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’ INTRODUCTION

29 Over the last three decades, hybrid inorganic�organic
30 materials have attracted increasing attention in the field of
31 material science due to their extraordinary properties, which
32 arise from the synergism between the properties of the compo-
33 nents. Hybrid materials are classified as type-I and type-II
34 hybrids according to the interaction between inorganic and
35 organic moieties.1 Type-I hybrids contain weak bonds such as
36 van der Waals, ionic, or hydrogen bonds, whereas type-II
37 hybrids contain strong covalent bonds. Hybrid materials have
38 generally been produced by sol�gel processing through homo-
39 geneous hydrolysis and condensation reactions of metal
40 alkoxides.
41 Silane based UV-curable monomers are widely used as pres-
42 sure sensitive adhesives and weather resistant coatings due to
43 their low surface energy, low polarity, chemical inertness, and
44 long-term weather resistance.2�4 However, the photopolymeri-
45 zation kinetics of their formulations and the properties of the
46 cured products have scarcely been investigated.
47 In the sol�gel process, the gelation of metal-alkoxides, includ-
48 ing silanes, involves two steps: hydrolysis of the metal�alkoxide

49and condensation of the silanol groups5�8 by either acid
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12 ABSTRACT: The temperature dependence of photopolymer-
13 ization kinetics of tetrakis[(methacryloyloxy)ethoxy]silane
14 (TetMESi) was compared with an analogue, diethylene glycol
15 dimethacrylate and their copolymers. In all cases, the kinetics
16 are controlled by the temperature dependence of the propaga-
17 tion step, the effect of diffusion on radical termination, the effect
18 of rising glass transition during cure, and topological restraint
19 on complete conversion. The glass transition regions of these
20 polymers were very broad, suggesting their use in high tem-
21 perature applications. NMR of the TetMESi monomer, and
22 FTIR and water sorption measurements during exposure to
23 water of the TetMESi-based polymers showed that the
24 Si�O�C bond was slowly hydrolyzed, resulting in water-swollen polymers containing poly(hydroxyethyl methacrylate) which
25 reduced the glass transition temperature and narrowed the glass transition region. UV�vis spectroscopic studies showed that during
26 exposure to water, SiO2 nanoparticles or nanostructures were formed from the condensation of the silanol groups formed during the
27 hydrolysis of TetMESi.
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51 In fairly strong acid catalyzed conditions, the condensation
52 (polymerization) process is faster than the hydrolysis reaction
53 and so linear chains are initially formed, which then form an open
54 gel structure, whereas when fairly strong basic conditions are used,
55 the hydrolysis is faster than the condensation reaction and so
56 particles are formed.6 At low levels or in the absence of a catalyst,
57 this situation is less clear,9 but Brinker and Scherer7 conclude that
58 these conditions produce intermediate structures as originally
59 suggested by Schaefer and Keefer.10

60 The conventional sol�gel process has several disadvantages
61 including a large volume shrinkage resulting from the removal of
62 solvents and small molecular byproducts of the hydrolysis and
63 polycondensation reactions such as water and alcohol. Recently a
64 number of researchers have addressed this problem11�23 by
65 replacing the solvent-based alkoxides, such as methoxy and
66 ethoxy, with polymerizable alkoxide groups. Because this process
67 involves the polymerization of the hydroxyl monomer, the
68 volume shrinkage can be considerably reduced or eliminated.
69 There have been numerous studies of silanes containing a single
70 reactive functional group^ such as 3-(trimethoxysilyl)propyl
71 methacrylate21 or (3-glycidoxypropyl)trimethoxysilane24,25 but far
72 fewer investigationswith silanes having three of four reactive groups.
73 Davidson et al.15 synthesized di- and tri(meth)acrylate silanes and
74 showed that they had high photopolymerization rates and suggested
75 their use as surface coatings. Novak and Davies11 studied a tetra-
76 acrylate silane suitable for the formation of highly uniform mono-
77 lithic glasses and inorganic ceramic composite and monitored the
78 development of mechanical properties during their simultaneous
79 photopolymerization and hydrolysis bywater (20�40% in stoichio-
80 metric excess) in the presence of NaF catalyst. According to these
81 workers11 it was considered important that the photopolymeriza-
82 tion and hydrolysis/condensation rates were comparable because
83 systems with faster hydrolysis/condensation rates were claimed to
84 produce opaque, brittle glasses that shrink due to the evaporation of
85 unreacted monomer, whereas it was claimed that phase separation
86 of the monomer and water occurred with fast photopolymerization
87 rates causing loss of clarity. Kloosterboer and Touwslager20

