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ABSTRACT 

In this work, the objective is to design an elastomer network predominantly composed of poly(dimethylsiloxane) (PDMS) with small crosslinked 

hydrolyzable polyesters to finally provide a new eco-friendly antifouling system. This PDMS/polyester network is expected to maintain a low 

surface energy during water immersion while, at the same time, ensuring a continuous renewal of its surface through an erosion process. The 

PDMS/polyester networks were crosslinked via a condensation reaction of a bis-silanol PDMS oil and various bis(trialkoxysilane)-terminated 

polyester macrocrosslinkers. Chain ends of poly(-caprolactone), poly(-caprolactone)-b-PDMS-b-poly(-caprolactone) and poly(D,L-lactide-

co-glycolide) were quantitatively functionalized using (3-isocyanatopropyl)trimethoxysilane as crosslinking reactant. These polyester 

macrocrosslinkers were highly inserted in the PDMS-based networks in quantities ranging from 12 to 40 wt.%. The microtopography of these 

PDMS/polyester coatings revealed relatively low roughness values for most of the coatings. Contact angle measurements highlighted an increase 

of hydrophilicity for PCL-based coatings contrary to the poly(D,L-lactide-co-glycolide)-based coating which demonstrated a surface 

hydrophobicity as well as a low surface free energy (s ≤ 25 mJ/m²) even after 5 weeks of immersion in deionized water. The insertion of 

polyesters within a silicone matrix affected both the elastic modulus and the cristallinity of the network depending on the polyester nature. 

Finally, mass loss tests demonstrated that these PDMS/polyester coatings had the ability to erode themselves. 
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1. Introduction 

The universal ban of organotin compounds in antifouling coatings in 2008 was a pioneering step in the development of more ecofriendly ship 

hull paints [1]. The European Biocidal Products Regulation also contributes to limit or even prohibit the leaching of some toxic substances 

responsible for non-targeted marine species death [2]. Thus, there is a growing interest in developing biocide-free antifouling coatings. 

Among them, Fouling Release Coatings (FRC), based on poly(dimethylsiloxane) (PDMS) elastomers, exhibit self-cleaning ability while 

subjected to hydrodynamic forces, provided by their specific properties: low-roughness surfaces, low surface free energy, and low elastic 

modulus[3]. However, they can be covered by fouling organisms in absence of hydrodynamic shear stress. Some micro-organisms such as 

diatoms also seem to adhere more severely on these hydrophobic surfaces. Despite these issues, FRC still represent a hopeful solution to 

substitute the Self-Polishing Coatings (SPC) well-known for their release of highly toxic substances in seawater [4,5]. Therefore, 

considerable effort is being made to improve the efficacy of the antifouling and fouling release properties of PDMS-based coatings during 

idle periods. Many researchers like Galli’s group and Grunlan’s group have focused their research on the addition of small amounts of 

amphiphilic surface-active (co)polymers (<  10 wt.% relative to the dry film) dispersed within the silicone matrix [6–11]. In this manner they 

could design coatings with chemically evolving surfaces during water immersion [12]. The most efficient amphiphilic copolymers contain 

PEGylated-perfluoroalkyl pending groups which can migrate to the extreme surface of the PDMS elastomer, and provide an ambiguous and 

unpredictable surface towards fouling species [13–15]. Zwitterionic polymers were also used in PDMS-based FRC. Jiang et al. [16] reported 

a wide range of polyelectrolytes, some of them are tunable surface-tethered zwitterionic polymers which can switch between a polycationic 

form (antimicrobial effect) and a zwitterionic form (non-fouling effect) through a hydrolysis mechanism. Many reviews explained all the 

benefits and efficiency of new generation of FRCs with for examples, nanocomposites-based non-stick coatings, textured and chemically 

functionalized surfaces or biomimetic surfaces [3,17–21]. 

In this work, the strategy is to combine both the antiadhesive properties of silicone elastomers (due to their low surface free energy, low 

elastic modulus) with a hydrolyzable polyester which would enable the erosion of the coating. Indeed, polyesters are well known to display 

hydrolytic degradation properties [22]. Thus, they are good candidates to provide erosion properties to PDMS elastomers when inserted in 

the network as macro-crosslinkers. To design this ambivalent network, polyesters such as poly(D,L-lactide-co-glycolide) (PLGA), poly(ε-

caprolactone) (PCL) and PCL-b-PDMS-b-PCL were chosen according to their different kinetics of hydrolysis and degrees of crystallinity 

(Fig. 1)[23,24]. PLGA with a LA/GA molar ratio of 75/25 was synthesized as this polyester is known to hydrolyze faster than PCL in a 

phosphate-buffered solution at pH=7.4 at 37°C, as described by Pitt et al.[23]. Indeed, PLGA 70/30 weight loss was 91 wt % in 83 days 

against 13 wt % for PCL. Besides the triblock PCL-b-PDMS-b-PCL copolymer was selected to study the influence of the central PDMS 

block on the PCL dispersion within the elastomeric silicone and on the degradation kinetics. Azemar et al. [24] found that the presence of a 

PDMS central block could accelerate the hydrolysis of the polyester block in copolymers. The three polyesters, mentioned above, were 

modified at their chain ends with alkoxysilane functions to react with bis-silanol PDMS as polyester macrocrosslinkers. The resulting 

crosslinked (polyester-PDMS) elastomers are expected to act like an erodible coating thanks to a progressive erosion in water which can be 

whether surface erosion or bulk erosion. The content of polyester segments within the dry coating varied from 12 to 20 wt%.  

 

 

Fig. 1. Chemical structure of a) poly(D,L-lactide-co-glycolide) b) PCL c) PCL-b-PDMS-b-PCL. 

