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ABSTRACT:

The preparation and properties of polyglycidol (PGLD)/silica hybrid gels were investigated. The

gels were synthesized by the reaction of hyperbranched PGLD and triethoxysilyl-capped poly(ethylene oxide) in the
presence of colloidal silica 80 nm in size or tetraethyl orthosilicate (TEOS) under acidic circumstances. The crosslink-
ing reaction gave hybrid gels with a relatively high gel fraction over 98%. The degree of gel swelling obtained by the

reaction using colloidal silica and TEOS decreased with SiO, content, while the stiffness of the gels increased with

SiO, content. Gels prepared from TEOS exhibited a swelling ratio ranging from 25% to 40%, which was relatively

higher than those from colloidal silica. They also demonstrated a higher stiffness in comparison to those from colloidal
silica, probably due to high crosslinking. [doi:10.1295/polym;j.PJ2006098]
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In recent years, there has been an increased interest
in hyperbranched polymers and their applications.!™’
Polyglycidol (PGLD) is a flexible hydrophilic aliphat-
ic polyether polyol that can be prepared in hyper-
branched, branched or linear forms. Hyperbranched
polymers, rather than linear polymers, have advantag-
es in easy formation of network structures.® Thus,
hyperbranched polymers have a large number of
functional groups that may have desirable chemical
properties, including enhanced compatibility with
inorganic and/or organic materials or biomaterials.
Among them, PGLD has gained attention because it
contains hydroxyl groups in repeating units which al-
lows for chemical modification or conversion to other
groups in order to prepare functional polymers.’ Be-
cause of the structural similarities with poly(ethylene
glycol) (PEG), one of the most studied widely used
biocompatible polymers in the pharmaceutical and
biomedical fields, PGLD is also expected to be bio-
compatible.!®!! Moreover, hydrogels from PGLD
composed of glycerin units have a large water content
due to their hydrophilicities. They also possess poten-
tial applications in biodegradability, and food addi-
tives.>>12 Therefore, we have investigated the routes
of synthesis and properties of PGLD hydrogel films
prepared using crosslinking agents such as glutalde-
hyde, several dicarboxylic acids'3 and carboxyl-termi-
nated poly(ethylene glycol)!# for more applications.
The crosslinked PGLD hydrogel films obtained from
our previous work exhibited considerably enhanced
mechanical properties while maintaining greater water
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content. Therefore, incorporation of PGLD hydrogel
into ion exchangeable segments such as silanol is
promising for application of a new material of ion
transfer or exchange gel.>~2!

In this study, we have prepared the PGLD/silica
hybrid films from two different SiO, sources, colloi-
dal silica (80nm) and TEOS, using the oligomeric
crosslinking agent (triethoxysilyl-capped poly(ethyl-
ene glycol)) PEG-silane. Then we investigated the
swelling behavior and mechanical properties for both
types of silica hybrids with the aim of enhancing
structural strength and toughness by incorporating
silica within the organic matrix.

EXPERIMENTAL

Materials

Glycidol (Wako Pure Chem., Japan) was distilled
under reduced pressure prior to use. Diglycerin and
TEOS were obtained from Kashima Chem., Japan and
TCI Chem., Japan respectively. 3-Isocyanatepropyl-
triethoxysilane was purchased from Shinetsu Chem.,
Japan. Magnesium, sodium, poly(ethylene glycol)
(M, = 200), benzene, hexane, ethanol and chloroform
were obtained from Wako Pure Chem., Japan.

Synthesis of Polyglycidol

PGLD was synthesized by direct anion ring-open-
ing polymerization of unprotected glycidol according
to the following procedure.'®> A two-necked flask was
charged under argon with sodium; distilled ethanol
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was cautiously added. The reaction mixture was stir-
red at ambient temperature until the sodium complete-
ly reacted. A solution of diglycerin in distilled ethanol
was then added and heated to 120 °C under reduced
pressure. After removing the ethanol, the initiator
was obtained.

A typical polymerization procedure was as follows:
the initiator was taken under argon atmosphere in
a two-necked flask. Glycidol was added at a rate of
0.1 mL/min with stirring; the polymerization was then
initiated. Following completion of polymerization,
unreacted glycidol was removed after stirring for 30
min at 120 °C under reduced pressure; hyperbranched
PGLD was finally obtained as a viscous liquid.