88 patented the use of a tetra-acrylate silane for use in a liquid display
89 device and observed that the dynamic mechanical properties of the
90 polymerized material exhibited a broad glass transition region and
91 that after hydrolysis and drying the material was transparent. Some
92 other interesting multifunctional silane systems are those of Spange
93 and Grund23 involving the cationic polymerization and cationic
94 hydrolysis/condensation of tetrafurfuryloxysilane and of spirobis-
95 benzodioxasilane and byNovak12,13 on the ring-openingmetathesis
96 polymerization of cyclic alkenylsilane monomers.
97 In this study, we report the polymerization kinetics and
98 dynamic mechanical properties of a silane based hybrid material,
99 namely tetrakis[(methacryloyloxy)ethoxy]silane, by itself and in
100 copolymerization with diethylene glycol dimethacrylate, and we
101 investigate their spectroscopy, water uptake, and viscoelastic
102 behavior in an aqueous environment.

103 ’EXPERIMENTAL SECTION

104 The tetrafunctional silane monomer studied was tetrakis[(methacry
105 loyloxy)ethoxy]silane (TetMESi or 2-propenoic acid, 2-methyl-,
106 silanetetrayltetrakis(oxy-2,1-ethanediyl) ester) and was prepared by
107 our group in a manner similar to that described in the literature.15

108 Silicon tetrachloride was reacted with hydroxyethyl methacrylate
109 (HEMA) at room temperature in anhydrous dichloromethane using a
110 slight stoichiometric excess of pyridine to absorb the HCl generated.

111After 16 h, the dichloromethane was removed by rotary evaporation, and
112the pyridinium hydrochloride salt was filtered off. 1HNMR analysis with
113a 300 MHz Bruker instrument in CDCl3 gave the following peaks: δ =
1141.895 (dd, J = 1.2, 1.5 Hz, 4� 3H), 3.966 (m, 4� 2H), 4.199 (m, 4�
1152H), 5.523 (sm, 4� 1H), 6.085 (sm, 4� 1H) ppm. 13C NMR (75MHz,
116CDCl3): δ = 18.26 (Me), 61.92 (O—CH2), 65.18 (O�CH2), 125.72
117(H2Cd), 136.22 (Cd), 167.23 (CdO) ppm. The NMR analysis also
118revealed that the TetMESi contained 0.07 wt% residual pyridine and this
119has relevance to the catalysis of the hydrolysis of TetMESi by water.
120The structure of the tetramethacrylate, TetMESi, is analogous to the
121dimethacrylate, diethylene glycol dimethacrylate (DEGDMA, supplied
122by Sartomer USA), in that the mass per methacrylate unit is similar (121
123g/mol of methacrylate units in DEGDMA versus 136 g/mol for
124TetMESi), and so DEGDMA was chosen for comparison with the
125silane monomer. TetMESi and DEGDMA were homo- and copolymer-
126ized using 0.5 wt % (()-camphorquinone (CQ, supplied by Sigma
127Aldrich Pty Ltd.) as a visible light photoinitiator and 0.30 wt % N,N,3,5-
128tetramethylaniline (TMA, supplied by Sigma Aldrich Pty Ltd.) as
129photoreducer. The TMA photoreducer and the residual pyridine in
130the TetMESi synthesis are basic with pKb (aqueous, 20�25 �C) values
131of 8.9 forN,N-dimethylaniline (which is analogous to TMA) and 8.8 for
132pyridine,26 so that the pH of an aqueous solution of these species should
133be approximately 9 and so only slightly basic. All chemical structures of
134the materials used are presented in S1Scheme 1.
135Since NMR studies of the hydrolysis of polymerized TetMESi by water
136are difficult, we studied the hydrolysis of the monomer in a 70/30 w/w
137blend of TetMESi and acetone-d6 (supplied by Cambridge Isotope
138Laboratories Inc.). The acetone was used as a NMR spin lock and also
139as a solubilizer for TetMESi and water. To this blend was added 4.63
140pph water (6.2 wt % water based on the monomer and equal to the
141stoichiometric amount required for complete hydrolysis). In addition,
142since the photoinitiation system contained 0.3 wt % TMA as discussed
143above, which is basic and was expected to catalyze the hydrolysis, this level
144was added to the TetMESi/acetone blend. A 300 MHz Bruker 1H NMR
145was used tomonitor the disappearance of themethylene group ofTetMESi
146(�CH2�O�Si�) at δ = 3.9 ppm and the emergence of the methylene
147group of HEMA (�CH2OH) at δ = 3.7 ppm. The formation of the silica
148particles was also monitored by visual observation of the development of
149turbidity of a water-saturated solution of TetMESi (∼1.5 wt%). Schematic
1502 shows the pathways for polymerization/hydrolysis of TetMESi. S2

