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Polymerization-Induced Phase Separation in Silica Sol-Gel Systems
Containing Formamide
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Abstract. Silica gels with well-defined pores both in micrometer and nanometer ranges were obtained
by acid-catalyzed hydrolysis and polymerization of tetramethoxysilane in the presence of formamide.
The micrometer-range structures of these gels are studied in terms of the phase diagram of the
quasi two-component system, namely solvent-rich and silica-rich end compositions. The resulting
interconnected structures and aggregates of particles are related to the occurrence of spinodal phase
separation. The composition region that gave interconnected structures for the present system was
much more limited and their characteristic sizes were much smaller than those for the previously
reported systems containing an organic polymer. These results could be explained qualitatively by
the effect of the degree of polymerization on the Flory-Huggins’ type free energy change of mixing.
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1 Introduction

Structure formation during phase separation has
been studied in various kinds of systems [1,
2], and intensive research into that of polymer
mixtures has been carried out recently [3-10].

The mechanisms of phase separation can be
classified into the spinodal decomposition (SD)
type and nucleation-growth (NG) type. The NG
occurs in the metastable region, while SD occurs
in the unstable region; SD is often divided into
initial, intermediate, and late stages.

The dynamics of liquid-liquid phase separa-
tion by isothermal demixing (temperature-jump
method) of binary polymer blends (see Fig. la
has been examined by Tanaka and Nishi et al.
using digital-image-analysis (DIA) [3, 4] and
real-time pulsed NMR [5]; and by Hashimoto
et al. using light scattering (LS) [6, 7].

Inoue et al. have induced phase separation by
curing reactions of liquid rubber-modified epoxy
resins [8-10]. The mixture in a single-phase
state at the early stage of curing is thrust into
a two-phase region because the increase in the
molecular weight of epoxy with the curing re-
actions elevates the binodal and spinodal lines
(Fig. 1b). As against the “physical quench”

induced by a temperature-jump method, the
method of inducing phase separation by a chem-
ical reaction is often called “chemical quench.”!

We have already examined phase separa-
tions in silica sol-gel systems containing an
organic polymer such as poly[sodium styrene-
sulfonate] [12,13] or polyacrylic acid (HPAA)
[14,15]. The hydrolysis and polymerization reac-
tions of alkoxysilanes induced a phase separation
between organic polymer-rich and silica-rich end
compositions, in a manner similar to the curing
systems of epoxy.

When alkoxysilanes react with water under the
acid-catalyzed condition, they are immediately
hydrolyzed to become polar. As these polar-
hydrolyzed alkoxysilanes polymerize, the polar
silanol sites are preferentially consumed by con-
densation reactions, and accordingly, the silica
species gradually become less polar. Hence,
phase separation similar to the systems con-
taining an organic polymer was expected to oc-
cur by adopting highly polar solvents instead
of organic polymers, because the solubility be-
tween polymerizing silica and polar solvents be-
comes lower as the polymerization reaction of
hydrolyzed alkoxysilanes proceeds.

In this report, phase separation of a system
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Fig. 1. Schematic phase diagrams of quasi two-component systems. Solid and broken curves are binodal and spinodal lines,
respectively. Temperature-jump (a) or chemical reaction (b) brings the system, indicated by open circle, into two phase region.
Processes (a) and (b) are called “physical quench” and “chemical quench,” respectively.

in which alkoxysilanes are hydrolyzed and poly-
merized under the acid-catalyzed condition using
formamide (FA) as a solvent was examined, and
compared with that of the system containing
HPAA as an organic polymer [14,15].

2 Experimental

The sample gels were prepared as follows. FA
was mixed with an appropriate concentration of
aqueous solution of nitric acid. Tetramethoxysi-
lane (TMOS) was added to this solution in a
short time with stirring. Reactions were con-
ducted at 0°C in order to prevent the evapo-
ration of the constituents by the heat of reac-
tion. The representative starting compositions

are listed in Table 1. The solution immediately
became homogeneous, and after one minute’s
stirring, it was poured into two containers. Each
container was sealed and was kept at 40°C or
60°C for gelation and aging for one day. The
gelation time, t;, was determined as the time
when the sample lost its fluidity, and the phase
separation time, t,,, was determined as the time
when the sample lost its transparency. Each of
the wet gels thus obtained was divided into two
pieces and immersed either in about fourfold
volume of 1M nitric acid (IMNA) or methanol
(MeOH) for one day, and finally dried at 60°C
for two days.

