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Abstract
Background
The incorporation of two different monomers, having different properties, in the same polymer molecule leads to the formation of new materials with great scientific and commercial importance. The basic requirements for polymeric materials in some areas of biomedical applications are that they are hydrophilic, having good mechanical and thermal properties, soft, and oxygen-permeable.

Results
A series of 3-(trimethoxysilyl) propyl methacrylate/N-vinyl pyrrolidone (TMSPM/NVP) xerogels containing different concentration of ethylene glycol dimethacrylate (EGDMA) as crosslinking agent were prepared by bulk polymerization to high conversion using BPO as initiator. The copolymers were characterized by FTIR. The corresponding hydrogels were obtained by swelling the xerogels in deionized water to equilibrium. Addition of EGDMA increases the transparency of xerogels and hydrogels. The minimum amount of EGDMA required to produce a transparent xerogel is 1%. All the Swelling parameters, including water content (EWC), volume fraction of polymer (ϕ2) and weight loss during swelling decrease with increasing EGDMA. Young’s and shear modulus (E and G) increase as EGDMA increases. The hydrogels were characterized in terms of modulus cross-linking density (v
                    e
                   and v
                    t
                  ) and polymer-solvent interaction parameters (χ). Thermal properties include TGA and glass transition temperature (Tg) enhance by adding EGDMA whereas the oxygen permeability (P) of hydrogels decreases as water content decrease.

Conclusions
This study prepared and studied the properties for new copolymer (TMSPM-co-NVP) contains different amounts of (EGDMA). These copolymers possess new properties with potential use in different biomedical applications. The properties of the prepared hydrogels are fit with the standard properties of materials which should be used for contact lenses.
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Abbreviations
TMSPM3-(trimethoxysilyl) propyl methacrylate


NVPN-vinyl pyrrolidone


EGDMAethylene glycol dimethacrylate


BPObenzoyl peroxide


FTIRFourier transform infrared spectroscopy


TGAthermogravimetric analysis


DSCdifferential scanning calometry


Tg
                           glass transition temperature


W0
                           weight of the disc before swelling


Wd
                           weight of the disc after drying


Ws
                           weight of the swollen disc after 30 days


Wt
                           weight of the swollen disc at time t


EWCequilibrium water content


EYoung’s modulus


GShear modulus


τthe force acting per unit cross-section area


λthe deformation ratio, deformed length (I)/initial length (I0) of hydrogel


ERextension ratio


dthe diameter of fully hydrated disc


d0
                           the diameter of dried disc


Ppermeability


ΔPpressure through the sample


Athe hydrogel effective area


Qgas flow


Vvolume of Xerogel


Cconcentration


ρthe density of xerogel


νe
                           effective cross-linking densities of hydrogel


νt
                           theoretical cross-linking densities of hydrogel


χthe polymer–solvent interaction parameter at swelling equilibrium


Mcaverage molecular weight between consecutive crosslinks


ϕ1
                           the volume fraction of water within the hydrogel at swelling equilibrium


ϕ2
                           the volume fraction of polymer within the hydrogel at swelling equilibrium




Introduction
Hydrogels are hydrophilic polymeric networks that absorb water from 10% to hundreds times their dry weight and are insoluble in water because of the presence of a three-dimensional network [1]. Existing hydrogel materials, which are claimed to be useful in some important biomedical applications, are derived almost exclusively from hydrophilic monomers such as 2-hydroxyethyl methacrylate, glycerol methacrylate or N-vinyl pyrrolidone. These hydrogels, in general, have water contents ranging from 38 to 75%. The water content and modulus of hydrogels depend on the nature of monomers and crosslinking density [2, 3].
Although polymeric hydrogels have good biocompatibility, their mechanical strength on swelling is very poor. For getting materials combining biocompatibility with a good mechanical strength, two methods are used: Copolymerization of hydrophobic monomers with hydrophilic monomers or using cross-linking agent [4].
Because of the high biocompatibility and low toxicity, the utilization of hydrogels as biomaterials has recently gained great importance. Today the major fields of hydrogels applications involve: injectable polymers, ophthalmic applications, topical applications as wound and burn dressings, dental applications, drug delivery systems [5], blood compatible materials [6], implants [7, 8], and stimuli responsive systems.
Accordingly, it would be highly useful in a number of medical applications to provide a polymeric material having increased hydrophilicity, softness after hydration, mechanical strength and oxygen permeability. Siloxane derivative compounds have been used in hydrogels for biomedical applications [9]. Copolymers of these compounds with different monomers present interesting permeation properties and have been proposed as potential polymers for biomedical applications. More specifically, it has been suggested that a higher permeability of oxygen can be achieved, due to the considerable contribution of the (–Si–O–) bonds and solubility of oxygen in the film [10].
Poly vinylpyrrolidone (PNVP) is of prime importance among other macromolecular compounds. A combination of practically valuable characteristics of PNVP: solubility in water and in most organic solvents, absence of toxicity and biological compatibility. Therefore, copolymers of N-vinylpyrrolidone (NVP) have a still wider set of valuable characteristics. The copolymerization reactions allow modification of PNVP characteristics and therefore, acquire growing practical importance [11, 12].
It is clear that the combination of a hydrophilic group with a siloxane group in the polymer may give a suitable biomedical material, and it may have the following properties: chemically stable compound, transparent, a moderate elastic modulus, soft when hydrated with a good degree of swelling and oxygen permeable. However a copolymer of these two compounds shows a range of incompatibility. This is interphase with a third component (ethylene glycol dimethacrylate EGDMA) in addition to its basic function as a cross-linking agent.
The aim of this work is the preparation of gels by copolymerization a hydrophilic monomer (NVP) with a hydrophobic monomer (TMSPM). This work also studies the influence of crosslinking content (EGDMA) on the properties of xerogels and hydrogels such as, optical homogeneity, swelling behavior, mechanical properties, thermal properties and oxygen permeability.