Synthesis of the Crosslinking Agent (Triethoxysilyl-
Capped PEG)

We are able to introduce a silyl group into the end
group of PEG with a molecular weight of 200. PEG
and benzene were placed in a two-necked flask and
azeotropically distilled at 90°C. Then, chloroform
and 3-isocyanatepropyltriethoxysilane were added
under nitrogen charge and stirred for 12h at 60°C.
Chloroform was removed by evaporation. After add-
ing hexane, unreacted 3-isocyanatepropyltriethoxy-
silane was removed and then hexane was removed
by evaporation. The products were structure-analyzed
using a "H NMR spectroscope.

Preparation of the PGLD/Silica Hybrid Film

PGLD/silica hybrid films were prepared using two
types of silica; colloidal silica (80 nm) and TEOS.
0.1N HCI was added as an acid catalyst to an aqueous
solution in which PGLD, the crosslinking agent (PEG-
silane), and colloidal silica or TEOS were dissolved.
The above solution was cast on polyethylene substrate
and covered with a Teflon sheet. The solution was
then heated at 40 °C until the water completely vapor-
ized. After drying at 80 °C for 12 h, PGLD/silica hy-
brid films were obtained. The PGLD/silica hybrid
films prepared from colloidal silica and TEOS are de-
noted in Table 1.

Measurements

'"H NMR spectra were obtained at 400 MHz on a
Bruker AVANCE-400 using D,0O as a solvent. Solid
state '3C and 2°Si CP/MAS NMR spectra were re-
corded on a Bruker AVANCE-300 using a 7mm
probe. Molecular weight (M,,) of prepared PGLD
was estimated by gel permeation chromatography
(GPC) based on calibration with a polyethylene glycol
standard. Water was used as the mobile phase at a
flow rate of 0.5 mL/min. The gel fraction (as a meas-
ure of the degree of gelation) of the PGLD/silica hy-
brid film was determined by extraction with distilled
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Table I. The list of PGLD/silica hybrid films

PGLD PEG-Silane Colloidal silica TEOS

Sample ) ) (Wt %) (Wt %)
CS-0 0.3 0.9 0.0 —
CS-1.0 0.3 0.9 1.0 —
CS-2.5 0.3 0.9 2.5 —
CS-5.0 0.3 0.9 5.0 —
CS-7.5 0.3 0.9 7.5 —
CS-10 0.3 0.9 10.0 —
TEOS-0 0.3 0.9 — 0.0
TEOS-1.0 0.3 0.9 - 1.0
TEOS-2.5 0.3 0.9 - 2.5
TEOS-5.0 0.3 0.9 — 5.0
TEOS-7.5 0.3 0.9 - 75

TEOS-10 0.3 0.9 — 10.0

water. The resultant PGLD/silica hybrid films ob-
tained via crosslinking reactions were weighed after
drying. They were then immersed in distilled water
and extracted. After subsequent drying, extracted
samples were weighed. The gel fraction was calculat-
ed using the following relationship:

Gel fraction (%) = K x 100 (D)
Wo

where W, and W were the weights of dried sample be-
fore extraction and after extraction, respectively.???3
The water content of the PGLD/silica hybrid films af-
ter swelling was investigated as follows. The samples
were immersed in distilled water. The sufficiently
swollen films were weighed. After drying, the samples
were re-weighed. The equilibrium degree of swelling
was calculated according to the following equation:

Equilibrium degree of swelling (%)
(W, — W)
=——X

d

where W, and W, denote the weights of dried and
swollen PGLD/silica hybrid films, respectively. Ob-
servation of the dried PGLD/silica hybrid films was
carried out with an increase in concentration of colloi-
dal silica and TEOS. The Young’s moduli of the hy-
brid films were measured using a thermal mechanical
analyzer (TMA) at an extension rate of 50 mm/min
on a Shimadzu TMA-50. After drying in a drying
oven for 24 h at room temperature to remove residual
water, strip-shaped specimens with dimensions of
20 x 4mm and thickness of approximately 1.5 mm
were used for the tensile test at 25 °C.