A scanning electron microscope (SEM S-510)
was employed for the observation of morphol-
ogy using fractured surfaces of the dried gels
obtained as above. The sizes of silica skeletons,



Table 1. Typical starting compositions for FA-system.
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Aqueous solution of
nitric acid

Sample TMOS FA

Molar ratio of
TMOS:FA: water

H-1.6  10ml  7.620g
H-14  10ml  7.620g
N-0.6  10ml  7.620g
N-1.0  10ml  7.620g
N-1.4  10ml  7.620g
F-26  10ml  7.925g

1.0M 2.079¢g 1:2.5:1.6
1.0M 1.819¢g 1:2.5:1.4
0.6M 1.899g 1:2.5:1.5
1.0M 1.949¢ 1:2.5:1.5
1.4M 2.000g 1:2.5:1.5
1.0M 1.949g 1:2.6:1.5

spherical particles, and pores were evaluated
by the direct measurements on the SEM pho-
tographs.

The pore size distributions above 10~%2um
of some dried gels were determined by Hg
porosimetry (PORESIZER-9310). The mea-
surements of pore size distributions below
107'um were carried out by N, adsorption-
desorption measurements (ASAP-2000) in which
desorption data were used. In this method, the
measurements for the as-dried gels could not be
carried out, because they contained considerable
amounts of solvents. Thermal analyses of the
as-dried gels by TG-DTA system (TAS-100) in-
dicated that the solvents were almost completely
decomposed or evaporated by heat-treatment up
to 300°C. Thus, the gels heated with the rate
of 100°C/h and held at 300°C for 2h were used
instead of the as-dried ones. The preparation
of the samples containing HPAA with average
molecular weight of 90,000 (the degree of poly-
merization is ~ 1250) is described in our previ-
ous papers [14,15]. The representative starting
compositions are listed in Table 2.

3 Results

The micrometer-range structures of resultant
dried gels are classified into four typical mor-
phologies as shown in Fig. 2. They are named a
homogeneous gel, an interconnected structure,
aggregates of particles, and a macroscopic two-
phase, respectively. A ‘homogeneous gel’ ap-
peared transparent or translucent and its pore
sizes were under the range of several tens
nanometers. In an ‘interconnected structure,’
both the silica skeleton and pores were cocon-

tinuous, and the characteristic size (defined as
the length of the thickness of the silica skeleton
plus the pore diameter) was from submicrom-
eter to micrometer range. An interconnected
structure with characteristic size above 10 pm
was not obtained in the present system. ‘Ag-
gregates of particles’ also had the cocontinuous
silica skeleton and pores, but the thickness of the
silica skeleton was not uniform; instead, parti-
cles of a few micrometers were connected necks
with each other. A ‘macroscopic two-phase’
was formed when liquid-liquid phase separation
occurred and was followed by the gelation of
the precipitated silica-rich phase gradually from
the bottom. In the photograph of a macro-
scopic two-phase in Fig. 2, only the silica-rich
phase is shown. Isolated pores contained in
the condensed silica matrix are assumed to be
the spaces filled with the solvent-rich phase in
the wet state, which could not escape from the
silica-rich phase before gelation.

The pore size distributions of representative
gels, the morphologies of which were an inter-
connected structure and aggregates of particles,
are shown in Fig. 3. The gel with an intercon-
nected structure has dual porosity and the pores
are quite uniformly distributed around 3 pum and
below 4 nm. The gel composed of aggregates
of particles also has dual porosity and the pores
are rather widely distributed around 6 pym and
below 4 nm. These gels had very high porosi-
ties, which reached 70-80% when the skeletal
density is taken to be equal to 2g/cm?® [16].

