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Summary

Hydrogels whose elastic chains are constituteaydfophlic Poly(ethylene oxide) (PEO)
segments were obtained through free radical homopolymerization or copolymerization
with methylmethacrylate (MMA) ofa,w-methacryloyloxy PEO macromonomers. This
reaction can be conducted in water solution or in organic solvent. These networks were
investigated as gels swollen to equilibrium in THF or in water. The influence of the
preparation solvent on the properties of these networks was studied. The mechanica
properties of the networks obtained in water are better than those of networks obtainec
under exactly the same catidns in organic solvents. This result can be explained by the
preferential formation in water of micellar structures containing a higher concentration of
polymerizable units. The influence of the concentration of the hydrophobic comonomer
on the properties of these PEO networks was also examined.

Introduction

Poly(ethylene oxide), (PEO) is a hydriish polymer which exhibits specific solution and
solid state properties (1). Furthermore, the remarkable biocompatible properties of PEO
have already led to a wide number of biomedical applications (2,3). Much interest has
been devoted to the preparation and the study of hydrogels based on PEO. Thes
networks are usually prepared by end-linking PEO chains fitted at both chain ends with
hydroxyl functions with a plurifunctional isocyanate (4). The presence of these
pluriisocyanate derivates in the gel may not be the best solution for hydrogels designed
for biomedical applications. In addition, that reaction has to be conducted in organic
solvents. The purpose of the present work is to present and discuss the extension of a ne
preparation method of hydrogels, by homopolymerization of bifunctional PEO
macromonomers (5), to the synthesis of ampglipphetworks. The first part of this work
deals with a discussion on the influence of increasing concentrations of hydrophobic
comonomer on the properties of the networks. The influence of the polymerization
solvent on these properties (amount of extractable materialibeigum swelling degree,
uniaxial compression modulusjliralso be examined. The smtd part concerns a kinetic
study of the network formation process.
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Experimental

Macromonomer synthesis

A commercially availablex-hydrow-hydroxy PEO of molar mass 2940 g/mol was first
treated, according to well established procedures, to remove remaining protonic
impurities (6). In a semd step, that PEO is reacted, under inert atmosphere, with a
stoechiometric amount of diphenylmethyl potassium to transformtit@atvely the end
groups of the PEO into alcoholates. These living ends were then deactivated with
methacryloyl chloride according to a method described previously (6). Thhingsu
macromonomer is recovered by precipitation and characterized.

Network formation procedure.

The free radical polymerization or copolymerization of these macromonomers was carried
out in water (potassium persulfate being the initiator) or in benzene §withi azo-
isobutyronitrile) at a temperature of €5 The initiator concentration was kept by one
molar percent per methacrylate unit. Different reaction times have been selected. After
formation, the networks are placed in a great excess of the selectédgs@vent (THF

or water). These solvents are exchanged until no polymer is present. Douataofh
extractable materials is given directly by the weight of polymer in the solvent.

Network characterization methods

Equilibrium degree of swelling:

The method of determination of the volume degree oflgwgeof networks (Qv) has been
discussed in detail elsewhere (7). The relationship between the weight equilibrium
swelling degree of swelling Qw and Qv is:

Qv =1+(Qw - 1).6s /pg)
whereps andpg are the specific volumes of the solvent and the dry gel respectively.

Uniaxial compression modulus in a solvent medium:

A cylindrical sample was placed between two disks in a solvent bath at a constant
temperature of Z%. The upper disk was attached to a pressure transducer which can be
moved by means of a micrometric screw. The lower disk was in a fixed position, below
the cell containing the solvent. The corresponding force exerted on the sample by turning
the micrometric screw is measured by the transducer (7).

Gels synthesized in water were studied by transmission electron microscdpps(Ekl

300, 100kV or EM 430ST, 300kV). We used microtomed slices cut with diamond knife at

room temperature (Reichert-Jung Ultracut E).
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Results and discussion

lto (8) showed that for the homopolymerization of monofunctional PEO macromonomers,
the nature of the solvent directly influences the polymerization: the reaction is much more
rapid in water than in organic solvents. According to him, that effect is due to the

presence at the chain end of the macromonomer of a hydrophobic end group leading to
self-organization of the PEO macromonomer in aqueous media. That strategy has beel
extended to the case of bifunctional PEO macromonomers (5) whereby hydrogels could
be obtained.