151The isothermal photopolymerization studieswere conducted under aN2

152atmosphere at various temperatures from �10 to þ90 �C using a
153differential scanning calorimeter (Perkin-Elmer DSC-7 and Intracooler).
154The instrument was modified to allow the simultaneous irradiation of the
155sample pans, as previously discussed by Cook.27 The calorimeter was
156calibrated for temperature and enthalpy using zinc and indium standards.
157The DSC sample was irradiated with a broad band dental curing light

Scheme 1. Structures of Materials Used
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158 (Visilux, 3M) which produces visible light with the wavelength ranging
159 from 400 to 500 nm and has a maximum emittance at 470 nm correspond-
160 ing to the absorption maximum of CQ. Due to the fast polymerization rate
161 of themonomers with this photocuring source, its intensity was reduced by
162 a factor of 10 by placing a neutral density filter (Schott) between the source
163 and the fiber optic bundle. The irradiation intensity at the surface of the
164 DSC pan was measured using an International Light IL1700 radiometer
165 equipped with a SED033/UVA/W detector and found to be 10.7 mW/
166 cm2. The theoretical heat of polymerization for the methacrylate group
167 (54.4 kJ/mol)28 was used to calculate the conversion of double bonds from
168 the experimental heat of polymerization of the monomers.
169 For the preparation of the cured polymer specimens, the monomer
170 blends and initiators were injected between two glass slides separated by
171 a 1.4 mm thick silicone gasket and were photocured at 60 �C by the
172 Visilux source without a filter at an irradiance of 5.1mW/cm2 for 10min.
173 The samples were then postcured at 120 �C for 2 h.
174 Cured samples of the TetMESi and DEGDMA and their blends
175 were exposed to a water vapor saturated atmosphere at 40 �C and
176 their wt % water uptake (the mass of absorbed water divided by the

177initial specimen mass) was monitored as a function of time. During the
178water uptake experiment, the 1.4mm thick specimens containingTetMESi
179became cloudy as a result of the hydrolysis of the Si�O�C links and the
180formation of SiO2 particles. The progress of the particle formation and thus
181light scattering was monitored by measurements of the forward scattered
182ultraviolet�visible radiation using a Varian Cary 300BIOUV�vis spectro-
183photometer fitted with a DRA-CA-30I sphere accessory. These spectra
184were measured from 800 to 200 at 600 nm/min and are presented as the
185percent transmission and the apparent absorption (the logarithm of the
186inverse fractional transmission) versus the wavelength.
187Digital optical photographs of the polymers were taken of 1.4 mm
188thick samples overlaid on white paper with crisply printed text to
189highlight the relative transparency of the materials.
190The dynamic mechanical properties of the specimens with dimen-
191sions of 1.4 mm� 5 mm� 40 mm were measured at 1 Hz by a Perkin-
192Elmer DMA 8000 instrument tested in dual cantilever geometry and
193using a heating rate of 3 �C/min from�90 toþ250 �C. Where it could
194be clearly defined, the glass transition temperature (Tg) was taken as the
195temperature at the peak of the tanδ curve.