 

 



 

  

 

 

The efficacy of the crosslinking reaction of these PDMS-polyester networks was investigated by a residue extraction in solvent. The FRC-

specific properties of the coatings (surface free energy, water contact angles and roughness) were evaluated before and after immersion in 

deionized water. The effect of the polyester segments on the elastic modulus of PDMS/polyester elastomer networks was investigated. The 

degradation properties of the resulting coatings were studied by mass loss measurements during immersion in deionized water to assess their 

potential erosion. The study was performed on coatings without any fillers or pigments to evaluate only the influence of the polymer 

network. 

 

 

 

 

2. Experimental 

2.1. Materials  

D,L-lactide (LA), glycolide (GA), 1,4-butanediol (BD), stannous 2-ethylhexanoate and (3-isocyanatopropyl)trimethoxysilane (IPTMS) were 

purchased from Alfa Aesar. Poly(-caprolactone)-diol (MW 2000) with neopentyl glycol as an initiator (NEO) was supplied by Perstrop and 

used without further purification. A polyester modified polysiloxane triblock copolymer (with Mn(NMR) = 6800 g/mol; Mn(NMR) (PDMS block) 

≈ 2200 g/mol; the total PCL end blocks ≈ 4600 g/mol) and a polydiethoxysiloxane (PDES) crosslinking agent (Mn(NMR) = 744 g/mol) were 

kindly supplied by Evonik. Dioctyltin dilaurate (DOTDL) catalyst was kindly supplied by TIB Chemicals. Bis-silanol polydimethylsiloxane 

oil (HO-PDMS-OH) (MW 24 000) was kindly supplied by Dow Corning. Tetrahydrofuran (THF) was purchased from Carlo ERBA and used 

as received. Anhydrous chloroform was provided by Sigma-Aldrich. Deuterated chloroform (CDCl3) and THF-d8 were purchased from 

Eurisotop. 

 

2.2. Synthesis of poly(D,L-lactide-co-glycolide) (PLGA) 

 

Poly(D,L-lactide-co-glycolide) (PLGA) was prepared by a ring-opening polymerization using 1,4-butanediol as an initiator. 1,4-butanediol 

(1.75 g, 19.4 mmol), D,L-lactide monomer (10.50 g, 72.9 mmol) and glycolide monomer (2.82 g, 24.3 mmol) were charged into a dry round-

bottomed flask equipped with a stopcock [25–29]. The chosen monomers/initiator molar ratio of 5 is expected to give us a molar mass target 

of 1000-1500 g/mol [27,30,31]. Argon was bubbled into the solution for 20 min. A solution of anhydrous chloroform (15 mL) containing the 

stannous 2-ethylhexanoate catalyst [monomers/catalyst ratio (M/C) = 1000] was previously prepared in a nitrogen flushed flask and injected 

with a dried syringe into the round-bottomed flask. The resulting solution was degassed by three consecutive freeze-pump-thaw cycles. The 

reaction was then carried out in a preheated oil bath at 150°C under an argon atmosphere for 22 h with stirring. The product was then 

dissolved in a small amount of chloroform and then precipitated in cold pentane. The precipitate was dried under vacuum overnight. 1H 

NMR (400 MHz, CDCl3, δ, ppm): [5.29-4.59] (-O-CH(CH3)-CO-), [4.89-4.59] (-O-CH2-CO-), 4.17 (-O-CH2-CH2-, BD), 2.94 (-OH), 1.72 (-

O-CH2-CH2-, BD), 1.57 (-O-CH(CH3)-CO-). 

 
1H NMR was used to calculate the conversion rates of LA and GA monomers, the internal reference was the signal at 4.17 ppm 

attributed to the BD initiator (-CH2-) and was fixed at 4H. 

 

 

 

2.3. Synthesis of polyester macrocrosslinkers 

 

Polyesters were silanized at their chain ends with the IPTMS crosslinking agent (Fig. 2) [32]. The three hydroxyl-terminated polyesters were 

first dissolved in anhydrous chloroform with the dioctyltin dilaurate catalyst in a round-bottomed flask equipped with a stopcock. After argon 

bubbling, the solution was degassed by two consecutive freeze-pump-thaw cycles. The crosslinking agent was then injected with a dried 

syringe into the round-bottomed flask through a rubber stopper and the solution was again degassed by two consecutive freeze-pump-thaw 

cycles. All these precautions were important to prevent methoxysilane functions from early hydrolysis. The solution was stirred under an 

argon atmosphere for 3hours at 35. However, in the case of PCL-b-PDMS-b-PCL, the silanization required a longer reaction time (5 hours) 

as well as a higher temperature (65°C) because of a slower reaction kinetic probably due to the higher molar mass of the copolymer (or due 

to the presence of a PDMS block). The resulting product was precipitated in cold pentane. In the case of PCL-b-PDMS-b-PCL, the 

precipitation solvent was the heptane. The precipitate was dried under vacuum overnight. 

 

 
Fig. 2. General synthetic pathway of silanization reaction of the polyester-based polymers. 

 



  

 

1H NMR (400 MHz, CDCl3, δ, ppm) for silanized PCL-b-PDMS-b-PCL: 4.84 (wide singlet, -NH-COO-CH2-), 4.05 (73H, t, -CH2-O-),3.56 

(18H, -Si(OCH3)3), 3.15 (4H, t, -CH2-NHCOOR-), 2.30 (73H, t -CH2CO-), 1.63 (158H, m, -CH2- PCL), 1.37 (73H, m, -CH2- PCL), 0.63 

(4H, t, -Si-CH2-(CH2)2-NH-), 0.52 (4H, t, Si(CH3)2-CH2-), 0.06 (170H, Si(CH3)2). 

