopped at about 80% conversion in order to minimize transfer and control the end-chain 

functionalities. Whatever the DPn, DPn, SEC and DPn, NMR,the values were consistent with the 

theoretical ones. For instance,a target degree of polymerization of 20 actually producedan 

experimental degree of polymerization of 23.0 and 21.5. The efficiency of the end 

functionalization using allylamine was evidenced by NMR spectroscopy.  

 

Fig. 1. Molecular weight, polydispersity and SEC trace of DA-PMOxs.  

 

3.2 Post-functionalization based on double thiol-ene coupling and sol gel condensation 

To date, the synthesis of polyoxazoline bearing alkoxysilane head- and end-groups for 

further sol-gel condensation used hydrosilylation reaction. Owing to low yield of polyoxazoline 

modification by hydrosilylation, another synthetic strategy of polyoxazoline post-

functionnalization was explored. One reaction that is emerging as an attractive process is the 
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century-old addition of thiols to alkenes, which is currently called thiol-ene coupling (TEC). The 

TEC reaction has been extensively exploited in polymer chemistry and more specifically in 

polyoxazoline chemistry on functional monomer or polymer. In our case, the TEC reaction was 

employed as post-functionalization of polyoxazoline carrying α,-unsaturated end groups DA-

PMOx. The TEC reaction transformed allylic into alkoxysilane end groups. The thiol-ene 

coupling from DA-PMOx (DP15, exp) was realized in excess of mercaptan agent: TEOSi-thiol 

considering the typical thiol-disulfide interchange reaction [40]. Under free radical condition, the 

double end group modification (d-TEC) of DA-PMOx into alkoxysilane groups gave Si-PMOx-

Si (Scheme 1). The conversion was monitored by 
1
H NMR analysis using the integration of 

theethylenic signals of DA-PMOx. The ethylenic signals at 5.2 and 5.7 ppm decreased during the 

TEC reaction. On the other hand, after purification of Si-PMOx-Si, the integration of CH3 signal 

of CH3-CH2-O-Si at 1.2 ppm confirmed the reaction of TEOSi-thiol on DA-PMOx (Figure 2). 

Our first experiments using 0.06 and 0.12 equivalent of AIBN in 0.1M yielded in minor amount 

the target compound: 10 and 15% conversion, respectively (Supporting Information). This result 

prompted us to investigate the course of the reaction more thoroughly. An additional amount of 

AIBN improved the conversion until 45%. Parameter such as the concentration of the reaction 

mixture was varied. As expected, higher concentration until 0.3M concentration favored the 

formation of thioether compound with an optimum 86% yield. 
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Fig. 2.
1
H NMR spectra a) before (DA-PMOx) and b) after thiol-ene reaction (Si-PMOx-Si). 

 

The sol-gel process was carried out through hydrolysis and condensation of Si-PMOx-Si 

with a mixture of tetraethoxysilane (TEOS) and (3-glycidoxypropyl)trimethoxysilane (GOTMS) 

(Scheme 2). The latter was used to develop linkage, on one hand with silica network structure 

using alkoxy groups and on the other hand with polyoxazoline chains through interchain 

hydrogen bonding [41]. Thanks to the flexibility of PMOx chains the composition of the sol-gel 

precursor solution was optimized to obtain crack-free film onto substrates. 
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Scheme 2. Elaboration of polyoxazoline coating by sol-gel process. 

 

3.3 Characterization of polyoxazoline coating on polymer and glass materials  

3.3.1 Contact angle measurements 

The efficiency of the hybrid sol-gel coating was studied on various polymer supports 

ranged from PP, CAB, PS, POM to PEI and glass. To get more information on the surface energy 

of the hydrophilic coating, the contact angle measurements were carried out using probe liquids 

(water and diiodomethane) as summarized in Table 1. The obtained surface energy values for the 

raw substrates are in agreement with those previously reported [42]. The experimental values for 

hybrid coating on substrates are around 63±2 mJ.m
-2

, exceptfor PP. Indeed, the surface energy 

value is lower as a result of the film cracks. As polyoxazoline is a hydrophilic polymer, [43] it is 

observed an increase of the surface energy of the substrate related to the hydrophilicity of the 

coated film. Whatever the substrates, the constant value of the surface energy of the composite 

materials gave evidence the homogeneity of the hybrid film. The adhesion of hybrid 
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polyoxazoline film on the materials was also studied. The value of interfacial energy is an 

important parameter to determine the adhesion between two components in a composite; it is also 

a description of the thermodynamic state of the interface [44]. The work of adhesion W12 

measures the attraction between two different phases and W12 = for the separation 

process. Therefore the adhesion increases when the interfacial energy decreased. Interfacial 

energy between substrates (1) and hybrid film (2) in the composite has been determined with: 

𝛾12 = 𝛾1 + 𝛾2 − 2 𝛾1 × 𝛾2 

Assuming an average value of 63 mJ.m
-2 

for  

The low values of the interfacial energy are in good agreement with the observed 

adhesion of the polyoxazoline hybrid film coating on the different substrates with surface energy 

higher than 30 mJ.m
-2

. 