Experimental section
Materials
Commercial samples of monomers (NVP) and 3-(trimethoxysilyl) propyl methacrylate (TMSPM) from Aldrich chemical were purified by passing them through an aluminum oxide (Al2O3) column (2.5 × 15 cm) until colorless products were obtained. The initiator (BPO) was recrystallized from chloroform to dried in a vacuum. (EGDMA), dichlorodimethylsilane, methanol and deionized water were used as received.

Preparation of xerogels
Sample ampoules have enough surface area and 13 mm diameter, were used to be suitable for the isothermal condition during the polymerization. The ampoules were siliconized with a 2% solution of dichlorodimethylsilane in chloroform and kept in an air oven for 1 day at 75 °C to facilities the removing of polymer rods. Monomers mixture (3 g TMSPM/7 g NVP) containing 0.5% (BPO) as initiator and different amount of EGDMA as crosslinker (0, 0.5, 1, 1.5 and 2%) was made up in a small stopper flask. The mixture was stirred for 15 min, and then transferred to the glass ampoules which have been siliconized previously. The contents of tubes were purged with nitrogen for (15 min) prior to the reaction in order to remove all oxygen. The glass ampoules were placed in a water bath at 50 °C, and allowed to polymerization for a specified time (2 days). The temperature is then raised and the tubes are placed in an oven 70 °C for another 1 day. At the end of this time, polymerization is normally completed, after which the polymerized rods were removed from the tubes. The rods were then post cured for 1 day at 70 °C to complete the polymerization process and relieve any mechanical stresses present. The resulting xerogels were cut into a disk and put in methanol to remove the residual unreacted monomers. All discs were dried exhaustively in an oven at 35 °C to constant weight. Then the efficiency of synthesis was determined by using gel fraction equation:[image: $$G = \frac{{W_{p} }}{{W_{m} }} \times 100$$]

 (1)



where Wp is the weight of the dried disc and Wm is the weight of the two monomers mixture, for all the compositions the gel fractions were > 98%.
The reaction is shown in the following Scheme  1.[image: A13065_2018_379_Sch1_HTML.gif]
Scheme 1Schematic illustration of the process formation of crosslinked (NVP-co-TMSPM) from NVP to TMSPM as monomers and EGDMA as crosslinker






Swelling studies
The swelling of the discs was carried out at room temperature 25 °C. The known weight and diameters of dried discs were put in sample vials (50 ml). The swelling time was counted from when the deionized water was added into the vial. At regular time intervals, the swollen discs were taken out using tweezers, and the excess water on the surface of the discs was removed by wiping with the edge of Whitman No. 1 qualitative filter paper. They were weighted and returned to the vials immediately. The water content (EWC), reduction in the weight of the xerogels, extension ratio (ER) and volume fraction of polymer ([image: $$\phi_{2}$$]) were calculated as [13]:[image: $$EWC \% = \frac{{\left( {W_{s} - W_{d} } \right)}}{{W_{s} }} \times 100$$]

 (2)


[image: $$\text{Weight loss during swelling} = \frac{{\left( {W_{0} - W_{d} } \right)}}{{W_{0} }} \times 100$$]

 (3)

where W0, Ws and Wd are the weights of the xerogel, swollen sample after 30 days fully hydrated, and after drying in an oven at 40 °C for (48 h.), respectively.

[image: $$ER = \frac{d}{{d_{0} }}$$]

 (4)


[image: $$\phi_{2} = \left( {\frac{{d_{0} }}{d}} \right)^{3}$$]

 (5)

where, d0 and d are the diameters of dry and fully hydrated discs, respectively. Thus, the volume fraction of water ([image: $$\phi_{1}$$]) in the hydrogel at equilibrium is equal to ([image: $$1 - \phi_{2}$$]).