 
1H NMR (400 MHz, CDCl3, δ, ppm) for silanized PCL: 4.84 (wide singlet, -NH-COO-CH2-), 4.05 (34H, t, -CH2-O-), 3.85 (4H, s, -CH2-, 

NEO), 3.56 (18H, s, -Si(OCH3)3), 3.15 (4H, -CH2-NHCOOR-), 2.26 (34H, t, -CH2-CO-), 1.60 (72H, m, -CH2-), 1.36 (34H, m, -CH2-), 0.94 

(6H, s, -CH3, NEO), 0.63 (4H, t, -Si-CH2-(CH2)2-NH-).   

 
1H NMR (400 MHz, CDCl3, δ, ppm) for silanized PLGA: [5.30-5.07] (-O-CH(CH3)-CO-), [4.88-4.54] (-O-CH2-CO-), 4.17 (4H, -O-CH2-

CH2-, BD), 3.56 (18H, s, -Si(OCH3)3), 3.15 (4H, -CH2-NHCOOR-), 1.72 (4H, -O-CH2-CH2-, BD), 1.57 (-O-CH(CH3)-CO-), 0.63 (4H, -Si-

CH2-(CH2)2-NH-). 

 

1H NMR was used to calculate the conversion rates of the three silanized polymers. For the silanized PCL-b-PDMS-b-PCL, the internal 

reference was the signal at 0.52ppm attributed to the -CH2- contained in the PDMS block (t, -Si(CH3)2-CH2-) and was fixed at 4H. For the 

silanized PCL, the internal reference was the signal at 3.85 ppm attributed to the NEO initiator (s, -CH2-, NEO) and was fixed at 4H. For the 

silanized PLGA, the internal reference was the signal at 4.17 ppm attributed to the BD initiator (-O-CH2-CH2-, BD) and was fixed at 4H.  

 

2.4. Preparation of coatings  

The reference coating, pristine PDMS elastomer, was prepared by adding a solution of PDES in THF to the bis silanol-terminated PDMS 

with a SiOH:SiOEt molar ratio of 100:3.3, considering a PDES functionality of 12. PDMS/polyester networks were prepared using the 

polyester macrocrosslinkers with the same molar ratio of reactive functions [SiOH:SiOMe = 100:3.3], with a macrocrosslinker functionality 

of 6 (Fig. 3).  

The macrocrosslinkers were dissolved in THF and consecutively dispersed within the bis silanol-terminated PDMS for 20 min. The DOTDL 

catalyst (≈ 0.3 wt.% in the total solution) and the co-solvent (EtOH) were further added into the solutions (Table 1). The coatings were 

formed by casting 1.5 to 2 g of the [20-55] % (wt/wt) THF-based formulations onto cleaned glass microscope slides (76 x 24 mm²). 

Homogeneous thick film coatings were dried for 3 days at 60°C in a humidity saturated atmosphere with a daily renewal of the air to remove 

the released methanol and co-solvent. The dry coating thickness was 480-660 µm, measured by a micrometer gauge. As regards the 

nomenclature of the coatings: N stands for network, X/Y corresponds to the mass fraction of the polyester segments (X) on PDMS chains (Y) 

in the dry coating. 

Table 1  

Coating formulation recipe. 

Coating ID Polyester  PDMS (wt.%)  Macrocrosslinker 

(wt.%) 

Solvent/co-solvent (wt.%) 

Fig.3. General pathway of polyester/PDMS coatings via a condensation cure between polyester-based macrocrosslinkers and a bis-silanol PDMS oil. 



 

  

PDMS None 74.8 2.5 (PDES) 22.4/0 

PLGA-N88/12 P(D,L-LA-co-GA) 56.0 7.3 33.6/2.8 

PCL-N83/17 PCL 53.6 11.3 32.2/2.7 

TGO-N73/27 PCL-PDMS-PCL 26.8 18.2 53.6/1.3 

 

  



  

 

 

2.5. Proton Nuclear Magnetic Resonance Spectroscopy  

1H NMR spectra was recorded on a Bruker Advance III HD 400 spectrometer with a frequency of 400 MHz and using CDCl3 as the solvent.  

2.6. Size Exclusion Chromatography (SEC) 

The number average molar mass (Mn) and the dispersity (Ɖ) were determined by size exclusion chromatography. Size exclusion 

chromatography was performed using a Waters 1515 HPLC pump equipped with Styragel HR1, HR4, HR5 columns and a Waters 2414 

refractive index detector. The measurements were performed using toluene as eluent at a flow rate of 1.0 mL/min at 30°C. Polystyrene 

standards (Mn values varied from 400 to 20,000 g/mol) were used to generate the calibration curve. Data were analyzed using Breeze 

software (Waters). 

2.7. Differential Scanning Calorimetry (DSC) 

The thermal behavior of polyesters and PDMS/polyester networks was analyzed on a TA instrument system under a nitrogen flow of 

50 mL/min. To determine the glass transition temperature (Tg) of amorphous PLGA, the sample (10 mg) was first heated at 100°C for 2 min 

then cooled down to -90°C at a rate of 5°C/min, kept at -90°C for 2 min, and then reheated to 100°C at a rate of 10°C/min. To determine the 

glass transition temperature of semi-crystalline PCL, modulated DSC was performed, the sample was first heated at 100°C for 2 min then 

cooled down to -90°C at a rate of 5°C/min, kept at -90°C for 2 min, and then reheated to 100°C at a rate of 2°C/min. To determine the 

crystallinity (Xc %) of PCL, PCL-PDMS-PCL, and PDMS/polyester network, samples (10-15 mg) were first heated at 100°C for 2 min then 

cooled down to -90°C at a rate of 1°C/min, kept at -90°C for 2 min, and then reheated to 100°C at a rate of 1°C/min. All DSC values were 

obtained from the second heating. 

