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Foreword

ThEe ACS SYMPOSIUM SERIES was first published in 1974 to
provide a mechanism for publishing symposia quickly in book
form. The purpose of this series is to publish comprehensive
books developed from symposia, which are usually “snapshots
in time” of the current research being done on a topic, plus
some review material on the topic. For this reason, it is neces-
sary that the papers be published as quickly as possible.

Before a symposium-based book is put under contract, the
proposed table of contents is reviewed for appropriateness to
the topic and for comprehensiveness of the collection. Some
papers are excluded at this point, and others are added to
round out the scope of the volume. In addition, a draft of each
paper is peer-reviewed prior to final acceptance or rejection.
This anonymous review process is supervised by the organiz-
er(s) of the symposium, who become the editor(s) of the book.
The authors then revise their papers according to the recom-
mendations of both the reviewers and the editors, prepare
camera-ready copy, and submit the final papers to the editors,
who check that all necessary revisions have been made.

As a rule, only original research papers and original re-
view papers are included in the volumes. Verbatim reproduc-
tions of previously published papers are not accepted.

M. Joan Comstock
Series Editor
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Preface

THE UNIQUE PROPERTIES OF ORGANIC AND INORGANIC materials can
be synergistically combined in a number of ways. The purpose of the
March 1994 symposium on hybrid organic—inorganic composites and this
resulting book was to illustrate some of these ways. Most of the chapters
in this book are based on contributions to the symposium, but two of the
chapters (6 and 13) were commissioned separately to improve the balance
in the subject matter.

The chapters in this book cover a wide range of topics, as can be seen
from the overview chapter, which previews some of the contents of the
book. The variety of topics is certainly desirable and stems in part from
the various backgrounds of the people working in this area. Contributors
include inorganic chemists, organic chemists, physical chemists, polymer
scientists and engineers, chemical engineers, and materials scientists.

We hope that this book will be of use to these various constituencies
and to others in related disciplines. Although our primary goal was to
report on the status of the rapidly expanding area of organic—inorganic
composites, there is also much discussion of unsolved problems that
should inspire readers to enter and contribute to this area as well.

J. E. MARK
Department of Chemistry and Polymer Research Center

University of Cincinnati
Cincinnati, OH 45221-0172

C. Y-CLEE

Office of Scientific Research
U.S. Air Force

Bolling Air Force Base
Washington, DC 20332-6448

P. A. BIANCONI

Department of Chemistry
Pennsylvania State University
University Park, PA 16802

October 11, 1994
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Chapter 1

Some General Trends in the Area
of Organic—Inorganic Composites

J. E. Mark

Department of Chemistry and Polymer Research Center,
University of Cincinnati, Cincinnati, OH 452210172

This overview chapter first reviews the sol-gel process as it is being
used by ceramists, and then describes how it is being modified by the
incorporation of organic materials. Six general topics involving the
organic-inorganic composites resulting from these new approaches are
then illustrated using examples chosen from the chapters of the present

The Sol-Gel Process in General

Most organic-inorganic hybrid composites are prepared by introducing polymeric
components into the sol-gel technology which is now much used to prepare ceramic
materials. It is therefore appropriate to first describe how this sol-gel approach has
been used by ceramists to prepare ceramics having unusually attractive properties!.
In this technology, organo-silicates, -titanates, -aluminates, etc. are typically
hydrolyzed to multi-hydroxy compounds which then condense into gel-like structures
that can be dried and fired into ceramic coatings, foams, or monolithic objects. The
classic example is the reaction of tetraethoxysilane (TEOS) [Si(OC2Hs)4] to yield
silica (SiO3), and ethanol as a volatile and easily-removed byproduct. A variety of
acids and bases, and even some salts, greatly catalyze the process.

There are a number of advantages to this new technique for preparing ceramic
materials. First, the high purity of the chemical reactants insures higher ceramic
purities than can generally be obtained in the usual melting of minerals such as
common sand. The temperatures involved are very much lower than those required to
melt typical ceramics, and this encourages the incorporation of organic phases. In
some cases, the porous ceramic precursors formed as intermediates can be pervaded
by polymers (such as a polysilane) that can be converted into reinforcing phases (such
as P silicon carbide) during a subsequent firing process. Also, it is much easier to
imagine placing a thin coating of silica onto a surface to be used as part of a wave-
guide by this technique, than by a dipping process involving molten silica! Finally,
co-hydrolysis of different organometallics can be used to obtain ceramic "alloys" that
are essentially unobtainable by the usual ceramic technologies.

0097—6156/95/0585—0001$12.00/0
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2 HYBRID ORGANIC—-INORGANIC COMPOSITES

The Sol-Gel Process in the Preparation of Organic-Inorganic Composites

One indirect advantage of including polymers in this technology is facilitation of the
processing techniques involved. Of greater interest, however, are attempts to obtain
synergistic effects, specifically to produce materials that have an optimized
combination of the best properties of polymers with the best properties of
ceramics!0-2%, A general example would be to maintain some of the best properties of
a ceramic material but to improve its mechanical strength. This could be done by
having a tough polymer present to provide an additional mode for absorbing impact
energy, thereby reducing brittleness.

Some General Trends

Biomimicry and Template-Based Systems. The goal in biomimicry is to understand
the structure of biomaterials to the extent that some of the same guiding principles
can be used to prepare better synthetic (non-biological) materials. One approach is
illustrated in this volume by the precipitation of an irorganic phase between the
crystalline regions of a partially-crystalline organic polymer by Calvert et al., in a
manner reminiscent of the way bone structures are produced. Another example, by
Mann and coworkers, involves the generation of a ferrimagnetic phase within the
constraining environment of the protein ferritin.

Since template-directed syntheses are commonplace in biosytems, there is a
strong connection between these two topics. One approach involving intercalation of
organic phases between layered structures is illustrated by the contributions of
Clement, by Lerner et al., and by Okada et al. Some related experiments in which
silica-like particles are grown within the pores of a membrane are described by
Mauritz and coworkers.

New Techniques and Approaches. The complexity of many organic-inorganic
composites, and the very diverse backgrounds of many of the people working in this
area has encouraged a wide range of new techniques and approaches. This has
occurred with regard to both synthesis and characterization. An example of a new
synthetic technique is the solution to the shrinkage problem generally occurring in the
preparation of some composites, by Novak et al. In their approach, alkoxide groups
that would otherwise have to be removed from the reacting system are instead
polymerized in-situ to give the desired organic phase. An example of a new
characterization technique in this area is the extensive use of small-angle scattering
measurements by Beaucage, Ulibarri, Black, and Schaefer to investigate composite
structures.

Two novel ways for the generation of organic phases are then described. In the
first, by Guyot and coworkers, functionalized silica is used as nucleation sites in the
emulsion polymerization of a typical vinyl monomer, ethyl acrylate. In the second,
Wei et al. use a photochemical polymerization to synthesize the polymeric phases in a

variety of composites. The use of a different type of radiation, y photons, to
polymerize a second monomer absorbed into a composite is outlined by Brennan,
Miller, and Vinocur.

Techniques for preparing organic-inorganic composites from non-aqueous
sytems is the subject of one contribution, by Sharp, and the use of polymeric phases
to lock regular arrays of silica particles in place is the subject of another, by Ford et
al. A final example in this category, by Belfiore and coworkers, describes the thermo-
irreversible gelation of diene polymers in the presence of an inorganic salt.

Bonding and Other Interactions. The two phases in these composites are very
disparate and, since good miscibility is generally desirable, much attention is being
paid to the nature of the interactions occurring in these materials. The chemical
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bonding occurring in some of these systems is discussed by Corriu and colleagaues,
and a broader discussion of the structures and interactions occuring in three types of
organic-inorganic composites is given by Mackenzie. A study showing how the
maximum size of silica particles growing in an elastomeric matrix is controlled by the
constraining effects of the stretched-out polymer chains is given jointly by the
Schaefer group at Sandia and the Burns group at Dow Corning.

Ladder and Bridged Structures. A number of ionic polysiliconate and
polygermylate compounds form unusual penta- and hexacovalent compounds, and
these have been used to form novel ladder, bridged, and network materials. Some of
this work is described in two articles by Shea, Small, and Meyers at UC Irvine
collaborating with Loy, Jamison, and Assink at Sandia.

High-Temperature Polymers. Using high-performance, high-temperaure polymers
as the organic phase in these composites presents several special problems. For one
thing, such polymers are generally almost intractable even under the best of
conditions. Second, polymers of this type are designed to be unreactive, since this is
required in most of their applications. This unreactivity becomes a problem, however,
in getting good bonding between the polymer phase and the inorganic, ceramic phase.
Finally, there is what is likely to become part of the central dogma in the area of
organic-inorganic composies: the better the properties of the polymer to begin with,
the more difficult it is to achieve further improvements. Some descriptions of recent
work in this area, emphasizing polymers of interest to the US Air Force, are given in
three chapters by Arnold et al., and by Mark et al.

Electrical, Optical, and Interfacial Properties. The characterization of these
properties is extremely active in polymer science in general, so it will come as no
surprise that organic-inorganic composites are playing increasingly-important roles in
this area. Examples of electrical and optical properties are the chapters on conductive
polymer/superconductive bilayer systems by McDevitt and coworkers, and on
composite materials in photonics by Prasad and coworkers.

The use of this technology for interfacial properties is illustrated using coatings
for metals and glass by Schmidt et al., and the chemical modification of carbon fibers
for composites by Wang and Quirk.
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Chapter 2

Organic—Inorganic Hybrids
with a Crystalline Polymer Matrix

Jeremy Burdon, Jeffrey Szmania, and Paul Calvert

Department of Materials Science and Engineering, University of Arizona,
Tucson, AZ 85721

Many nanoscale hybrids of organic and inorganic materials
have now been prepared. In general the materials become stiffer
but significantly more brittle as increasing quantities of the
inorganic phase are introduced into the organic polymer. This
behavior is similar to that found in conventional particle-reinforced
polymers. The properties of bone, as a polymer reinforced with
nanometer-sized ribbon-shaped crystals of mineral, are good when
compared with the properties of these synthetic polymer
composites. In an effort to induce more structured, and possibly
elongated, precipitation of the inorganic phase in hybrids, a
crystalline polymer matrix is used. It was expected that the
inorganic phase would be constrained to deposit between the
crystalline polymer lamellae. Titania-polypropylene composites
have been studied. They show an increase in stiffness but there is
a loss of strength, apparently due to segregation of the titania to the
spherulite boundaries. This study also shows that melt processing
of hybrids is feasible as opposed to the usual casting of films.

Bone has an elastic modulus in the range of 20-30 GPa, about 10 times that of
collagen or synthetic resins, table 1 (1,2). This increase is achieved by
reinforcement with 40-50 vol% of hydroxyapatite ribbons which have a thickness
of a few nanometers and a high aspect ratio. Various theories can be used to
predict composite moduli from composition (3) and bone seems to be in the
range expected for the known component moduli, volume fraction and particle
shape.

Particle-filled composites generally show a decrease in strength and a rapid
decrease in toughness with increasing particle content. Fiber-filled composites get

0097—6156/95/0585—0006$12.00/0
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2. BURDON ET AL.  Hybrids with a Crystalline Polymer Matrix 7

Table 1: Comparative Properties of Bone and Synthetic Composites

Volume | Tensile | Tensile Strain to| Work of
Fraction, | Modulus | Strength | break Fracture

% GPa MPa % Jm?
Sheet Molding compound | 50, 15- 15 86-230 1.3-1.7
(resin + filler + fiber) 30% fiber
Polybutyleneterephthalate/| 25 4.9 95
glass beads
Polyethyleneterephthalate | 35 20 165 1 3200
+ short glass fiber
Bone (bovine femur) 41 20 220 10 1700
Collagen (tendon) 0 3 100
‘Hydroxyapatite 100 110 100
Polyethyleneterephthalate | 0 33 60 275 7300
E glass 100 70 3000

stronger but also less tough (4). Properties are very dependent on the aspect
ratio of the fibers which is generally limited to a range from 10-50 by the
processing conditions. Glass fibers are typically 10 pm in diameter and standard
processing equipment will break fibers with lengths in the millimeter range. Finer
fibers are undesirable because they would be a health hazard during handling. In
addition normal mixing procedures, which randomize fiber orientations,limit the
fiber volume fraction to the percolation threshold. This is around 40 vol% at an
aspect ratio of 10 and 10 vol% at 50 (5).

Inorganic-organic hybrids have been studied for about 10 years by several
groups and the general pattern of mechanical properties is now becoming clear.
The addition of the inorganic phase stiffens glassy polymers in line with composite
theory. The change in modulus does depend on morphology in that a material
formed with a continuous inorganic network is stiffer than one with an continuous
organic phase and inorganic particles. There is a much more marked increase in
modulus above the glass transition (Figure 1).

The mechanical strength in compression does increase, as for many
particulate composites, but there is generally a decrease in tensile strength and in
toughness, especially at high particle contents (6,7). To date there is no clear
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2. BURDON ET AL.  Hybrids with a Crystalline Polymer Matrix 9

sign of special properties arising from the nanometer scale of the inorganic filler
except the effect on rubber modulus (Figure 1) and an increase in degradation
temperature for acrylic polymers (8).

Based on current knowledge of organic-inorganichybrids and the preceding
discussion of bone, there are two obvious routes for achieving better nanoscale
composites. Firstly the reinforcing particles should have an elongated shape
rather than being spherical. This needs to be achieved without paying a penalty
in packing density. Secondly weak planes should be built into the structure to
control failure; a similar mechanism is being tested by incorporating weak
interfaces in ceramics (9). The possibility of building into the matrix specwl
structures with high work of fracture should also be explored

One approach to control the particle morphology is to use a crystalline
polymer matrix rather than an amorphous polymer. The lamellar morphology of
crystalline polymers should redistribute the alkoxide to the interlamellar
amorphous regions during crystallization. Subsequent hydrolysis should lead to
titania particles in layers between the polymer crystals. In addition the toughness
of crystalline polymers is related to the ability of chains to pull out of the lamellae
during yielding and this toughness may be carried over into the composites.

To investigate a system of this type, polypropylene was melt blended with
titanium n-butoxide and extruded. After extrusion the film was treated with
boiling water for 24 hours to precipitate the titania

Experimental

Escorene Polypropylene PP-5022 in pellet form was obtained from Exxon
Chemicals. Polypropylene was dissolved in boiling xylene over a 45 minute
period. A white polypropylene ‘sponge’ was solvent precipitated by pouring the
polypropylene/xylene solution into methanol. This material was broken into small
lumps, compressed to remove bulk solvent, and left to dry for 24 hours. The
dried material was then ground to a fine powder over a 2 minute period using a
commercial coffee grinder. To obtain an extremely fine powder, the material was
sieved using a 60-mesh sieve (0.246mm opening). The powder was then placed
in a vacuum oven at 55°C for 48 hours to completely remove residual solvent.
Potassium Benzoate was considered to be an ideal nucleating agent
(10,11), and was added (1 wt%) to some batches of polypropylene powder.
The addition of a nucleating agent appears to reduce the spherulite diameter to
a few microns and improve the strength of the spherulite boundaries. The
composite containing no nucleating agent shows very large, TiO, covered,
spherulites, whereas the composite containing a nucleating agent shows a very
different fracture surface, with large areas of ‘flat’ fracture topography (Figure
2a,2b). Composites prepared using the nucleating agent were much less brittle
than non-nucleating systems.
A quantity of titanium n-butoxide was added to obtain a known weight
percentage of titanium n-butoxide (10% 15%, 20%, 30%, and 40% batches were
prepared). Also 0.8 wt% Ken-React KR-TTS coupling agent, isopropyl

In Hybrid Organic-lInorganic Composites; Mark, J., et a.;
ACS Symposium Series; American Chemical Society: Washington, DC, 1995.



Publication Date: March 21, 1995 | doi: 10.1021/bk-1995-0585.ch002

August 11, 2012 | http://pubs.acs.org

10

HYBRID ORGANIC-INORGANIC COMPOSITES

Figure 2. Fracture surfaces of (a) 9.4 wt.% titania-polypropylene composite
prepared without nucleating agent and (b) nucleated 7 wt% composite.
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triisostearoyl titanate (CH;CH(CH,)-O-Ti-(OOC;H;;);), was added. The mixture
was then ground for approximately 1 minute to obtain a homogenous material.
This was then placed in Mason-jars and sealed until used.

A home-built ram extruder was used to extrude 25 mm. wide x 3 mm. thick
strips. Polymer samples were placed in the pre-heated barrel (180°C), and
compressed. The ram was then retracted slightly to relieve pressure, and the
material left to melt over a 1 hour period. The barrel and die temperature was
then lowered to 170°C over a 30 minute period. To extrude samples containing
40 wt% alkoxide, it was necessary to lower the die temperature to around 158°C.
Extrudate was allowed to cool (un-assisted) to room temperature on exit from the
die.

Thin film material (less than 0.05mm thick) was produced using a
commercial 0.25" single-screw extruder. Temperature zones within the extruder
were programmed to approximate the conditions in the ram-extruder. Extruded
film was fed onto a chill roll at 70°C. Extruded strips were hydrolyzed by placing
in boiling water for 12-14 hours. Extruded film was boiled for 4-6 hours. The
samples were then placed in a vacuum oven for 24 hours at 50°C to dry.

Dynamic mechanical analysis was performed on extruded strip. Samples
were machined flat to an accuracy of better than 0.0lmm. Experiments were run
in triplicate. Samples were tested using a Du Pont Thermal Analysis system with
a model 983 dynamic mechanical analyzer. Samples were run with an oscillation
amplitude of 0.2mm. Heating rates were 3°C/min (30°C to 140°C) with a fixed
frequency of 1Hz. Sample dimensions were typically 21mm x 14mm x 0.7mm (L
x Wx T). Values for the flex loss modulus (E"), flex storage modulus (E’), and
shear moduli (G’ and G") were obtained.

Tensile tests were performed using an Instron model 1011. Films were
tested using low mass clamps (10g max force), flat-faced grips with a 10g load-cell
at a strain rate of 0.1 mm/min. Ram-extruded strips were examined using serrated
edge grips with a 10001b load-cell at a strain rate of 0.1 mm/min. ASTM standard
test D 882-88 was followed as closely as possible, however due to limitations in
sample size, it was not possible to follow recommended sample dimensions, and
gauge lengths. Films were generally 0.05 mm thick and 12 mm or 18 mm wide.
Strip samples were generally 0.8 mm thick and 12 mm wide. A 25 mm gauge
length was used for both strip and film samples.

Differential scanning calorimetry was performed using a Du Pont model
910 differential scanning calorimeter. Samples were run in nitrogen and ramped
at 30°C/min from room temperature to 220°C. A value for % crystallinity was
calculated using a value of 207 Jg! for AH,,,, for isotactic polypropylene, as
determined by Gee and Melia (12). SEM analysis was performed on fractured
samples. Cross sections of strip samples were prepared by fracturing in liquid
nitrogen. Fracture analysis was also performed on the cross-sections obtained
from tensile breaks during tensile tests.

Results
During ram extrusion it was noticed that samples containing more than 15 wt%

titanium n-butoxide exhibited markedly differentsolidification behavior to samples
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with lower concentrations of titanium n-butoxide. It was noticed that with
composites containing up to 15 wt% titanium n-butoxide (0%, 2%, 5%, 10%, and
15% samples were compared), the extruded composite appeared clear on first
emerging from the die, rapidly turning opalescent. With composites containing
more than 15 wt% titanium n-butoxide, the behavior was similar, except that after
several minutes of cooling, a further whitening of the material occurred, spreading
throughout the sample at a rate of about lmm/sec. Prior to the onset of
whitening, the extrudate had cooled substantially and was slightly opaque
indicating that crystallization of the polypropylene matrix had already occurred.
At the whitening point, the temperature of the material had dropped to around
70°C-80°C.

Figure 3 shows titania particles and voiding at the spherulite boundaries
in an unnucleated sample. Individual spherulites appear joined by polymer fibrils,
which tend to also appear meshed with TiO, particulates on the surface of the
spherulites. Composites prepared with more than 15 wt% titanium n-butoxide,
and no nucleating or coupling agents, were mechanically fragile.

Rigorous hydrolysis conditions employed to allow complete hydrolysis of
the alkoxide to an amorphous TiO, precipitate. TGA of the treated (hydrolyzed
and dried) polypropylene composite, originally containing 30 wt% titanium n-
butoxide, showed no evidence of release of water, butanol, or unreacted titanium
n-butoxide. X-ray diffraction showed no evidence for crystalline (anatase or
rutile) TiO,. We concluded that our polypropylene composites contained
amorphous TiO, derived from the full and complete hydrolysis of titanium n-
butoxide.

Micrographs show no evidence of large titania particles. This is confirmed
by small angle x-ray scattering studies which show the presence of sub-micron
particles (D.W.Schaefer and P.D.Calvert, to be published). These very fine
particles would not be expected to be responsible for extensive whitening of the
composite, which is more likely to reflect refractive index variations on the scale
of the spherulites.

Elastic Properties. Dynamic mechanical analysis was performed on ram-
extruded strip, and the results are shown in Figure 4(a,b). Figure 4(a) shows the
flexural storage modulus E’ as a function of temperature. Figure 4(b) shows the
loss modulus E". The modulus increase is in line with that seen in the
polymethylmethacrylate-silica system shown in Figure 1.

An increase in concentration of TiO, precipitate results in an increase in
the dynamic modulus. This is in agreement with other workers, and the general
finding is that an increase in filler content or a decrease in filler size results in an
increase in the dynamic modulus (13,14,15,16,17,18).

Figure 4(b) shows that the loss modulus is little changed at 2.3 wt% TiO,,
but drops sharply with further increases in filler. This is believed to be due to
hardening of the spherulite boundaries.

The effect of the coupling agent on the bonding between the titania and
the polypropylene can be analyzed by measuring the shear modulus, and fitting
data to established theories relating component viscosities to filler volume fraction
in two component systems. The Einstein model was used with and without
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Figure 3. Spherulite boundary of 7 wt.% titania, un-nucleated composite.
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modifications for adhesion between the two phases. Figure 5 shows results
calculated from experimental data using the Einstein model assuming no adhesion,
with three different density values for amorphous TiO,. Theoretical data is also
presented using the Einstein model with and without adhesion between the
amorphous TiO, and polypropylene matrix, equations 1 and 2 respectively, where
G’, and G’, are the shear moduli of the composite and polymer and @y is the
volume fraction of filler.