Compression measurements
An Instron 3366 machine analyzer was used for compression strain–stress testing. The crosshead speed was set at a fixed rate of 2 mm/min, and the load was run until the sample was broken. For testing, the hydrogels were cut into strips with dimensions of [image: $$\sim$$] (25 mm in length, 5 mm in width and 2 mm in thickness).
Young’s modulus E for the hydrogels was obtained as the slopes in plots of the stress (τ) versus strain (λ − 1), as follows:[image: $$\tau = E\left( {\lambda - 1} \right)$$]

 (6)

where τ is the applied force per unit area of hydrogel and λ is the ratio of deformed length (l) of hydrogel to its undeformed (l0). The effective crosslinking density (νe) of hydrogels can be obtained from the compression-strain measurements via the kinetic theory of rubbery elasticity [14].

[image: $$\tau = G \left( {\lambda - \lambda^{ - 2} } \right)$$]

 (7)


[image: $$G = RT\nu_{e} \phi_{2}^{1/3}$$]

 (8)

G can be obtained from the slope of the stress, τ, versus [image: $$\left( {\lambda - \lambda^{ - 2} } \right)$$]. In Eq. (7), ϕ2 is the volume polymer fraction, R is the gas constant (8.314 J/K/mol) and T is the absolute temperature. The polymer/solvent interaction parameter, χ, which represents the specific interaction between water and polymers, can be calculated from the Flory–Rehner equation [15].

[image: $$ln\left( {1 - \phi_{2} } \right) + \phi_{2} + \chi \phi_{2}^{2} + \nu_{e} V_{1} \left( {\phi_{2}^{1/3} - 2 \phi_{2} f^{ - 1} } \right) = 0$$]

 (9)

In which V1 is the molar volume of water (18.05 × 10−3 dm3/mol at 298 °K) [16] and f is the functionality of the cross-linker agent. The molecular mass between cross-links, Mc can be calculated via Eq. (10), in which ρ is the density of the xerogl.

[image: $$M_{c} = \rho /\nu_{e}$$]

 (10)

The theoretical cross-linking density [image: $$v_{t}$$] was calculated from the following relationship:[image: $$v_{t} = Cf/2$$]

 (11)

where, C is the concentration of cross-linking agent with functionality f. Because [image: $$f$$] = 4 for EGDMA [16], Eq. (11) is reduced to:[image: $$v_{t} = 2C$$]

 (12)

The values of C were calculated from the weight concentration of EGDMA by using (198.22 g/mol) as the molar mass of EGDMA and by taking the densities of the xerogels.

Oxygen permeation evaluation
Stainless steel filter holder (Merck, Frankfurter, Darmstadt, Germany) was used for oxygen permeation experiments. Glass soap bubble flow meter was employed for measuring rate of permeate stream. Glass soap bubble flow meter is useful for measuring any gas flow rate and it gives accurate measurement [17, 18]. The gases below the surface of a soap bubble solution and the bubble moves up the flow meter. We time the leading edge of the bubble from one line to another. To ensure accuracy in our experiments, the gas permeation test was repeated two times in the steady state. Permeability across polymer matrix can be described as follows [19]:[image: $$(P/L) = Q/\left( {A \times \Delta P} \right)$$]

 (13)



where P is permeability, L is hydrogel thickness, Q is gas flow (at standard pressure and temperature), A is the hydrogel effective area, and ΔP is the differential partial pressure through the sample. The common unit of permeance is GPU and 1 GPU is equal to [image: $$1 \times 10^{4}$$] barrier.

Thermal properties
Thermal degradability of the polymer was studied by TGA using Perkin Elmer in a nitrogen atmosphere at a heating rate of 10 °C/min from 0 to 800 °C and glass transition temperature (Tg) was determined using a DSC-Mettler calorimetric system.


Results and discussion
Characterization of copolymer
The structure of TMSPM/NVP copolymer is confirmed by FITR as shown in Fig. 1. The absorption bands which appear in the FTIR spectra of the copolymer (Fig. 1c) belong to the stretching vibration in different functional groups of corresponding homopolymers (Fig. 1a, b). The absorption bands of TMSPM/NVP copolymer as follows: 2925 (alkane C–H), the carbonyl absorption of TMSPM observed at 1710 (ester C=O), 1650 (tertiary amide C=O), 1270 (amide C–N), 1075 (Si–O), 850/cm (Si–C) and (alkane C–H bending vibration) at about 1400/cm.[image: A13065_2018_379_Fig1_HTML.gif]
Fig. 1FTIR of:  a PTMSPM,  b PNVP,  c TMSPM-co-NVP




The 1H-NMR of the copolymers was recorded with a JOEL JMTC-500/54/SS (500 MHz) spectrometer using dimethylsulfoxide (DMSO) as the solvent and tetramethylsilane (TMS) as the internal standard. Figure 2 shows 1H-NMR spectrum of the copolymer. Methylene protons in NVP ring resonate in 2.5, 3.2 and 4.4 ppm, while CH2 protons for main chain backbone of monomers resonate at 1.8–2.4 ppm. CH proton main chain backbone of NVP resonates at 4.6 ppm. The signal corresponding to the protons of the methoxy groups linked to the silicon atom in TMSPM at about 3.5 ppm can be clearly observed. The ester and methyl groups in TMSPM resonate at 3.8 and 1.2 ppm, respectively. The stronger peak appearing at about 6.9 ppm could be attributed to the proton of =C–H.[image: A13065_2018_379_Fig2_HTML.gif]
Fig. 21H-NMR of TMSPM/VP copolymer