2.8. Residue extraction test 

Several pieces of the same elastomer coating (≈ 50 mg) were introduced into a 1 mL volumetric flask and filled with THF-d8 and an internal 

reference (heptane) which was required to calculate the residue content. The elastomeric materials were allowed to swell for 12 hours. Then, 

THF-d8 was withdrawn and analyzed by 1H NMR to quantify the residue content.  

2.9. Roughness measurement 

Surface roughness profiles were measured by a contact type stylus profiler (Taylor Hobson) using a 2 µm radius tip and a 0.1 µm radius 

diamond tip with a minimum applicable 1 mN stylus load. The stylus moved across 15 mm length of the coating surface at a constant 

velocity of 0.50 mm/s to obtain surface height variation. Ra values were assessed from the average of three measurements. According to ISO 

4288-1996, the selected cut-off was λc = 0.8mm except for TGO-N73/27 where λc = 2.5mm since Ra > 2 µm. A λs value of 0.0025 mm was 

taken for all samples. For the immersion time of 5 weeks, the coatings were previously removed from deionized water and dried during 6 

hours at room temperature before the roughness analysis.  

2.10. Dynamic mechanical analysis (DMA) 

The storage modulus E’ (MPa) of the samples was determined at 25°C with a dynamic mechanical analyzer DMA (TA Instrument Q800) 

operating in tensile strain-sweep mode. A frequency of 1 Hz, a preload of 0.01N, and amplitudes from 5 to 50 µm (within the linear 

viscoelastic region) were used. The results are the average of at least 5 measurements on 3 different samples. The dynamic mechanical 

analyses were performed using free standing films of [10-14] mm length, [8-10] mm width and [0.6-1.0] mm thick. 

  



 

  

 

2.11. Surface free energy measurements 

Static contact angle measurements were performed using a DSA 30 apparatus (Krüss, Germany) by the sessile drop technique. Five contact 

angle measurements () were carried out with 2 µL-droplets of deionized water and n-hexadecane, after 4 seconds of stabilization. The 

surface free energies of the coatings were determined by the Krüss Advance software using the Owens Wendt method. Both the dispersive 

and polar components were assessed (      
    

 ). Measurements were performed on pristine samples and samples immersed in 

deionized water for 5 weeks. 

2.12. Dynamic contact angle (DCA) 

DCA experiments were carried out by the advancing-receding drop method using the DSA 30 apparatus under ambient conditions. A 

deionized water drop is grown on a syringe tip and is picked up by the surface with a withdrawal rate of 0.75 µL/s and the final droplet 

volume is 25 µL. The syringe tip never leaves the liquid drop. For each coating, the reported advancing (w,adv) and receding (w,rec) contact 

angles were the average values obtained from 1 cycle of advancing-receding on 3 deionized water droplets. DCA experiments were carried 

out on both polyester films and PDMS/polyester coatings. Polyester films were prepared by dissolving the polymer in THF (50 wt.%) 

and casting the solution on a glass slide. The glass slides were suspended to get rid of the solvent and thus provide a very thin layer 

of polymer.  

2.13. Hydrolytic degradation test 

A mass loss study was carried out on the coated glass slides immersed for 5 weeks in deionized water. Before gravimetric measurements, the 

coatings were gently rinsed with deionized water and dried at room temperature for 6 hours. The reported mass loss results are the mean 

value of three replicates. The mass loss (wt.%) was calculated using Eq. 1:  

              
       

       
       Eq.1 

Where    is the initial mass of the coated glass slide,    is the mass of the coated glass slide after an immersion time t and    is the mass 

of the glass slide alone. 

3. Results and discussion 
 

3.1. Synthesis of poly(D,L-lactide-co-glycolide) (PLGA) 

 

It should be mentioned that very few articles describe the synthesis of low molar mass poly(D,L-lactide-co-glycolide) (with 

Mn ≤ 5,000 g/mol) [33,34]. The synthesized PLGA exhibited a number average molar mass (Mn,SEC) of 880 g/mol with low dispersity (Đ). 

This low molar mass may facilitate the dispersion of PLGA within the soft silicone oil. Beside this advantage, it is known that low molar 

mass polyesters degrade faster in water than higher molar mass polymers [35], which is a required condition in our study. The D,L-lactide 

was preferred to the D or L enantiomers as the polymers of the latter ones are semi-crystalline polymers whereas the polymerized racemic 

form is amorphous due to the irregularities in the polymer main chain [36]. The amorphous state of the p(DL-lactide-co-glycolide) is 

interesting since amorphous phases can be faster hydrated than crystalline phases, and thus will undergo faster hydrolytic degradation 

[24,35]. For example, the intrinsically amorphous racemic poly(DL-lactic acid) has a mass loss of 90 % after 12 weeks in a buffered solution 

(pH = 7.4 and T = 37°C) whereas the amorphous poly(L-lactic acid) has a mass loss of 50 % after 110 weeks in the same conditions [37,38]. 