Gc/Gp’ = (1+®p) 6]
Gc/Gp’ = (1+2.5%y) @

As the volume fraction increases, both models predict higher values, although the
experimental data with a density of 3 for the amorphous TiO, tends to fit the
Einstein no-adhesion model quite closely. Judging from the comparison of
experimental and theoretical data, it is clear that the isopropyl triisostearoyl
titanate coupling agent is not producing a high level of interaction between the
TiO, particles and polypropylene matrix. At very low volume fractions, the
experimental data tends to fall between the Einstein model with adhesion and
Einstein model without adhesion. Possibly, the positive effects of the coupling
agent are masked at higher volume fractions by the decrease in crystallinity of the
polypropylene matrix.

Tensile Properties. Stress-strain analysis was performed on both ram-extruded
strip, and-screw-extruded film. Figure 6 shows that the yield strength of strip is
level up to up to 2.3 wt% TiO,, and then drops sharply. The screw extruded film
behaves similarly.

The addition of particulate fillers to tough thermoplastics such as
polypropylene tends always to reduce the toughness of the material. This
behavior is seen as a decrease in the area under the stress-strain curve.

Some further information can be extracted by analyzing the fracture
surfaces following tensile testing. At up to 4.7% titania the fracture surface
shows extensive yielding. At 7% titania and above, fracture becomes clearly
brittle with interspherulitic failure.

Discussion

A conventional hybrid of amorphous polymer and silica will phase separate on a
scale which depends on the chemical kinetics of the polymerization or
condensation of the oxide and on the thermodynamics of phase separation
(19,20,21).  The distribution of the two phases should be essentially
random.

In the case of a crystalline polymer, the development of polymer
morphology will interact with the development of the inorganic particles. In the
present system, the titanium n-butoxide forms a homogeneous melt with
polypropylene. On cooling, phase separation of the alkoxide may precede or
follow the crystallization of the polymer. We believe that phase separation occurs
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at the higher alkoxide contents when the sample becomes much more opaque, at
about 80°C. At lower alkoxide contents the system may remain locally
homogeneous down to room temperature.

If the alkoxide remains miscible with the amorphous polypropylene down
to room temperature, there will nonetheless be segregation. A soluble diluent in
a crystallizing polymer will tend to be rejected from growing spherulites and will
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accumulate at the spherulite boundaries (22,23). The extent of this
segregation will depend on the dimensionless number given by the diffusion
coefficient divided by the growth rate and spherulite radius. Slow diffusion will
allow little segregation. In this case the appearance of large amounts of titania
at the spherulite boundaries suggests that there is extensive segregation.

In the resulting microstructure, the effects of structure at the scale of the
individual lamellae will be essentially hidden by the effects of large amounts of
brittle ceramic at the spherulite boundaries. A material with tough polymer
bonding brittle ceramic grains would be most desirable, this structure is the
opposite. The brittleness and low loss modulus can probably be attributed to this
ceramic boundary. The implication is that a lamellar, but non-spherulitic system
would be more desirable.

We have demonstrated that hybrid materials can be formed by an extrusion
process. We have not focussed on the hydrolysis reaction, which we envisage as
occurring as a continuous bath treatment following the extrusion. The time
required for this is a function of the sample thickness and diffusion coefficient of
water in the polymer. A reasonable value for the diffusion coefficient of water
in polypropylene at 100°C is 10® cm’sec’’, which would give a treatment time of
about 10 minutes for a thickness of Imm (24). It is clear that larger parts
would require some form of reaction injection molding.

Polypropylene is not an ideal matrix because it is hard to achieve good
bonding to the titania particles. However, many other polymers are unsuitable as
a result of reaction with the alkoxide. Polyesters, for instance, are rapidly
degraded by titanium alkoxides in the presence of traces of moisture.

Conclusions

We have shown that it is possible to extrude a polypropylene-titanium n-butoxide
compatible melt, and that by completing a hydrolysis step, extruded
polypropylene-titanium n-butoxide composite strips and films could be efficiently
converted to polypropylene-TiO, composites containing sub-micron TiO, particles
and that the process allowed these particles to be formed in-situ.

Initial experiments with in-situ precipitated TiO, composites showed that
to obtain materials with reasonable mechanical properties, it was necessary to
incorporate a coupling agent to increase the interfacial adhesion between TiO,
filler and surrounding matrix, and that it was also necessary to reduce the
polypropylene spherulite diameter by adding a nucleating agent.

In-situ growth of TiO, in a polypropylene matrix results in an increase in
the modulus, while tensile, yield strengths and toughness decrease. These results
were similar to those obtained for conventionally filled polypropylene (25). At
low TiO, concentrations ductile failure is clearly evident. At intermediate TiO,
concentrations, a transition from ductile to brittle failure produces a fracture
surface which exhibits some yield, but matrix void formation around TiO,
eventually causes catastrophic failure resulting in a fibrillated fracture surface. At
high TiO, concentrations, failure is purely brittle.

Improvement of the properties of these composites will depend on
achieving better particle-polymer bonding and on reducing the degree of
segregation of alkoxide to the spherulite boundaries.
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Chapter 3

Inorganic—Protein Interactions
in the Synthesis
of a Ferrimagnetic Nanocomposite
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The iron-storage protein ferritin provides a spatially constrained
reaction environment within a catalytically active bio-polymer. These
properties have facilitated the synthesis of a ferrimagnetic iron oxide-
protein composite, formed by tailoring conditions for the synthesis of
magnetite. The controlled partial oxidation of Fe(Il), at high pH and
elevated temperature, in the presence of apo-ferritin resulted in the
formation of a colloidal composite with a narrow particle size
distribution. This material combines characteristics of both the protein
and the inorganic phase. Direct magnetic measurements indicated
13,100 Bohr magnetons per particle. Electron and x-ray diffraction
data indicated the presence of a cubic iron oxide mineral phase but
could not distinguish between magnetite and maghemite. Data from
Mossbauer spectroscopy, measured both in the presence and absence
of an applied field as well as at low temperature, suggested that the
predominant mineral phase was maghemite rather than magnetite.

The protein ferritin is ubiquitous in biological systems. Ferritin stabilizes and
stores colloidal iron oxide in the form of the hydrated mineral ferrihydrite (1),
(5Fe203.9H20 with variable amounts of phosphate). The protein comprises 24
subunits, of two types (H (heavy) and L (light), that self-assemble forming a
central cavity, approximately 80A in diameter, in which the iron oxide is
mineralized. This arrangement gives rise to a highly symmetrical spherical
protein, 120A in diameter, intersected by channels through which the ions move.
As its biological function suggests, the protein has high specificity for iron but this
has not prevented the synthetic formation of other, non-ferrous minerals, such as a
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manganese oxyhydroxide (2) and a uranium oxyhydroxide, within the protein
cavity (3). The mechanism for iron biomineralization in ferritin is thought to
involve two distinct clusters of amino acids (on each subunit) that act as
ferroxidase centers (H subunit only) and crystal nucleation sites (both H and L
subunits) respectively (4).

As a bio-polymer matrix ferritin combines a number of properties that make it
ideal for the synthesis of nanocomposite materials: a) a well defined, constrained
reaction environment b) stable protein matrix (pH4 to 9, and up to 90°C)
¢) catalytic oxidation site and crystal nucleation sites 'd) non-immunogenic protein
(high sequence homology amongst ferritins from varying sources) e)
biodegradable, non-toxic polymer. This work reports the characterization of a
magnetic core synthesized within the cavity of the ferritin protein.

Synthesis of Magnetoferritin

Chemical reduction of the native ferrihydrite followed by chelation and removal of
the ferrous ion leaves the apo-protein intact and the central cavity available for
remineralization (5). The synthesis of magnetoferritin (6) was carried out
anaerobically at elevated temperature (60-65°C) and pH (8.6) by the stepwise
addition of Fe(II) to a solution of apoferritin followed by partial oxidation until an
average loading of 2500 Fe atoms per ferritin had been achieved. The reaction
product was a homogeneous black-brown solution, unlike the blood red color of the
native ferritin, which could be precipitated by the application of a high gradient
magnetic field.

Characterization of Magnetoferritin

Transmission Electron Microscopy (TEM). The magnetically isolated
magnetoferritin cores were imaged by TEM (Figure 1a.) and revealed an average

particle size of 73A diameter with a homogeneous size distribution (0 = 14A)
(Figure 2). Electron diffraction confirmed a face-centered cubic mineral phase
(Figure 1b.), different from the native ferrihydrite, but it was not possible to

distinguish between magnetite, Fe304, and maghemite, y-Fe203 (Table I). Control
experiments using 0.1M NaCl in place of apoferritin produced a black, extensively
aggregated material (figure 3), which exhibited the same electron diffraction pattern
as for the magnetoferritin core. The lattice image (figure 4) of a magnetoferritin
core approximately 80A in diameter, obtained by high resolution transmission
electron microscopy (HRTEM), clearly shows two sets of lattice fringes (d =

Table L. Electron diffraction of magnetite, maghemite and magnetoferritin

Fe304/y-Fe203 (hkl) Magnetoferritin Control reaction
; measured d spacing  measured d spacing
d spacing (A) N p o
4.85 111 4.80 4.85
297 220 3.01 311
2.53 311 2.54 2.53
2.099 400 2.11 2.11
1.715 422 1.73 1.73
1.616 511 1.65 1.60
1.485 440 151 1,50

(magnetite: space group Fd3m, a=8.39A; maghemite: a=8.34A)
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Figure 1. (a) TEM image of magnetoferritin cores. Scale bar is 50 nm.
(b) Electron diffraction from magnetoferritin cores.
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Figure 3. TEM image of the precipitate formed in the absence of ferritin.

Figure 4. High resolution TEM (lattice image) of the magnetic core showing
the {111} and (220) lattice fringes.
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4.85A) 700 apart, as well as a another lattice fringe (d = 2.25A) at 350 to these.
These are consistent with the {111} and (220) lattice planes respectively of a
mineral having cubic symmetry and lattice parameters of 8.4A.

Mossbauer sgectroscopy. In an attempt to identify the magnetic iron oxide phase

present, the 7Fe Mbssbauer spectrum of magnetoferritin was measured (7).
Spectra (Figure 5a.) were recorded both in the presence and absence (8) of an
applied magnetic field and compared with those of crystalline ferrihydrite, a poorly
crystalline ferrihydrite, magnetite and maghemite samples (Figure 5b.). At 100K
applied magnetic field and compared with those of crystalline ferrihydrite, a poorly
crystalline ferrihydrite, magnetite and maghemite samples (Figure 5b.). At 100K
the zero field Mossbauer spectrum is clearly different from native ferritin (9),
although the Fe3+ component of the spectrum could indicate the presence of some
ferrihydrite-like material. At 4.2K the zero field spectrum shows a sextet with
broad asymmetric lines. The lineshapes are consistent with the spectrum of
maghemite but the line broadening precludes any definitive distinction between
magnetite and maghemite. In addition, the value of the hyperfine field (50 T at
4.2K) is consistent with both magnetite and maghemite (10).

.

Magnetoferritin 100 K

0.75

. . 1 . |
-100 6.0 20 20 6.0 100
Velocity (mm/s)

Figure Sa. Mossbauer spectra of the magnetoferritin sample at 100 K, and at
42K in zero field and with a magnetic field of 9T field applied perpendicular

to the y-ray beam.
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Figure 5b. Maossbauer spectra of crystalline "six line" ferrihydrite, poorly
crystalline "two line" ferrihydrite, magnetite, and maghemite recorded at 4.2K

in a magnetic field of 9T applied parallel to the direction of the y-ray beam.
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In the presence of a 9T field, applied perpendicular to the y-ray beam, the
Maissbauer spectrum consists of two six line subspectra (Figure 5b.), one with
relatively sharp lines, the other with broader lines (relative areas 69% and 31%). In
the subspectrum with sharper lines the magnetic splitting is 58.8T, while the
subspectrum with broader lines has magnetic splitting of 44.2T. The applied field
spectrum of magnetoferritin closely resembles that of maghemite, particularly in the
relative intensities of the two lines on the right hand side of the spectrum. This
characteristic is apparent in the spectrum of maghemite and is the opposite of the
intensity ratio in the magnetite spectrum. The relative areas of the two subspectra
of maghemite are 37.5% and 62.5% which are close to those observed in
magnetoferritin. As a result, the Mdssbauer spectrum of magnetoferritin resembles
that of maghemite more than that of magnetite.

Magnetic Measurements. The field dependent magnetization of magnetoferritin
was measured at 300 K with a SQUID magnetometer. The magnetization saturated
but showed no hysteresis (Figure 6), consistent with superparamagetic behavior.
The magnetic moment per molecule was calculated from a fit to the data using the
Langevin magnetization function:

M(Bo) = MsatL(uBo/kT) + aBg

where M(Bo) is the magnetization of the sample, Mgat is the saturation
magnetization, Bo is the applied field, p is magnetic dipole moment per molecule, k

is Boltzmann's constant, T is the absolute temperature, and o is a constant.
L(uBo/kT) = coth(uBo/kT) - (kT/uBo). The results of the fit, shown in Figure 6,
indicated 13,100 Bohr magnetons per molecule. If we assume the core material is
maghemite (based on the Mdssbauer results) this corresponds to a particle of 8.5
nm diameter, containing 12,000 Fe atoms.

Electrophoresis. Polyacrylamide gel electrophoresis (PAGE) of magnetoferritin,
under non-denaturing conditions, revealed a monomeric protein of roughly 450kDa,
essentially the same as the native horse spleen ferritin (HS-ferritin) (Figure 7a.).
Both HS-ferritin and magnetoferritin showed a trace of oligomeric protein (dimers
or trimers). However, in the magnetoferritin sample a high molecular weight
fraction could be detected (not present in HS-ferritin) which contained a relatively
large amount of iron.

Under denaturing conditions (4-20%SDS) both HS-ferritin and magnetoferritin
showed two bands at 22-24kDa which are the subunits L and H. The cores, no
longer encaged by the protein, showed similar size distribution for both HS-ferritin
and magnetoferritin.

Isoelectric focusing of magnetoferritin showed that the pl is in the range 4.3-4.6,
the same as that observed for HS-ferritin (Figure 7b.).

Discussion. The results indicate that magnetoferritin is a superparamagnetic
nanocomposite exhibiting the combined properties of the bio-polymer and the
inorganic colloid.

Electron diffraction and lattice imaging data identified the mineral core as an
iron oxide of cubic symmetry, either magnetite or maghemite. Mdssbauer
spectroscopy confirmed the phase as maghemite. It is not known whether the
maghemite was formed in situ or by oxidation of a precursor magnetite core. There
is a small discrepancy between measured (TEM) and calculated (SQUID) core
sizes. The magnetic data indicates a particle of maghemite approximately 85A
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Figure 6. Paramagnetic moment of magnetoferritin in water at room
temperature, plotted as a function of applied magnetic field. The solid line is a
fit of the Langevin function to the data, yielding a magnetic dipole moment of
13,100 puB per molecule.
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Figure 7a. Non-denaturing polyacrylamide gel electrophoresis of horse spleen
ferritin (lanes al and a2) and magnetoferritin (lanes bl and b2). ’.I'he ge! is
stained for protein using Coomassie Blue (lanes al and b1) and for iron using
Prussian Blue (lanes a2 and b2).
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Figure 7b. Isoelectric focusing gel of horse spleen ferritin (lanes al and a2) and
magnetoferritin (lanes bl and b2) and markers (M). The gel is stained for
protein using Coomassie Blue (lanes al, bl and M) and for iron using Prussian
Blue (lanes a2 and b2).

diameter, containing on the order of 12,000 Fe atoms, whereas the average particle
size (tlneasurcd by TEM) of 73A corresponds to approximately 7,500 Fe atoms per
particle.

The measured core size is larger than expected from theoretical Fe/protein ratios.
This might be mechanistically insightful, implying an "all or nothing" mechanism
for mineralization within of the protein. It has been suggested that adsorption of
Fe(II) onto a ferric oxyhydroxide can bring about the transformation to the spinel
phase by a process of dissolution and reprecipitation (11). It is conceivable that the
magnetoferritin core is formed in this way; i.e the addition of Fe(II) to an initially
formed ferrihydrite-like core thus transforming it to the spinel phase. We speculate
that core formation in magnetoferritin is dominated by catalytic oxidation at the
mineral surface with little or no involvement of the ferroxidase center of the
protein, except perhaps at a very early stage in the reaction. This mechanism of
reconstitution favors crystal growth over crystal nucleation, the result of which is a
protein containing cores of maximum size (~80A), and presumably leaving many
proteins unmineralized.

The pI of magnetoferritin is essentially unchanged from that of native horse
spleen ferritin indicating that the surface charge of the monomeric protein is
unaffected by the transformation. Gel electrophoresis indicates that the subunits of
magnetoferritin are also unchanged. A high molecular weight fraction, containing
iron, in the gel electrophoresis indicates that there is some aggregation in the
magnetoferritin preparation, possibly due to iron mediated disulfide crosslinking.
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Conclusions. Magnetoferritin exhibits the magnetic properties of a ferrimagnetic
inorganic colloid while possessing the unaltered features of the protective ferritin
protein. These properties make this nano-composite material ideal for biological
and medical applications such as magnetic resonance imaging and work is ongoing
in the study of this material as a bio-compatible nmr imaging contrast agent (12).
The elucidation of the mechanism of maghemite core formation, as well as the
synthesis of other mineral phases within the protein matrix are areas of current

investigation.
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Chapter 4

Ion-Exchange Intercalation
into the MPS, Layered Compounds

Design of Nanocomposites with Unusual Magnetic, Electrical,
and Nonlinear Optical Properties

R. Clément

Laboratoire de Chimie Inorganique, Centre National de la Recherche
Scientifique, Unité de Recherche Associée 420, Université Paris Sud,
91405 Orsay Cedex, France

Cation exchange intercalation into the layered MUPS3 compounds allows
the synthesis of many air stable intercalates Mnl-xPS3(G)2x(solv)y G
stands here for a guest monocation) containing intralayer metallic
vacancies. These nanocomposites exhibit various unusual physical
properties: (i) Intercalation deeply modifies the magnetic properties of the
pure layered materials. Whereas pure MPS3 phases are antiferromagnets,
many intercalates become (ferri)magnets below a Curie temperature that
can be as high as 92 K; (ii) Insertion of tetrathiafulvalene species gives a
new type of organic-inorganic metal due to partial host - guest electron
transfer; (iii) The MPS3 host lattice is capable of enforcing spontaneous
poling of guest chromophores having high hyper-polarizability.
Intercalates of dimethylamino-N-methylstilbazolium have been obtained
(M= Mn, Cd) which possess an efficiency for second harmonic
generation about 750 times larger than the efficiency of urea. The
manganese intercalate is the first material to associate both strong NLO
effects and spontaneous magnetization.

The MPS3 Layered Compounds

In the past decades, there has been an increasing interest in low dimensional
compounds and intercalation chemistry (1, 2, 3). Research in the field has been
stimulated by many important discoveries such as enhancement of the critical
temperature T¢ for the onset of superconductivity, design of lithium batteries,
heterogeneous catalysis. Several reviews are now available. Much less work has been
done concerning the magnetic and optical properties of insulating or semiconducting
intercalation compounds. One reason is probably that there is quite a small number of
intercalation compounds which are at the same time insulating, optically transparent,
air stable, well crystallized and which contain atoms with localized spins. It is the
purpose of this article to show how the intercalation chemistry of the MPS3
compounds can provide new directions for the synthesis of novel hybrid organic
inorganic nanocomposites. The topic will be illustrated by describing the synthesis of
the first nanocomposite that combines non linear optical properties due to the inserted
chromophores with ferrimagnetic properties due to the host lattice.

0097—6156/95/0585—0029$12.00/0
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The MPS3 compounds, where M stands for a metal in the +2 oxidation state, form
a class of lamellar semiconductors (Figure 1) with the CdCly structural type (4, 5).
The electronic structure and properties of these materials have received considerable
attention (for a review, see the articles by Brec (6) and O'Hare(7)). Several of them are
optically transparent (M= Mn, Cd, Zn). These compounds can be described as broad
band semiconductors, but this picture has been refined on the basis of tight binding
band structure calculations (8).

Because of their structural analogy with the dichalcogenides MX2, the MPS3
compounds were in the late seventies considered merely as an exotic appendix of this
class. and their reactivity was expected to be similar. Indeed, the early chemistry
carried out supported this analogy. Thus, several MPS3 compounds (M= Fe, Ni) were
shown to react with electron-donor species (butyllithium (9), cobaltocene (10)) to form
intercalation compounds according to a redox, guest to host electron transfer process.
NiPS3 actually proved to be a particularly efficient cathodic material in rechargable

lithium batteries (11).
s S
S
;'g s s

M
M

M M
Figure 1. Schematic top view of a MPS3 slab, array of M2+ cations coordinated to
PS¢+ bridging ligands.

In 1980, the author showed that MnPS3 exhibited a topochemical reactivity of a
different type, based on ion transfer rather than on electron transfer. This article focus
on this new type of intercalation chemistry and gives an updated account of the
physical properties studied in the author's group on the derived intercalation
compounds.

Cation Transfer Intercalation Chemistry. The basic chemical feature is the
spontaneous reaction, at room temperature, of MnPS3 with aqueous =1 M solutions of
a number of salts, such as KCl, NH4Cl and salts of organometallic cations such as
cobalticenium. These reactions lead to compounds Mn1.xPS3(G)2x(H20)y, where
the positive charge of the entering guest cations G* is counterbalanced by the
departure of an equivalent amount of intralayer Mn=* cations from the solid (12).