Scheme 2. Polymerization Pathways of the TetMESi Monomer andHydrolytic Pathways of theMonomer and Polymer
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196 The Fourier transform infrared spectra of monomers and polymers
197 were recorded using a Nicolet 6700 FTIR spectrometer, with a resolu-
198 tion of 4 cm�1, and a Smart Orbit single-bounce diamond attenuated
199 total reflection (ATR) accessory with a diamond crystal.

200 ’RESULTS AND DISCUSSION

201 Photopolymerization. Figure 1F1 shows the isothermal photo-
202 polymerization behavior of TetMESi at various temperatures,
203 and Table 1T1 lists the maximum heat flow, heat of polymerization,
204 and methacrylate conversion obtained from this data. As com-
205 monly found in free radical polymerization, and especially cross-
206 linking systems,27,29�31 the rate is initially very slow but rapidly
207 rises to a maximum and then decreases, due to the combined
208 reduction in the initiation efficiency and the rate of termination
209 by diffusional effects, and the effect of reduction in monomer
210 concentration. The maximum heat flow rises with increased
211 temperature, but a change of 100 �C only causes an increase in
212 rate by a factor of 4. Since the polymerization is photochemically
213 initiated, this rise in polymerization rate with increased tempera-
214 ture is probably due to the enhanced rate of propagation.27,30,31

215 Table 1 also shows that the final conversion also increases with
216 raised temperature until a plateau value is achieved, but this
217 maximum value is much less than the full reaction. This type of
218 behavior is commonly observed when the glass transition tem-
219 perature of the polymerizingmonomer/polymermixture is close to
220 the curing temperature29�33 and can be explained as follows. At the
221 start of the polymerization, theTg of themonomer is low and so the
222 high molecular mobility in the matrix allows the curing to proceed
223 without hindrance. As themolecular weight and cross-linking in the
224 polymer rises, the glass transition temperature rises, but provided
225 the Tg is below the curing temperature, the molecular mobility still
226 permits the curing to proceed.When the polymerization causes the
227 glass transition to approach the curing temperature, the molecular
228 mobility in the matrix is diminished and so the polymerization rate
229 slows. With further curing, the increase in Tg restricts molecular
230 mobility and eventually prevents further polymerization. At
231 this stage, the Tg attains a plateau value because there is no further
232 increase in molecular weight or cross-link density. If reactive
233 groups still remain at this stage, then polymerization can often
234 be re-established by increasing the curing temperature and thus

235increasing molecular mobility. As a result, the plateau Tg is
236closely related to the curing temperature. In the case of a
237monofunctional monomer polymerizing into a linear polymer,
238the topological ability of a growing chain to react with a
239monomer is high and so if the curing temperature exceeds
240the maximum attainable Tg, then nearly 100% conversion of
241monomer to polymer can be achieved. However, in most
242polymer networks, a high level of cross-linking can impose
243topological restrictions on the neighboring monomer units or
244of propagating chains and prevent the conversion from exceed-
245ing a certain limit,30,32,34�36 and this is termed the topological
246limit. Thus the cure temperature and the attainable glass
247temperature are coupled until either the material is fully cured
248or topological restrictions prevent further reaction, whereupon
249the Tg becomes independent of further increases in curing
250temperature, as demonstrated in Table 1 and Figure 1.
251Photocuring behavior similar to that shown in Figure 1 was
252observed for the 50:50 copolymer of TetMESi and DEGDMA
253and for the homopolymerization of DEGDMA, and the curing
254parameters are listed in Table 1. Figure 2 F2compares the iso-
255thermal photocuring behavior of TetMESi, DEGDMA, and the
256copolymer at 50 �C. It is interesting to note that the rate of
257polymerization of DEGDMA is much less than that for TetMESi,
258which is less than that for 50:50 TetMESi:DEGDMA. This
259unusual trend was also observed for these systems at all tem-
260peratures between �10 and þ90 �C and may be a result of the
261effect of two opposing factors on the rate: radical diffusion and
262the relative reactivity of the methacrylate groups. In a free radical
263cross-linking system, the rate of translational and segmental

Figure 1. PhotoDSC during the cure of TetMESi with 0.5 wt %CQ and
0.3 wt % TMA at various temperatures.