The mixture of LA and GA monomers gives more advantages regarding the hydrolysis kinetics. PLA is more hydrophobic than P(DL-lactide-

co-glycolide) leading to a lower water absorption into the polymer [35,39]. The 75/25 (LA/GA) molar ratio was chosen for its fast hydrolysis 

kinetics combined with its good solubility in most organic solvents, contrary to the 50/50 (LA/GA) ratio which exhibits a fastest hydrolysis 

kinetics, but caused a lower solubility due to the increase of GA units [25,39]. No residual 1,4-butanediol was found at the end of the 

polymerization (before precipitation).Only lactide monomers were found in small amount (2 mol. %) but were eliminated during the 

precipitation step in pentane. The conversion of both LA and GA monomers was calculated according to Eqs. 2 and 3, respectively: 

 

                        
     
            

     
                        

          
  

      Eq. 2 

                        
     
            

     
                       

          
  

      Eq. 3 



  

 

 

Where      
           corresponds to the intensity of the signal at 5.04 ppm (q, -CH- of LA monomer),           

          
corresponds to the intensity 

of the signal at [5.30-5.07] ppm (-CH- of the polymerized lactide),      
           corresponds to the intensity of the signal at 4.92 ppm (s, -

CH2- of the GA monomer) and           
          

 corresponds to the intensity of the signal [4.88-4.54] ppm (-CH2- of the polymerized glycolide). 

 

The resulting synthesized poly(D,L-lactide-co-glycolide) was a transparent, sticky oil with a (LA/GA) molar ratio of 74/26, LA conversion 

of 98%, GA conversion of 100% and a yield of 87%. 

 

 

 

3.2. Physico-chemical and thermal properties of polyesters 

 

Poly(D,L-lactide-co-glycolide), poly(ε-caprolactone) and PCL-b-PDMS-b-PCL were characterized by NMR and SEC to assess 

their number-average molar mass as well as their dispersity. DSC was used to assess their degree of crystallinity and their melting 

temperature (Tm) or glass transition temperatures (Tg) when existing (Table 2). 

The three polyesters displayed molar masses below 10 kg/mol. The PCL-b-PDMS-b-PCL triblock copolymer with block of 

respective molar masses 2,300-b-2,200-b-2,300 had a lower crystallinity (28%) than a PCL of 4,000 g/mol (Xc = 77 %) and a PCL 

of 2,000 g/mol (Xc = 60 %)[40] thanks to its central PDMS block which brings flexibility to the polymer chain. PCL and PCL-b-

PDMS-b-PCL are semi-crystalline polymers with Tm values around 40-50°C as expected [40,41] while PLGA is amorphous. At 

room temperature, this last polyester is a very viscous and transparent oligomer, its very low molar mass (with low dispersity) 

explains its Tg at -23.5°C contrary to PLGA 75/25 with molar masses ranging from 10,000 to 70,000 that exhibits Tg values 

between 31°C and 51°C [30,42,43].  

It is worth noting that the Tg of the PDMS block was not determined due to the inability of the cooling system to reach -140°C (Tg 

of PDMS is expected to be around -127°C [41]). 

 

Table 2  
Physico-chemical and thermal properties of polyesters. a Crystallinity of PCL,     

              

   
  with    

       
 

 
  [24] and ω(PCL) = 0.68 (mass fraction of PCL) for 

PCL-b-PDMS-b-PCL. 
b 

Not determined for both blocks 

 

3.3. Synthesis and characterization of polyester macro-crosslinkers  

The silanization reaction of a polyester and IPTMS was investigated by 1H NMR through monitoring the disappearance of peaks 

attributed to the protons of IPTMS (-CH2-NCO, triplet at 3.28 ppm), -Si-CH2- triplet at 0.63 ppm), of the chain end protons of 

polyesters (-CH2-OH at [3.6-3.7] ppm) and the appearance of both the urethane function at 3.15 ppm and 4.84 ppm (-CH2-NH-

COOR and -CH2-NH-COOR, respectively) and the protons of -SiCH2CH2CH2NHCOOR- at 0.63 ppm. The achieved conversions 

were varying from 90 to 98 % and the yield was comprised between 60 and 80 % depending on the polyester. The conversions 

were calculated according to Eq. 4: 

 

                     
                      Eq.4 

 

Where      
             corresponds to the intensity of the signal at 3.15 ppm (t, -CH2-NHCOOR-) due to the formation of the 

urethane function. 

 

 

3.4. Formation of the PDMS/polyester coatings 

Polymer Mn, SEC 

(g/mol)  

Ɖ Mn, RMN 

(g/mol)  

Tg (°C)  Tm (°C) 

 

ΔHm (J/g) Xc 

(polyester)(%)a 

 

PLGA 880 1.1 1200 -23.5 none 0 0 

PCL 1 800 1.4 2000 -67 40-44 70 50 

PCL-b-PDMS-b-PCL 7 300 1.3 6800 n.d.b 52-55 57 28 



 

  

 

Once the PDMS/polyester coatings were dried, a residue extraction test of each sample was carried out to verify the complete 

crosslinking of the polyester macrocrosslinkers with the bis-silanol PDMS oil. The quantitative analysis of residues was 

determined by 1H NMR, using Eq. 5 (either for PDMS or polyester macrocrosslinker residues): 

 

           

         

     
       

 
   

      
       

  
    

  
       Eq. 5 

where    is the number of protons corresponding to the residue signal at   ppm,           is the concentration of the internal 

standard heptane in the volumetric flask (in g/mL),    is the volume of (THF + heptane) within the volumetric flask before the 

addition of the elastomeric pieces with a mass of   . 
The results shown in Table 3 indicate that the polyester macrocrosslinkers reacted well with the bis-silanol PDMS since less than 

0.1 % of residue was found in the solvent of extraction. 

 

Table 3  
Residue content after extraction in THF-d8. 

 

Coating ID % silicone oil residue % polyester residue 

PDMS < 0.1 - 

PLGA-N88/12 0.1 - 

PCL-N83/17 0.1 - 

TGO-N73/27 < 0.1 < 0.1 

 

 

3.5. Roughness of PDMS/polyester coatings 

 

The arithmetic average roughness (Ra) of the PDMS/polyester coatings was evaluated with a contact type stylus profiler. The mode 

of application (casting the solution on glass slides) was the same for each coating since the mode of application influences 

significantly the roughness. The typical roughness (Ra) of a sprayed silicone Fouling Release Coating is usually lower than 2 µm 

[3]. 