MnPS3 (s) + 2x MesNCl —= Mn]-xPS3[MesNlox(Hz0)y (s) + x MnCl2 (x = 0.2)

Reaction durations range from a few minutes (pyridinium or
tetramethylammonium chlorides) to several hours (cobalticenium chloride). The
material remains solid throughout the reaction, and therefore such a cation exchange
process is highly unusual, even unique, as it implies that manganese cations are able to
leave their intralamellar sites to pass into the solution. Therefore, a central point is that
metallic vacancies are created in the host lattice during the insertion process. The guest
species are solvated by water molecules. This is particularly obvious in the case of
small alkali metal ions, where the interlamellar distance is determined by the Van der
Waals thickness of the water molecules: for example, potassium cations retain a single
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layer of solvating water molecules (y = 1, d= 9.3 A) whereas sodium cations retain
two layers of water molecules (y = 4, d = 12A). The composites are well crystallized,
as their X-ray powder diffraction patterns exhibit sharp hk! reflections. These
reflections can be indexed using a monoclinic unit cell closely related to that of pristine
MnPS3 or a superstructure (see details below). When the reaction is not complete, the
samples contain diphasic mixtures of MPS3 and of the fully intercalated composite.
Infrared spectra (13, 14) in the range 4000 cm-1 - 200 cm™1 exhibit the absorption
bands of the guest species and those of the (S3P-PS3) groups. The v(PS3)
asymmetric stretching, which occurs at 570 cm-1 in pure MnPS3, is always split into
two components around 605 cm! and 555 cm! in the intercalated materials. This
large splitting, very useful from an analytical point of view, is a consequence of the
presence of intralamellar metallic vacancies which renders P-S bonds inequivalent.

Insertion often fails when the size of the guest species is too large. However,
many bulky species can nevertheless be inserted in two steps: (i) insertion of alkali
metal, pyridinium or tetramethylammonium ions; (ii) exchange of the "pre-inserted”
ions with the bulky species (15). Small hydrated guest species are actually quite
mobile (as in many other layered materials) and can be further exchanged by a broad
range of cations, whatever their size (for example species as big as Ru(2,2'bipy)32+or
FeCp(CO)diphost).

Several other MPS3 phases of the series (M = Mn, Cd, Zn, Fe) give rise to a
similar insertion process but the reaction may require an assist, which can be provided
by a complexing agent such as EDTA, to help the M2+ cations to leave the host lattice
(16). Each host material in the series has its own particularities. ZnPS3 is very
sensitive to hydrolysis and should be handled in ethanol rather than in water. CdPS3
reacts very rapidly with Me4NCl in ethanol but not in water (probably due to the
formation of CdCl42- complexes which help Cd2* departure). Deintercalation can be
achieved when the guest species are mobile. For instance, when
Mng 8PS3K0.4(H20)y is treated with an aqueous solution of NiCly, the solvated K+
ions are exchanged by Ni(Hy0)g2+ hexaaqua species in a first step. Upon drying, the
nickel ions then lose their aqua ligands and move into the intralayer vacancies, and
pure MnPS3 is reformed (17).

A "Destruction-Reconstruction" Intercalation Mechanism Involving
Heterogeneous Equilibria: The MPS3 Materials as Coordination
Compounds. The high mobility of the intralamellar M2+cations is difficult to
understand in terms of diffusion in the solid state, which must be very slow at room
temperature. Such a process has never been observed so far in any other layered
material. We have suggested that the cation exchange and intercalation process proceed
via destruction (local microdissolution) and subsequent reconstruction
(microrecrystallization) of the host lattice. Despite the structural analogy with the
transition metal dichalcogenides, the chemical nature of the MPS3 compounds is
different because of the ionicity of the metal - sulfur bonds and of the stability both the
M2+ and P2S¢* in protic solution. The MPS3 compounds should be rather considered
as %)olynuclcar coordination compounds, that is each slab should be seen as an array of
M2+ jons assembled together by PS¢ bridging ligands. We have brought arguments
in favor of the occurence of an heterogeneous equilibrium between solid MPS3 and the
solvated species M2+aq and P2864'aq (14). In the presence of suitable intercalatable
species, the ions then rearrange themselves to give the intercalate. It should be

emphasized that PoS¢#- is a real molecular anion that is stable in solution.

+4xG+
MnoP2S6 (s) === Mn2*3q+PsSe* aqg == Mn2.2:P2S6Gax(E20)y (5)

In Hybrid Organic-lInorganic Composites; Mark, J., et a.;
ACS Symposium Series; American Chemical Society: Washington, DC, 1995.



Publication Date: March 21, 1995 | doi: 10.1021/bk-1995-0585.ch004

August 11, 2012 | http://pubs.acs.org

32 HYBRID ORGANIC-INORGANIC COMPOSITES

Indeed, it is well known that coordination compounds of the first transition series
are generally labile when the metal is in the +2 oxidation state. The most reactive
MPS3 materials are precisely those where the M2+ ions have a d> or d!0 electronic
structure, i.e. those in which the [MSg] chromophores have no crystal field
stabilization energy. In support of this scheme, it has been possible to synthesize
MPS3 materials by the usual techniques of coordination chemistry, i.e. by precipitating
aqueous solutions of the sodium salt NagP»S¢, 6H20 by metallic cations M2+ (16, 18,
19).

It is quite staightforward to explain why this unusual reactivity is not commonly
encountered in the chemistry of other lamellar materials such as the dichalcogenides or
oxides. Such materials are lamellar because of the existence of strong intralayer
covalent M-X bonds. The covalent character of these bonds requires a high oxidation
state of the metallic cations and consequently such M-X bonds are not labile. In
contrast, the lamellar structure of the MPS3 materials is due to the geometry of the
P,S¢ ligand. As the metallic ions are in a 2+ oxidation state, the metal -ligand bonds
can be thermodynamically and kinetically quite easily broken.

This new chemistry gives rise to a large number of intercalates which are air
stable, often transparent, and reasonably well crystallized. The loss of intralayer
metallic cations has been confirmed by several authors (20, 21, 22). Unless specific
species are inserted (see below the case of TTF), they are semiconductors or
insulators. In addition, depending on the nature of the guest species, the intercalates
display a whole range of physical properties. Thus, intercalation has enabled us to
synthesize molecular insulating magnets with high Curie temperature (by the standards
of this field), a new type of molecular metal, and materials for non linear optics
(second harmonic generation). In addition, because these materials are
nanocomoposites, intercalation provide opportunities to combine different properties.

A Recent Development: Intercalation of Soluble Polymers (PEO). In the
perspective of obtaining new "supported" solid electrolytes, we have attempted to
insert polymeric ethers into MPS3 host lattices (23). For example, potassium
intercalate Mnj_xPS3K2x(H0)y was treated with solutions of polyethyleneglycol
(PEG) oligomers of average molécular weight 1500, 6000 and also with solutions of
polyethyleneoxide (PEO) of average molecular weight 100000. In a typical
experiment, ~500 mg of the polymer was dissolved in 10 ml of water or methanol,
and =200 mg of the potassium intercalate was then introduced and stirred for about
12h at room temperature. In the case of PEG 6000 and PEO, additional heating at 50°C
for 1h was carried out.

The X ray diffraction patterns of the powders obtained exhibit sharp 00!
reflections (up to 006 or more) which enable one to calculate an interlamellar distance
close to 15.2 A. The typical formula of the materials is
Mn.88PS3.00K0.20(CH,CH,0)7.14. Insertion of PEG's and PEO into the
Mn.xPS3Nazx(H20)y compound and Cd;.xPS3A2x(H20)y (A =K, Na) was also
carried out under similar conditjons as above. The PEO and PEyG intercalates display a
basal spacing value close to 15A, regardless of the chain length (compared to 6.5 A for
MnPS3, 9.3 A for Mn; xPS3K2x(H20)y). The polymer chains therefore run parallel to
the layers, but different arrangements can be envisaged (double layer of zig zag chains,
helical structure (24)). High resolution 13C NMR spectra of PEO and PEG inserted in
CdPS3 show a very sharp resonance line at a chemical shift of 70.5 ppm, which
suggest a helicoidal arrangement of the inserted polymer chains. On the other hand the
NMR confirms that the polymer is much better organized in the interlamellar space
than it is in the pure state (25). It is also reasonable to assume that solvation of the
guest alkali ions by the oxygen atoms of the polyether is the driving force of the
polymer insertion process. These results are currently being successfully extended to
MPS3 intercalates containing other hydrated metallic guest cations, such as lithium and
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rare earth cations. The guest cations trapped in the polymer intercalates retain some
mobility and can still be exchanged, so that these polymer intercalates could
themselves act as new organic - inorganic host lattices.

Another interest is that polymer insertion allows processing the intercalates as
transparent thin films. Thus the lithium intercalate Mnj_xPS3Ligx(H20)y disperses
when washed with water, giving a colloidal pale green solution. Insertion of polymer
at this stage stabilizes the colloidal solution. If the latter is spread onto a glass plate and
dried, a transparent pale green thin films is formed which is able to take up very
rapidly large cationic molecules (for instance "crystal violet " dye).

Intercalates as Insulating Magnets with "High" T¢

In recent years, considerable effort has been devoted to the synthesis of insulating or
semiconducting, molecular based materials exhibiting bulk ferro or ferrimagnetism (26,
27, 28, 29).The strategy used so far consists either in trying to achieve stacking of
proper molecular species or to build heterometallic ordered chains. A large number of
"molecular” magnets have been obtained, but Curie temperatures are always very low,
typically in the range 1-15 K, the main reason being that intermolecular magnetic
interactions between adjacent chains or molecular species are very weak.

An alternative approach to the synthesis of semiconducting "molecular" magnets is
to modify antiferromagnetic layered materials to induce bulk magnetization. The major
interest of this approach is that magnetic interactions can be strong along two
dimensions within the slabs, so that higher ordering temperatures can be expected. We
have shown in the past years that a spontaneous magnetization occured in several
MPS3 intercalates (M = Mn, Fe), even though the pure MPS3 host orders
antiferromagnetically (30). One purpose of this paper is to describe the basic features
concerning the magnetic properties of the MnPS3 intercalates, focussing on the
tetramethylammonium - MnPS3 intercalate which we have studied in great detail.

The Magnetic Properties of the MPS3 Intercalates. The temperature
dependence of the magnetic susceptibility of pure MnPS3 and of the
Mng 85PS3(Me4N)o.3(H20)y intercalate are shown in figure 2 as 1/y= f(T). At low
temperature, the susceptibility of the intercalate considerably increases and becomes
field dependant (31, 32). In contrast to pure MnPS3, which orders
antiferromagnetically below a Neel temperature of 78 K (33), the intercalate orders
magnetically in such a way that bulk spontaneous magnetization occurs below ~35K.
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Figure 2. left: Temperature dependance of the inverse of the magnetic susceptibility
of pure MnPS3.(trace A) and of intercalate Mng gsPS3(Me4N)o.3(H20)y (trace B);
right: Magnetization versus applied magnetic field H of a powdered sample of the
intercalate Mng gsPS3(Me4N)o 3(H20)y (adapted from ref. 2.)
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This is confirmed by the dependance of the bulk magnetization M versus applied
magnetic field (fig. 2) The magnetization rapidly increases, then saturates. The
saturation value (around 4000 emu per mole of Mn) is a fraction (=15%) of the value
NgbS$ that would be reached if all manganese spins were parallel inside each Weiss
domain (34).

Intercalation of Me4N cations into a monocrystalline platelet of MnPS3 can be
carried out within a few minutes. A monocristalline platelet of the intercalate was
therefore synthesized to study the anisotropy of the magnetization below the Curie
temperature and deduce the orientation of the magnetization with respect to the host
layers. The dependence of the magnetization at 10 K versus applied magnetic field is
shown in Figure 3 for two orientations (parallel and perpendicular) of the field with
respect to the plane of the platelet (that is also the plane of the slabs). It is clear that the
axis of easy magnetization is essentially perpendicular to the plane of the platelets,
which means that the spins in the magnetically ordered state are essentially
perpendicular to the plane of the slabs, as in pure MnPS3 (35).
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Figure 3. Magnetization of a platelet of the Mn() 85PS3(Me4N)(.3(H20)y intercalate
versus magnetic field H: (a: H perpendicular to the slabs; b: H parallel to the slabs).

X-ray powder diffraction spectra of the Mng gsPS3(Me4N)o 3(H20)y intercalate
were studied using an asymmetric Seeman Bohlin camera. This method is well adapted
to materials giving many reflections at low angles because it affords a good resolution.
The spectrum of Mng.g5PS3(MesN)o.3(H20)y displays reflections which are
practically as sharp as those of MnPS3, indicating a high degree of order. However,
the intercalate exhibits many more reflections at low angles than pure MnPS3,
suggesting the occurence of a superlattice. Analysis of the spectra shows that all
reflections can be indexed in a unit cell having the a parameter tripled with respect to
the a parameter of the unit cell of the parent MnPS3 (Figure 4). Therefore the structure
of the intercalate along the plane of the slabs is a superlattice of the pure host. Recent
X-ray and neutron diffraction experiments carried out in collaboration with O'Hare
and Evans on monocrystals of the same intercalate have confirmed these results and
demonstrated that the superstructure was due to the ordering of the intralayer vacancies
(J. Evans, Thesis, 1994, University of Oxford, U.K., and J. Evans, D. O'Hare, R.
Clément, to be published). It is interesting to note that spontaneous ordering of
metallic vacancies had already been evidenced in the pure Ing/3PS3 compound (36).

A Ferrimagnetic Model. The ordering of the intralayer metallic vacancies in the
tetramethyl intercalate is an important feature, because it provides a straightforward
and reasonable mechanism to explain the occurence of a spontaneous magnetization.
The basic idea is that ordering of the vacancies destroys the balance between the
antiferromagnetically coupled spins and hence causes ferrimagnetism to appear in the
intercalate, as detailed below.
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The magnetic structure of pure MnPS3 below 78 K consists of spins 5/2 located at
the corners of a honeycomb lattice and ordered antiferromagnetically (37, 38, 39).
Each spin "up" is surrounded by three spins "down" and vice versa, so that there is an
equal number of spins in each direction and hence there is no net macroscopic
magnetization.

If we assume that the intralayer vacancies in the intercalate are ordered on the same
sublattice, the amount of spins in each direction will be different and a net macroscopic
magnetization will appear, due to non compensation. A tentative scheme of a possible
arrangement is represented in Figure 4. The phenomenon therefore resembles
ferrimagnetism, and it is consistent with the value of the magnetization found
experimentally: As the stoichiometry of the intercalated host lattice is close to
Mns/6PS3, an initial set of 6 manganese atoms in pure MnPS3 will give 3 spins up for
only 2 spins down plus a vacancy in the intercalate. Therefore the difference accounts
for a magnetization equal to one sixth of the maximum value M = NgBS that would
occur if all the manganese spins were parallel (i.e. if they were ferromagnetically
coupled). The experimental value, =~ 4000 emu per mole of manganese, is actually
very close to 1/6[NgBS] (= 24000 emu if g = 2).

Figure 4. Tentative scheme of the magnetic structure of a slab (top view) of the
Mn0,35PS3(Me4N)o_3(H20)y intercalate below the Curie temperature. The symbols +

and - represent the up and down orientations of the Mn2+ spins. The black squares
represent metallic vacancies. The shaded and open circles represent sulfur atoms.

The discussion so far has been focused on the tetramethylammonium intercalate.
Actually a large number of intercalates show up the same general behavior, that is they
become magnets at low temperature. However the ordering temperature Tc and the
value of the magnetization at saturation depend on the inserted species (32). A few
compounds are compared in Table 1.

T, decreases as the amount of intralayer vacancies increases. This is probably due
to dilution of the interacting spins. We have synthesized a sodium intercalate
Mng.5PS3 (Na)1.0 (H20).4 treating the above potassium intercalate with a
concentrated solution of NaCl in the presence of EDTA. This intercalate is still a layer
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material with a basal spacing close to 12.5 A (two layers of solvating water
molecules), but it no longer exhibits any magnetic transition.Therefore there seems to
be a "percolation threshold" for the magnetic ordering around the composition
Mng 7PS3.

TABLE 1. Saturated Magnetization (per mole of Mn ) at 10 K for some
MnPS3 Composites

Composite Spﬁmg Magnetization Tc/K
A) (emu / mol)
Mng 81PS3 (K)0.38 (H20)~1 9.37 = 1000 =20
Mng 80PS3 (NH4)0.4 (H20)~1 9.38 3100 =15
Mn(.89PS3 (n-octyl NH3)0.22 (H20))0.5 10.38 1150 =45
Mng 85PS3 (CoCp2)0.30(H20)~1 12.15 = 4200 =35
Mng g6PS3 (pyH)0.28 (H20)0.7 9.65 80 =35
Mn0.83PS3 (pyH + py)0.42 (H20)0.7 12.36 = 1500 =35

It is interesting to note that the ordering temperatures of the nanocomposites
obtained are quite high by the standards of the field of "molecular ferromagnets. This
is obviously due to the two-dimensional character of the materials. In the search for
magnets with higher T's, it is worth mentioning that we have managed to synthesize
a pyridine - pyridinium intercalate Fep 88PS3 (pyH + py)0.36 (H20)=0,5. having its
T, well above liquid nitrogen temperature. (Cell dimensions: a = 6.001 A c=10527
A,b5=10361 A, b = 112.60° (40)).

The temperature dependence of the inverse of the magnetic susceptibility of the
latter material is shown in Figure 5. Whereas pristine FePS3 orders
antiferromagnetically below =120 K, the intercalate undergoes a rather abrupt
transition between 90 K and 100 K. The following simple experiment is quite
spectacular: When a pyrex tube containing Feq.88PS3 (pyH + py)o.36 (H20)=0.5 is
placed in liquid nitrogen on top of a standard magnetic stirrer, the powder "flows " in
the tube and follows the rotating rod; the phenomenon stops upon reheating .
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Figure 5. Temperature dependence of the inverse of the magnetic susceptibility of
FePS3 (trace A) and of the composite Fep ggPS3 (pyH + py)o.36 (H20)~0.5 (trace B).

Study of the magnetization of Fep ggPS3 (pyH + py)o.36 (H20)<0.5 as a function
of the applied magnetic field has been carried out at 85 K. The saturation value of M
(around 500 emu per mole of iron) is only a weak fraction of the value expected
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(~22000 cgs.emu per mole of Fe) if all spins were ordered parallel. The M(H)
behavior at lower temperatures is more complicated and indicates some interlayer
antiferromagnetic interaction. It is not clear why the magnetization is weaker than in
the case of MnPS3 intercalates. The magnetic structure of FePS3 is very different from
that of MnPS3. and might be one of the reasons. Studies on other FePS3 intercalates
are in progress in our group and will be published elsewhere.

In conclusion of this section, it should be emphasized that the surprising
modification of the magnetic properties of MnPS3 ultimately appears to be a
consequence of the creation of intralayer metallic vacancies (loss of M4+ ions) during
intercalation. The vacancies cause non compensation between the antiferromagnetically
coupled spins. To our knowledge, this is a novel feature in the field of intercalation
science. The fact that the intensity of the magnetization varies from one intercalate to
another is probably related to various ways for the vacancies to order (or imperfect
ordering), but additional studies are necessary to establish this point, as well as to
establish whether the magnetic properties of the FePS3 intercalates can be interpreted
in a similar way .

Beside the competition for high T¢'s, another interest for synthesizing 2D
nanocomposite magnets is that the magnetic properties of the host lattice can be
hopefully combined with other properties, such as optical properties (see below).

Intercalation as an Approach to Molecular Metals

A possible approach to the synthesis of low dimensional organic metals is to use a
layered material as a macroionic host that could be able to accept electrons from(or
donate to) a suitable guest species and therefore allow mixed valency, regardless of the
fact that the guest species can be initially inserted by ion exchange.

Intercalation of TTF* species into MPS3 (M=Mn, Fe,Cd)was achieved (41, 42)
by treating a tetraethylammonium intercalate Fe1_xPS3(EtaN)2x(solv)y (x = 0.14) with
a solution of (TTF)3(BF4); in dry acetonitrile for 2 days at 50°C. The material is well
crystallized and is stable in air over a long period. Its monoclinjc unit cell is closely
related to that of pristine FePS3 (Cell Dimensions a= 5.919 A, b = 10.348 Ac=
12.642 A, P = 107.45°). The interlamellar distance increases by ~ 5.65 A upon
intercalation, which strongly suggests that the TTF species stand "edge on" with
respect to the slabs, with the C=C binary axis parallel to the layers, as in the FeOCl
intercalates (43- 46). Elemental analysis of the intercalate leads to a formula
Fe(.82PS3(TTF)(.38 close to the scheme Fe1.xPS3(TTF)2x (x ~0.18).

The d.c. electrical conductivity ¢ of Feg g2PS3(TTF)g.38 along the plane of the
layers was measured in the range 110 K - 370 K on a monocristalline platelet fitted
with gold electrodes deposited by evaporation under vacuum. The conductivity is quite
large (6 = 3 Q-1 cm! at 25°C) and is not thermally activated (Figure 6). Indeed, ¢
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Figure 6. Temperature dependence of the conductivity ¢ of Fep.82PS3(TTF)o.38
(adapted from ref. 42)
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increases as the temperature is lowered, a behaviour which indicates a metallic
character .

The metallic properties of Feg goPS3(TTF)g 38 contrast with the semiconducting
properties of most MPS3 intercalates, including Mng g3PS3(TTF)q 36 (47). The
conductivity of the latter (¢ = 10-2 Q-1 cm-! 2 298 K) is still thermally activated
(activation energy 0.17 eV). The metallic properties of the Feq.g2PS3(TTF)o.38
intercalate are therefore certainly related to the ability of the intralayer Fe(II) cations to
be partially oxidized by the guest tetrathiafulvalenium cationic species. Such partial
charge transfer results in mixed valency on both the host and the guest sublattices.
This interpretation is supported by 57Fe Mossbauer spectra which provide evidence for
the presence in Feg §2PS3(TTF)g 38 of about 14% of Fe(Ill) cations (Francis,
A.H.and Dunham, R., The University of Michigan at Ann Arbor, unpublished data)-
Many other organic cations are likely to behave in a similar way as the TTF* species.
It has been claimed that charge transfer also takes place in the Mng g3PS3(TTF)g 36
intercalate, although this compound remains semiconducting (48). We have recently
inserted the BEDT-TTF monocation into MnPS3, and the study of this material is
currently in progress.