In the present work a hydrophobic comonomer is copolymerized with a PEO
macromonomer. As in the case of homopolymerization gel formation occurs. To
determine the influence of various experimental parameters, these gels were studiec
extensively. The first indication to determine the quality of a network is given by the
amount of extractable polymer. The lower that content the better the properties of the
network. The amount of extractable polymer was also determined for all PEO hydrogels
obtained by homopolymerization or by copolymerization in water or in benzene. The
results presented on table 1 call for a few comments:

- In homopolymerization as in copolymerization reactions, the amount of extractable
material is higher when the reaction is carried out in benzene than in water. This result is
coherent with earlier data concerning the homopolymerization of PEO macromonomers
(5). As stated in these homopolymerization reactions, a possible explanation may be the
formation of micellar structures with domains containing high concentration of
polymerizable units. This is in favor of high polymerizable yields. The probability of
reaction between polymerizable groups is enhanced, corresponding to an increase of th
number of elastic chains. A good argument is also the appearance of the PEO
macromonomer solutions: benzene solutions are clear whereas aqueous solutions ar
opaque. The gels formed subsequently exhibit a quite similar behavior even in the
presence of the hydrophobic comonomer and they are characterized by a lower content ©
extractable polymer.

- In benzene, i.e. in homogenous medium it is well established (9,10) that the radical
polymerization of macromonomers is affected by the macromolecular nature of the
polymerizable unit leading to slow polymerization. This is directly reflected by the higher
amount of extractable materials. In &dh, it is observed that these amounts increased
also with increasing initial MMA content.
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Table 1 Physico-chemical characteristics of PEO gels obtained by
homopolymerization or copolymerization with MMA in water (W) or benzene (B)

r Ceff € € Qvwater Qv THF ) o
W) ®) W) (B) (Pa), W (Pa), (B)
homo 0.13 6.8 13.0 8.3 9.2 111000 61000
1.11 0.14 6.0 13.6 7.7 6.9 122000 65000
2.00 0.16 5.5 14.0 7.1 6.5 132000 76 500
333 017 3.8 14.5 6.8 6.2 107000 85000
10.0 020 29 15.3 5.8 6.1 98000 98 500

The initial concentration (total weight concentration of polymerizable species per unit
volume of solvent) is 30 weight %, r is the ratig,n/ n_. C, represents the

polymer concentration in the gel at swelling equilibrium (expressed in g/ml).

Equilibrium degree of swelling

Once the extractable materials have been removed from the networks, the gels wert
swollen to equilibrium either in THF or in water dependinpn the preparation solvent.

The different values of the equilibrium swelling degrees are given in table 1 and the
following comments can be made. For networks obtained unichélas conditions, the
differences in swelling degrees between water and THF are not very important whatever
the preparation solvent. This is attributed to the fact that both solvents can be considere
as good solvents for PEO. In atioh, swdling degrees are less affected by a
modification of structural parameters than the mechanical properties. The values observet
for the homopolymeric networks are yet always higher. When increasing concentrations
of MMA are incorporated, a systematic decrease of the values is observed. This is
especially the case for networks prepared in water. This can be explained by the increase
concentration of hydrophobic species. For organic solvents, that decrease may be
explained by an increasing number of elastic chains with the increasing MMA content.

Uniaxial compression modulus:

As just discussed, the study of the evolution of thelibgum swelling degrees is not a

very efficient method to determine the influence of various experimental parameters on
the properties of these networks. Far better conclusions may be drawn from the uniaxial
compression modulus. Two cases have been examined iifl: db& influence of
increasing concentrations of polymerizable units on the modulus and for a given
concentration of polymerizable units the kinetics of the reaction of homo or
copolymerization.
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The uniaxial compression modulus is given by the following stress/strain relationship:

fue! S9 =0 RT . Q4°.(A — (Q/QQ)A\")
Where {_,is the force applied to the network=l/IA, the compression ratio, 1 angdre
the instantaneous and initial length of the gel. Sg is the cross-section of the dry gel and
is the density of elastic chains in the network. Q apar® the swelling degrees of the
gel under stress and the swollen gel before the stress, respectively. Since the
measurements were made instantaneously, we did not take into account a possibl
deswelling of the gel during compression. Hence Q=Qg and the gel modulus can be
calculated from the slope of the cur¥e; / Sg = f \-A?).

Network formation in water

Evolution of the uniaxial compression modulus versus comonomer concentration

As indicated in table 1, for low concentration of (MMA), the values of the uniaxial
modulus are slightly higher than in the case of homopolymerization. This can be
explained by the incorporation of the hydrophobic comonomer into the hydrophobic
domains constituted by the polymerizable chains ends of the PEO nuexmo@rs
dissolved in water. Thus the number of junction points are higher and the number of
effective elastic chains is increased. When the MMA concentration is still increased, the
uniaxial modulus decreases again. This may be due to a modification of the structure of
the gel, the comonomer no longer being incorporated into the micelles formed by the
macromonomers because of the stronger hydliophydrophobic forces. This leads to a
dispersion of droplets of the hydrophobic MMA in water followed by polymerization.
The color changed from a cloudy white to a transparent blue color confirming the
presence of microphases. The PMMA chains are trapped in the gel (the fraction of
extractable material is still low), they are nohoected to the network structure.