100 )

RESULTS AND DISCUSSION

Hyperbranched PGLD was synthesized via direct
anion ring-opening polymerization of unprotected gly-
cidol, confirmed by 'H NMR spectroscope in our pre-
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Scheme 1. Preparation of PGLD/SiO; hybrid films prepared with colloidal silica and TEOS.

vious work.!*!* The resultant PGLD was a transparent
and light yellow syrup; its average molecular weight
(M,) and polydispersity as determined by GPC were
1161 and 1.81, respectively. The triethoxysilyl-capped
PEG (PEG-silane), used as a crosslinkilng agent, was
obtained by reacting PEG with 3-isocyanatepropyl
triethoxysilane at 60 °C for 12h; this was confirmed
by the 'H NMR spectrum. Next, PGLD/silica hybrid
films were successfully prepared using two types of
silica; colloidal silica and TEOS, with various com-
positions based on the mechanism as sketched in
Scheme 1. PEG-silane plays an important role in this
system; its primary role as a crosslinking agent is to
initiate the crosslinking reaction through a reaction
between the hydroxyl groups of hyperbranched PGLD
and the triethoxysilyl groups of PEG-silane. Its secon-
dary role is to chemically connect the organic matrix
(PGLD) and inorganic material (silica) as a coupling
agent.

Figure 1 shows the '3C CP/MAS NMR spectra
of dried PGLD/SiO, hybrid gels composed of 0.3 g
PGLD, 0.9¢g PEG-silane and 5.0mg SiO, prepared
from colloidal silica and TEOS. In both cases reso-
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Figure 1. '3C CP/MAS NMR spectra of dried PGLD/SiO,
hybrid films prepared with colloidal silica and TEOS.

nance peaks at 8-15 (Si-CH,- and CH,CH,CH,),
20-30 (CH3;CH,0Si-), 35-45 (CH,;NH-, CH;CH,-
0Si-), 60-80 (=CH-O-, CHCH,0), and 155-160
(O(C=0)NH) ppm were observed.

2%Si CP/MAS NMR spectra of the hybrid gels are
shown in Figure 2. The resonance peaks at —100
and —110 ppm were assignable to silicons of Q* and
Q*.2*2 It was observed that the gel prepared from
TEOS was composed of less SiO, than that from col-
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Figure 2. ?°Si CP/MAS NMR spectra of dried PGLD/SiO,
hybrid films prepared with colloidal silica and TEOS.
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Figure 3. Effect of the silica content on the gel fraction of
PGLD/silica hybrid films with constant polymer and crosslinking
agent ([PGLD]/[PEG-Silane] = 1/3).

loidal silica. According to the literature values of 2°Si
chemical shifts,?® resonance peaks at —60 and —70
ppm were assigned to silicons (CH,-Si-O-) formed
by the reaction of PEG-silane with silanol or hydroxyl
groups. Therefore, it was confirmed that PGLD, PEG
and SiO, components bounded via Si-O-SiCH;-bonds
to form a gel. These results indicate that gels obtained
by cross-linking reactions using TEOS are composed
of mostly the same chemical structure as those formed
using colloidal silica.

Both gel fractions and equilibrium degrees of swel-
ling for PGLD/silica hybrid films prepared with dif-
ferent silica contents were measured to estimate the
extent of crosslinking and water content. As shown
in Figure 3, gel fractions of hybrid films were more
than 97%, irrespective of the type and concentration
of silica. These values of gel fractions are higher than
those of pure PGLD films as noted in previous
work.'>!* That suggested that PGLD and PEG-silane
were completely and strongly crosslinked in compar-
ison to pure PEG and glutaric acid. Swelling behavior

534

soé
50 4 @ Coloidal silica
O TEOS
. ([ J
&2 40 O
8 O
g
3 30
= ® O
£ O O
2
3 201 °®
10 4 ( ]
0 1 2 3 4 5 6 7 8 9 10

Content of SiO,, (wt%)

Figure 4. Effect of the silica content on the degree of swelling
of PGLD/silica hybrid films with constant polymer and crosslink-
ing agent ([PGLD]/[PEG-Silane] = 1/3).

of hybrid films was investigated via the measurement
of mass changes in the samples under static condi-
tions.