Optical Properties of MPS3 Intercalates

Insertion of luminescent centers. Some members of the MPS3 family are
optically transparent or pale colored (M= Mn, Cd, Zn) and are therefore suitable for
optical studies. Luminescent centers (Eu3+ ions, Ru(bipy)32+) have been inserted into
MnPS3 and CdPS3 following the cation exchange route described above.
Photoluminesceence and photoexcitation studies have demonstrated the possibility for
inserted Eu3+ ions to shift from the interlamellar space to the intralamellar space, and
lattice photoluminescence was found to be activated by energy transfer from the
intercalate (49). In contrast, photoexcitation spectra of the Cdi-xPS3[Ru(bipy)3)]2x
intercalation compound have shown that energy can migrate from the host lattice
towards the guest species (50).

Non Linear Optical Properties of MPS3 Intercalates. Tremendous research
has been directed over the last three decades towards the synthesis and processing of
organic materials exhibiting second order nonlinear optical (NLO) properties (51, 52,
53) and many chromophores with large hyperpolarizability have been synthesized.
However, the chromophores must be arranged in a noncentrosymetric structure if the

molecular hyperpolarizability (b) is to contribute to an observable bulk effect 2).
Various strategies have been reported to engineer molecules into acentric
arrangements, in the realm of single crystals or following the well documented poled
polymer approach (54) in which the polarizable chromophores are oriented by a strong
electric field at temperatures above the glass transition of the films.

The fact that such promising materials did not fully reach the level of marketing is
closely related to problems in their alignment stability over time, hence the need for
alternative routes to permanently stabilize the polar order of chromophores. Several
attempts have been already performed to use the incorporation of chromophores into
organic (54-56) and inorganic (57-62) hosts so as to generate spontaneous poling.
Efficiencies of several times that of urea were achieved even when neither the guest
nor the host exhibited second harmonic generation. We have recently shown that
intercalation dimethylamino-N-methyl stilbazolium cation (DAMSY) into MPS3
provides a new strategy to build up nanocomposites having very large NLO responses
due to spontaneous poling of the inserted chromophores. The DAMS cation actually
has been reported to exhibit one of the largest known efficiencies for second harmonic
generation (63).
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We first found that DAMS+ species could be successfully intercalated by ion
exchange with a potassium preintercalate M xPS3 Kox (M = Mnll, Cdll). However
the resulting materials were found to give very small SHG responses, of the order of
that of urea (64). This was quite disapointing, as DAMS chromophores can be a
thousand times more efficient than urea. To increase the cristallinity of the materials,
we targeted an optimized intercalation process in one step by direct reaction at 130°C
of MPS3 powder with an ethanolic solution of DAMS iodide in the presence of
pyridinium chloride. The role of pyridinium chloride is to generate in situ_an
intermediate pyridinium intercalate that undergoes rapid exchange with the DAMS
species. Eventually, we synthezised two compounds of formula
Cdg 86PS3(DAMS)g.28 and Mng gsPS3(DAMS)g.28 . These intercalates are very
similar to the former ones but they are much better crystallized and do not contain any
residual solvent.

The SHG properties were recorded by the Kurtz powder technique (using a
1.34um laser beam as the irradiation source (Q-switched Nd3+:YAG laser) (65). The
manganese derivative exhibits an efficiency 300 times that of urea, and the cadmium
derivative reaches 750 times that of urea (66), which is among the largest powder
efficiencies ever reported for stilbazolium based chromophores.

Very efficient materials are also obtained if a Cdj.xPS3(pyridinium)zx
preintercalate is exchanged with an ethanolic solution of DAMS at 120°C.

The strong NLO effects recorded imply that the DAMS chromophores are inserted
with their dipole mments fairly well aligned. It is not obvious why such spontaneous
poling occurs along with intercalation. The structure of pure CdPS3 and MnPS3 is
centrosymmetric and should not tend to generate acentric arrangement of the guest
chromophores. However, as pointed out earlier in this paper, several features indicate
that symmetry lowering accompanies intercalation. Recent Infrared and Raman studies
have shown that the center of symetry of pristine MnPS3 is removed upon
intercalating pyridine (22). Analysis of the luminescence spectra of intercalated rare
earth cations show strong Stark effects due to very low local symmetry (67).
Superstructures due to intralayer vacancy ordering have been evidenced. We also have
recently obtained AFM images which bring some characterization on the atomic scale
of the modified structure of a Mnj.xPS3(K)2x intercalate (68). The most salient feature
is that the PS3 pyramids are tilted along the same direction (Figure 7). As a result, the

)
W

Figure 7. Scheme of a layer of the Mn]-xPS3(K)2x intercalate according to our
AFM study (68)

dipole moments of the PS3 pyramids must become tilted all along the same direction,
so that they add up along this specific direction. This process might generate an
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“internal” electric field along a specific direction in the close vicinity of the layer. If the
same modifications occur in the DAMS intercalate (no AFM image of this material has
been obtained so far), it can be tentatively suggested that the PS3 tilting might be
responsible for poling the dipolar chromophores.

Annealing the samples at 140°C for several months (under vacuum) has no effect
on their efficiency for second harmonic generation, and hence it seems that the main
factor responsible for spontaneous poling has a thermodynamic origin rather than a
kinetic one. This is a crucial point in the search for suitable SHG materials. However,
in order to be appropriate in optical devices, such materials must be available as single
crystals or thin films. It is too early to predict whether or not this goal will be
achieved, but efforts are in progress towards processing the MPS3 intercalates as thin
films, taking advantage of the aqueous chemistry of the MPS3 phases and of their
ability to insert polymers such as polyethyleneoxide.

Mn.g6PS3(DAMS)g.23: The First Magnet that Exhibits Strong SHG

Associating different types of physical properties in a single material and seeking
synergy is certainly one of the important goals in the fields of molecular materials and
hybrid organic-inorganic nanocomposites. The intercalation chemistry of the
transparent MnPS3 described in this article could possibly bring such an opprtunity:
the host lattice may provide spontaneous magnetization once intercalated, the guest
organic chromophores generate second harmonic radiation once oriented by the host
lattice, and therefore it can be expected that the Mng gePS3(DAMS)0.28
nanocomposite would act as a magnet able to generate strong SHG.

We have shown recently that this compound actually becomes a magnet below
about 40 K (66). The magnetization at saturation strongly depends on the synthesis
route. For example, starting with a pyridinium preintercalate eventually affords a
DAMS intercalate with a magnetization around 400 emu / mole of manganese, whereas
using a tétramethylammonium pre-intercalate gives a DAMS intercalate with a
magnetization around 1000 emu / mole of manganese. Much work remains to be done
on these nanocomposites, in particular to study whether the magnetic and NLO
phenomena can be coupled.This composite, which appears to be the first material that
possesses both strong spontaneous NLO properties and spontaneous magnetization up
to a quite high temperature (T¢ = 40 K), might be an interesting compound for
physics. We note that a compound exhibiting weak NLO properties and magnetization
at extremely low temperature was also recently reported (69).

Conclusion

The MPS3 layered materials appear to open new directions in the science of
intercalation and bring perspectives in the field of molecular materials, in particular to
associate different properties in a single material. Cation exchange intercalation proves
to have numerous consequences: high T insulating magnets, new organic molecular
metals, photoluminescent materials, spontaneous poling of dipolar molecules, and non
linear optics. The results described in this article show that intercalation can provide an
alternative to other methods, such as sol-gel techniques (70) for the synthesis of
hybrid organic-inorganic nanocomposites, bringing the advantage of a better
crystallinity, a factor which can be of crucial importance when cooperative interactions
are required. The ability of the MPS3 to insert polymers still increases their potential
chemical versatility and may help for developing processing of layered materials.
Nanochemistry utilizing assemblies of molecules grafted on MPS3 slabs might also
give rise to multidisciplinary developments in the future.
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Chapter 5

Preparation and Characterization
of Nanocomposites of Poly(ethylene oxide)
with Layered Solids

John P. Lemmon!, Jinghe Wu, and Michael M. Lerner

Department of Chemistry and Center for Advanced Materials Research,
Oregon State University, Corvallis, OR 97331—4003

Single-phase nanocomposites containing montmorillonite, MoS,, MoO; or
TiS, with poly(ethylene oxide) are obtained by the exfoliation of the
layered solid, adsorption of polymer, and subsequent precipitation of solid
product. Aqueous solutions can be employed for all syntheses except
PEO/TiS,, which is prepared from LiTiS, in an N-methyl formamide
(NMF) solution. X-ray diffraction indicates that the resulting solids
increase in basal-plane repeat by approximately 4 or 8 A, consistent with
the incorporation of single or double layers of polymer between sheets.
Reaction stoichiometry and elemental analyses provide compositions for
the single-phase products, and thermal and electrical properties are
examined.

The incorporation of poly(ethylene glycols) or poly(ethylene oxide) by smectite
clays has been known for several decades (I). More recently, novel materials
derived from polyethers and other low-dimensional solids, including oxide (2-5),
chalcogenide (6-8), and MPS; (9) lattices have also been described. In each case,
a significant increase in the interlayer spacing is observed, indicating that oligomers
or polymers are incorporated within the galleries and that a new phase is produced.
The appellation "nanocomposite” underlines the unusual architecture of materials
which incorporate structural elements as diverse as polymer chains and two-
dimensional lattices. Interest in the incorporation of polymers within inorganic
hosts stems from the potential mechanical, structural, and electrical properties of
organic/inorganic nanocomposites (10-13). This work will describe nanocomposites
derived from PEO with a variety of layered structures, as summarized in Table 1.

1Current address: Osram/Sylvania, Hawes Street, Tawanda, PA 18848

0097-6156/95/0585—0043$12.00/0
© 1995 American Chemical Society

In Hybrid Organic-lInorganic Composites; Mark, J., et a.;
ACS Symposium Series; American Chemical Society: Washington, DC, 1995.



Publication Date: March 21, 1995 | doi: 10.1021/bk-1995-0585.ch005

August 11, 2012 | http://pubs.acs.org

44 HYBRID ORGANIC-INORGANIC COMPOSITES

Methods for Generating Polymer-Containing Nanocomposites

Topotactic Methods. The intercalation of water or polar organic molecules into
layered transition metal dichalcogenides has been widely studied since the 1970’s
(14-18). In general, layered ternary chalcogenides of the transition metals, A,MCh,
(A = alkali metal; M = Ti, Nb, Ta; Ch = S, Se, Te) spontaneously incorporate
water or polar organic

Table I. Layered nanocomposites containing PEO

PEO Basal Spacing (4)
Nanocomposite Host Nanocomposite Expansion

PEO/Na-montmorillonite 9.6 17.72 8.1

13.7 4.1
Liy,(PEO), o, 3Mo0S,° 6.5 14.5 8.0
M, ;(PEO), ¢ TiS, 6.0 14.2 8.2
Liy 3(PEO)¢ sM00O, 8.1 16.0 7.9

12.7 4.6
Li,(PEO),MoSe, 7.3 15.2 7.9

2Boldface indicates excess polymer employed in synthesis.
bStoichiometry of PEO indicates moles of monomer repeat (C,H,0)

molecules to form stable compounds with solvated cations:
AMCh, + nL - A(L)MCh, o

Exchange reactions can also be utilized to expand the chemistry of these
materials. An example is the incorporation of the oligoether poly(ethylene glycol)
by exchange of water in the hydrated lithium salt:

AHOMS, + zPEG - A(PEG)MS, + yHO0 @)

A topotactic mechanism for the above reactions, in which the intersheet galleries
expand or contract but the solid retains its two-dimensional character should usually
be ineffective for the introduction of high-molecular-weight polymers due to the
slow diffusion of macromolecules into the galleries. It should be noted, however,
that recent work utilizing elevated temperatures shows some promise for this method
of obtaining nanocomposites (35).
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An alternate route to polymer-containing nanocomposites involves the in situ
polymerization of monomeric intercalants, and the preparation of materials such as
poly(pyrrole) / FeOCl (19), poly(styrene) / MoS, (20), poly(aniline) / V,05 (21),
and poly(aniline) / MoO; (22) have been reported by this method. As a variant of
this method, Nazar and coworkers (23) have reported the incorporation of a water-
soluble precursor into MoO; by the exfoliation / adsorption method, followed by the
in situ thermal conversion into poly(p-phenylenevinylene).

Exfoliation / Adsorption Method. Murphy, er. al. (24) and Lerf and Schéllhorn
(25) observed that, under appropriate conditions, single-sheet colloids can be
obtained by chemical oxidation of the lithiated metal disulfides. Morrison and co-
workers (20,26-28), and other groups (29), have demonstrated that a colloidal
suspension of single-sheet MoS, can incorporate molecular organics, organometallic
complexes, or other complex cations when the single-sheets are restacked. The
general method is simple: layered compounds are reduced (usually by chemical
lithiation), rapidly re-oxidized by hydrolysis to form a stable colloid, and then
interacted with a soluble polymer and the solid product precipitated from the
solution.

PEO / Na-Montmorillonite Nanocomposites

Polymer composites with smectite clays are produced by the exfoliation / adsorption
method, although no special techniques are required to prepare the colloid (which
is directly obtained by the dissolution of the clay). X-ray diffraction data of the
products obtained by the interaction of colloidal montmorillonite with PEO show
that the montmorillonite galleries are expanded from the 9.6 A basal plane spacing
of anhydrous Na-montmorillonite. The diffraction indicates a regular lattice spacing
of 17.7 A, an expansion of the clay galleries by 8.1 A.

Stoichiometry and Structure. The variation of polymer / clay stoichiometry is
indicated in Figure 1. At polymer/montmorillonite ratios of 0.15 and 0.30 g/g,
single-phase products exhibit relatively sharp diffraction peaks and several higher-
order (00¢) reflections. Preferred orientation in the pressed pellets reduces the
intensity of all but (00J) reflections; therefore, little useful information on the in-
plane structure can be deduced from these data. Peak widths indicate ordered
domains of 150 A (approximately 10 layers) along the stacking direction for these
products. Least-squares fits to these data yield lattice spacings of 13.73(4) A and
17.65(4) A. At stoichiometries richer in polymer than 0.30 g/g an admixture of the
17.7 A phase and unreacted, crystalline PEO is obtained. The incorporation of
polymer by the method employed is therefore limited to 0.30 g/g.

The polymer conformation in these nanocomposites raises significant
fundamental issues and will also govern important properties such as ion transport
and mechanical strength. Two models which may be considered are a helical
conformation similar to that observed in crystalline PEO, or an adsorbed polymer
layer on the clay surfaces. Although evidence suggesting a helical polymer
conformation for these materials has been presented (2), the formation of a 13.6 A
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phase involves a gallery expansion of 4.0 A, which sterically limits the polymer
conformation to approximate a single adsorbed layer between the clay surfaces. The
17.7 A phase displays twice the gallery expansion and also twice the polymer
content of 13.6 A phase, and therefore is consistent with the incorporation of two
such polymer layers. This architecture can be derived from the coalescence of
colloidal clay sheets with single adsorbed polymer layers on both surfaces. The
similarity of complexes prepared from PEO and an amorphous copolymer PEM,
[OCH,(OCH,CH,),,],, is also significant in that the helical conformation is disrupted
in PEM by methylene linkages in the polymer chain.

The 4 A and 8 A gallery expansions are also similar with those obtained
when oligomeric (PEG) or small-molecule ethers such as ethylene glycol are
incorporated into montmorillonite. This coincidence is reasonable if each of these
species adopts an adsorbed-layer conformation within the galleries.

Nanocomposites prepared with stoichiometries between 0.15 and 0.30 g/g
do not produce a sharp (001) peak, but show highly asymmetric peak profiles.
When physical mixtures of the single-layer (0.15 g/g) and double-layer (0.30 g/g)
phase are ground together at ambient temperature, two sharp peaks corresponding
to the discreet phases are obtained, but a broad diffraction profile of intermediate
repeat spacing appears upon annealing this mixture at 100 °C for two days. These
patterns therefore appear to correspond to homogenous nanocomposites of
intermediate composition (0.15 - 0.30 g/g) which are a solid solution of the single
and double-layer phases, that is, they contain a homogenous distribution of these
expanded galleries rather than a uniform basal plane spacing. Computer modelling
studies indicate that the X-ray profiles of this interphase region are closely simulated
by nanocomposite structures with ordered domains of approximately 100 A
containing both single and double polymer layers.

Thermal and Electrical Measurements. TGA and DTA traces indicate a single,
irreversible, endothermic event at 360 °C corresponding to polymer decomposition.
Samples maintained briefly above this temperature are discolored to brown or black,
which is consistent with the expected carbonization of the organic component. The
total weight loss recorded by 400 °C is 23 %, and corresponds to the initial
stoichiometry of polymer in the nanocomposite. The melting transition of
crystalline PEO (a strong endotherm at 67 °C), is absent in these profiles. The lack
of either glass or melting transitions indicates the absence of a discrete polymer
phase, and again demonstrates that these two-dimensional polymer layers are not
structurally similar to the native polymers.

An Arrhenius plot for the nanocomposite is provided in Figure 2. An
increase in conductivity of several orders of magnitude, relative to that of the native
anhydrous Na-montmorillonite, is obtained. The highest values, near 10° Scm’,
are less than those reported previously for PEO - salt complexes (which exhibit
maximum conductivities of 10 - 10* Scm™ [13]), and occur at higher temperatures.
It should be noted that the conductivity may be anisotropic in these low-dimensional
materials, and observed values may reflect dimensional averaging. The ionic
conductivity is assumed to arise from an enhanced mobility for Na* within the
polymer-containing galleries.
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Figure 1. Maximum in the (001) reflection of nanocomposites vs PEO/Na-
montmorillonite ratio (g/g) for (M) PEO and (OJ) PEM.

LOG o
n

1.8 2 22 2.4 26 2.8 3
1000/ T (K™)

Figure 2. Arrhenius plot for PEO/Na-montmorillonite nanocomposite (0.30
g/g). Conductivities are reported as log [ o ( Scm™)]. Data were recorded
for sample heating from 350 to 520 K (A) and subsequent cooling (CJ).
Time between readings is approximately 1 hour.
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Li,PEO,MoS,

The powder diffraction data from the nancomposites prepared via exfoliation /
adsorption in aqueous media using excess PEO indicate single-phase products.
Basal-repeat spacings obtained increase slightly with higher polymer content, and
range from 14.2 to 14.6 A. Peak widths indicate stacking coherence lengths in the
range of approximately 200 - 400 A (20 - 25 unit repeats). At low polymer
stoichiometries, a broad peak associated with restacked MoS, appears.

The distance between Mo planes in these nanocomposites is 8.0 - 8.3 A
greater than in LiMoS,. This expansion, similar to that obtained by insertion of
poly(ethylene glycol) or PEO into MS, or montmorillonite, suggests that a polymer
bilayer is incorporated into the intersheet region. There is no evidence of a greater
expansion, indicating a phase containing more than a double layer of polymer.

The polymer conformation within the galleries cannot be determined directly
from diffraction studies, and a helical polymer conformation, as in crystalline PEO,
cannot be excluded by steric arguments. Since the favorable energy of polymer
adsorption will decrease dramatically once monolayer coverage of the sheet surfaces
is complete, a bilayer within the galleries (resulting from monolayer coverage of
each sheet face) is a reasonable expectation from this exfoliation-adsorption method.

Elemental analyses for C, H, and Li for reactions indicate that the polymer
stoichiometry for single-phase products can vary between 1.0 and 1.3 moles of
monomer repeat to MoS,. The polymer / MoS, ratio found in the product depends
on the mixing stoichiometries utilized in the nanocomposite syntheses. The change
in polymer content found for these products indicates a higher packing density of
polymer within the disulfide galleries. This explanation is consistent with the
reproducible change in relative peak intensities and slight increase in c-repeat
distance with polymer content.

The overall stoichiometry was found to be close to Li,;,(PEO),MoS, for
samples with a range of x, which reflects a negative charge on MoS, sheets similar
to that present in the hydrated lithium salts. The lithium stoichiometry is
consistently similar to that obtained for hydrates prepared under similar conditions.
Electrical measurements indicate a semimetallic conductivity and thermal response,
which are again consistent with negatively-charged MoS, layers. The presence of
hydroxide has also been suggested to account for the negative charge associated with
the MoS, layers (28), but we have observed that similar colloids and restacked
solids can be generated in non-aqueous solvents, polar organics such as DMSO.

Thermal Analyses. A simultaneous DTA / TGA scan of the nanocomposite is
provided in Figure 3. The absence of a melting endotherm at 60 °C indicates that
no crystalline PEO phase occurs in the product. An exotherm near 310 °C arises
from degradation of the polymer and the associated weight loss of 27 %, due to
volatilization of the decomposition products, closely corresponds to the polymer
content within the nanocomposite. X-ray diffraction of the nanocomposite after
heating to 450 °C shows only a restacked MoS, phase. For comparison, the
decomposition of pure PEO is observed at 360 °C in an inert atmosphere.
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Figure 3. Simultaneous DTA / TGA scan obtained for Li,;,PEO, ;,MoS,.
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An additional exotherm between 125 and 255 °C is not associated with any
significant sample weight loss. PEM / MoS, nanocomposites have also been
examined, and show similar behavior. In order to further explore this transition,
ambient-temperature X-ray diffraction pattern of a single pellet of the nanocomposite
following heating at 200 °C in an Ar atmosphere for 3 - 6 hrs show an irreversible
loss of sample order. After six hours, the material appears entirely disordered by
X-ray diffraction. Subsequent heating of the pellet above 400 °C under inert
conditions for several hours to remove the polymer component regenerates
crystalline MoS,. The disordered phase must therefore contain MoS, sheets without
a coherent stacking arrangement. The generation of the disordered state requires
a large rearrangement in the structure. ‘The driving energy for this process may be
provided by the thermally-activated rearrangement of adsorbed polymer. The
potentially high electroactive area for the disordered phase make it an attractive
candidate for electrochemical applications.

Chromatography. GPC data on polymer extracted from the nanocomposites
indicates that the polymeric component of these materials is not degraded into low-
molecular-weight fragments, although the results of crosslinking and scission are
evident. The extracted polymer from Li, ;,PEO, 3,MoS, (prepared with 95,000 Da
PEO) contains significant molecular weight components centered at 450,000 and
20,000 Da. After heat treatment to form the unstacked nanocomposite, the
extracted polymer has a single peak centered at 45,000 Da. In these samples, only
10 - 50% of the total polymer component can be extracted into an organic solution
for analysis. Low-molecular-weight and other highly-soluble products should be
more readily desorbed from the disulfide surfaces, so the data obtained may not be
representative of the polymer component of the sample. As no low-molecular-
weight fragments are observed, however, the gross degradation of PEO does not
occur. The details of polymer interaction with the disulfide lamella, and the
mechanism of crosslink formation and bond cleavage, are of considerable interest
and worthy of further study.