In this report, we focus on the micrometer-
range structures. The nanometer-range struc-
tures are discussed in detail elsewhere [17)].

Figure 4 shows the effect of solvent exchange
treatment for as-aged gels on the micrometer-
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Fig. 2. SEM photographs of typical gel morphologies with respective symbols. Each gel is (a) H-1.6, (b) N-0.6, (c) N-1.4, and
(d) H-1.4. All the gels are gelled and aged at 40°C, and soaked in 1MNA. Photograph of a macroscopic two-phase shows

only a silica-rich phase.

Table 2. Typical starting compositions for HPAA-system.

Sample TEOS EtOH

HPAA1 Tml 3.0ml
HPAA2 Tml 4.0ml

Aqueous solution HPAA
of nitric acid (M.W. 90,000)

4.40g 0.40g

3.30g 0.40g

range structure. When gels are soaked in
IMNA, additional reactions proceed, while
soaking in MeOH arrests further reactions [17].
However, neither a change of morphology nor of
the characteristic size of the micrometer-range
structure was observed. Hg porosimetry mea-
surements for dried gels exhibited the same re-
sult. Thus, we can confirm that micrometer-
range structures are fixed during the gelation

and one day’s aging processes. All the other
samples exhibited the same results.

Relations between compositions and mor-
phologies of resultant gels are shown in Fig. 5
for the present system (a) and for the system
containing HPAA (b). Hereafter, the present
system (a) and the system containing HPAA (b)
are respectively referred to as FA-system and
HPAA-system. For both systems, the concen-
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tration of aqueous solution of nitric acid was
fixed at 1M, and for HPAA-system, the molar
ratio of monomeric unit of HPAA to Si was fixed
at 0.177. The solution composition changes with
the progress of reactions, and the morphologies
of gels must be related not to the initial com-
positions but to the compositions at the time
of phase separation. For FA-system, it was as-
sumed that the initially added water was entirely
consumed for the hydrolysis reaction (1),

Si(OR), + n H,0 — Si(OR),_,(OH),
+n ROH, (n < 2) (1)

and the concentration of water became effec-
tively zero by the time of phase separation, be-
cause less than 2 mol of water per 1 mol of
alkoxysilane was used. Thus, the compositions
at phase separation were calculated on the as-
sumption that all the initially added water was
consumed to produce the equivalent mol of al-
cohol from the starting composition. The real
solvent composition may shift to the alcohol-
rich side, because additional alcohol is gener-
ated both by the polymerization reaction (2) and
by the hydrolysis reaction (1) using the water

(continued)

regenerated by the polymerization reaction (3).

=Si—-OH+=Si-OR—-=8i-0-Si=

+ROH, 2)
=Si-OH+=Si-OH—-=S8i-0-Si=
+H,O0. (3)

For HPAA-system, it was assumed that
alkoxysilane species were hydrolyzed and poly-
merized completely by the time of phase sepa-
ration, because more than 4 mol of water was
used [14,18]. This implies the consumption of
2 mol of water and the production of 4 mol
of alcohol per 1 mol of alkoxysilane from the
starting composition:

Si(OR), + 2H,0 — SiO, + 4 ROH.  (4)

Thus, gels were obtained in the region where
the molar ratio of EtOH/Si is larger than 4. The
possible highest concentration of Si, EtOH/Si =
4, are indicated in Fig. 5b as a broken line. Each
composition triangle was constituted by a polar
solvent (FA or water) existing in the solution
in excess, a cosolvent (MeOH or EtOH), and
polymerized silica. It is obvious that the compo-
sition region that gave interconnected structures
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Fig. 3. Pore size distribution curves of gel samples gelled and aged at 40°C, and soaked in IMNA. Their morphologies
are (a) an interconnected structure (N-0.6), and (b) aggregates of particles (N-1.0). Closed circle denotes pore volume (V)
and closed triangle denotes differential pore volume (dV,/dlog D,). The measurements above 10~2um are carried out by Hg
porosimetry, and below 10-1um, by N, adsorption-description method. Values of differential pore volumes measured by Hg
porosimetry are divided by (a) six and (b) three.