Table 1. Cure parameters for the Photopolymerization of
TetMESi, DEGDMA, and Their Copolymer at Various
Isothermal Curing Temperatures

peak maximum

temperature (�C) heat flow (W/g) time (s) ΔH (J/g) conversion (%)*

TetMESi

�10 1.37 72 120 30

10 1.89 74 142 35

30 2.52 73 195 48

50 3.68 73 207 52

70 5.27 73 243 61

90 5.56 74 255 64

50/50 TetMESi/DEGDMA
�10 1.48 77 137 32

10 2.37 67 171 40

30 3.16 71 237 56

50 4.20 76 235 55

70 5.93 77 245 58

90 6.01 75 236 56

DEGDMA
�10 0.40 78 110 24

10 0.62 75 186 41

30 0.72 188 168 37

50 1.43 151 207 46

70 1.66 129 170 38

90 2.42 115 204 45
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264 diffusion of the radicals is reduced as the polymerization
265 proceeds30,36�38 and so the rate constant for termination de-
266 creases dramatically during the reaction and particularly at the
267 stage of gelation. The monomer that has the higher number of
268 functional groups, TetMESi, should gel at a lower conversion than
269 DEGDMA, and this should cause an earlier and more dramatic
270 reduction in the termination rate and thus a higher polymerization
271 rate of theTetMESi/DEGDMAblend compared withDEGDMA.
272 However, the reactivity of the methacrylate groups in TetMESi
273 may be less than those on DEGDMA and this may cause the
274 decrease in rate of TetMESi compared with the TetMESi/
275 DEGDMA blend, as is observed in Table 1.
276 Table 1 also reveals that the maximum conversion is higher for
277 TetMESi and the 50:50 blend than for DEGDMA. This is some-
278 what surprising since the DEGDMA is difunctional while TetME-
279 Si is tetrafunctional and so it might be expected that topological
280 restrictions in the final stages of reaction would bemore important
281 for the latter. One explanation for this behavior is that the

282additional flexibility of the �O�Si�O� bond in the TetMESi
283allows the methacrylate additional ability for reaction, in the same
284manner that the presence of the additional ethylene oxide unit in
285triethylene glycol dimethacrylate provided fewer topological re-
286strictions to polymerization compared with DEGDMA.36

287Hydrolysis. Figure 3 F3shows the FTIR ATR spectra of the
288TetMESi and DEGDMA monomers. Using the functional group
289characteristic frequencies39 and by comparison of the spectra of
290TetMESi with DEGDMA, and also other oligo(ethylene glycol)
291dimethacrylates, it can be concluded that TetMESi exhibits the
292characteristic peaks at∼2900 (C�H stretch), 1715 (ester carbonyl
293stretch), 1640 (carbon double bond stretch), 1160 (ester �C�O-
294CH2 stretch), 1130 (CH2�O�Si stretch), 1090 (C�O�Si
295stretch), and 980 cm�1 (C�O�Si stretch). As expected, DEGD-
296MA monomer has a similar spectrum but without the peaks at 980
297and 1090 cm�1. After photocuring at 60 �C, the vinylidene
298absorption at 1640 cm�1 is greatly reduced and results in ∼62%
299conversion andwith postcuring at 120 �Creaches∼68%conversion,
300which are consistent with the photo-DSC data in Table 1. As
301discussed above, the pH of an aqueous solution of the amines
302present in the polymers prepared with TetMESi is expected to be
303only slightly basic and so the hydrolysis of the monomer is expected
304to produce silica-based structures intermediate between particles
305and a silica network. After the polymer has been exposed to saturated
306water for 2 weeks at 40 �C, new peaks appear at 3350 cm�1 due to
307the water swelling the polymer and at 1065 cm�1 due to the
308Si�O�Si bonds in silica. At the same time, the CH2�O�Si peak at
3091130 cm�1 disappears due to its hydrolysis while the stretch of the
310ether link in the ester at 1160 cm�1 remains.
311Water vapor absorption experiments were performed with the
312polymers of TetMESi, DEGDMA and their blends and the
313kinetics are given in Figure 4 F4. The polymer of TetMESi absorbed
314a very high amount of water (approximately 30 wt % uptake) and
315this can be attributed to the water required (6.2 wt % water) for
316hydrolysis of the polymer to poly(hydroxyethyl methacrylate),
317hydroxyethyl methacrylate (HEMA) monomer and silica, plus
318the amount of water that the poly(hydroxyethyl methacrylate)
319and HEMA monomer absorbs. Hodge et al.40 reported that the
320water uptake of poly-HEMA was approximately 37 wt % water at
32125 �C while Dimarco et al.41 obtained 40 wt % (presumably at
322room temperature) and Kolarik and Janacek42 obtained 46 wt %
323(presumably at room temperature), which is considerably higher