M,PEO, TS,

The exfoliation / adsorption process can probably be extended to other layered
disulfides (TaS,, WS,, and NbS,) or dichalcogenides. For example, we have
recently obtained results with MoSe, indicating single-phase nanocomposites are
readily prepared by methods described above.

Some target compounds, however, are not amenable to processing in aqueous
solution. A notable example is TiS,-containing nanocomposites; TiS, is susceptible
to hydrolysis under acidic conditions, and forms a stable hydrate in aqueous base.
The charge-storage properties of TiS,, generally as the anode in a solid-state Li cell,
naturally leads to interest in the preparation and characterization of a single-phase
polymer/TiS, nanocomposite.

A recent communication notes that the addition of a solution of PEO with
sodium perchlorate in acetonitrile to an aqueous colloid of TiS, will produce a
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nanocomposite (7). Our results indicate that the PEO/TiS, nanocomposite can
indeed be obtained from aqueous media, but a single-phase product is not obtained.

Exfoliation in N-Methyl Formamide (NMF). The exfoliation of TiS, and other
disulfides in NMF has been known for some time (24,25). Two phases can be
obtained by the interaction of MTiS, with NMF; M,(NMF),TiS, (M = Li, Na),
with c-repeat = 13.7 A, and (RNH,)(NMF),TiS,, containing CH,NH,CHO*
(RNH,*) cations, with ¢ = 19.5 A. The relative abundance of the metal and
RNH,* - containing products is pH dependent, with the latter predominating when
the reacton is carried out under acidic conditions. Similarly, the insertion of NMF
has been reported for other lithium or sodium transition metal disulfides (I4).
Optimal conditions for the synthesis of PEO / TiS, are found to be a basic NMF
solution using excess PEO (which can be easily washed away from the desired
product). In this way, single-phase products can be reproducibly prepared. A
representative diffraction pattern is provide in Figure 4.

The products obtained in this manner do not contain a large component of
the molecular solvent within the galleries. Elemental analysis allow for a maximum
ratio of NMF to monomer repeat near 0.1 mol/mol. Unlike the NMF-intercalated
products, these nanocomposites do not lose a significant fraction of weight during
DSC scans through the boiling point of NMF (185 °C).

The powder diffraction data for the single-phase products obtained provide
a basal-plane repeat of 14.2 A. Peak widths for the (00]) set provide a stacking
coherence length of 300 A (approximately 20 repeat units). The absence of a
diffraction peak at d = 5.7 A indicates that the product is devoid of unreacted TiS,,
and the absence of a melting exotherm at 60 °C in the DSC trace shows that no
crystalline PEO phase occurs in the nanocomposite.

The distance between Ti planes in the nanocomposite is 8.0 - 8.2 A greater
than in LiTiS,. This expansion suggests that a polymer bilayer has been
incorporated into the intersheet region. Elemental analyses indicate a product
stoichiometry of Lij g,Na, ,5(PEO), 5TiS,*0.09NMF; the notation (PEO), refers to
n moles of the monomer repeat unit (CH,CH,0). The overall cationic content is
consistent with other similar compounds which retain the composition A,(solv), TiS,
(x = 0.3), (14,15) and reflects the partial re-oxidation of the TiS,"" sheets through
interaction with solvents. The polymer content is somewhat less than that obtained
with PEO / MoS, nanocomposites (6).

Thermal and Electrical Measurements. Thermal analysis of the nanocomposite
reveals a broad endotherm between 90 and 140 °C. This endotherm is also
observed with unreacted TiS,. A sharper endotherm is observed at 180 °C and
could be associated with the minor NMF component in the product. Both TiS, and
the nanocomposite are unstable to loss of sulfur above 220 °C.

Electrical measurements on pellets pressed from powders indicate a
semimetallic conductivity and thermal response; the conductivity of the
nanocomposite is somewhat less than the pure TiS,. The bulk conductivity for the
partially reduced sheets, TiS,**, is expected to increase significantly relative to TiS,
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(30); however, the reduced crystalline order in the nanocomposites and the
incorporation of a large fraction of electronically insulating polymer between the
sheets should decrease the observed conductivities of these pellets.

Li,PEO,M0O,

Li,MoO; rapidly exfoliates during sonication in aqueous solution, and the
nanocomposite with PEO is easily obtained. The extent of lithiation in the Li,MoO;
employed (i.e. x in LiMoO;) was not evaluated quantitatively in our studies, other
studies indicate that the maximum value for x by these methods may be less than
0.5 (31,32). Complete exfoliation results only for the most highly reduced salts,
when the anhydrous lithiated compounds show a basal-plane expansion of at least
1 A relative to MoO,. The nanocomposites prepared by the exfoliation/adsorption
method expand by approximately 8 A when excess PEO is employed: the stacking
repeat of 8.2 A in Li,MoO,; is increased to 15.9 - 16.5 A. A 4.4 A expansion is
observed, however, when the PEO content is limited to 0.1 g/g Li,M0O;. These
data are consistent with adsorbed bilayers or monolayers of PEO between MoO,
sheets. The results obtained can be compared with the 5 - 6 A expansion observed
with inclusion of PPV or PAN, where aromatic rings are believed to be oriented
perpendicular to the MoO; sheets (33,34).

Elemental analysis of the products provides a Li/MoO; mole ratio of 0.25,
indicating that a partial negative charge is retained by the sheets. The
nanocomposite rapidly reforms a colloid when placed in aqueous solution, so the
products cannot be washed to remove excess polymer. Some products therefore
contain excess PEO; in this case scanning calorimetry of the products indicates a
sharp exotherm near 60 °C corresponding to a bulk PEO melting transition. Single-
phase products are obtained by careful control of the PEO / MoO;, and solvent
ratios. Elemental analyses for Li, C, and H in the single-phase products provides
a stoichiometry of Lig, o sPEQ, 3;M005°0.06H,0. Thermal analyses of the products
show an irreversible endotherm, associated with polymer decomposition, at 320 °C.
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Chapter 6
Polymer—Clay Hybrids

Akane Okada, Arimitsu Usuki, Toshio Kurauchi, and Osami Kamigaito

Toyota Central Research and Development Laboratories, Inc., Nagakute,
Aichi 480—11, Japan

Polymer-clay hybrids, organic-inorganic molecular composites, were
prepared. X-ray and TEM measurements revealed that each 10 A template
of clay mineral is dispersed in the polymer matrix and that the repeat unit
increased from 12 A in unintercalated matexial to more than 200 A in the
intercalated material. Thus, polymer-clay hybrids are "polymer based
molecular composites" or "nanometer composites”. They, when molded,
show excellent mechanical properties compared to unfilled polymers
and/or conventional composites. In the hybrids negatively charged silicate
(clay mineral) and positively charged polymer-ends are directly bonded
through ionic bonds. The mechanism of reinforcement is discussed with
the results of CP-MAS NMR and pulsed NMR studies.

Polymer has been successfully reinforced by glass fiber or other inorganic materials. In
these reinforced composites, the polymer and additives are not homogeneously
dispersed on the microscopic level. If the dispersion could be achieved on the
microscopic level, the mechanical properties would be expected to be further improved
and/or new unexpected features might appear(). Clay mineral is a potential candidate
for the additive since it is composed of layered silicates, 10 A thick, and undergoes
intercalation with organic molecules(2). The lack of affinity between hydrophylic
silicate and hydrophobic polymers makes it difficult to get homogeneously miscible
with each other. Swelling of each template of silicate with organic molecules is a matter
of vital importance to reach to this type of molecular composite

In this paper we present two polymer-clay hybrids; nylon 6-clay hybrid and rubber-
clay hybrid. Swelling behavior, preparation and properties of hybrids, and interaction
of the organic-inorganic surfaces are discussed.

Nylon 6-Clay Hybrid (NCH)

Nylon 6 (polycaploractam) has good mechanical properties and is a commonly used
engineering polymer(3). We tried to prepare NCH by blending commercial nylon 6 and
montmorillonite, a common clay mineral, in a twin screw extruder, which gave just a
phase separated, conventional nylon 6-clay composite (termed as NCC). So, we tried
polymerization of €-caprolactam in the interlayer space of montmorillonite to disperse
each template of silicate into nylon 6 matrix on the molecular level. Swelling of silicate
by e-caprolactam is of key importance. We found that montmorillonite ion-exchanged

with 12-aminolauric acid can be swollen by e-caprolactam to fulfill our purpose.

0097—-6156/95/0585—0055$12.00/0
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In the following, swelling behavior, preparation and properties of NCH and the
mechanism of reinforcement are presented. NCH has been used in an automotive part
and has been manufactured in a large scale.

Swelling Behavior of Montmorillonite with ®-Amino acid by
e-Caprolactam(4). Natural Na-montmorillonite is hydrophylic and not compatible
with most organic molecules. Sodium cation in the interlayer space of montmorillonite
can be exchanged with organic cations to yield organophilic montmorillonite. For the
present purpose, polymerization in the interlayer space, ammonium cations of ®-amino
acids were chosen as cations since they catalyze ring opening polymerization of
g-caprolactam.

In a 1000 mL beaker were placed 24mmol of ®-amino acid, 2.4 mL of concentrated
hydrochloric acid and 200 mL of water at 80°C. The solution of the w-amino acid was
added into a dispersion composed of 10 g of montmorillonite and 1,000 mL of hot
water, and this mixture was stirred vigorously for 10 min, giving a white precipitate.
The product was filtered, washed with hot water, and freeze-dried. In this paper, we
call the cation exchanged montmorillonites "n-montmorillonite”, where n is the carbon
number of ®-amino acid. Mixture of 0.5 g of the n-montmorillonite powder and 2.0 g
of e-caprolactam (mp=70 °C)was heated at 100 <C for swelling.

The degree of swelling was studied by means of X-ray powder diffraction (XRD)
measurement using a Rigaku RAD-B diffractometer. Figure 1 shows XRD patterns of
n-montmorillonites. The basal spacings (interlayer distance) of the samples were
obtained from the peak position of XRD pattern as shown in Table I. The XRDs of the
mixtures of the n-montmorillonites and &-caprolactam were measured at 25 °C and 100 °C.
They suggest that swelling did occur. Basal spacings of the swollen n-montmorillonites
are also shown in Table I. The spacings of the specimens were equal at 25 °C and 100 °C
for the n-montmorillonites, when n was less than 8. They corresponded with the sum
of the molecular length and 10A (template) at 25 °C. However, they exceeded the sum at
100 °C for longer n-montmorillonite. The schematic diagram is shown in Figure 2. For
better swelling of w-amino acid, n should be larger than 11. We chose 12-aminolauric
acid to prepare NCH since it is the most available among the longer acids .

Table 1. Basal Spacings of n-Montmorillonite in the Presence of €-Caprolactam

®-Amino Acid Spacing Spacing in Caprolactam
NH,(CH,), ,COOH ) @A)
n Molecular 259C 100°C
length(A)
2 6.7 12.7 14.3 14.4
3 8.1 13.1 19.3 19.7
4 9.8 13.2 19.3 19.9
5 11.0 13.2 20.3 20.4
6 12.2 13.2 23.3 23.4
8 14.7 13.4 26.2 26.4
11 18.5 17.4 30.2 35.7
12 19.7 17.2 31.5 38.7
18 27.3 28.2 43.8 71.2
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Figure 1. XRD Patterns of n-Montmorillonite
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Preparation of NCH(5). In a vessel, 113 g of e-caprolactam and 5.97 g of
12-montmorillonite were placed. The mixture was heated at 100 °C for 30 min. Then, it
was heated at 250 °C for 48 h, yielding a polymeric product. After cooling, the product
was mechanically crushed. The fine particles were washed with 2 L of water at 80 °C
for 1 h. Thus we obtained NCH. Nylon 6 clay composites (termed as NCC) were
prepared by blending commercial nylon 6 and montmorillonite in an extruder for
comparison with NCH. These materials were injection-molded for various
measurements. Basal spacing, d, was directly obtained in XRD. Figure 3 shows the
transmission electron micrograph (TEM) of the section of molded NCH-15 measured
on a JEOL-200CX TEM applying an acceleration voltage of 200V. The suffix of NCH
means the amount of 12-montmorillonite used in polymerization. The dark lines are the
intersection of the sheet silicate of 10 A thickness and the spaces between the dark lines
are interlayer spaces. Table II shows the basal spacing, d, obtained by XRD and TEM.
The d values agree very well. It was found to be inversely proportional to the
montmorillonite content. A maximum d of 214 A was observed. The thickness of a
layer of silicates is about 10 A. This is of the order of molecular size and this layer can
be thought to be an "inorganic macromolecule", so that, in NCH, the polymer and
montmorillonite are mixed on the molecular level forming a "polymer based molecular
composite”. On the other hand, d in the NCC was 12 A and itis unchanged from the
pristine montmorillonite and therefore NCC is not a molecular composite.

Table II. Basal Spacings of NCHs
Montmorillonite ~ Spacing (X-ray)  Spacing(TEM)

Specimen (Wt %) A) &)
NCH-5 4.2 150 214
NCH-10 9.0 121 115
NCH-15 14.5 64 62
NCH-30 25.0 51 50
NCC-5 5.0 12

Properties(6).  Mechanical properties of NCH-5 are shown in Table III together
with nylon 6 and NCC-5 following ASTM. The tensile strength and tensile modulus of
NCH were superior to others. The impact strength of NCH was identical with that of
nylon 6. The most prominent effect was observed in heat distortion temperature (HDT).
HDT of NCH-5 containing only 4 wt% of montmorillonite was 152 °C, which was 87 °C
higher than that of nylon 6. This effect in NCH is attributed to drastic improvement in
the quality of nylon 6. Resistance to water was also improved(7). The rate of water
absorption in NCH was lowered by 40 % as compared to nylon 6 and NCC.

Table III. Properties of NCH-5(1)
Monmorillonite Tensile Tensile  Charpy Impact

Specimen Strength  Modulus Strength
(Wt %) (MPa) (GPa) (KJ/m’
NCH-5 4.2 107 2.1 6.1
NCC-5 5.0 61 1.0 5.9
nylon 6 0 69 1.1 6.2

In Hybrid Organic-lInorganic Composites; Mark, J., et a.;
ACS Symposium Series; American Chemical Society: Washington, DC, 1995.



Publication Date: March 21, 1995 | doi: 10.1021/bk-1995-0585.ch006

August 11, 2012 | http://pubs.acs.org

60 HYBRID ORGANIC-INORGANIC COMPOSITES

The molded specimen was found to be anisotropic. The coefficient of thermal
expansion of NCH-5 in the flow direction was lower than half of that in the
perpendicular direction. Nylon 6 was isotropic and NCC was intermediate. TEM
studies revealed that sheets of silicate were parallel to the flow direction of the mold.
The nylon molecules in NCH-5 were also oriented in the same direction. It seems that
anisotropy of the thermal expansion results from the orientations of silicate and polymer
chains.

Table III (continued). Properties of NCH-5(2)
HDT Rate of Water Coefficient of Thermal

_ at 18.5kg/em’  Absorption Expansion
Specimen 23°C,1day ™ Flow Pependicular
Direction Direction
(°O (%) (cm/cm C x 10°)
NCH-5 152 0.51 6.3 13.1
NCC-5 89 0.90 10.3 13.4
nylon 6 65 0.87 11.7 11.8

Bond Character of Organic and Inorganic Surface. Excellent properties in
NCH can be considered to have origin in an enormous surface area and ionic bonds
between the organic polymer and inorganic silicate. Nylon 6 molecules have one -NH,
and one -COOH end group, so titration of nylon 6 with hydrochloric acid and NaOH
aqueous solution gives the same value of concentration of both end groups. On the
contrary, the titration study of NCH revealed that the concentration of -COOH ends was
much higher than that of -NH, ends. The results strongly indicate that substantial
amount of nylon molecules in NCH are ion-bonded to silicate at -NH, end. Each silicate
works as a crosslinker of them and restricts motion of them. In anticipation of better
NCH, other clay minerals were examined such as synthetic mica, saponite and
hectorite. The mechanical properties of new hybrids are shown in Table IV. Contrary to
the expectation, among four clays, montmorillonite is the most effective on
improvement of the properties. In order to evaluate the strength of the ionic bond at the
interface between silicate and organic moiety, we studied N CP-MAS NMR
spectroscopy using a Brucker MSL 300 WB spectrometer operating 30.41 Hz and a
magpetic field strength of 7.0 T. Nylon 6 in NCH has more than 100 mers, so that the
terminal (surface) nitrogen is less than 1 % of the total nitrogens. We had to choose a
simpler organic compound as a model of ion-bonding nylon 6.

Table IV. Mechanical Properties of NCHs
Specimen Clay Mineral Tensile Strength Tensile Modulus HDT

at 120 °C at 120 °C at 18.5 kg/cm’
(MPa) (GPa) (°O
NCH-5 montmorillonite 32.3 0.61 152
NCHM-5 synthetic mica 30.2 0.52 145
NCHP-5 saponite 29.0 0.29 93
NCHH-5 hectorite 26.4 0.29 93
nylon 6 - 26.6 0.19 65
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Thus, we prepared intercalation compounds of clay minerals and glycine since it is
the simplest amino acid and its isotope-enriched reagent is commercially available.
Hexamethylenediamine was chosen as a model of non-bonding nylon 6. The PN
chemical shifts are summarized in Table V. As the positive charge on nitrogen
increases, its chemical shift goes downfield. The results revealed that all glycines in
interlayer space of minerals are partially ionized, and that the order of positive charge
density (i.e., the order of ionic bond strength) agrees with that of mechanical
properties in Table IV. It is clarified that the chemical bond between the inorganic
silicate and organic polymers on the molecular level causes improvement of
macroscopic mechanical properties of materials.

Table V. '>N-NMR Chemical Shift

Specimen "N-NMR Chemical Shift

(ppm)

CI-N"H,CH,COOH 15.6
Montmorillonite-N"H,CH,COOH 11.2
Mica-N"H,CH,COOH 9.4
Saponite-N"H,CH,COOH 8.4
Hectrite-N*"H,CH,COOH 8.3
NH,(CH,),NH, 7.0

Application. The timing belt cover of automotive engines are usually made of glass

fiber reinforced nylon or polypropylene. Since NCH has a high modulus and a high
distortion temperature as mentioned above, we tried to make it by injection-molding as
shown in Figure 4. The belt cover showed good rigidity, excellent thermal stability and
no warp. Also, weight saving has reached up to 25 % due to the small content of
inorganic material in NCH compared with that in current thermoplastic composites(8).
It has already been in practical use since 1989. NCH is the first example of hybrid
organic-inorganic composite that has been manufactured in large quantities.

Rubber-Clay Hybrid (RCH)

Nylon forms hydrogen bonding and has more affinity to inorganic molecules. On the
contrary, rubber is more hydrophobic. So, it is interesting to examine validity of the
method for rubber. Vulcanized rubbers are not usually used as pure rubbers but are
reinforced by fillers to improve mechanical properties. Carbon blacks are typical
reinforcing fillers for such purposes and inorganic minerals are used with some
limitation. Although carbon blacks are excellent in reinforcement due to strong
interaction with rubbers, they often decrease the processability of rubber compounds on
account of high viscosity at high volume loading. On the other hand, minerals have a
variety of shapes suitable for reinforcement such as needles and sheets but they have
only poor interaction with rubbers(9). We prepared montmorillonite ion-exchanged with
a liquid rubber (LR), termed as LR-montmorillonite for usage of its favorable shape.
Co-vulcanization of nitrile rubber was done with the LR-montmorillonite, giving a
molecular composite, a rubber-clay hybrid termed as RCH.
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Figure 3. TEM of the Section of Molded NCH-15

Figure 4. Timing Belt Cover of Injection-Molded NCH
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Preparation of RCH(10). Liquid polybutadiene, Hycar ATBN 1300*16 was
supplied by Ube Industries LTD., which is a copolymer of butadiene and acrylonitrile
(acrylonitrile (AN) content; 17%), and has two amino end groups and molecular weight
of 3400. Nitrile rubber(NBR), Nipol 1042 (AN content; 33%) was supplied by Nippon
Zeon Co.,LTD.

In a mixture of 30 mL of N,N-dimethylsulfoxide and 30 mL of ethanol, 9.2 g of
ATBN was dissolved, and 5.4 mL of 1N hydrochloric acid was added. With an electric
mixer, 4.2 g of montmorillonite was dispersed in 400mL of water, and the above
ATBN solution was dropped to the dispersion. A rapid reaction occurred and gave a
precipitate of LR-montmorillonite. The product was washed with 200 mL of ethanol
and dried in vacuo at 60 °C.

By roll milling, 900 g of NBR was blended with 150 g of the above
LR-montmorillonite, 15 g of sulfur, 30 g of zinc oxide and other additives. Vulcanized
rubber sheets of 2 mm thickness were prepared by compression-molding at 160 °C for
15 min. The product is termed as RCH-3, the suffix of which means the content of
mineral, parts per hundred of rubber (phr). For control experiments, NBR was blended
with untreated clay mineral, giving a rubber-clay composite termed as RCC and with a
conventional carbon filler, SRF;ASTM N770.

Properties of RCH. Properties are described for RCH before and after
vulcanization.

Unvulcanized Rubbers.  Mooney viscosity of unvulcanized rubber is an
index of processability of unvulcanized rubber systems, and it was measured using a
Shimazu Seisakusho Mooney Viscometer MV 200. The viscosity of carbon filled
system (NBR-C) increases rapidly with the increase of the content of the filler, causing
the lowering of processability. Surprisingly, the viscosity of the LR-montmorillonite
system (RCH) decreases with the clay mineral content and was lower than even that of
unfilled system (NBR). Thus, montmorillonite, if highly loaded, doesn't inhibit
prosessability in sharp contrast with carbon black as summarized in Table VI.

The rate of cross-linking reaction was measured by a JSR curemeter. In this
measurement, t-90 (min), time of 90 % curing, shows an index of the reactivity. The
reaction rates of LR-montmorillonite systems were close to those of the carbon filled
systems while they were lower than that of the unfilled system as shown in Table VL
The reaction of the clay composite system (RCC) retarded so remarkably that this
system is not a practical use, maybe owing to reaction inhibition on mineral surface.
Thus, this new system can improve processability.