 

Table 1.Surface energy of raw and coated substrates. 

 Raw substrate Coated substrate  

substrate 
contact 

angle 

Surface 

energy 

1/mJ.m
-2

 

contact 

angle 

Surface 

energy 

2/mJ.m
-2

 

interfacial 

energy 

12/mJ.m
-2

 

 water CH3I  water CH3I   

PP 88 64.5 28 63.8 45.2 43 7 

POM 76.7 40.3 40 32.7 40.9 63 2.6 

CAB 77.4 37.1 42 30.7 40.9 65 2.1 

PS 96.0 34.2 42 29.3 40.1 65 2.1 

PEI 70.6 31.8 45 19.7 37.1 64 1.5 

glass 16.9 42.3 72 35 39.8 62 0.3 

 

3.3.2 SEM images 

 The top view SEM images of the hybrid silica film deposited on different substrates 

(Glass, POM, PEI and PP) exhibit a very homogeneous coating with very few defects on the 

substrates (glass, POM and PEI on Figure 3). The uniformity of the films indicates the 
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effectiveness of the coating resulting from the efficient crosslinking of polyoxazoline with 

alkoxysilane end groups Si-PMOx-Si. On the other hand, the coating on PP substrate shows 

important cracks that reveal a low adherence of the film as expected the high interfacial energy 

(Table 1). The coated film thickness, determined from the cross-sectional image (Figure 3), is 

around 5 µm. 

 

Fig. 3. Top view SEM images and cross sectional image of the hybrid film coated on different 

substrates: glass, POM, PEI and PP. 

 

3.3.3 Atomic force microscopy (AFM) images 

 AFM images were obtained in tapping mode and phase. The tapping mode allows on 

polymer to minimize the resulting load force, eliminating the friction forces and avoiding a 

deformation of the superficial structures by the tip. The surface morphology and roughness, 

measured from image root mean square (Rq parameter) were determined in height mode, where 

Glass POM

PEI PP Coating thickness

50 µm 50 µm

500 µm 5 µm50 µm
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the root mean square of the amplitude was used as a feedback value to maintain the oscillation 

amplitude constant. In order to determine the nature of changes that took place in the surface 

morphology of substrate after hybrid silica coating, AFM was carried out and the results are 

depicted in Figure 4 for PEI substrate. The observations of other composite materials provide 

very similar results. No significant alteration of the surface morphology was detected, with a 

minor reduction in roughness, found to be equal to 0.364 nm on the raw substrate and 0.268 nm 

after coating. The result could be explained by the use of flexible polyoxazoline segments 

allowing a perfect fit of the surface structure between two crosslink nodes. 

 

Fig. 4.AFM surface image (1*1 μm2) of uncoated PEI (Rq=0.268 nm, on the left) and coated PEI 

(Rq=0.364 nm, on the right) substrate. 

 

3.3.4 Optical reflectance measurements 

 The reflectance measurements show similar spectra for the raw and coated substrates 

except for the glass (Figure 5) where the reflectivity of the material decreased with the coating.  
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Fig. 5. Reflectance spectra of some raw and coated substrates: a: glass microscope slide,  

b: POM, c: PEI and d: CAB. 

 

This result indicates that the coated film is efficient to reduce the surface reflection of transparent 

materials as required for different applications to improve the light transmission [45]. In the case 

of PEI, the polymer presents a light absorption in the blue region and exhibits a yellow color. The 

presence of the coated film decreases the absorbance leading to a slight increase of the 

reflectivity in this region. As a result, the reflectivity measurements indicate that the coated 

hybrid film does not significantly modify the optical properties of the substrate because of its 

transparency. 
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4. Conclusions 

Hybrid sol-gel coatings were successfully realized without any preliminary surface activation 

from PMOx onto various polymer substrates as well as glass support. The crack-free hydrophilic 

films resulted from a crosslinked network between polyoxazoline flexible chains and inorganic 

cross-linkers. The α,-functionalized polyoxazoline was reached by an original and efficient 

synthetic route using an one pot head and end-allylation chains followed by the thiol-ene reaction 

which was a powerful alternative route to silylation for the sol-gel condensation. Finally the 

reflectivity measurements indicated that the coated hybrid films do not significantly modify the 

optical properties of the substrates and no defect was detected in AFM and SEM images of the 

coatings. 
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