Figure 2. PhotoDSC of TetMESi, 50/50 and DEGDMA and copoly-
mers at 50 �C.

Figure 3. ATR-FTIR of DEGDMA and TetMESi monomers (a and b,
respectively) and of TetMESi photocured at 60 �C/10min (c) or 60 �C/
10 min and postcured at 120 �C/2 h (d), and of TetMESi cured at
60 �C/10min and postcured 120 �C/2 h followed by exposure to a water
saturated atmosphere for 2 weeks (e).

Figure 4. Water vapor uptake of the polymers formed from TetMESi,
DEGDMA, and their copolymers at 40 �C. The inset shows the variation
of the equilibrium water uptake versus composition.
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324 than the value determined here. Sideridou and Karabela43 have
325 measured the water uptake of a 31 wt % (50:50 mol %) copolymer
326 of HEMA and triethylene glycol dimethacrylate (which has a
327 structure similar to that of DEGDMA) and obtained a value of 11
328 wt % at 37 �C, which is also higher than the interpolated value of
329 8% obtained from Figure 4. The reason for these differences may be
330 due to two effects. As noted by Kolarik and Janacek,42 poly-HEMA
331 swollen in liquid water forms two phases (bound water and free
332 water), and it is possible that our samples do not contain free water
333 because they were saturated by water vapor and not by immersion in
334 the liquid. In addition,D'Agostino et al.44 also observed a reduction in
335 water absorption with addition of nanosilica particles in poly-HEMA
336 and this effect may apply to our system of poly-HEMA and silica.
337 Figure 4 also shows that the equilibrium water uptake is a
338 nonlinear function of the weight percentage of TetMESi, which is
339 similar to that found by Hodge et al.40 for copolymers of HEMA
340 and 2-ethoxyethyl methacrylate.
341 As shown in Figure 5F5 , the specimens of polymerized TetMESi, its
342 hydrolyzed form, and the specimen after redrying are relatively
343 transparent as noted by Kloosterboer and Touwslager20 for the
344 acrylate analogue of TetMESi. However, close inspection of the
345 hydrolyzed polymers did show evidence of a slight haze due to the
346 precipitation of SiO2 nanoparticles or nanostructures. Assuming full
347 hydrolysis of the polymer, 10 wt % of silica would be formed in the
348 poly(HEMA)matrix. Further evidence of the formation of a separate
349 silaceous phase was obtained from UV�vis spectroscopy by collect-
350 ing the transmitted and forward scattered radiation using an integrat-
351 ing sphere; these data are shown in Figure 6F6 a and are presented as the
352 percent of transmitted and forward scattered radiation and as the
353 apparent absorbance (the logarithm of the inverse fractional trans-
354 mittance). The spectrum for the unhydrolysed silane polymer
355 showed absorptions due to residual levels of the CQ photoinitiator