Table VI. Properties of Unvulcanized RCH

Specimen Filler Content Mooney Viscosity t-90
(phr) at 100 °C (min)

RCH-5  montmorillonite 5 53 15.0

RCH-10  montmorillonite 10 47 16.0
RCC-10  montmorillonite 10 58 23.5
NBR-C20 carbon 20 64 14.0
NBR-C40 carbon 40 75 14.5
NBR — 0 57 11.0

Vulcanized Rubbers. Transmission electron micrographic study indicates
that sheets of silicate are dispersed in rubber on the molecular level. The storage
modulus (E') was obtained at 10 Hz between —150 °C and 150 °C using an Iwamoto
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Seisakusho VES-F Viscoelastometer. The E' values at 25 °C of RCH were shown in
Table VII. In RCH, montmorillonite reinforces four times as much as carbon when
added to the rubber as a filler. Thus the E' value of RCH-10 is almost identical with that
of NBR-C40. Similar results were obtained also at 100 °C.

The tensile stress at 100% at 25 C of RCH-10, containing 10 phr of clay
mineral, is equal to that of the rubber containing 40 phr of carbon black. However, clay
mineral doesn't have any effect of reinforcement in RCC, a conventional composite.
Swelling of NBR reaches to equilibrium in benzene at 25 C after 48h. The swelling
ratio is defined as swollen volume of rubber matrix to unswollen volume of rubber
matrix. Here, the degree of swelling of RCH-10 is identical with that of NBR-C40, too.
The properties of vulcanized rubbers tested are summarized in Table VII. Thus the
polymer in the vicinity of the silicate is restricted in mobility by the silicate so that the
polymer is effectively reinforced and also restricted in swelling.

Table VII. Properties of Vulcanized RCH
Specimen E'at25 °C  Stress at 100% Strain ~ Swelling Ratio

(MPa) at 25 °C(MPa) in Benzene
RCH-5 5.4 1.5 4.2
RCH-10 8.8 2.1 4.1
RCC-10 4.2 1.1 4.7
NBR-C20 5.6 1.4 4.4
NBR-C40 8.9 2.1 4.0
NBR 3.3 1.0 4.9

Mechanism of Reinforcement. These favorable properties of RCH (Table VII )
can be considered to have origin in an enormous surface area and ionic bonds between
the organic polymers and inorganic silicate sheets as in the case of NCH. If such strong
interaction exists in rubber systems, one can expect some increase of fast component of
proton spin-spin relaxation time, T,. T, measurements were performed on a JEOL FSE
60Q broadline pulsed NMR spectrometer operating at 60 Hz for protons using the solid
echo and CPMG (Carr-Purcell-Meiboon-Gill) pulse sequences. Figure 5 shows the T,
signals for both liquid rubber (LR) and LR-montmorillonite. The T, signal for
LR-montmorillonite was actually resolved into a fast decaying rigid component and a
slowly decaying rubbery component (corresponding to the rubbery molecules in
mobility). The rigid component which cannot be observed in LR is assigned to the
motionally constrained regions of LR molecules in LR-montmorillonite through the
rubber-filler interactions, and its fraction can be evaluated to be about 20%, which is
equal to the fraction of tightly bound component in inextractable rubber-filler gel, so
called "bound rubber", for carbon black filled systems(/). There is now general
agreement that "bound rubber" is an important factor in reinforcement, depending on the
characteristics of the filler particles such as particle size, surface area, structure, and
surface activity. Thus, it is considered that there appears to be the strong rubber-filler
interactions (comparable to those in carbon black filled systems) in LR-montmorillonite,
in which negatively charged silicate layers are bonded to LR-molecules with positively
charged terminal sites, forming "bound rubber".

Conclusion

Polymer-clay hybrids, organic-inorganic molecular composites, were prepared. X-ray
and TEM measurements revealed that each 10 A thick template of clay mineral was
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dispersed in polymer matrix and that the repeat unit increased from 12 A in
unintercalated materials to more than 150 A in the intercalated materials. Thus,
polymer-clay hybrids are real molecular composites or nanocomposites. They, when
molded, show excellent mechanical properties compared with unfilled polymers and/or
conventional composites. In the hybrids, negatively charged silicates (clay mineral) and
positively charged polymer ends are directly bonded through ionic bonds. The
mechanism of reinforcement was explained using the results of >N CP-MAS and
proton pulsed NMR studies.
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Chapter 7

(Perfluorosulfonate Ionomer)—(Inorganic
Oxide) Nanocomposites

Organic Modification of Surfaces of Silicon Oxide
Nanoparticles Grown In Situ

Q. Deng, K. A. Mauritz!, and R. B. Moore

Department of Polymer Science, University of Southern Mississippi,
Hattiesburg, MS 39406—0076

SiO,;; . 4y(OH), nanoparticles were generated via in situ sol-gel
reactions for tetraethoxysilane within polar clusters of perfluorosulfonic
acid films. Then, residual SiOH groups on these nanoparticles were
post-reacted with diethoxydimethylsilane (DEDMS) and
ethoxytrimethylsilane (ETMS), resulting in organically-"shelled" and
interknitted, and simply organically "shelled" nanoparticles, respectively.
FT-IR and *Si solid state NMR spectroscopies established structural
incorporation of the di- and tri-methylsilanes onto silicon oxide "cores"
as well as degree of molecular connectivity within the inorganic phase.
Post-reaction with DEDMS rendered the structure more linear.
Mechanical tensile experiments indicated a ductile — brittle
transformation upon DEDMS post-reaction, suggesting linking of silicon
oxide nanoparticles. On the other hand, a measure of ductility persisted
after ETMS post-reaction. Tensile strength was increased after both
post-reaction schemes.

In earlier experiments, we utilized the polar clusters within perfluorosulfonate
ionomer (PFSI) films as nanometers-in-scale reaction vessels in which SiO,; .
wa4(OH), structures nucleate and grow via in situ, acid catalyzed sol-gel reactions for
tetraethoxysilane (TEOS)."* The pseudo-periodic array of clusters, with center-to-
center spacings of 30-50 A, offers an interactive polymerization template that directs
the morphology of the resultant dry, solid silicon oxide phase. SO;H groups in
clusters catalyze alkoxide hydrolysis within these "nano-reactors," although various
cation-exchanged forms are also useful.*®* We have characterized these unique hybrid
materials for structure and properties using electron microscopy, SAXS, WAXD,
solid state NMR, infrared and dielectric relaxation spectroscopies, DSC, TGA,
mechanical tensile and gas permeation analyses.

1Corresponding author
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This earlier work established the validity of our template hypothesis of in situ
inorganic growth. SAXS, WAXD and DSC studies revealed that the clustered +
semicrystalline morphology remains intact despite invasion by the silicon oxide
component up to moderate filler levels.* Mechanical tensile tests, especially,
indicated a percolation of the silicon oxide phase with increasing filler content,' and
IR and *Si NMR spectroscopies'*® provided insight into molecular connectivity
within the fractal-like silicon oxide phase.

Based on the success of these earlier efforts, we are synthesizing [inorganic
oxide]/PFSI nanocomposites having greater compositional and structural complexity.
The work reported here deals with creating an organic "shell" about existing silicon
oxide nanoparticles via post-reactions involving ethoxymethylsilanes.

In the first step, SiO,;_,(OH), particles are grown within initially hydrated,
alcohol-swollen Nafion-H* membranes via in situ sol-gel reactions for TEOS, as
before. Our IR and *Si solid state NMR spectroscopic investigations'*® of such
dried-annealed systems indicate large relative populations of uncondensed Si-OH
groups mainly near nanoparticle surfaces, as illustrated in Fig. 1 (top). Of course,
the concepts of "surface" and "shell" are somewhat vague within the context of
particles of molecular dimensions. Perhaps these structures would be better described
as being fractal-like in the inefficient manner in which they fill space. Also, in a
strict sense, perhaps the term "semi-organic shell" would be more appropriate, since
the chemical units added to nanoparticle surfaces contain silicon atoms so that the
surface would have a composition that is "silicone-like." Our use of the word
"organic" in this context simply refers to the situation wherein the methyl groups of
these units shield the Si atoms to which they are bonded and are mainly the groups
that are exposed to, and interact with the PFSI matrix. These residual SiOH groups
are available for post-reaction with species as R’,,Si(OR), (e.g. R = -[CH,],CH; ),
thereby producing organically, or hydrophobically "shelled" nanoparticles, as crudely
illustrated in Fig. 1 (bottom). Diethoxydimethylsilane (DEDMS) and
ethoxytrimethylsilane (ETMS) were chosen for the present study. DEDMS, by itself,
can form linear oligomers or polydimethylsiloxane (PDMS). At the PFSI-
nanoparticle interfacial zones, DEDMS can hypothetically link two favorably-
positioned exterior SiOH groups either on the same nanoparticle or on two different
nanoparticles. that are sufficiently proximate. ETMS, on the other hand, can only
react with one external SiOH group to produce, at best, a hydrocarbon "coating" on
a silicon oxide phase.

Si-C bonds are stable against hydrolysis in an aqueous environment. It is
anticipated that the unfavorable energetics of the [silanol]/[perfluorocarbon] interface
can be rendered more favorable by this organic modification of nanoparticle surfaces.
Consequently, mechanical, viscoelastic and thermal properties will be altered by
tailoring the composition and structure of this interface.

Nanoparticle surfaces, after post-treatment, will display an increased
interactive affinity for organic molecule (liquid or gas) permeants. The surface
roughness, or porosity, of these particles will be modified in this way. Here,
"roughness" or "porosity" refers to the fractal nature of these convoluted surfaces and
there are implications with regard to size exclusion effects in molecular permeation
through these materials when used a membrane in separation processes. Motivated
by Yeager’s discussion of how diffuse interfacial regions in PFSI materials affect ion
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Figure 1. Silicon oxide nanoparticles imparted hydrocarbon "shells" by post-
reaction of accessible SiOH groups with ethoxymethylsilanes.
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permselectivity,”' the utility of these nanocomposites when used as membranes in
electrochemical cells is suggested.

These materials are expected to interact strongly and specifically with
electromagnetic fields due to their unique heterophasic morphologies. As a dielectric,
polarization at the nanoparticle/PFSI interface, owing to gradients of dielectric
permittivity and conductivity across the phase boundaries, should be strong. Since
the scale of phase separation is considerably smaller than wavelengths in the optical
region of the electromagnetic spectrum, light, in transparent materials, should exhibit
interesting behavior in this medium.

The particular goals and methods of the work reported here were: (1) To
create organic/inorganic hybrids using a PFSI as a reactive morphological template
for a two-step, in situ sol-gel reaction involving first tetra-, then di- and
monofunctional alkoxysilanes to produce "core-shell" structures; (2) to verify
structural incorporation of the post-reaction species, as well as probe the degree of
molecular interconnection of the inorganic phase by IR and NMR spectroscopies; (3)
to infer, using mechanical tensile studies, the relative energetics of nanoparticle/PFSI
interfaces, as well as possible linking of silicon oxide nanoparticles via post-reactions
with DEDMS.

Experimental Procedure

Materials. 1100 equivalent weight, 5 mil thick, PFSI membranes in the K* form
("Nafion 115") were supplied by the E.I DuPont Company. TEOS, DEDMS, ETMS,
and methanol were obtained from the Aldrich Chemical Co. All water used was
distilled/deionized.

Membrane Initialization. First, the membranes were converted to the sulfonic acid
form by refluxing in 50% (v/v) HCI for 12 hr. Then, the membranes were refluxed
for 6 hr in distilled/deionized water to leach out excess acid. Following this, a
sequence of steps consisting of refluxing in methanol - then refluxing in
distilled/deionized water - was repeated for 5 hr for each step until the pH of the
solution reached 6.5 - 7.0. The total number of neccessary cycles in this sequence
were ~6 - 8. The membranes were then dried at 100°C under vacuum for 24 hr.
All membranes were reduced to this standard initial state prior to conducting the in
situ sol-gel reaction for the purpose of acheiving maximum sample reproducibility.
We have recently reported on the importance of membrane initialization.""

In Situ Sol-Gel Reaction. In covered glass jars, all initialized membranes were
immersed in stirred solutions of 3:1 (v/v) methanol:water at 22°C for 20 hr. The
sorbed water serves to initiated the hydrolysis of TEOS which was subsequently
introduced in quantities such that H,0:TEOS = 4:1 (mole/mole). Solutions of
TEOS:methanol = 3:1 (v/v) were added to the containers (subsequently stoppered)
while maintaining stirring. After specified times, the membranes were removed from
these solutions. The time between the addition of TEOS and removal of the
membranes from solution is referred to as "permeation time" rather than reaction
time, since the hydrolysis-condensation reaction continues within the membrane after
its removal from solution. Upon removal, the membranes were quickly soaked in
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methanol for 1-2 seconds to wash away excess surface reactants to reduce the
possibility of a surface-attached silica layer. Finally, the samples were surface-blotted
and dried at 100°C under vacuum for 24 hr to remove trapped volatiles as well as
promote further condensation of residual SiOH groups. In each case, percent weight
uptake was determined relative to the initial dry acid form weight. Samples were
prepared to have silicon oxide uptakes in the range 5 - 7% and 11 - 14%, by varying
permeation time. No surface-attached silica layers, as seen in earlier studies,%!""? that
might block post-reactions, were observed by light microscopy. At this point, and
for these weight uptakes, silicon oxide "cores" are presumed, based on our earlier
studies, to exist within the PFSI template.

Post-Reaction with DEDMS and ETMS . These dried-annealed SiO,/PFSI hybrids
were pre-swollen in 15 ml methanol at 22°C for 24 hr to enhance the permeation of
DEDMS and ETMS and the delivery of these molecules to the interfacial zones.
Afterwards, 12 ml of DEDMS or ETMS was added to the methanol bath (-in which
the swollen membranes resided), with stirring at 22°C and the uptake of these
reactive species proceeded. After selected times, the membranes were removed and
washed for 1-2 seconds in pure methanol remove excess reactants from the surfaces,
then surface-blotted dry.

The quantity of sorbed reactant for a given permeation time is expected to be
a function of sample size, concentration in the methanol solution and temperature.
In this set of experiments we have held these factors constant. The essential goal of
this work was to demonstrate structure and property trends with reactant type and
permeation time on a qualitative basis.

Afterwards, samples were placed on a Teflon-coated plate, transferred to a
vacuum oven set at 40°C and thereafter heated to 100°C within 40 min (not under
vacuum). During this heating, condensation between unreacted SiOH groups and the
sorbed silanes proceeded. Then, the membranes were dried-annealed at 100°C under
vacuum for 24 hr to remove volatiles as well as to promote further condensation.
Afterward, all samples were kept in desiccator prior to structure-properties
characterization.

One experimental series, for example, involved samples whose silicon oxide
content was 13.4% before post-reaction. Such a film, approximately 50 x 50 mm in
area, was divided into four pieces, one of which, untreated, served as a reference, the
other three being post-reacted with DEDMS for three different times. Another series
involved a similar chemical modification by ETMS in a membrane having 10.8%
silicon content. Films containing other silicon oxide weight percents for the two
post-reactants were prepared and are described in the following text.

Characterization Methods

Infrared Spectroscopy. FT-IR/ATR spectra were obtained using a Bruker 88
Spectrometer set at a resolution of 4 cm™. A thallium bromide-thallium iodide (KRS-
5) crystal was used as the ATR plate with an angle of incidence of 45°. A total of
1000 interferograms was taken in cach case.

As in our earlier similar IR investigations of these hybrids,” the reflectance
mode must be used for these thicknesses, although it would certainly be more
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desirable to conduct investigations in transmission to obtain true bulk-averaged
spectra. The penetration depth of an IR beam in ATR mode is considerable (0.2 -
4 um) in relation to the size of ionic clusters in PFSIs (~30-50 A), is a function of
state of polarization, wavelength of the IR beam, incident angle and the indices of
refraction of sample and plate. It was somewhat reassuring that in our earlier, albeit
limited studies, ATR spectra were seen to be similar to those for transmission
through thin films (< 1 mil thick). Nonetheless, the interpretation of FT-IRZATR
spectra for these hybrids should take into account the results of our scanning electron
microscopy/EDS investigations that indicated the silicon oxide component is
distributed nonuniformly across the film thickness, being most concentrated near the
surfaces.'?

»S;i Solid State NMR Spectroscopy. NMR spectra for the DEDMS-treated samples
were obtained on a Bruker MSL-400 spectrometer operating at a frequency of 79.5
MHz for the silicon nucleus. A standard CP/MAS probe was used to acquire solid-
state spectra. Samples were packed in fused zirconia rotors equipped with Kel-F
caps and sample spinning rate was approximately 4 - 4.5 kHz. Spectra were acquired
using high-power decoupling during acquisition only. Cross-polarization was not
possible due to the paucity of protons in the samples. The 90° pulse width was 4.9 -
5.4 ps, and a relaxation delay of 10 s was used. The number of scans acquired per
sample varied from 20,000 to 40,000. All chemical shifts were in reference to the
downfield peak of tetrakis(trimethylsilyl)silane (-9.8 ppm with respect to TMS). All
measurements were performed at 22°C.

Mechanical Tensile Measurements. Stress vs strain tests were performed at 22°C
using an MTS 810 universal test machine at a strain rate of 0.2 mm/sec.

Results: DEDMS Post-Treatment

The following results refer to a hybrid of 13.4% SiO, uptake prior to post-treatment
using DEDMS.

FT-IR Spectroscopy.  Analysis of the inorganic phase of these hybrids by IR
spectroscopy is rendered difficult because of the presence of numerous and complex
bands characteristic of pure Nafion.”* Therefore, subtraction of the spectrum of the
unfilled dry Nafion film precursor from that of the hybrid is necessary. The very
prominent SO, stretching (~1200 cm™) and -CF,-CF,- symmetric stretching (~1140
cm’!) vibrations were utilized as internal thickness standards to subtract the pure
Nafion spectral contribution from that of the hybrids. The subtractions performed in
this work were successful in uncovering the major peaks characteristic of molecular
groups in the silicon oxide phase. In particular, the Si-O-Si asymmetric stretching
vibration (~1000-1100 cm), being the signature of bridging oxygens and completed
condensation reactions, is split into two components arising from groups in linear and
cyclic configurations as we pointed out in a previous report.> Comparison of the
integrated intensities of the linear and cyclic components contributes to understanding
the degree of molecular connectivity within the silicon oxide phase. Also of primary
importance is the absorbance associated with Si-OH vibration (~940 cm! ), a
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measure of degree of hydrolysis, or uncondensed silanol groups. The intensity ratio
LsionyLusio-siasym Measures degree of crosslinking within the silicon oxide phase.
In this work, we will note trends in these spectral features on a qualitative basis.

Fig. 2 shows difference spectra (i.e. {silicon oxide containing + post-reacted
film} - {dry, unfilled H* film}) for a time series (O - 18 hr) of post-reactions with
DEDMS. The silicon oxide content of this film was 13.4% prior to post-reaction.
Since all four samples were cut from the same sheet, comparison of spectra is
meaningful. All spectra have the same absorbance scale but have been vertically
shifted for better visualization. »

The distinct band observed at 1263 cm™ for all post-reacted samples in Fig.
2 is a signature of CH, symmetric deformation in Si-CH, groups."'® Also, two
intense bands appear ~850 cm™ and ~800 cm™. CH, rocking and Si-C stretching
modes exist in the region ca. 870-750 cm™ and it is logical to assume that the two
peaks in this region in Fig. 2 correspond to these modes.'*"®

Corresponding to the appearance of these bands is the suppression of the Si-
OH stretching vibration which continues to diminish with increasing reaction time.
This is the most direct IR indication of increasing degree of reaction of DEDMS with
the pre-established silicon oxide "core" structure. On inspecting the trend of the two
V(Si-O-8i),,,, components, it is seen that post-reaction renders the structure more
linear, which is reasonable since DEDMS has but two alkoxy groups. Although the
cyclic component (~1080 cm™) becomes less intense than the linear peak (~1030
cm™ ) in proceeding from the sample containing only SiO, (non-DEDMS-reacted) to
the sample having shortest post-reaction time (0.5 hr), the relative intensities of these
two components do not change significantly thereafter. The low wavenumber, linear-
associated peak shifts downward from ~1042 cm to ~1030 cm™ accompanied by an
increase in peak width in proceeding from pure SiO,-filled to the post-reacted
samples; the shift is the same for all post-reaction times. A lesser downward shift
occurs for the cyclic-associated peak. The peak width increase suggests a broader
distribution of molecular environments of Si-O-Si groups in linear configurations,
which is expected since the difunctional dimethylsilanes introduce a different
structural unit within, or perhaps even spanning clusters. The peak shift to lower
wavenumbers indicates an overall decrease of the Si-O force constant characteristic
of dimethylsiloxane incorporation.

Differences in the three spectra of the post-reacted membranes are not
profound, probably due to a condition wherein the reaction reached saturation after
0.5 hr. This idea is consistent with the fact that weight uptakes after post-reaction
are around 4.5% for all three samples.

We should mention the existence of the symmetric stretching vibration of the
Si-O-Si group, which occurs ~800 cm™. This vibrational mode, which appeared in
IR spectra in earlier investigations of SiO,/Nafion nanocomposites,” is theoretically
inactive but nonetheless present, presumably owing to considerable distortion of
coordinative symmetry of bonding to silicon atoms. We mention this here to avoid
confusion between this band, which appears weak in the spectrum of non-postreacted,
SiO,-filled Nafion, and the strong Si-C bands that appear in the same region of the
spectrum of the post-reacted hybrids.
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Figure 2. FT-IR/ATR difference spectra ({post-reacted SiO,-containing
PFSI} - {dry, unfilled PFSI[H*]})for indicated DEDMS post-reaction
times. SiO, content = 13.4% prior to post-reaction.
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8i Solid State NMR Spectroscopy. Fig. 3 is the spectrum for a composition having
13.4 wt% silicon oxide and for the same composite, but post-reacted with DEDMS
for 18h. While noise/signal is high in this spectrum, the chemical shift distribution
in the Q-region quite noticeably shifts to reflect a greater degree of Si substitution
about SiO, tetrahedra upon post-reaction because the signal in the Q* and Q* regions
is greatly diminished. The symbols Q?, Q* and Q* in this figure refer to di-, tri- and
tetrasubstitution of Si. The approximate chemical shift (ppm, relative to Si(Me),)
ranges of Q", taken from the literature, are as follows:"’

Q% -60to -82, Q: -68to-83, Q% -74to-93, Q* -91 to -101,

Q% -106 to -120
The spectrum is not of such a quality to allow for conclusions regarding structural
topology beyond nearest-neighbor Si atom placements, although the above-stated
change in the chemical shift distribution is unmistakable.