Optical homogeneity
When the preparation process of xerogels and hydrogels was completed, a visual assessment of homogeneity and optical clarity was made. Figure 3 shows photograph of some prepared xerogels with different degree of optical clarity. The xerogel and hydrogel without EGDMA are translucent. The results clearly reveal that; the increased in compatibility with concentration of EGDMA enhanced transparency for xerogels and hydrogels; this may be explained by the fact that, EGDMA increases compatibility in addition to functioning as a crosslinking agent, yielding enhanced transparency for xerogels. In addition, the improvement of optical homogeneity may be expected from the fact the introduction of EGDMA as a crosslinking agent increases the cross-link density, and hence restricts the mobility of the polymer chain. Figure 4 indicates that translucent xerogel requires only 1% EGDMA for transparency, and the opaque hydrogel requires 1.5% of EGDMA. Light transmission of UV visible spectra confirms these results; an increase in the transmission is expected as the EGDMA increased. A maximum transmission of more than 87% has been achieved through xerogel disks (1 mm thickness).[image: A13065_2018_379_Fig3_HTML.jpg]
Fig. 3Photograph of some prepared xerogels with different optical clarity




[image: A13065_2018_379_Fig4_HTML.gif]
Fig. 4Optical homogeneity of TMSPM30/NVP70 xerogels and hydrogels with various amount of EGDMA






Swelling behavior
Table 1 summarizes the swelling properties of five TMSPM30/NVP70 copolymers with different amount of EGDMA within the range (0–2%) in water. All swelling parameters decrease with increasing amount of EGDMA present in the gel formation system. The EWC values are in the range (45.91–52.60). The results clearly reveal that with increasing crosslinker content in the hydrogel, the swelling capacity significantly decreases. The observed results are quite common and may be explained by the fact that the greater number of crosslinks in the hydrogel results in a restrained mobility of the macromolecular chains that does not permit water penetration and brings about a depression in the swelling ratio [20]. Another explanation for the observed finding may be that the increasing number of crosslinks in the hydrogel lowers the molecular weights between the crosslinks [21] and thereby reduces the free volumes between the macromolecular chains, which then become accessible to penetrant water molecules. It was found from Table 1 that the weight loss in the hydrogels (12.22) decreases to its half value (5.77) by the increasing of crosslinker to 2%. The decreasing in ER with increasing EGDMA amount is attributed to the increase of the crosslinking density.Table 1Swelling parameters of TMSPM30/NVP70 hydrogels with different amount of EGDMA


	EGDMA%
	EWC%
	ER
	
                              ϕ
                              2
                            
	
                              ϕ
                              1
                            
	Weight loss%

	0.0
	52.60
	1.22
	0.546
	0.454
	12.22

	0.5
	50.08
	1.19
	0.589
	0.411
	10.55

	1.0
	48.54
	1.17
	0.613
	0.387
	8.11

	1.5
	47.01
	1.15
	0.650
	0.350
	6.82

	2.0
	45.91
	1.13
	0.691
	0.309
	5.77






Tensile testing
The initial crosslinking concentration also plays an important role in determining mechanical properties of hydrogels. A higher EGDMA concentration generally leads to a stronger and harder gel with lower water content. Results derived from stress–strain measurements as depicted in Table 2 shows that an increase in the concentration of EGDMA results in a concentration increase Young’s and Shear modulus. Young’s moduli are significantly smaller for hydrogels, which exhibit more swelling. Thus, when EGDMA content decreases; the final material is very soft with poor mechanical properties (lower modulus). This indicates that the degree of crosslinking in the network played a major role in the mechanical properties of the hydrogel. As it is well known from Fig. 5, the extent of crosslinking in the network is inversely proportional to the amount of water found on swelling and directly proportional to the Young’s modulus. For an elastic hydrogel, the ratio of [image: $${\text{E}}$$] to [image: $${\text{G}}$$] should be equal to 3.0 for a small strain. From the set of data in Table 2, the values of [image: $${\text{E}}/{\text{G}}$$] do not deviate significantly from the average value of 2.819.Table 2Tensile properties of TMSPM30/NVP70 hydrogels system containing different concentration of EGDMA


	EGDMA%
	Young’s moduli (E) (MN/m2)
	Shear moduli (G) (MN/m2)
	E/G

	0.0
	0.669
	0.231
	2.851

	0.5
	0.955
	0.349
	2.736

	1.0
	1.315
	0.476
	2.752

	1.5
	1.751
	0.607
	2.883

	2.0
	1.981
	0.709
	2.828




[image: A13065_2018_379_Fig5_HTML.gif]
Fig. 5The dependence of EWC % and Young’s modulus for TMSPM30/NVP70 hydrogels system on the concentration of EGDMA