Table 3. Porosities and characteristic sizes of typical gels for each system.

Pore* Thickness of Pore Characteristic
Sample  System volume Porosity*  silica skeleton  diameter size
N-0.6 FA 1.23cm?/g 1% 1.6pm 3.1um 4.7um
HPAA1 HPAA  034cm’/g 40% 6.0pum 4.2pm 10.2pm

*The values are only for the micrometer-range pores. The pore volumes and porosities for
the nanometer-range pores are not included.

for FA-system is much more limited than that
for HPAA-system.

The average micrometer-range characteristic
sizes of gels whose morphologies are intercon-
nected structures and aggregates of particles are
included in Fig. 5. The sizes of aggregates
of particles are generally larger than those of
interconnected structures. The sizes of inter-
connected structures for FA-system are limited
below 10 pm. This is in contrast with HPAA-
system, where the sizes of interconnected struc-
tures is up to 100 pm.

The micrometer-range pore volumes of gels
whose morphology was an interconnected struc-
ture were 1.2 — 1.4 cm3/g for FA-system, and
0.26 — 0.35 cm®/g for HPAA-system. The pore
volume of a gel for FA-system is much larger
than that for HPAA-system. The pore volumes,
the porosities, the thicknesses of silica skeletons,
the pore diameters, and the characteristic sizes
of representative gels for each system are listed
in Table 3. The SEM photographs of gels for
HPAA-system are shown in Fig. 6. The silica
skeletons of these gels are much thicker than
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Fig. 4. Variation of the structures by solvent exchange
treatment. These gels are F-2.6, gelled and aged at 60°C,
and soaked in (a) IMNA and (b) MeOH.

those for FA-system shown in Figs. 2b and 4.
The same trend was observed for the other gels.

The effect of the molar ratio of FA to Si, f,
on tg, tps, and the resultant gel morphologies is
shown in Fig. 7. The molar ratio of H,O/Si was
fixed at 1.5, which corresponded to the dotted
line in Fig. 5a. Observed relations between the
morphologies of dried gels and t,, t,, were as
follows:

1. When t;, < t,, homogeneous gels were
formed.

2. When t, ~ t,,, interconnected structures were
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formed. Aggregates of particles were formed
when gelation occurred a little later.

3. When t, > t,,, macroscopic two-phases were
formed.

4 Discussion

4.1 Morphologies and Phase Separation Mecha-
nism

The present system can be assumed to have a
phase diagram that consists of two components.
In the systems containing an organic polym-
mer [12-15], the formation of various gel mor-
phologies was consistently explained in terms
of the concurrent occurrence of phase separa-
tion and gel-formation induced by the polymer-
ization of silica. The solution containing an
organic polymer, alkoxy-derived silica, catalyst,
and water could be regarded as a quasi two-
component, silica-rich and organic polymer-rich,
system. The present system, which contains FA,
alkoxy-derived silica, catalyst, and water can be
also regarded as a quasi two-component system.
Phase separation will occur between polymer-
ized silica and its solvent mixture, which results
in the formation of silica-rich and solvent-rich
phases.

Phase separation in these systems can be ini-
tiated by “chemical quench,” the rise of binodal
and spinodal lines due to the polymerization
of a component, which thrusts a single-phase
mixture into a two-phase region. A transient
structure that has been developed by phase sep-
aration is fixed as a permanent gel structure
through gel-formation, and the structures of re-
sultant dried gels reflect the transient structures
in the various stages of the phase separation.
Thus, a more developed state of phase separa-
tion is reflected in resultant gel morphologies
obtained with the increased amount of FA, be-
cause longer time until gelation was available
for the transient structure to grow (see Fig. 7).

From this consideration, the phase separation
in this system is assumed to proceed through
the following stages: (1) homogeneous solution,
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Fig. 5. Dependence of gel morphologies on compositions with 1M nitric acid for the present system containing FA (a) and the
system containing HPAA (b). The average micrometer-range characteristic sizes for the gels of interconnected structures and
aggregates of particles are indicated on respective symbols. Dotted line in (a) and broken line in (b) indicates the starting
compositions with HO/Si = 1.5, and the possible highest concentration of Si, EtOH/Si = 4, respectively. @, homogeneous
gel; @, interconnected structure; O, aggregates of particles; @, macroscopic two-phase.