Pristine PDMS coating and PLGA-N88/12 initially showed smooth surfaces (Ra < 0.5 µm) however PCL-N83/17 and TGO-

N73/27 exhibited higher roughness (>1-2 µm) meaning there is a strong effect of the PCL blocks on the surface roughness (Fig. 4). 

After immersion in deionized water for 5 weeks, an increase of Ra was observed for each coating, particularly for the PCL-based 

coatings (Ra ≥ 2 µm) which can be explained by the possible surface degradation or polymer chains reorganization. For the PDMS 

elastomer reference, the roughness slightly increased probably due to the surface migration of a siliceous phase formed by the 

homocondensation of PDES [44–47]. 

 

Fig. 4. Arithmetic average roughness Ra values of the coating surfaces 

before (filled pattern) and after 5 weeks of immersion in deionized water 
(striped pattern). 

 



  

 

 

3.6. Wetting properties of the PDMS elastomer reference and the polyesters 

 

The wettability of the PDMS elastomer reference and polyesters was assessed by measuring the advancing (w,adv) and receding 

(w,rec) contact angles with deionized water droplets. The w,adv and w,rec values are shown in Table 4. w,adv describes the 

hydrophobic contribution of the surface since the surface is freshly in contact with water whereas w,rec reflects the surface 

hydrophilic contribution given that the surface has already been wet, especially if a chemical reorganization occurs in contact with 

water [48].  

PLGA and PCL-b-PDMS-b-PCL films are both hydrophobic surfaces (w,adv > 100°) similar to the PDMS elastomer reference. 

PCL showed a more hydrophilic behaviour (w,adv = 70°). Besides, they all exhibited a contact angle hysteresis (Δθw = θw,adv - 

θw,rec) higher than 30° (even higher than 60° for PLGA and PCL-b-PDMS-b-PCL) which suggests that they all exhibit a surface 

chemical heterogeneity leading to its reorganization in contact with water. 

This chemical reconstruction could be potentially interesting to provide an ambiguous surface towards marine species [14].  

 

Table 4   

Dynamic water contact angles of polyesters and the PDMS elastomer reference.  

 

Polymer w,adv (°)  w,rec (°) 

PDMS elastomer 108 ± 1 98 ± 2 

PLGA 102 ± 2 39 ± 5 

PCL 70 ± 2 38 ± 2 

PCL-b-PDMS-b-PCL 116 ± 2 47 ± 3 

 

3.7. Surface free energy and wetting properties of the PDMS/polyester coatings 

In this study, the aim was to discuss the effect of the polyester on the coatings surface during immersion in water. Before 

immersion, for all PDMS/polyester coatings, the dominant contribution of the surface free energy was dispersive, typical of a non-

polar silicone-based surface with       
  [18-26] mJ/m² (Fig. 5). After 5 weeks of immersion in deionized water,  PDMS and 

PLGA-N88/22 coatings showed surface energies lower or equal to 25 mJ/m² whereas  PCL-based coatings exhibited higher 

surface energies between 30 and 40 mJ/m². This increase of the surface energy is due to the increase of the polar component only, 

as the dispersive component still remains the same as before immersion. According to Figure 6,   
  of TGO-N73/27 increased from 

2 ± 1 to 17 ± 2 mJ/m² after 5 weeks of immersion and the polar component   
  of PCL-N83/17 varied from 0 to 7 ± 2 mJ/m² . The 

higher polar component of TGO-N73/27 after immersion compared with PCL-N83/17 could be explained by the better dispersion 

of the PDMS block containing copolymer within the bulk coating and thus, it may result in a richer surface in polyester segments. 

The increase of the polar component for PCL-based coatings after immersion suggests that the polar interactions grow owing to 

the polyester reorganization on the surface. The coatings hydration may have modified the arrangement and distribution of the 

polyester chains within the PDMS/polyester network. 

 

     

Fig. 5. Dispersive surface free energies (  
   filled pattern) and polar surface free 

energies (  
   striped pattern) of pristine coatings. 

 

Fig. 6. Dispersive surface free energies (  
   filled pattern) and polar surface 

free energies (  
   striped pattern) of coatings after 5 weeks of immersion in 

deionized water. 

 



 

  

 

Regarding the wetting properties, as previously discussed in 3.6., the advancing and receding water contact angles of the coatings 

can reveal some chemical reorganizations of the surface according to the contact angle hysteresis Δθw (Δθw = θw,adv - θw,rec). In the 

literature, this contact angle hysteresis is either explained by a surface roughness, or by a chemical heterogeneity of the surface, or 

by the ability of functional groups to reorganize on the surface during contact with the liquid [49–52]. In this study, the dynamic 

contact angles were measured after different immersion times to assess the surface reconstruction of the coatings. Roughness 

profiler analysis carried out before and after 5 weeks of immersion revealed that the changes in surface roughness were rather 

significant (Ra ≥ 2 µm in the case of PCL-based coatings), suggesting that the effect of roughness on contact angles is not 

negligible.  The evolution of θw,adv with immersion time showed a quite similar tendency for the three PDMS/polyester coatings. 