Network structures
Determination of share modules (G) allowed the effective crosslinking density ([image: $$v_{e}$$]) to be evaluated; thereby yielding the molar mass between crosslinks (Mc). Table 3 contains the effective crosslinking density in the swollen state. Increase crosslinking agent content enhanced hydrophobic bonding and, consequently, the effective crosslink density increased. Table 3 shows also the values of densities, concentration and theoretical crosslinking densities.Table 3Theoretical network parameters of xerogels containing different concentrations of EGDMA with effective network densities of the swollen gel


	EGDMA
	P (kg/dm3)
	Moles (g/mol)
	V (xerogel) (dm3)
	C × 10−2 (mol/dm3)
	v
                                t
                               (mol/dm3)
	v
                                e
                               (mol/dm3)

	0.0
	1.032
	–
	0.0962
	–
	–
	0.116

	0.5
	1.051
	0.0025
	0.0951
	2.647
	0.052
	0.167

	1.0
	1.048
	0.0050
	0.0954
	5.284
	0.105
	0.226

	1.5
	1.072
	0.0075
	0.0933
	8.124
	0.162
	0.282

	2.0
	1.066
	0.0118
	0.0938
	12.572
	0.251
	0.323





In general [image: $$v_{e}$$] varies with [image: $$v_{t}$$] according to the following equation [22]:[image: $$v_{e} = \alpha + \beta v_{t}$$]

 (14)



where [image: $$\alpha$$] is the value of effective cross-linking induced even in the absence of any included chemical crosslinker. It may arise from physical cross-linking, chain transfer, defects in the network and presence of dimethacrylates as an impurity in methacrylates [23].
The parameter [image: $$\beta$$] is a measure of cross-linking efficiency ([image: $$\beta = v_{e} /v_{t}$$] when [image: $$\alpha = 0$$]). The linear dependence of [image: $$v_{e}$$] on [image: $$v_{t}$$] according to Eq. (13) is indicated in Fig. 6, and by applying a linear least-square fit of the data, the following interrelationship was found:[image: A13065_2018_379_Fig6_HTML.gif]
Fig. 6Dependence of measured effective crosslink density ([image: $$v_{e}$$]) on theoretical crosslink density ([image: $$v_{t}$$]) for the gels at different amounts of EGDMA




[image: $$v_{e} = 0.133 + 0.621v_{t}$$]




For the present system obtained by thermal polymerization, the values [image: $$v_{t}$$] being smaller than [image: $$v_{e}$$]. The system BA/VP copolymer which has been prepared by irradiation has shown the same trend, but with a large discrepancy between [image: $$v_{e}$$] and [image: $$v_{t}$$] ([image: $$v_{e} > v_{t}$$]) where irradiation contributed to additional chemical crosslinks [24], because poly (acrylates) are known to have a high tendency to crosslink under-irradiation. The average molecular weight between consecutive crosslinks (Mc) is another structural parameter characterizing the three-dimensional network structure. It is directly related to the crosslink density. The Mc values determined for every gel system are given in Table 4. The results obtained show that the average molecular weight between the crosslinks is affected by the concentration of EGDMA and scientifically decreased with increasing the crosslinking concentration.Table 4Network parameters of TMSPM30/NVP70 hydrogels containing different concentrations of EGDMA


	EGDMA %
	
                              ϕ
                              2
                            
	Mc × 10−3 (g mol−1)
	χ

	0.0
	0.546
	8.896
	0.813

	0.5
	0.589
	6.293
	0.860

	1.0
	0.613
	4.637
	0.889

	1.5
	0.650
	3.801
	0.939

	2.0
	0.691
	3.300
	0.987





The polymer–solvent interaction parameter χ at swelling equilibrium represents the specific interaction between water and polymers. Values of χ > 0.50 suggest that the solvent employed is thermodynamically poor. Table 4 reports the values of the polymer–solvent interaction parameter; an increase in EGDMA content led to an increase in χ. This behavior can be explained by the relative hydrophobicity of the EGDMA. All calculated χ values exceeded 0.50, thus an increase in the EGDMA content leads to a reduction in the polymer/water interaction.

Thermal analysis
In addition to characterization the polymeric sample, the thermal analysis processes provide important information regarding the effect of temperature on sample’s physical properties. Thermal analysis can be used to characterize a polymer before, during, or after crosslinking. The glass transition temperatures (Tg) were measured for constant composition of TMSPM30/NVP70 xerogels with different concentration of EGDMA (0, 0.5, 1, 1.5 and 2%). The Tg’s of xerogels were (87.43, 104.48, 110.66, 128.05 and 135.88), respectively. These values are lower than Tg of PNVP (172 °C) and higher than Tg of PTMSPM (45 °C). As expected, the data revealed that with an increase in EGDMA content, the value of Tg increased. The thermal stabilities of the xerogels were determined by (TGA) and are presented in Fig. 7. It is observed that the % weight loss decreased against the temperature by increasing amount of EGDMA in xerogels. The larger amount of a crosslinking agent restricts the segmental mobility of the macromolecular chains, thereby the Tg increased and weight loss decreased, this is a common effect of crosslinker on thermal properties of a polymer [25].[image: A13065_2018_379_Fig7_HTML.gif]
Fig. 7TGA thermogram of xerogels with different amount of EGDMA