The above result, coupled with the presence of strong (CH,),Si(Oy5), (so-
called "D-unit") resonances'®? at the left of the spectrum (-19.2 ppm [shoulder ~17
ppm] , -21.8 ppm), reinforces the previous IR -based conclusion that dimethylsilane
molecules are bonded onto SiO, cores. For reference, Si NMR resonances for
oligomeric and polymeric dimethylsiloxane chains occur from around -20 to -22 ppm,
the latter corresponding to the polymer .'*% Chemical shifts for ring structures
extend from -20 to -23 ppm, but we note that a ring of 3 D units occurs afar at -9.2
ppm. Pending future solid state NMR evidence, we are unable to comment on the
length of D-chains or on the existence/size of incorporated rings.

While DEDMS molecules react with residual SiOH groups, increasing the
average degree of Si atom coordination about SiO, groups on pre-existing silicon
oxide structures, DEDMS can also react with itself so as to increase the overall
linearity of the system, as indicated by the above IR studies.

To be sure, there exists a broad variety of Si atom environments in this
sample.

Mechanical Tensile Studies. Tensile stress vs strain profiles for these samples (Fig.
4) show transition from ductility for the pure SiO, filled system, to near-brittleness,
with increased tensile strength and decreased elongation-to-break, upon post-reaction
with DEDMS. Interestingly, elongation-to-break is the same for all post-reaction
times, a fact in harmony with the above-proposed concept of a system that has
already reached DEDMS reaction saturation by 0.5 hr. 13.4% is known to be just
below the threshold for percolation of the SiO, phase so that the intrinsically-ductile
PFSI matrix-template is the load-bearing phase before post-reaction. However, since
inter-cluster spacings are only ~10 A, it is a reasonable consideration, reinforced by
the previous IR and NMR results that indicated increased linearity within the filler,
that reactions of DEDMS form [-O(CH,),Si-O], bridges between adjacent SiO, cores
so that the now-interpenetrating, glassy, inorganic component becomes the load-
bearing phase as illustrated in Fig. 5.

It is noted that the initial modulus is the essentially the same for all hybrids,
which implies that the resistance to small deformation is the same, regardless of
treatment; thus, post-treatment essentially affects mechanical tensile properties
associated with long range molecular motions.
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Figure 3. Si solid state NMR spectrum for (top) a composition having
13.4 wt% SiO, and for (bottom) the same composite, but post-reacted with
DEDMS for 18h.
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Figure 4. Tensile stress vs strain profiles for SiO,-containing (13.4%) PFSI
films that were post-reacted with DEDMS for indicated times.
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Figure 5. Depiction of (a) an array of isolated SiO,; , /;(OH), nanoparticles
and corresponding stress-strain curve (top), and (b) the same nanoparticles,
but interknitted by [-O-Si(R,),],-O- bridges, and corresponding stress-strain
curve (bottom). In the figuren = 1.
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Results: ETMS Post-Treatment

FT-IR Spectroscopy. Spectra for 14.3% SiO,/Nafion hybrids post-treated for 35 min
(not shown) indicate that ETMS reaction is less complete than that for DEDMS, as
revealed, for one, by considerably lesser suppression of the Si-OH stretch absorbance
peak by ETMS. The same general conclusions are reached in a comparison of 35
min-reacted 6.5% SiO,/Nafion hybrids (Fig. 6). The weight uptake after ETMS
treatment is ~1%, compared with ~4.5% for DEDMS-modification. Also note in Fig.
6 that the DEDMS-, compared with the ETMS-reacted spectrum depicts more Si-O-Si
bonds in linear fragments as opposed to loops and, compared to these two cases, the
cyclic peak was the greatest for the un-postreacted hybrid. The two V(Si-O-Si),4r
bands are affected less upon post-reaction with ETMS than with DEDMS. In short,
the IR evidence suggests that, given the same precursor, molecular connectivity in
the filler in DEDMS-treated systems is more highly developed than that in ETMS-
treated systems. Steric effects, less polar nature, and one less reactive group for the
ETMS molecule are all factors that might be implicated in explaining these
results.

Absorbance in the Si-CH, stretching region is seen, but not with the same
relative prominence as for the DEDMS-treated hybrid, showing again that ETMS
post-reaction occurs to a lesser degree than that with DEDMS. This conclusion is
further reinforced by noting the weak absorbance in the region of the symmetric CH,
deformation. It must be allowed that, in addition to reaction with the silicon oxide
phase, ETMS molecules might react with themselves to produce (CHj;),Si-O-Si(CH,),
dimeric species.

A *Si solid state NMR spectrum was obtained for an ETMS post-treated
sample, but the signal/noise ratio was rather low. However, it was clear from this
spectrum that, in contrast with the corresponding DEDMS-treated sample, the Q?and
Q® regions were not severely affected by post-reaction.

Mechanical Tensile Studies. Stress vs strain profiles for 14.3% SiO,/Nafion (Fig.
7) reveal that while both DEDMS and ETMS post-reactions for 35 min increase
strength, elongation-to-break for the ETMS curve is only slightly less than that for
pure SiO, filler. On the other hand, elongation-to-break for DEDMS post-treatment
is reduced to about one-half the value for no post-reaction. This latter fact reinforces
the concept of linking adjacent SiO, clusters by reactions of DEDMS as depicted in
Fig. 5. However, ETMS treatment, while producing a more energetically-favorable
interface that increases material strength, is not able to interknit the silicon oxide
phase. It is worthy to note that all the curves exhibit yield following their respective
elastic regions and that the moduli in these initial regions are not too different from
each other. Therefore, from the mechanical tensile perspective, it might be said that
these chemical modifications are most effective in altering ultimate properties, or
long-range motions within the molecular architecture. Stress vs strain profiles for
6.5% SiO, (Fig. 8) indicate that both DEDMS and ETMS post-treatments conducted
for 35 min enhance strength over the range of deformation to about the same extent,
although elongation-to-break for the ETMS-reacted sample is somewhat lesser than
that for DEDMS-treatment. Contrasted with the 14.3% SiO,/Nafion systems, both
post-treatments retain ductility almost as great as that for pure 6.5% SiO, filler.
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Post-Reacted with (CH,),Si(OC,H;), or (CH,),Si(OC,H;)
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Figure 6. FT-IR/ATR difference spectra ({post-reacted SiO,-containing
PFSI} - {dry, unfilled PFSI[H*]}) for DEDMS and ETMS post-reaction
time = 35 min, as well as for the pure SiO,-containing (top spectrum,
content = 6.5%) precursor.
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Figure 7. Tensile stress vs strain profiles for SiO,-containing (14.3%) PFSI
films that were post-reacted with DEDMS and ETMS for 35 min.
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Figure 8. Tensile stress vs strain profiles for SiO,-containing (6.5%) PFSI
films that were post-reacted with DEDMS and ETMS for 35 min.
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6.5% filler was earlier established as being considerably below the silicon oxide
phase percolation threshold. Therefore, for this particle dispersion, it is reasonable
to think that nanoparticle spacings are too large for cluster linkage by the DEDMS
reaction, conducted under these conditions so that the PFSI template remains the
load-bearing phase. However, the improvement of interfacial energetics by this
organic modification of the surfaces of isolated nanoparticles does enhance
mechanical strength perceptibly. 5.0% SiO, samples remain ductile when reacted
with ETMS, at least up to 17h. The time dependence of the IR spectrum seen in Fig.
9 for 5.0% SiO, suggests that ETMS post-reaction with SiOH groups becomes
essentially saturated, a result in harmony with the fact that post reaction for longer
times causes little change in stress vs strain curve parameters.

Conclusions

First, we generated SiO, ., (OH), nanoparticles via in situ sol-gel reactions for
tetraethoxysilane within hydrated Nafion perfluorosulfonic acid films that were dried
after the reaction. Then, residual SiOH groups on these nanoparticles were post-
reacted with diethoxydimethyl- and trimethylethoxysilane. This two step reaction
resulted in interknitted and organically "shelled" nanoparticles, respectively. FT-IR
and *Si solid state NMR spectroscopies established structural incorporation of these
silanes onto silicon oxide "cores" and probed overall degree of molecular connectivity
within the inorganic phase. The reaction of ETMS is less complete than that for
DEDMS. Post-reaction with DEDMS renders the structure more linear. Mechanical
tensile experiments indicated a ductile — brittle transformation upon DEDMS post-
reaction, suggesting linking of previously-isolated silicon oxide nanoclusters. On the
other hand, a measure of ductility persists after ETMS post-reaction. although tensile
strength was increased after both post-reactions.

These results satisfy our previously-stated goals: (1) To create nanophase-
separated organic/inorganic hybrids using PFSI films as reactive morphological
templates for in situ sol-gel reactions involving tetra-, di- and monofunctional
alkoxysilanes. We have shown by IR and NMR spectroscopies that the polar
"surfaces” of silicon oxide nanoparticles can be chemically modified to be organic
in nature by post-reaction with silanes having hydrocarbon groups; (2) to infer, on
the basis of mechanical tensile studies, the relative energetics of nanoparticle/PFSI
interfaces, as well as the linking of silicon oxide nanoparticles via post-reactions with
a dialkoxysilane.

In the future, we will report on the behavior of thermal transitions and thermal
degradation of these hybrids, as well as underlying molecular mechanisms, using
dynamic mechanical analysis, differential scanning calorimetry and thermogravimetric
analysis. Furthermore, small angle x-ray scattering studies will be conducted to
probe inter-nanoparticle spacings and wide angle x-ray diffraction will investigate the
nature of PFSI crystallinity after invasion by the inorganic phase.
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Figure 9. FT-IR/ATR difference spectra ({post-reacted SiO,-containing
PFSI} - {dry, unfilled PFSI[H"*]}) for indicated ETMS post-reaction times
as well as for the pure SiO,-containing precursor (top spectrum) having
content = 5.0%.
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Chapter 8

Nanostructured Organic—Inorganic Hybrid
Materials Synthesized Through Simultaneous
Processes

Bruce M. Novak, Mark W. Ellsworth, and Celine Verrier

Department of Polymer Science and Engineering,
University of Massachusetts, Amherst, MA 01003

The sol-gel process, with its associated mild conditions, offers a new
approach to the synthesis of composite materials with domain sizes
approaching the molecular level. Both the organic and inorganic
phases can be simultaneously formed through the synchronous
polymerization of the organic monomer and the sol-gel precursors.
Depending upon such factors as the structures of the organic and
inorganic components, the phase morphology, the degree of
interpenetration, and the presence of covalent bonds between the
phases, the properties of these composites can vary greatly and range
from elastomeric rubbers to high modulus materials. In an attempt to
solve the truculent shrinkage problem historically associated with sol-
gel derived glasses, we have synthesized tetraalkoxy orthosilicates
possessing polymerizable alkoxide groups. The resultant alcohols,
which are liberated during the hydrolysis and condensation steps
associated with the formation of the inorganic component, are
polymerized in-situ to form the organic phase of the composite
material. The synthesis and mechanical properties of these
nonshrinking hybrid materials will be discussed.

The properties of composite materials result from the rich interplay between the
constituent components and are greatly influenced by the such factors as the phase's
size and shape and the interfacial interactions (/). Tailoring properties by
manipulating these important parameters particularly at very small length scales
provides a myriad of challenges for the synthetic chemist. In an effort to control the
phase domain size and uniformity in organic-inorganic nanocomposites, we have
been investigating new in situ routes into their preparation. To this end, we, (2) as
well as others, (3) have been interested in using the sol-gel process (4) as a means of
forming hybrid materials which contain both inorganic and organic components
commingled into intimate, new morphologies. The sizes of the phase domains are
minimized using this technique (sometime approaching the molecular level), and
highly transparent composite materials often result. The properties of these
composites vary immensely and depend upon such factors as the inorganic to organic
ratio, the structure of the inorganic component (highly condensed vs. lightly
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ramified), and the nature of the organic polymer (amorphous vs. crystalline, thermal
stability, Tg, T, €tc.).

The Sol-Gel Process

Traditional sol-gel processes involve the hydrolysis and condensation of tetraalkyl
orthosilicates to form amorphous silicate (SiO3) networks (4). Although, similar
reactions can be carried out using the corresponding orthotitanates and
orthozirconates to form TiO2 and ZrO», respectively, their very fast condensation
rates make these reactions more difficult to control. The hydrolytic condensation
reactions can be catalyzed using acid, base, or under neutral conditions using fluoride
anion, and the choice of catalyst dramatically affects the structure of the inorganic
phase (5). During the hydrolysis and condensation of tetraalkyl orthosilicates under
basic conditions, the rate of condensation is fast relative to hydrolysis, resulting in the
formation of dense, colloidal particles with highly condensed structures. At low pH,
however, these relative rates reverse, and now the rate of condensation is slow
relative to the rate of hydrolysis. As a result, highly ramified, low-fractal-dimension
structures are formed. The most commonly used alkoxides are either methoxide
(TMOS) or ethoxide (TEOS) because of their convenient hydrolysis rates and
commercial availabilities. The nonpolar character of TEOS and TMOS requires the
use of polar organic cosolvents (alcohols, THF, DMF, etc.) in order to mediate their
miscibility with the aqueous phase. This overall process is shown in Equation 1.

- O:Sr—o\s '/\0’ S'\OR
HO .
. H,O/H* “seO-sicC~s® 3
Si(OCHy), —2 Ho oHo QL] scO.. +4CHOH (1)
Cosolvents o-< 5O S0
%o 07y o
",0 ‘i . E N,

As the hydrolytic condensation process proceeds gellation occurs before
complete conversion is reached, and a solvent-filled, three dimensional crosslinked
network containing dangling alkoxide and silanol groups is formed. Slow
condensation reactions continue to occur within the interior of these gels, and as a
result, their properties continue to change as they are aged. Aging gels in typical pore
solvents (water/alcohol mixtures) can increase the storage modulus, G', by as much as
4 orders of magnitude (from = 0.5 MPa to = 5,000 MPa in 200 days) (6).

Once formed, the solvent-filled, inorganic gel must be dried, requiring the
removal of excess water, cosolvent(s) and the liberated alcohol (typically ethanol or
methanol). Simply drying under ambient conditions leads to rapid shrinking and
cracking due to stresses generated by large capillary forces in the very small (< 10
nm) pores of the gel (7). If this drying processes is slowed down, crack-free
monolithic samples can be obtained albeit still with shrinkage. One of the major
obstacles to the wide-spread application of sol-gel techniques is this extraordinary
shrinkage of the sample (shrinkages of > 50% are common). Minimizing shrinkage is
particularly important in the fabrication of composites using sol-gel techniques as the
shrinking tends to induce a high degree of stress within the material, particularly if the
organic polymer is below its Tg, covalently bound to the inorganic network, or
otherwise noncompliant. Described herein is our work on the formation an organic
polymer within these sol-gel derived, inorganic structures to form mutually
interpenetrating organic-inorganic networks. Among other issues we have been
interested in arresting the large scale shrinkages associated with solvent removal
during the drying process.
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"Nonshrinking" Sol-Gel Composites

Synthesis.  As part of continuing efforts to circumvent the solubility limitation of
preformed polymers, as well as to provide better homogeneity between the two
phases, we began investigations into the formation of simultaneous interpenetrating
networks (SIPN’s) (2a,b) through the synchronous formation of the organic polymer
and the inorganic glass network. Our approach is also designed to minimize the
shrinkage and processing times of the sol-gel composite materials, and is centered
around the concept of replacing the methoxide or ethoxide on the silicon orthoester
precursors with polymerizable alkoxides. By employing in situ organic
polymerization catalysts, the alcohol liberated during the formation of the inorganic
network is polymerized rather than being left to evaporate during the drying process.
By using a stoichiometric quantity of water, and additional polymerizable alcohol as a
cosolvent if needed, all components are converted into either the organic polymer or
the inorganic network. Because no evaporation is necessary, large scale shrinkages
due to the evaporation of solvents are eliminated (Scheme I).

The glass content of materials derived from these precursors is governed by
the stoichiometry of the precursors and are typically in the range of 10-18%. A
further refinement of this nonshrinking motif that allows us to reach higher inorganic
contents involves the formation of poly(silicic acid esters) elaborated with the same
polymerizable alkoxides (2¢). These precursors can be readily prepared by allowing
sodium metasilicate to hydrolyze and condense in acidic aqueous-organic solutions.
Addition of salt forces the system to phase separate and the poly(silicic acid)
partitions between the two phases with approximately 85% being found in the organic
layer. Alcohols can be added to the organic fraction and excess water removed
through azeotrope distillation. During this process, varying numbers of the silanol
groups are exchanged for alkoxides (DS = 10 - 90% depending upon reaction times).

For characterization purposes the residual silanols can be capped with TMSCI or
similar silylating agents to yield inert poly(silicic acid esters). Coupling agents can
also be added to these reactions to yield particles with covalent carbon-silicon bonds.
Some of the most successful composites result from incorporation of these coupling
agents that act to modulate the interfacial interactions by forming bonds between the
inorganic and organic phases. In addition to providing higher inorganic ratios, the
precondensed structure of the poly(silicic acid esters) can be varied from wispy,
fractal structures, to highly condensed particles by adjusting the pH of the
condensation medium.

Nanocomposites can be formed from these poly(silicic acid esters) by
dissolving them in typical organic monomers and then carrying out bulk
polymerizations. Lined with these organic groups, these particulate precursors are
soluble in a wide range of organic monomers including methacrylates, acrylates,
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acrylic acid, acrylamide and styrene. Addition of acid to these reactive solutions
tends to scramble the inorganic structure, and the degree of this reorganization is
dependent upon the scrambling rate relative to the organic polymerization rate. In the
absence of major scrambling, the resulting composites have phase structures that
reflect the structure of the poly(silicic acid) precursors. Therefore, at a fixed
composition, a range of materials with different morphologies are accessible.

Structural Characterization. The techniques that can be used to characterize the
structure of these nanocomposite materials are many and include solid state CP-MAS
13(i and 29Si NMR, light scattering, x-ray scattering, and thermal mechanical
analysis.

d Silicon-29 NMR is particularly useful for the determining the average shape
of the inorganic phase. Figure 1 compares the 29Si NMR spectra of two poly(silicic
acid) samples with differing structures: a) ramified, elongated structure, and b) dense
particles. The degree of condensation within these particles is best evaluated by
measuring percent Q4 (a silicon bound to four other silicons through oxygen bridges)
species in their structure. By varying the HCI concentration from 3.4 M to 6.0 M, the

percent Q? can systematically be varied from ca. 40% to 72%.

A polymer's glass transition weakens and shifts to higher temperatures upon
restricting the main chain's motion. Hence, thermal analysis can be used to help
evaluate the degree of mixing between the two phases. The DSC spectra of a series
of poly(2-hydroxy ethyl methacrylate) (HEMA)/SiO; composites are shown in Figure
2. The Tg of HEMA appearing at ca. 110 °C essentially disappears with loadings of
SiO2 as low as 10 % by weight (= 6% by volume). This pronounced effect at these
low loading levels indicates that both a high degree of mixing and strong interfacial
interactions must be present in these materials. Direct evidence of residual covalent
bonds between the SiO; and the alcohol polymer side chains of HEMA can be
obtained through solid state CP-MAS 13C NMR. The methylene carbon adjacent to
the hydroxyl group is particularly sensitive to this bonding: the resonance for this
carbon is shifted from 59 ppm to 63 ppm when its oxygen is covalently bound to
silicon. Unfortunately, broadening and overlap with nearby resonances makes it
impossible to quantitatively determine the number of these siloxane bridges present
within a given sample using this technique.

Another thermal technique that can be used to probe structure at an even finer

length scale is dynamic mechanical analysis (DMA). Figure 3 shows tan § (the ratio
of the loss modulus to the storage modulus) as a function of temperature for a series
of HEMA/SiO7 composites. At its Tg near 100 °C, HEMA shows a large increase in

tan 8 due to an increase in the loss modulus and a decrease in the storage modulus as
the material traverses from the rubbery to the glassy state. Incorporating small
amounts of SiO within the polymer suppresses the Tg and virtually eliminates the tan

3 peak. Hence, the use temperature of this polymer can be extended by ca. 100 °C
through the incorporation of even small amounts of SiO3.

A wide range of morphologies are assessable using these in situ synthetic
techniques. At a constant composition, materials with phase structures varying from
mutually interpenetrating, co-continuous networks to highly phase separated materials
are possible. Two extremes within this continuum can be seen by the comparison of
the SAXS profiles shown in Figure 4.

Properties.  The properties of these materials depend heavily upon several factors
including their compositional makeup, the domain size and shape, interfacial
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Figure 1: 29Si NMR spectra for poly(silicic acid) precursors: (a) 3.0 M HCI, one

hour reaction; (b) 6.0 M HCI, one hour reaction. Assignments: 8 -81, Ql; 6 -92,
Q2% 5-103,Q3,5-112, Q4.
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Figure 2: DSC scans for HEMA/SiO; nanocomposites. (a) 0% SiO2
(poly(HEMA)); (b) 10% SiO9; (c) 20% SiOy; and (d) 40% SiOs.
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Figure 3: Tan § plots for poly(HEMA) and HEMA/SiO; nanocomposites.
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Figure 4: SAXS comparison of HEMA/SiO; nanocomposites formed through
simultaneous processes: (a) particulate composite; (b) interpenetrating network.
Both samples are 40% by weight SiO5.
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interactions, degree of interpenetration, interphase connectivities, the organic phase's
Tg and level of intraphase crosslinking.