Transmission Electron Microscopy (TEM)

This evolution of the structure with increasing content of MMA is confirmed by
Transmission Electron Microscope experiments (Figure 1): for low amounts of MMA it is
still possible to see the PEO lamellae, the matrix (the PMMA domains are not visible
because of the high intensity of the electron beam). When the MMA content is increased
to a ratio of 10, the matrix is mainly caitated of PMMA (using a higher contrast and a
lower intensity), the smaller domains corresponding to the PEO.

Differential s@anning calorimetry (DSC)
When the MMA content is high, a decrease in the “sizes” of the fusion peak and the
crystallization peak is observed. This suggests a disruption of the PEO chains. The los:



186

of regularity in the system is caused by the formation of PMMA. This effect was small
compared with that observed in organic media. There was only a slight increase in the
glass transition temperature compared to that obtained for gels with PEO only, when the
MMA content was high. This suggests the formation of short PMMA chains. Further
work has to be done in that domain.

Figure 1. TEM images showing the structural change for the gels synthesized in
water, (left) the ratio (n,,./n..) iS 1.11. The PEO lamellae size is about 10
nm and the beam intensity is 300 kV/(Right) the ratio is 10 and the beam intensity is
100 kV.

Network formation in benzene

Evolution of the uniaxial compression modulus versus comonomer concentration

The copolymerization was also studied in benzene. Contrary to water, benzene is a goo
solvent for the macromonomer and miscible with MMA. Thus the reaction can be
assimilated to the classical network formation process by free radialymerization of

a monofunctional monomer with a bifunctional polymerizable compound. During
polymerization, the viscosity is high due to the presence of the macromonomers the chair
diffusion is slow. MMA, a micromolecular monomer, can diffuse rapidly in that viscous
medium.

Therefore, sequences of PMMA could serve as links between the pendant chains
increasing the number of elastic chains and improving the mechanical properties of the
network. This was reflected by the monotonic increase in modulus with MMA content.

Differential s@anning calorimetry (DSC)

DSC measurements (heating rate°’@0Omn) also showed the copolymerization process to
differ from that in water. The DSC traces evidenced the presence of two glas$otrans
temperatures (& -43C and T= -20°C) indicating the presence of long sequences of
PMMA. There were therefore two distinct phases, one containing mainly PEO, the other
principally made up of PMMA. The crystallinity was completely disrupted owing to the
formation of long sequences of amorphous PMMA. When the amount of MMA is high,
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these long chaindifi participate to the network formatn, the PEO macromonomers are
now used as a cross-linking agent between PMMA chains. This lead to an improvement
of the mechanical properties.

Kinetic study of the gel formation process

K. Ito showed that the propagation rate of amphiphilic maormers is higher in
aqueous medium than in benzene (9). In water, macromonomers form a viscous mediun
in which their diffusion process is reduced. The local concentration of polymerizable
units is very high. This effect must be stronger in the presence of hydrophobic
comonomers. This is confirmed by the evolution of the uniaxial compression modulus
(table 2 and figure 2).
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Figure 2. Compression modulus versus polymerization time. Homopolymerization
and copolymerization carried out in water.

The presence of MMA tended effectively to accelerate the reticulation process. As
indicated in table 1, when higher concentrations of MMA are introduced, the uniaxial

compression modulus decreases again. These results must be confirmed by furthe
studies.

Table 2. Physico-chemical characteristics of PEO gels obtained by
homopolymerization or copolymerization with MMA in water

r reaction time Ceff £ Qv water c
(h) w. % (W) (W) (Pa), W
homo 2 0.11 10 9.1 65 000
homo 16 0.14 7.0 79 99 000
homo 88 0.14 6.0 7.6 101 000
1.11 2 0.13 8 8.1 76 000
1.11 16 0.15 6.0 6.6 116 000

1.11 88 0.16 5 6.4 119 000
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Conclusion

The present work has described the synthesis and the properties of hydrogels obtained &
homopolymerization and copolymerization @fw-dimethacrylic PEO macromonomers
with MMA. That reaction was conducted in organic solvent or in water solution.
Preliminary results concerning the influence of the preparation solvent on the properties
of such networks could be confirmed unambiguously. The pbbsilio prepare
hydrogels or amphiphc networks by free radical polymerization directly in water
solution opens new perspectives in the domain of macromolecular engineering and in the
development of materials based on PEO and specially designed for biomedical
applications. The formation in water of hydrophobic domains containing high
concentration of polymerizable units is the major explanation for the better mechanical
properties of networks obtained in water. These observations should now be supported b
light scattering methods in order to determine the size of the domains. The existence of ¢
critical micellar concentration has just been demonstrated for these systems.

Further work is now under progress to extend that polymerization process to bifunctional
macromonomers exhiing different chemical natures: 1;3-Polydioxolane (PDXL)
networks (11) and PEO hydrogels containing cleavable PDXL chains (12) have been
obtained using similar strategies.
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