(2) the formation of interconnected structures
by phase separation, (3) the breakup of the
silica-rich skeletons, and (4) the sedimentation
of the silica-rich phase. Figs. 2a~d correspond
respectively to the structures fixed by gelation
when the phase separation proceeds to the stages
(1)~4).

Interconnected structures and aggregates of
particles may be phase-separated by SD mecha-
nism. In that case, an interconnected structure is

formed initially from homogeneous solution; fur-
ther growth leads to aggregates of particles, pro-
duced by a breakup of the continuous silica-rich
phase to decrease the interfacial energy. The
change of morphologies described above, and
the fact that the characteristic size of aggregates
of particles was generally larger than that of an
interconnected structure support this assump-
tion. Fig. 3b demonstrates that the micrometer-
range pore size of aggregates of particles has
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Fig. 6. SEM photographs of gels of (a) HPAA1l and (b)
HPAA2. These gels are gelled and aged at 40°C, and
soaked in water-ethanol solution.

a narrow distribution, and the particles, held at
the position of an interconnected silica skeleton,
are almost uniform as observed in Fig. 2c. On
the other hand, if phase separation occurred by
NG mechanism, the discrete particles, generally
called nuclei, would be formed at first to become
aggregates of particles. To be developed into an
interconnected structure, depolymerization and
repolymerization of bonds in these particles, or
attachment of siloxane oligomers in the solvent
phase to the necks between particles, would be
necessary. These processes are unlikely to occur
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under acidic conditions where the solubility of
silica is quite low [19,20], and are contradictory
to the above experimental observations.

Thus, it is highly probable that the phase
separation mechanism is not NG type but SD
type. To confirm this hypothesis, the phase
separation mechanism during the reactions must
be examined by in situ methods such as LS or
DIA.

4.2 Comparison with the System Containing an
Organic Polymer

An addition of a small amount of an organic
polymer makes it casy to obtain interconnected
structures. The composition region that gave in-
terconnected structures in FA-system was much
smaller than that in HPAA-system, and FA-
system could not give the interconnected struc-
tures above 10 um of the characteristic size as
against HPAA-system, which could give those
around 100 pm. Interconnected structures with
thick silica skeletons were obtained in HPAA-
system, while interconnected structures obtained
in FA-system had only thin silica skeletons, ir-
respective of the characteristic size range.

These differences can be explained in terms
of the Flory-Huggins’ theory [21]. This theory,
based on the lattice model of polymeric mixture,
gives the free energy change of mixing of a two-
component system as

AG = (N1 /B){(¢1/P1)Indy
+(¢2/ Po)Ingz + xé142},  (5)

where ¢; and P, are volume fraction and the
degree of polymerization of component i (i =
1 or 2), respectively. 8 = 1/kgT is the inverse
temperature, Nr is the total number of lattice
cells in the system, and x is the interaction
parameter.? The critical point is given at the
point that the binodal and spinodal lines coin-
cide, where the following equation is satisfied:

(8°AG /061 p = (83 AG/8¢*)rp = 0.  (6)

From equations (5) and (6), the critical compo-
sition of component 2, ¢, is given by

b2 = 1/{1 + (Po/P)'/?}. 7
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Fig. 7. Dependence of ty(o) and tp,(x) on the amount of FA under the condition of the molar ratio of HyO/Si = 1.5.
Above the figure, resultant gel morphologies are shown; ®, homogeneous gel; @, interconnected structure; (O, aggregates of

particles, @, macroscopic two-phase.