Figure 4 shows the values of the equilibrium degree
of swelling for PGLD/silica hybrid films. As expect-
ed, the degree of swelling of hybrid films decreased
with the silica content. This may be because introduc-
tion of the PEG-silane and silica resulted in an in-
crease in the crosslinking density, thereby impeding
the diffusion of water molecules into the polymer net-
work. Moreover, as shown in Figure 4, the degree of
swelling of the hybrid films containing colloidal silica
decreased remarkably compared to that of hybrid
films from TEOS. When employing TEOS, a three-
dimensional crosslinked inorganic network structure
formed by the sol-gel process of TEOS can be devel-
oped in situ within a polymer matrix as well as by the
crosslinking of PGLD and PEG-silane. In contrast
with TEOS, colloidal silica with PEG-silane can be
extensively bridged between polymer chains but can
not form a dense inorganic and organic network struc-
ture. These factors also affect mechanical properties
of hybrid films. However, swelling is usually control-
led by a balance between osmotic pressure and tension
of the network in a gel. Generally speaking, tension
increases with the amount of crosslinking in the gel.
In addition, osmotic pressure increases with the solva-
tion or affinity between the polymer chains and water
molecules, which is directly proportional to total
length of the hydrophilic polymer chains. In the case
of gel prepared from TEOS, total length of the poly-
mer chains including PGLD, PEG-silane seemed to
be much longer, as compared with that in gel from
colloidal silica. On the other hand, gel prepared from
colloidal silica might show high tensions in gels but
have lower osmotic pressures. As a result, gel pre-
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Figure 5. Images of PGLD/silica hybrid films with various
concentrations of colloidal silica: (a) CS-0; (b) CS-2.5; (¢) CS-
5.0; (d) CS-7.5.

pared using TEOS probably shows higher osmotic
pressures to give a swelling degree much more than
that from colloidal silica.

Figure 5 shows dried PGLD/silica hybrid films in-
creasing in concentrations of colloidal silica. Trans-
parency of the dried PGLD/silica hybrid films de-
creased with increasing concentrations of colloidal
silica. Moreover, transparency is much lower in com-
parison with PGLD/silica hybrid films obtained from
TEOS, as shown in Figure 6. This is due to the size of
the silica particles in PGLD/silica hybrid films. The
size of silica in PGLD/silica hybrid films with colloi-
dal silica is bigger than those from TEOS. The parti-
cles of silica in PGLD/silica hybrid films cause light
to scatter.

From Figure 7, we can see that Young’s modulus
of hybrid films was increased remarkably with an in-
crease of silica content. This may indicate significant
structural strength and stiffness via incorporation of
PEG-silane and silica within the PGLD matrix which
was obtained from enhanced chemical crosslinking, as
inferred from the gel fraction. In particular, the values
of Young’s modulus of hybrid films using TEOS were
higher than those for hybrid films containing colloidal
silica, similar to the swelling behavior. As stated be-
fore, this may result from enhanced stiffness which
was from incorporation of the inorganic network
structure via the sol-gel process within the PGLD ma-
trix, in addition to crosslinking by PEG-silane. This is
in contrast to the case of colloidal silica. As a refer-
ence, these values of Young’s modulus of PGLD/
silica hybrid films are much higher than those of pure
PGLD hydrogel films in our previous work.'3!# This

Polym. J., Vol. 39, No. 6, 2007

Figure 6. Images of PGLD/silica hybrid films with various
concentrations of TEOS: (a) TEOS-0; (b) TEOS-2.5; (c) TEOS-
5.0; (d) TEOS-7.5.
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Figure 7. The Young’s modulus of PGLD/silica hybrid films
as a function of the silica content with constant polymer and cross-
linking agent ([PGLD]/[PEG-Silane] = 1/3).

is attributable to the increased elasticity resulting from
enhanced chemical crosslinking and the inorganic net-
work structure caused by the introduction of silica as a
crosslinking agent within the PGLD matrix.

CONCLUSIONS

PGLDy/silica hybrid films were successfully pre-
pared using two types of silica—colloidal silica and
TEOS. The incorporated silica was chemically cross-
linked with PGLD using triethoxysilyl-capped PEG
(PEG silane), thereby providing the hybrid films with
remarkable stiffness with retention of a higher water
content. In particular, PGLD/silica hybrid films from
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TEOS exhibited considerably enhanced stiffness by
incorporating an inorganic network structure via the
sol-gel process within the organic (PGLD) matrix.
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