θw,adv remained essentially unaffected within the first 2 weeks of immersion for all the PDMS/polyester coatings (between 100 and 

120°), and then values decreased rapidly below 100° after 4 weeks (Fig. 7). This trend indicates a gain in surface hydrophilicity 

which is more pronounced for the TGO-N73/27 coating. θw,rec values showed more complex profiles during immersion with two 

distinct behaviors for PLGA-based coatings and PCL-based coatings (Fig. 8). During the first 2 weeks for PLGA-N88/12, θw,rec 

was maintained at 65-70°and then decreased up to 20°. PCL-based coatings exhibited a low value of θw,rec down to 20° after only 1 

week of immersion, and partially recovered their hydrophobicity [40-60]° to finally end up at 20° after 5 weeks. In both cases, the 

decrease of θw,rec is related to a modification in the chemistry and/or morphology of the coating surface in contact with water.  

 

The prediction of wettability of amphiphilic surfaces is complex, because both roughness and surface reorganization could affect 

this property. For this reason, by neglecting the effect of roughness, we are able to say that all PDMS/polyester coatings become 

more hydrophilic after water immersion as evidenced by the decreased of both θw,adv and θw,rec contrary to the PDMS reference 

which does not change significantly. This was attributed to a larger exposure of the polyester segments to the outer surface. Thus 

polyester contents (from 10 to 20 wt.% by respect to the dried coating) seem to be sufficient to provide chemical surface-active 

coatings. 

3.8. Crystallinity of the PDMS/polyester coatings 

 

Crystallinity of PDMS/polyester coatings is actually very important to study since it can have a significant impact on their 

viscoelastic properties as well as on their hydrolytic degradation. 

The crystallinity coming from the PDMS is calculated according to Eq.6 and the crystallinity coming from the PCL polyester is 

calculated using Eq. 7: 

 

 c(P M )   (          
     wP M )  00/(   

       
 )     Eq. 6 

 

 c(PCL)   (          
    wPCL)  00/(   

      
 )   Eq. 7 

 

 

Where  c(P M ) is the crystallinity of the cured PDMS,  c(PCL), the crystallinity of PCL,    
     is the measured enthalpy of 

the PDMS melting peak in the sample,           
    is the measured enthalpy of the PCL melting peak in the sample.    

       
 is 

the theoretical melting enthalpy of an unfilled cured PDMS rubber taken equal to 28.35 J/g [53].     
      

 is the equilibrium 

melting enthalpy of 100% crystalline PCL taken equal to 139.3 J/g [24]. wP M  and wPCL represent the mass fractions of PDMS 

and PCL respectively in the sample for instance for PLGA-N88/12 sample, wP M       and wPCL      . 

 

As shown in Table 5, the PDMS reference exhibited a melting point suggesting that PDMS segments could crystallize within the 

network [53]. 

Fig. 7. Water advancing contact angles (θw,adv) of PDMS (a), PLGA-N88/12 (b), 
PCL-N83/17 (c) and TGO-N73/27 (d) at different deionized water immersion 
times. 

 

Fig. 8. Water receding contact angles (θw,rec) of PDMS (a), PLGA-N88/12 (b), 

TGO-N73/27 (c) and PCL-N83/17 (d) at different deionized water immersion 
times. 

 



  

 

 

  



 

  

The incorporation of polyester segments in the network has an influence on the crystallinity of crosslinked PDMS. The insertion of 

PLGA affected significantly the crystallinity of the PDMS segment in the PLGA-N88/12 coating. This result could be explained 

by the amorphous state of PLGA that could make impossible for PDMS chains to order themselves by promoting the flexibility of 

the network. PCL in the PCL-N83/17 crosslinked network did not disrupt the PDMS organization. Besides, the absence of PCL 

melting peak on DSC curve (Fig. 9) confirmed that PCL cannot crystallize within the PDMS/polyester network whereas the pure 

PCL has 50% of crystallinity.  

PCL segments within the PCL-b-PDMS-b-PCL crosslinker was shown to decrease the crystallinity of PDMS potentially due to the 

presence of small PCL crystalline phases as evidenced by the presence of a melting enthalpy at 35 °C shown in Fig. 9. Here the 

influence of PDMS block within the PCL-based copolymer can be highlighted. The PDMS block may help PCL segments to 

crystallize by bringing more chains mobility.  

 

Table 5 

Thermal properties of PDMS and polyester segments in PDMS/polyester networks. 

 

Coating ID           
    

(J/g) 

Tm (PDMS) (°C) Xc (PDMS) (%)           
   (J/g) Tm (polyester) (°C) Xc (polyester) 

(%) 

PDMS elastomer 20 -44 70.5 - - 0 

PLGA-N88/12 7 -41 21.7 - - 0 

PCL-N83/17 23 -40 67.3 - - 0 

TGO-N73/27 16 -40 41.2 10 35 2.0 

 

 

 

 

 

3.9. Viscoelastic properties of the elastomeric films 

 

The elastic modulus of elastomeric materials depends on multiple parameters such as the amount and functionality of the 

Fig. 9. DSC thermograms of PLGA-N88/12 (a), PCL-N83/17 (b), TGO-

N73/27/20 (c) and PDMS (d) obtained at a heating rate of 1°C/min. 

 



  

 

crosslinking agent which governs the crosslinking density, the inter-nodes distance which brings more or less flexibility to the 

network and thus chains mobility and the nature of crosslinked segments (semi-crystalline, amorphous). In our case, all the films 

were formulated with the same silanol/alkoxysilane reactive functions molar ratio. Fouling Release Coatings usually exhibit elastic 

modulus ranging between 0.2 and 9 MPa [3]. The formulated coatings also called “varnishes” do not contain any pigments or 

fillers contrary to commercially available FRCs. The addition of fillers in the formulations would cause a further increase of the 

elastic modulus. The four varnishes presented in Fig. 10 had storage modulus below 1 MPa except for TGO-N73/27 which showed 

a significant increase in rigidity. This significant increase may be attributed to both the higher PCL crystallinity of the network and 

the high content of PCL-b-PDMS-b-PCL (40 wt % in the dry coating). Indeed 40 wt.% of the high molar mass bis-silanol PDMS 

were substituted by PCL-b-PDMS-b-PCL (6,800 g/mol) which decreased the inter-nodes distance. PLGA-N88/12 and PCL-

N83/ 7, on the contrary, exhibited an even lower storage modulus than P M  with E’ lower than 0.8 MPa due to the higher 

flexibility of the network as previously mentioned. 