Oxygen permeability
The permeability of silicone compounds for such gases as oxygen, making them useful for medical applications in which increased aeration is desired. The enhancement of oxygen permeability in siloxane compounds is associated with high relative proportions of silicon–oxygen and silicon–carbon bonds. These long bonds lead to a free volume element which is greater than other organic compounds [10]. Figure 8 shows the values of oxygen permeability of the prepared hydrogels with different compositions (TMSPM10/NVP90, TMSPM30/NVP70, TMSPM50/NVP50, TMSPM70/NVP30, and TMSPM90/NVP10) without crosslinker, the values are 52.2, 53.9, 58.9, 60.1 and 60.8 barrier, respectively, which are more than oxygen permeability of other non-silicone hydrogels [26, 27] such as poly vinyl pyrrolidone (35.1 barrier), poly hydroxyethyl methacrylate (10.5 barrier) and their copolymer (28 barrier). In addition, the oxygen permeability enhanced as TMSPM composition increased in the feed mixture. For conventional hydrogels, oxygen transport is provided by water contained within the polymer network with an exponential relationship between permeability and EWC. Table 5 shows the relationship between water content and oxygen permeability. An increase of EGDMA decreases the water content of hydrogels and this leads to a reduction in the amount of oxygen permeable. This occurs since oxygen is able to pass through the water rather than through the material itself [28].[image: A13065_2018_379_Fig8_HTML.gif]
Fig. 8Effect of TMSPM composition on oxygen permeability of TMSPM/NVP hydrogels without EGDMA




Table 5Effect of water content on oxygen permeability of TMSPM30/NVP70 hydrogels containing different concentrations of EGDMA


	EGDMA content (%)
	Water content (%)
	Oxygen permeability (barrier)

	0.0
	51.2
	58.9

	0.5
	50.0
	58.5

	1.0
	48.6
	56.1

	1.5
	46.4
	55.6

	2.0
	45.7
	53.5







Conclusion
High conversion copolymers were successfully prepared by polymerization mixture of TMSPM–NVP and EGDMA via free radical polymerization using benzoyl peroxide as initiator. Optical clarity enhances with increasing EGDMA. Swelling properties have been determined in deionized water and found that they decrease with addition of EGDMA. Stress–strain measurements yielded the Young’s module, the effective crosslinking density and the copolymer-water interaction parameters. The restriction of chain mobility has been shown by the increase the Young’s modulus of hydrogels and glass transition temperature of xerogels. The oxygen permeability of hydrogels decreases as the water content decrease.

Authors’ contributions
AHM carried out the synthesis and characterization of xerogels and hydrogels. AHM also prepared the manuscript. NAI helped to conduct the oxygen permeability data. MBA, NAI and NHZ supervised the study and helped to review the manuscript. All authors read and approved the final manuscript.
Acknowledgements
The work was supported by the Ministry of Higher Education of Malaysia (MOHE) under Grant No. GP-IPB/2013/9425800. We thank our colleague and all the staff members of (Department of Chemistry, Faculty of Science, Universiti Putra Malaysia) for for their friendly support.

Consent to participate
Not applicable

Ethical approval and consent to participate
Not applicable

Competing interests
The authors declare that they have no competing interests.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in published maps and institutional affiliations.


[image: Creative Commons]Open AccessThis article is distributed under the terms of the Creative Commons Attribution 4.0 International License (http://​creativecommons.​org/​licenses/​by/​4.​0/​), which permits unrestricted use, distribution, and reproduction in any medium, provided you give appropriate credit to the original author(s) and the source, provide a link to the Creative Commons license, and indicate if changes were made. The Creative Commons Public Domain Dedication waiver (http://​creativecommons.​org/​publicdomain/​zero/​1.​0/​) applies to the data made available in this article, unless otherwise stated.

References
1.
Mark HF (2007) Encyclopedia of polymer science and technology. Wiley, Hoboken

2.
Hosseinzadeh H (2009) A new salt-resistant superabsorbent hydrogel based on kappa-carrageenan. e-Polymers 9:1526–1538Crossref

3.
Lee KY, Mooney DJ (2001) Hydrogels for tissue engineering. Chem Rev 101:1869–1880Crossref

4.
Aharoni SM (1992) Synthesis, characterization, and theory of polymeric networks and gels. Plenum Press, New YorkCrossref

5.
Fedel M, Endogan T, Hasirci N, Maniglio D, Morelli A, Chiellini F, Motta A (2012) Blood compatibility of polymers derived from natural materials. J Bioact Compat Polym 27(2):295–312Crossref