356(maximum at 470 nm) and absorption below 400 nmdue to residual
357impurities in the original monomer and in the TMA. Upon exposure
358to the water vapor, the transmittance decreases predominantly near
359650 nm and near 420 nm and this is probably due to scattering of the
360silica nanoparticles or nanostructures.45,46 In contrast, the spectra
361from the DEGDMA polymer (Figure 6b) is virtually unaffected by
362the absorption of water because no new silica phase is formed.
363Copolymers of TetMESi with DEGDMA showed spectra midway
364between that of the two components.
365The kinetics of formation of the SiO2 is controlled by the
366diffusion rate of the water into the polymer matrix and of the rates
367of hydrolysis of the Si�O�CH2 groups and condensation reaction
368of the silanol groups. As shown by the DSC data (Table 1) and the
369DMTA data presented below, the TetMESi polymer is glassy at
370room temperature whereas the swollen poly(HEMA) byproduct is
371rubbery and so water absorption is expected to be slow and via case
372II diffusion, otherwise known as relaxation-controlled transport,47

373where the water profile as a function of distance into the specimen is
374rather square. An approximate measure of the rate of silica forma-
375tion can be obtained when the change in apparent absorbance, in
376the region from 550 and 600 nm, is 50% of the total change and for
377TetMESi this appears to be approximately 50 h based on the data in
378Figure 6a). This is similar to the time of 37 h for the water
379absorption to attain 50%of its final value (approximately 900min or
38015 h; see Figure 4) but is considerably greater than the time for 50%
381hydrolysis of the monomer (see Figure 7 F7), as would be expected
382because the time for water diffusion in the latter is minimal.
383Dynamic Mechanical Thermal Analysis. The DMTA of the
384polymers from TetMESi, DEGDMA and the 50/50 copolymer
385are shown in Figure 8 F8. In all cases, the glass transition region is
386very broad and the modulus remains high up to 250 �C. The tan
387δ is also seen to be very low, and the maximum tan δ is only

Figure 5. Photographs of cured 1.4mmthick specimens (located at the bottomof the images) on top of awhite printed card, indicating the level of transparency
of (a) polymerized TetMESi, (b) polymerized TetMESi after hydrolysis with water vapor, and (c) polymerized TetMESi after hydrolysis and drying.

Figure 6. (a) UV�vis data taken with an integrating sphere as the polymerized TetMESi absorbed water and became hazy. (b) UV�vis data taken with
an integrating sphere as the polymerized DEGDMA absorbed water but remaining transparent.
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388 0.055�0.07, which is approximately one-tenth of that normally
389 observed with linear and lightly cross-linked polymers. This
390 behavior is probably due to the small amount of molecular
391 movement available in the network structure which reduces
392 the intersegmental friction.48,49

393 During water uptake, specimens containing TetMESi became
394 soft as a result of the hydrolysis of the Si�O�C links, which
395 reduced the cross-link density and also due to the hydro-
396 plasticization of the polymer. Figure 9F9 shows this behavior for
397 the hydrolyzed and water-saturated material. The tan δ curve
398 shows a maximum corresponding to the inflection in the
399 modulus curve at approximately 30 �C and a corresponding
400 maximum inG00 at�10 �C, apparently due to the glass transition
401 of the water vapor-saturated poly-HEMA polymer. This is in
402 agreement with the data of Kolarik and Janacek42 who reported a
403 maximum in G00 (1 Hz) near �10 �C in water-saturated (46%
404 water uptake) due to the glass transition. However, the drop in
405 the real modulus curve in Figure 9 is very broad and at
406 approximately 105 �C another tan δ maximum is observed. This
407 is due to the effect of water evaporation from the wet poly-HEMA
408 sample during the DMTA experiment, which causes the specimen

409to vitrify (especially in the outer surfaces of the flexural specimen
410that contribute most to the overall DMTA behavior) and thus
411exhibit a second glass transition of the dry poly-HEMA; the
412modulus data do not show a corresponding change in slope, but
413this may be obscured by the apparent breadth of the overall
414transition. This explanation is confirmed by a subsequent rescan of
415the same specimen in the DMTA; in this second test the low
416temperature tan δ peak is absent and only a broad curve with a
417peak near 105 �C is observed. When an identical specimen, which
418had been fully hydrolyzed and hydrated, was then dried under
419vacuum at 60 �C for 24 h, amuch sharper tanδ curve was observed
420with the tan δ peak shifted to the higher temperature of 114 �C
421and a maximum in the loss modulus at 90 �C. These values are
422similar to that of 109 �C (tan δmax, 0.3 Hz) found by Dimarco
423et al.41 and that of 110 �C (Gmax