3.10. Hydrolytic degradation of the coatings 

 

The hydrolysis mechanism of polyesters usually takes place following 3 steps “diffusion-reaction-dissolution”[22,25,54,55]. The 

first step is the adsorption and water diffusion within the bulk polymer (preferably in the amorphous regions) following by the 

cleavage of the ester function generating degradation products such as small acidic oligomers (caproïc acid, monomeric lactate and 

glycolate). Finally, the last step is an increase of the hydrolysis kinetics thanks to the autocatalysis generated by the carboxylic 

acid end groups, and mass loss begins when chain fragments are small enough to dissolve in the degradation medium.  

 

All PDMS/polyester elastomers exhibited a linear mass loss which achieved more than 3 wt.% after 5 weeks of immersion 

compared to the PDMS reference which did not show significant mass loss (Fig. 11). This linear profile is in contradiction with the 

mechanisms mentioned above. A slow mass loss is expected during the first week of immersion followed by a mass loss increase 

with a higher slope. In our case, the mass loss was linear from the beginning indicating a change of behaviour of the polyester 

segments in a silicone environment.According to the literature, the polymer supposed to hydrolyze the fastest is PLGA, then 

comes PCL-b-PDMS-b-PCL and at last PCL which degrades very slowly [24]. In PDMS/polyester networks, this order is not 

respected. As shown in Fig. 11, PCL-N83/17 exhibited a very similar mass loss trend to PLGA-N88/12 whereas TGO-N73/27 

showed a lower hydrolytic degradation rate for each intervals time. These results showed that the polyester segments behave 

differently when inserted in a silicone matrix. PCL, which was supposed to crystallize in its pure form (Xc= 50%), is not able to 

crystallize once covalently incorporated in the PDMS network according to DSC analysis. On the contrary, polyester segments in 

TGO-N73/27 showed a crystallinity rate of 2.0 % (against 28 % for the pure triblock copolymer). This may explain why the 

coating degrades slightly less quickly than the two others which do not present any crystalline phase, since it is known that water 

diffusion can be delayed by the presence of crystalline phases in its path [22,35]. 

 

This observed degradation could be attributed to bulk or surface degradation. In the literature aliphatic polyesters are well known 

to undergo bulk degradation [56]. However, the coatings developed in this study are mainly composed of a PDMS network (at 

least 70 wt.% of PDMS in the dry coatings). If the water diffusion is faster than the polyester bond hydrolysis, the degradation 

mechanism will be bulk degradation, however, if the diffusion of water is slow, as expected within a hydrophobic PDMS matrix, 

the degradation mechanism will be a surface degradation [57].  

Thus all PDMS/polyester coatings of our study showed a mass loss of 3 to 4 wt.% after 5 weeks which can be due to the loss of 

PDMS or polyester oligomer segments. This mass loss is likely due to surface erosion of the coatings rather than bulk degradation 

due to the high amount of PDMS in the network. The diffusion of water in the coatings will be subject to another forthcoming 

study to confirm this assumption. 

Fig. 10. Elastic modulus (E’) at 25°C for the different free films.  

 

Fig. 11. Mass losses of the different coatings during hydrolytic degradation 

in deionized water for PCL-N83/17 (a), PLGA-N88/12 (b), TGO-N73/27 (c) 

and PDMS (d). 

 



 

  

4. Conclusions 

We have explored the design of a new surface-active coatings based on PDMS/polyester elastomers which could degrade in water. Three 

polyester macrocrosslinkers composed of degradable PLGA or PCL chains were covalently incorporated in a condensation-cured PDMS 

matrix with different polyester segment content (12, 17 and 20 wt % relative to the dried coating). PCL-b-PDMS-b-PCL triblock 

macrocrosslinker was shown to improve the chemical compatibility between the polyester and the PDMS elastomeric matrix leading to a 

higher crystallinity of the polyester segments and a higher elastic modulus of the final coating. Among the crosslinked PDMS/polyester 

networks, TGO-N73/27 is the one that maintains the less the specific properties of FRC such as Fouling Release Coatings as after immersion 

in water such as low roughness, low elastic modulus, low surface free energy despite its progressive erosion. All PDMS/polyester networks 

exhibited hydrolytic degradations during immersion in water with [3-4] wt.% of mass loss after 5 weeks. Moreover, these PDMS/polyester 

networks could be potentially categorized as ambiguous surfaces as they exhibited a significant chemistry renewal with contact angle 

hysteresis Δθ ≥ 40°.  

The PLGA-N88/12 coating maintained its hydrophobicity during immersion (θw,adv = 92 ± 4°) compared with the others containing PCL 

(θw,adv ≤ 80°) after 5 weeks of immersion in water. In addition, its surface free energy remained low whereas. PCL-based coatings tend to 

exhibit a more polar surface after immersion which an increased surface free energy up to 40 mJ/m². Thus, thanks to its slow degradation in 

water combined with its low roughness, low elastic modulus, low surface energy properties and its ambiguous surface structure, the PLGA-

N88/12 coating was shown to meet all requirements to be exploited as a new environmentally friendly Fouling Release Coating.  
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