6.
Su F, Wang J, Zhu S, Liu S, Yu X, Li S (2015) Synthesis and characterization of novel carboxymethyl chitosan grafted polylactide hydrogels for controlled drug delivery. Poly Adv Technol 26:924–931Crossref

7.
Minrath I, Arbeiter D, Schmitz KP, Sternberg K, Petersen S (2014) In vitro characterization of polyacrylamide hydrogels for application as implant coating for stimulus-responsive local drug delivery. Polym Adv Technol 25:1234–1241Crossref

8.
Schmaljohann D (2005) Thermo-responsive polymers and hydrogels in tissue engineering. e-Polymers 5:221–237Crossref

9.
Xue Y, Wang L, Shao Y, Yan J, Chen X, Lei B (2014) Facile and green fabrication of biomimetic gelatin–siloxane hybrid hydrogel with highly elastic properties for biomedical applications. Chem Eng J 251:158–164Crossref

10.
Zhao Z, Xie H, An S, Jiang Y (2014) The relationship between oxygen permeability and phase separation morphology of the multicomponent silicone hydrogels. J Phys Chem B 118:14640–14647Crossref

11.
Jin S, Gu J, Shi Y, Shao K, Yu X, Yue G (2013) Preparation and electrical sensitive behavior of poly (N-vinylpyrrolidone-co-acrylic acid) hydrogel with flexible chain nature. Eur Polym J 49:1871–1880Crossref

12.
Santanakrishnan S, Stach M, Lacík I, Hutchinson RA (2012) Aqueous-phase copolymerization of N-vinylpyrrolidone and N-vinylformamide. Macromol Chem Phys 213:1330–1338Crossref

13.
Katime I, de Apodaca ED, Rodriguez E (2006) Effect of crosslinking concentration on mechanical and thermodynamic properties in acrylic acid–co–methyl methacrylate hydrogels. J Appl Polym Sci 102:4016–4022Crossref

14.
Tobolsky AV, Carlson DW, Indictor N (1961) Rubber elasticity and chain configuration. J Polym Sci 54:175–192Crossref

15.
Flory PJ (1953) Principles of polymer chemistry. Cornell University Press, Ithaca

16.
Clayton AB, Chirila TV, Lou X (1997) Hydrophilic sponges based on 2-hydroxyethyl methacrylate. V. effect of crosslinking agent reactivity on mechanical properties. Polym Int 44:201–207Crossref

17.
Lou X, van Coppenhagen C (2001) Mechanical characteristics of poly (2-hydroxyethyl methacrylate) hydrogels crosslinked with various difunctional compounds. Polym Int 50:319–325Crossref

18.
Aroon MA, Ismail AF, Montazer-Rahmati MM, Matsuura T (2010) Effect of chitosan as a functionalization agent on the performance and separation properties of polyimide/multi-walled carbon nanotubes mixed matrix flat sheet membranes. J Membr Sci 364:309–317Crossref

19.
Kentish SE, Scholes CA, Stevens GW (2008) Carbon dioxide separation through polymeric membrane systems for flue gas applications. Recent Pat Chem Eng 1:52–66Crossref

20.
Ismail AF, Lai PY (2004) Development of defect-free asymmetric polysulfone membranes for gas separation using response surface methodology. Sep Purif Technol 40:191–207Crossref

21.
Dogu Y, Okay O (2006) Swelling–deswelling kinetics of poly (N-isopropylacrylamide) hydrogels formed in PEG solutions. J Appl Polym Sci 99:37–44Crossref

22.
Katime I, Rodriguez E (2001) Synthesis and swelling kinetics of poly [acrylic acid-co-itaconic acid] hydrogels. Recent Res Dev Polym Sci 288:139–152

23.
Yokota K, Abe A, Hosaka S, Sakai I, Saitô H (1978) A 13C nuclear magnetic resonance study of covalently cross-linked gels. Effect of chemical composition, degree of cross-linking, and temperature to chain mobility. Macromolecules 11:95–100Crossref

24.
Huglin MB, Rehab MMM (1987) Mechanical and thermodynamic properties of butyl acrylate-N-vinylpyrrolidone hydrogels. Polymer 28:2200–2206Crossref

25.
Bennour S, Louzri F (2014) Study of swelling properties and thermal behavior of poly (N, N-dimethylacrylamide-co-maleic acid) based hydrogels. Adv Chem 2014:1–10

26.
Wichterlová J, Wichterle K, Michálek J (2005) Determination of permeability and diffusivity of oxygen in polymers by polarographic method with inert gas. Polymer 46:9974–9986Crossref

27.
Wang JJ (2010) Improved oxygen permeability and mechanical strength of silicone hydrogels with interpenetrating network structure. Chin J Polym Sci 28:849–857Crossref