When the above two systems are both con-
sidered as quasi two-component systems, com-
ponents 1 and 2 correspond to solvent-rich or
organic polymer-rich phase and silica-rich phase,
respectively. Then, equation (5) with P;=1 can
be used in FA-system. While in HPAA-system,
the resultant organic polymer-rich phase con-
tains solvents, thus the degree of polymeriza-
tion of an organic polymer (~ 1250) cannot
be used as it is. Nevertheless, P, for HPAA-
system would be much larger than unity. In-
terconnected structures and aggregates of parti-
cles were obtained when ¢, ~ t,, (Fig. 7), thus
phase separation will not occur until the degree
of polymerization of silica, P, becomes quite
large. Therefore, during phase separation, ¢;.
for FA-system is much smaller, and binodal and
spinodal lines are more asymmetric than those
for HPAA-system.® This difference is schemat-
ically shown in Fig. 8. Here, we neglect the
changes of the volume fraction and the inter-
action parameter on the assumption that the

change of the degree of polymerization of silica
is much more effective than those two factors.

For the isothermal demixing, interconnected
structures are more easily obtained in the com-
position region around the critical one. This
is because, as the composition of the system
approaches the critical one, SD-type phase sep-
aration occurs more easily and the continuities
of interconnected domains of each phase, which
emerge in the early stage of SD, are main-
tained without breakingup during the following
coarsening process [23,24]. Similarly, for the
systems that induce phase separation by chem-
ical quench, interconnected structures are also
expected to be obtained more easily in the com-
position region around the critical one. Thus,
the composition region in FA-system that gives
interconnected structures would be more silica-
poor than that in HPAA-system (see Fig. 8).
It results in the formation of continuous but
thinner silica-rich phase. Besides, the viscos-
ity of FA-system was much lower than that of
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Fig. 8. Schematic phase diagrams for the present system containing FA (a), and the system containing an organic polymer
(b). #2.; and ¢y ¢ are critical compositions just after all the constituents are mixed and during phase separation, respectively.
$2.,¢ in FA system is much smaller, and binodal and spinodal lines are more asymmetric than those in HPAA-system.

HPAA-system. The low volume fraction of the
silica-rich phase and the low viscosity in FA-
system induce the breakup and the following
sedimentation of silica-rich domains during the
earlier stage of a phase separation. Thus, inter-
connected structures easily become aggregates
of particles or macroscopic two-phases during
the coarsening process.

At least partly for these reasons, the present
system cannot give interconnected structures
whose characteristic size is as long as that of
the system containing an organic polymer, and
the composition region that gives interconnected
structures is very restricted. In order to obtain
interconnected structures with longer character-
istic sizes or in broader composition region, it
may be necessary to use the viscous system,
which consists of end members with similar de-
grees of polymerization.

5 Conclusions

Interconnected structures could be obtained in
a system containing TMOS, formamide, nitric
acid, and water. The composition region that
gave the interconnected structures for this sys-
tem was much smaller than that for the system
containing an organic polymer, and the former
system could not give the interconnected struc-
tures with the characteristic sizes above 10 pm.
These results were well explained by regarding
the above two systems as quasi two-component
systems and assuming the phase diagram based
on the Flory-Huggins’ theory. The phase separa-
tion mechanism is presumably a spinodal decom-
position type. To corroborate this mechanism,
supplementary information about the phase sep-
aration during the reactions is now being col-
lected.
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Notes

1. In Figs. 1 and 8, the phase diagram of the
present system is expressed as upper critical
solution temperature (UCST) type, but the
phase diagram is not defined up to now as
to whether it is UCST type, lower critical
solution temperature (LCST) type, or UCST-
LCST coexisting type. Even if it is not UCST
type, however, the compatibility of the sys-
tem decreases with the increase of molecular
weight [11], thus the mixture is thrust into a
two-phase region with the progress of poly-
merization reactions.

2. Here, the x parameter includes all the other
factors affecting the free energy change of
mixing except for the combinatorial entropy,
¢.g., the volume change of mixing of each
constituent, their dipole interaction, as well
as their van der Waals interaction.

3. The pore volumes of the system containing
poly ethylene oxide (PEO) as an organic poly-
mer are close to those of FA-system [22].
This seems to be contradictory to the discus-
sion here, but in this case, the system phase-
separates into one phase rich in PEO and
silica, and the other rich in solvent,
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