00, 1 Hz) by Kolarik and Janacek42

424for dry poly-HEMA.
425Similar behavior was observed for the 50:50 wt % copolymer
426of TetMESi and DEGDMA (see Figure 10 F10). Here, the highly
427cross-linked, unhydrolyzed copolymer had a broad transition

Figure 7. Kinetics of hydrolysis of the TetMESi monomer at 25 �C in a
70/30 mixture of TetMESi/acetone and 0.3 wt % TMA, and containing
the stoichiometric amount of water required for hydrolysis.

Figure 8. DMTA of the polymers from TetMESi, DEGDMA, and the
50/50 copolymer. Data points have been removed to improve the clarity
of the figure.

Figure 9. DMTA of polymerized TetMESi: (1) after equilibrium
exposure to saturated water vapor, (2) after repeatıng the DMTA test
on the same sample, and (3) after repeatıng the DMTA test on an
identical sample after dryıng under vacuum at 60 �C for 24 h. Data points
have been removed to improve the clarity of the figure.

Figure 10. DMTA of copolymerized 50/50 TetMESi/DEGDMA: (1)
as a dry sample, (2) after equilibrium exposure to saturated water vapor,
and (3) after redryıng under vacuum at 60 �C for 24 h. Data points have
been removed to improve the clarity of the figure.
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428 with little change in modulus and low tan δ. On hydrolysis the
429 tan δ increased significantly due to the greater amount of
430 molecule movement available in the less highly cross-linked
431 material, as discussed above, and three transitions appear to be
432 present due to the effect of water loss changing the viscoelastic
433 behavior of the polymer as the temperature increases. In addi-
434 tion, the storage modulus shows a larger decrease and the
435 existence of a rubbery plateau due to the fewer cross-links in
436 the copolymer. When this hydrolyzed polymer was redried, the
437 damping behavior is dominated by one main glass transition at
438 about 160 �C due to the dry copolymer of HEMA and DEGD-
439 MA. In contrast, the viscoelastic behavior of the water-saturated
440 poly-DEGDMA specimen and of this specimen after drying was
441 similar to that for the virgin material shown in Figure 8 because
442 its structure is not significantly affected by water absorption.

443 ’CONCLUSIONS

444 The rate and final conversion of isothermal photopolymeri-
445 zation kinetics of a tetramethacrylate silane (TetMESi) mono-
446 mer and its copolymerization with diethylene glycol
447 dimethacrylate increase with raised curing temperature due to
448 its effect on the propagation rate constant and the molecular
449 mobility of the networks but full conversion is not attained due to
450 topological restrictions on the methacrylate groups or chain
451 radicals. The resulting materials have glass transition regions of
452 low damping and with breadths of over 200 �C. In addition, the
453 modulus of the materials does not show an abrupt drop in the
454 glass transition and at 200 �C it is still above 0.5 GPa.
455 As confirmed by NMR studies of the monomer and FTIR
456 studies of the polymer, exposure of poly-TetMESi to water vapor
457 slowly causes hydrolysis of the Si�O�CH2 bonds and water
458 sorption studies show that poly-TetMESi absorbs∼30%water at
459 equilibrium due partly to the consumption of water in the
460 hydrolysis reaction but primarily due to swelling of the poly-
461 HEMA. As a result of this, the dynamic mechanical properties of
462 the hydrolyzed polymers were changed dramatically and the Tg

463 reduced by water plasticization and loss of cross-links but drying
464 of these polymers raised the Tg again.
465 Absorption of water by polymers containing TetMESi also
466 caused the production of nanoscale particles or structures, as
467 observed by the appearance of scattering in the UV�vis spectra.
468 From these results it may be concluded that these types
469 of silicon-containing polymers may be useful for relatively
470 transparent, low damping, high temperature, but anhydrous,
471 applications or for cross-linked adhesives which require high
472 modulus initially but which loose stiffness on exposure to water.
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