28.
Maldonado-Codina C, Efron N (2003) Hydrogel lenses-material and manufacture: a review. Optom Pract 4:101–115




OEBPS/A13065_2018_379_Article_IEq19.gif
Ve





OEBPS/A13065_2018_379_Article_IEq2.gif





OEBPS/A13065_2018_379_Sch1_HTML.gif
CHy
1 i
N;c—é | H,C: CHz
" =0 + m o +5 omenreo
J CHy.
|
(?‘:h (va) eeoma
SHOCHy)y BPO
(Bulk Polym.)
(TMSPM)
G-h
—)—(—'c"—c—r—(-c"z
I ;T
T o
dn g
SHOCHY, ‘}!
e
Q
oy 0
A ) (& Py ‘-C"z—|>:)
Sl
)y
(OCHY;

crosslinked (TMSPM-co-NVP)





OEBPS/A13065_2018_379_Article_Equ12.gif
v =2C





OEBPS/A13065_2018_379_Article_Equ7.gif





OEBPS/A13065_2018_379_Article_Equ9.gif
3+ vV (0} 2f )=
1= 60) + s+ X3+ vV 9:
In( 26 f





OEBPS/A13065_2018_379_Fig6_HTML.gif
035

015

01

005

Ve = 0133 +0621v,

005 01

02

025





OEBPS/A13065_2018_379_Fig3_HTML.jpg
0S%EGDMA





OEBPS/A13065_2018_379_Article_Equ10.gif





OEBPS/A13065_2018_379_Article_IEq1.gif





OEBPS/A13065_2018_379_Article_Equ8.gif





OEBPS/A13065_2018_379_Article_Equ11.gif
w=Cf/[2





OEBPS/A13065_2018_379_Fig5_HTML.gif
el

s PR

(@) mmpow Sunox

15

1

05

EGDMA content %





OEBPS/A13065_2018_379_Article_IEq4.gif





OEBPS/contact.gif





OEBPS/A13065_2018_379_Article_Equ1.gif
G=—Lx100





OEBPS/A13065_2018_379_Article_IEq11.gif
E/G





OEBPS/A13065_2018_379_Article_IEq17.gif
B = velvi





OEBPS/A13065_2018_379_Article_IEq18.gif





OEBPS/A13065_2018_379_Article_IEq3.gif





OEBPS/A13065_2018_379_Article_IEq10.gif





OEBPS/A13065_2018_379_Article_Equ2.gif
EWC% =

(W=

Wa)

x 100





OEBPS/sidebar.gif





OEBPS/A13065_2018_379_Article_IEq7.gif





OEBPS/A13065_2018_379_Article_Equ3.gif
Weight loss during swelling = W X100
o





OEBPS/cc-by.png
() _®





OEBPS/A13065_2018_379_Article_IEq23.gif
Ve





OEBPS/A13065_2018_379_Article_IEq22.gif
Ve





OEBPS/A13065_2018_379_Fig7_HTML.gif
Weight loss%

=S

100
80
60
20
15
a0 10
05
0o
20
0
so 200 350 500 650 800

Temperature®C






OEBPS/A13065_2018_379_Fig4_HTML.gif
Translucent Transparent

Opaque

O: hydrogel

o0s 1 15
'EGDMA content % in xerogel

2





OEBPS/A13065_2018_379_Article_IEq6.gif
Vi





OEBPS/A13065_2018_379_Article_IEq15.gif





OEBPS/A13065_2018_379_Article_Equ4.gif
ER =5





OEBPS/A13065_2018_379_Article_IEq8.gif
1x 10





OEBPS/A13065_2018_379_Article_IEq24.gif
Vi





OEBPS/A13065_2018_379_Article_IEq21.gif
Vi





OEBPS/A13065_2018_379_Article_IEq5.gif
(1-27)





OEBPS/A13065_2018_379_Fig1_HTML.gif
;;;;;;;;;





OEBPS/A13065_2018_379_Article_IEq9.gif





OEBPS/A13065_2018_379_Article_IEq16.gif





OEBPS/A13065_2018_379_Article_IEq12.gif
Ve





OEBPS/A13065_2018_379_Article_IEq25.gif
Ve > W





OEBPS/A13065_2018_379_Fig8_HTML.gif
(124109) Appiqeawsad uagAxo

a0

6 70 0 s0 100

50 40 s0

20

10

TMSPM content %





OEBPS/A13065_2018_379_Article_Equa.gif
133+ 0.621v,





OEBPS/A13065_2018_379_Article_IEq20.gif
Vi





OEBPS/A13065_2018_379_Article_IEq26.gif
Ve





OEBPS/A13065_2018_379_Article_Equ5.gif





OEBPS/A13065_2018_379_Article_Equ14.gif
Ve = @ +pv





OEBPS/A13065_2018_379_Article_IEq13.gif
Ve





OEBPS/A13065_2018_379_Article_IEq27.gif
Vi





OEBPS/A13065_2018_379_Fig2_HTML.gif





OEBPS/A13065_2018_379_Article_IEq14.gif
Vi





OEBPS/A13065_2018_379_Article_Equ6.gif





OEBPS/A13065_2018_379_Article_Equ13.gif
(P/L) = Q/ (AX AP)