These in situ nanocomposites display excellent properties in comparison to the
pure polymer. For example, intertwining the inorganic network into HEMA at a level
of 27 volume percent increases the yield strength by over 835% (30 MPa vs. 281
MPa), and the elastic modulus by over 140% (900 MPa vs. 2.2 GPa). Furthermore,
the mechanical properties of these materials compare very favorably with those of
"conventional" glass/polymer composites. A direct comparison of these SIPNs to a
chopped fiber-HEMA can be seen in Figure 5.

At any given composition and morphological structure, the properties of these
composites will be highly dependent upon the properties of the organic polymer.
Composites that span the continuum from elastomeric rubbers to high modulus
materials are accessible through the use of different organic polymers. This can be
illustrated by comparing the properties of composites prepared using HEMA (Tg =
110 °C) with composite prepared using 2-hydroxyethyl acrylate (HEA) (Tg = - 15 °C)

(Figure 6).
n n
H,C O~———~0H O~ OH

fo) o
HEMA HEA
Tg=+110°C Tg=-15°C

Using the in situ synthetic methodologies outlined above, materials possessing
morphologies ranging from molecularly dispersed, interpenetrating networks to phase
separated composites having controlled domain sizes. By holding all other variables
constant, we can begin to explore properties as a function of composite morphology.
In general, the mechanical properties of these composites improve as the phase
domains decrease in size until a critical size is reached, after which a new "inverted"
regime is entered and their properties begin to deteriorate. We have yet to pinpoint
the critical size associated with this transition in all cases but it appears to be on the
tens of nanometers length scale for the HEMA/SiOy system. The properties in this
inverted regime can be illustrated by comparing composites formed using the
poly(silicic acid ester) precursors of different size. Unless extraordinary efforts are
used, the inorganic phase of composites formed from the precursors retain their
approximate original shape and size. Figures 7 and 8 compare the elastic modulii and
yield strengths of two composites prepared using poly(silicic acid ester) precursors of
different molecular weights (M, = 3,000 and 15,000). The scattering profiles for the
samples prepared for this high and low molecular weight precursors show maxima
corresponding to an average repeat at approximately 35 and 55 A, respectively.
Although the difference in domain size between composites formed from these two
precursors is relatively small, it has a measurable effect on their properties.

The properties of these composites are superior to analogous chopped glass
composites which follows the size dependency trends that are valid in conventional
particulate reinforced composites (/,8). However, as the domain size continues to
decrease down to nanometer length dimensions, the composites prepared from the
higher molecular weight precursors (i.e., larger phase sizes) now have the better
properties. These differences are reflected in both the elastic modulus and the yield
strengths of the composites and become more pronounced at higher loadings of SiO2.
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Figure 5: A comparison of the compression strength between a conventional
HEMA/SiO2 chopped fiber composite and a HEMA/SiO7 nanocomposite.
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Figure 6: A comparison of the compression stress-strain curves for
nanocomposites fashioned from HEMA and HEA.
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Figure 7: Elastic modulus versus weight percent SiO; for composites prepared
from poly(silicic acid) precursors of different molecular weights (Low: Mp =
3,000; High: My = 15,000).
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Figure 8: Yield strengths versus weight percent SiO; for composites prepared
from poly(silicic acid) precursors of different molecular weights (Low: My =
3,000; High: My = 15,000).
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Conclusions

The in situ method described herein provides a general route into a number composite
materials possessing interesting new morphologies and phase structures. This
inherent versatility allows for the formation of materials with properties ranging from
high modulus materials to elastomeric rubbers. These diverse properties arise from a
complex amalgamation of such factors as the material's composition, the domain
sizes, domain shapes, interfacial interactions and intraphase connectivities. Attempts
at deconvoluting these complicated structure-property relationships that exist in these
nanocomposites are currently under investigation in a number of related systems.
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Chapter 9

Multiple Size Scale Structures
in Silica—Siloxane Composites Studied
by Small-Angle Scattering

G. Beaucage!, T. A. Ulibarri, E. P. Black, and D. W. Schaefer

Sandia National Laboratories, Albuquerque, NM 87185

The physical properties of in situ produced composites, such as the
TEOS-polydimethylsiloxane hybrids, are related to the complex
interaction of structural features from the nano- to macroscopic scales.
The nature of these structural interactions is important to
understanding and controlling mechanical properties. We believed
that the smallest scale structures, in the nanometer range, correlate
with properties such as the modulus while large-scale structures in the
micron range affect failure in these materials. In this paper we discuss
techniques for the analysis of structural features and the interrelation of
these features over a wide range of length scales using small-angle
light, x-ray and neutron scattering (SALS, SAXS, SANS). The
combination of data from a number of different instruments along with
a new unified data analysis approach allows for characterization of the
interaction between these different structural features.

Hybrid polymer/ceramic materials present a formidable challenge to morphologists.
These systems often display multiple structural levels on length scales ranging from
Angstroms to millimeters. The combination of small-angle scattering data with
fractal approaches has lead to some relief in dealing with these systems. Fractal
approaches describe power-law regimes often observed in measured scattering
profiles. However, interpretation of such power-law functions is dangerous when
self-similar structures exist in narrow size limits (I). All real systems are expected to
show structural limits to these power-laws. For example, the mass-fractal power-law
scattering from a polymer coil displays limits at the overall radius of gyration for the
polymer coil and at the persistence length of the polymer chain.

By combining absolute intensity measurements from small-angle light scattering
(SALS), ultra-low angle x-ray scattering (2) and conventional SAXS (3) or SANS (4),
with diffraction data, morphologies are described from microns to Angstroms.
Analysis of such extensive data requires a new approach that accounts for the
interaction of structural features at a number of size levels. Although several semi-

1Current address: Department of Materials Science and Engineering,
University of Cincinnati, Cincinnati, OH 45221-0012
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empirical equations have been developed to fit length-scale-limited power-law
scattering (5), none are adequate over five decades in length-scale. Beaucage (6), on
the other hand, has developed a general equation that is capable of describing
scattering functions containing multiple length-scales (Guinier regimes) separated by
power-law scaling regimes. This unified approach is applied to scattering data from
in situ-produced silica/siloxane composites in this paper. The approach is quite
general, as can be seen in the examples given from this system, and can be easily
applied to other hybrid polymer/ceramic or organic/ceramic systems.

A UNIFIED EQUATION FOR SMALL-ANGLE SCATTERING.
Beaucage (6), describes how Guinier's law in exponential-form and structurally

limited power-laws can be derived from mutually exclusive scattering events. In the
simplest case, the observed scattering is a sum of two components.

2 2 37P
R )+B[(erf(q RA6) ] P~

I(q=G exp(- q 3 q

The first term describes an exponential decay in scattering at a characteristic size, Rg,
for one structural level in a material such as phase-separated domains. The second
term describes a power-law decay in scattering which follows the exponential regime.
The power-law might be due to surface scattering from phase-separated domains
whose radius of gyration is described by the first term. Such surface scattering has a

limit at low-q described by the error function. G=Np p2V2 is the classic Guinier
prefactor and B is a prefactor specific to the type of power-law scattering, specified
by the regime in which the exponent, P, falls. The momentum transfer, ¢, has the
units (length)-1 so large-q scattering probes small length-scales. For Porod's law

(scattering from sharp interfaces), for example, P=4 and B=2rp2S. For a Gaussian
polymer, P=2, and B = 12{_G2 (6). For polymeric mass-fractals of arbitrary mass fractal
g

de G I'del2) GII (dflz). This is
termed a polymeric constraint (6) in analogy to the Debye equation for polymer coils.
Generally, for surface fractals 4>P>3, while for mass fractals P<3, and for diffuse
interfaces P>4 (1). The error function (erf) is available in a number of fitting
programs (7) or can be calculated using an asymptotic expansion (8).

Since the crossover error function incorporates the same parameter (the
Guinier radius, Rg), as the exponential term, no new parameters are generated by
equation 1 compared to local Guinier and power-law fits. Equation 1 is a good
approximation for randomly distributed model structures (spheres, disks, rods, and
polymer coils) that display a single length-scale. In order to consider multiple-size-
scale structures, however, the high-q, small-size limit to power-law scattering must
also be considered.

dimension, df, Beaucage (6) has shown that B is given by B =

Accounting for Multiple Structural Levels Using the Unified Approach.

All real power-law scattering regimes are limited by structural features in the material
at both the small and large size limits. The large size (low-q) limit is described using
the error function term in equation 1. We have used an exponential prefactor to
describe the high-q, small-size, structural limit for fractal scaling (6). The two size
limits to power-law scattering (QRgj =~ 1 and qRg(i+1) = 1) can be described through
an extension of equation 1,
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I(q) = i Gi exp(%gé-) +Bj eXp(' q2 lgg(i%,n)[(erf(q ngiNB)):',r @

i=1

where n is the number of structural levels observed in the scattering pattern. The first
term describes a large-scale structure of average size Rgj composed of small-scale
structures of average size Rg(i+1). The second term allows for mass-, surface-fractal
or diffuse-interfacial power-law regimes for the large structure. Using equation 2 we
can parameterize scattering from a system with multiple-size-scale features. It should
be noted that, although equation 2 appears cumbersome, no new parameters have
been introduced over local fits using Guinier exponentials and power-laws. Equation
2 can be extended to describe an arbitrary number of interrelated structural features at
different size-scales. Such extensions, however, can only be justified when data
extends over many decades in q.

Figure 1 is a combination of light scattering (9), ultra-low-q SAXS and pinhole
SAXS data from a 1% suspension of a conventional fumed silica filler (Hi-Sil 233®)
in a rubber matrix. The expanding lines in the structural models of figure 1 indicate
magnifications to the next structural-level of the material in decreasing size from left
to right. The data has been fit using equation 2 as shown by the dotted line that runs

10° |- * Hi-Sil 233 in Rubber |=
- = Unified Fit

(Polymeric constraint

10 for middle level)| ]
10° -
‘A T
' 4 0 A
g 10 23 9
5 \ i
K 10°
10° / v
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A
*
10? \ 9 Y
-4
- 5.2 um 0.3 um i T %
10"
10° 10* 10° 10? 10!
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Figure 1. Small-angle light, Bonse-Hart x-ray, and pinhole x-ray scattering
for a conventional silica filler (Hi-Sil 233®) in a polymer matrix. The fit is
to equation 2 with n=3. The expanding lines in the structural model at the
bottom indicate magnifications to the next structural level. These structural
levels act as limits to the observed power-laws.
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through the data points. The conventional filler displays three levels of structure in
the size-range observed. The parameters for the fit using equation 2 are n=3 and G1 =
3.4 x 1010, Rg1 =5.2um, By =2x 10-5, P1 = 3.3, G2 = 9500, Rg2 = 0.28 pm, By =
0.0023, P2 =2.3,G3=69,Re3=90 A, B3 =8.5x 107, P3=4.

At large sizes, in the light scattering regime (left), 5 um aggregates of the filler
are observed. In the log-log plot of absolute intensity or Rayleigh ratio (10), R,
versus q an average structural size is observed as a knee in the scattering pattern.
This knee corresponds to a region of exponential decay in scattering where Guinier's
Law, or the first term in equations 1 and 2, applies. These 5 um aggregates can be
described as fractally rough particulates over a decade of size. Fractally rough
surfaces display power-law scattering with a slope of -3 to -4. At about 0.5 pm this
description begins to fail. At this point the radius of gyration of a mass-fractal
structure is observed as a second knee in the scattering pattern. Since Rgp describes
the limit of the low-q power law it is assumed that the large structures are composed
of the intermediate-scale mass fractals. The unified approach is the only technique
capable of demonstrating this relationship.

Mass fractals display power-law scattering with a slope generally in the range of
-1to -3. The slope of the power law decay is equal to the negative of the mass fractal
dimension. An analogy can be made between this branched mass-fractal structure
and a branched polymer chain. Both display two size scales, one pertaining to the
overall radius of gyration at large sizes and the second pertaining to a substructural or
monomeric size at small sizes. Between these two size scales a regime of mass-
fractal scattering is observed. In this case the mass-fractal description extends over
one and a half decade of size. The power law prefactor, By, for this mass fractal
regime is calculated from the polymeric mass fractal constraint given above (page 2).
At about 100A the sub-structure of the mass fractal is observed. For the silica filler
this sub-structure is analogous to a Kuhn-step or persistence length for a polymer coil.
The sub-structure displays close to a power-law of -4 at high-q that describes 100A
glass sub-structures with smooth surfaces. The surface area of the silica filler could
beb obtafjned from the high-q power-law regime if data extending further in q had been
obtained.

Figure 2 shows a similar scattering pattern from a 2-step in situ filled siloxane
sample. The data has been fit to equation 2 as shown by the dashed line that runs
through the data points. Again, the expanding lines in the graphic inset indicate
magnification of the field of view to the next structural level. The parameters for the
fit using equation 2 are n=3 and Gy =2 x 108, Rg1 = 0.92 um, B; = 6.1 x 10-8, P =
4.2,Gy =114, Rgp = 150 A, By = 0.00043, P, = 2.67, G3 = 1.53, Rg3 = 12.1 A, B3 =
0.00027, P3=4. 1In this case the intermediate-size radius of gyration, Rg2, was not
used to limit the large scale power law since the structures are believed to be
independent. Poorer fits result from attempts to force this cutoff.

In the 2-step process crosslinks are first formed in the matrix material. The filler
is subsequently produced by hydrolysis of tetraethylorthosilicate (TEOS). The knee
in the scattering pattern at large sizes (small-q) indicates micron-sized phases in the
material. The power law that follows to the right of this micron-size phase is steeper
than -4 indicating that the micron-size structure has a diffuse interface. This is in
contrast to the fractally-rough interface of the micron-size fumed-silica structure in
Figure 1.

Figure 3 describes the difference between a diffuse interface with a power law
steeper than -4 and a fractally rough interface with a power law shallower than -4. In
the diffuse case, a plot of composition versus angle is constant at a given distance
from the center of a spherically symmetric particle. A plot of composition versus
radial distance shows a monotonic decay. For a fractally rough particle the angular
composition plot shows random discontinuities near the surface while the radial
ccr)lmposition plot shows a single sharp transition from the particle phase to the matrix
phase.
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The power-law scattering regime, that indicates diffuse-surface scaling, extends
over a larger range of q than the fractally-rough, surface-scaling-regime in the
conventional fumed silica (figures 1 and 2). At about q = 0.01 A-1 a weak second
knee is observed in the scattering pattern that describes a structure whose radius of
gyration is about 150 A. As noted above, Ry is not used to cut off the low-q power
law from level 1 in the fit. From kinetic studies it is known that the micron scale
structure is present long before nanoscale features become apparent. This indicates
that the micron and nanoscale features are independent.

The power-law regime corresponding in size to between Rg = 150 and 12 A
reflects a mass fractal structure for the Ry = 150 A domains. Because the slope is
steeper than the mass-fractal power-law slope observed for fumed silica it can be said
that the domains are similar in morphology but more ramified or branched than those
observed in fumed silica. The polymeric constraint (page 2) was used to limit the
power law prefactor in the mass fractal regime of the fit in figure 2. The in situ-
formed mass-fractal structure has a much smaller overall radius of gyration when
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Figure 2. An example of the use of equation 2 in a hybrid silica/siloxane
composite material (2-step synthesis with no correlations of nano-phases).
The data includes small-angle light (SALS), Bonse-Hart x-ray (ULQSAXS),
pinhole x-ray (SAXS) and diffraction data in transmission mode (XRD).
The expanding lines in the structural model indicate magnification to the
next structural-level in the material. The material displays structural features
on three size scales and has fairly well behaved mass scaling behavior that
separates these size scale regimes.
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compared with Hi-Sil 233. Similarly, the sub-structure of the intermediate mass-
fractal aggregate displays a smaller radius of gyration when compared with the
conventional filler of figure 1. The mass-fractal scaling regime for the in situ filled
material of figure 2 is otherwise similar to that of conventional fumed silica. At
highest-q the diffraction regime is observed. The humps in this regime correspond to
the amorphous halo of PDMS combined with the amorphous halo of the silica filler.
The smaller sub-structural elements in the in situ filled system are expected to lead to
a much higher surface area when compared with the conventional filler.

The high-q limit to the application of equations 1 and 2, that is the limit to the
small angle scattering regime, is experimentally reached when the amorphous halo of
the diffraction regime begins to dominate the scattering pattern. This is seen in figure

2 at about q = 0.6 A-1. This corresponds to a Bragg size, 2/q of about 10 A. Thisis
the limit to the point-scatterer approximation that is implied in equations 1 and 2.

Correlated Systems

Correlated, nano-phase domains of in situ produced silica filler are often observed in
scattering patterns from these hybrid-materials, figures 4, 5 and 7. Correlation of
these filler domains leads to a correlation peak in the scattering pattern. A description
of this correlation peak can be incorporated into the general description of scattering
from structurally complex materials given by equations 1 and 2. The scattered
intensity for correlated systems is given by (6, 11, 12, 13),

@ =AFQ?S@©@ 3)
e
¢ ¢
Fractally Rough 4 z

e

Diffuse
Figure 3. Demonstration of the difference between a diffuse and a fractally

rough interface. Schematic plots are of composition, ¢, versus radial angle,

0, at a fixed radial distance close to the surface and of composition versus
radial distance from the center of mass, z.
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where "A F(q)2" corresponds to the scattered intensity for non-correlated domains of
equation 1 and S(q) is a factor that accounts for weak correlations of the domains. In
modifying equation 2 to account for correlations, S(q) is used to modify the two terms
of a single structural level. The remaining structural levels are not effected by S(q).
We have previously used a semi-empirical function based on Bomn-Green theory
for S(q) which describes correlations of colloidal particles or domains in terms of a

radius of correlation, {, and a packing factor, k (11, 12, 13),

1
= 4
S@ 1+k6 @

where 0 is the “form factor” for structural correlations occurring at an average radial
distance { (13),

o 3500 - Zg cos(qt) 5)
q

and k describes the degree of correlation (0 < k < 5.92). Equation 5 describes the
amplitude of scattering from a sphere. Substitution of more complicated amplitude
functions are possible under special circumstances such as with very strong
correlations (14). "k" is equal to 8 times the ratio of the average "hard-core" volume
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Figure 4. Fit of equation 3 (dashed line) to SANS data (circles) from an in
situ-filled siloxane rubber with a precursor PDMS molecular weight of 18
kg/mole. Data is from a 1-step synthesis. The structural model (inset)
indicates correlated particulates with diffuse interfaces. The shaded circle in

the structural model is at a distance { from the central particle.
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of a domain, vg, to the average-volume available to the domain. vi. The maximum
value of k, 5.92, is obtained by calculation of this ratio for hexagonal or cubic close-
packed crystal structures. In this model the average-volume available to a domain is
the volume not occupied by other similar domains divided by the number of domains
in the scattering volume. For application of equations 1 and 2 in equation 3, k must
have a low value, k < 4, consistent with weak correlations. Weakly correlated
systems are sufficiently random that the ideas discussed above concerning
uncorrelated systems are adequate. Weakly correlated particles are expected to

display two size scales, {, the average Bragg-like spacing between domains and the
radius of gyration, Rg, for the domains. Generally, Rg <. { corresponds well with

the Bragg-spacing of 21t/qmax Where max is the value of q for the maximum peak
intensity. This approach is applicable to correlated particulate and spinodal
morphologies. It can not distinguish between these physically different
morphologies.

Equation 3 can be used to determine the correlation distance and the average size
of the filler domains as well as the surface characteristics of the filler (11). Figure 4
shows a typical fit (dashed line) to data from an in situ filled silica-siloxane

100 hd L] L] lllllll L) L] L] llllll hd L L L llllg
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Figure 5. A typical fit to data from a more complicated synthesis that
displays low-dimensionality power-law scaling of correlated nano-domains.
Data is from a 1-step synthesis. The power-law at high-q is close to -1.6.
Since By does not follow the polymeric constraint (page 2) the nano-
domains are probably asymmetric. This is shown in the structural model,
inset.
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composite prepared in a 1-step synthesis. The g-range of this data is much smaller
than the data of figures 1 and 2. In the data of figure 4 only the nano-scale features
are observed. The schematic representation of this nano-structure, shown in the inset,

shows an average correlation distance indicated by the shaded ring of radius { and a
particulate domain morphology. As mentioned above, equation 3 could also describe

a spinodal structure. The correlation distance for the fit is {=532+1A, degree of
correlation k=1.9940.01, Rg=166.1i0.2 A, G=1508+4 cm- 1 p=4.24, B=2.23¢-6

cm-1. Since P is greater than 4 the nano-phase/matrix interface is diffuse.

In a 1-step synthesis crosslinking of the matrix and formation of the filler occur
simultaneously. The 1-step synthesis characteristically leads to correlation of the
nano-scale domains. These correlated domains occur either as diffuse-interfaced
structures as evidenced by a power-law steeper than -4 (figure 4) or as low-
dimensionality structures with power-laws between -1 and -2.8 as shown in figure 5.
The dashed line in figure 5 is a fit to equation 2 using equation 3 to modify structural
level 2. Levels 1 and 3 are not modified by equation 3. The parameters for the fit
using equations 2 and 3 (for level 2) are n=3 and B =5.3 x 108, P; = 4.1, Gy = 8.1,

Ry =268 A,By=53x108,P,=157,ky =22, =102A,G3=0.12,Rg3 = 8.1
A. Gj and B3 are 0 since the low-q Guinier and high-q power law are not observed.
Since By does not follow the polymeric mass-fractal constraint (page 2) the
substructure is probably asymmetric. For example a rod structure would yield a
power-law slope of -1 while a lamellar or platelet structure a power-law slope of -2.
Beaucage (6) has termed these structural or apparent mass fractals. In this case the
structure could be distorted lamellae as shown in the inset of figure 5. These
asymmetric nano-structures are formed under special synthetic conditions such as
when crosslink sites are topologically constrained or when specialized silica
precursors are used (15). If the distorted lamellae were more closely packed a more
specialized correlation amplitude function might be used to replace equation 5. For
example a lamellar correlation amplitude that is one dimensional yields a correlation
or stacking distance of 92 A for the data of figure 5. This compares well with a
correlation distance of 102 A for the three-dimensional spherical correlation model
used in the fit of figure 5. The fit to the data for these two models is otherwise
indistinguishable from that of figure 5. Since the correlation distance is much larger
than the radius of gyration for the nano-domains the spherical correlation model
seems appropriate here. This assumes that the lamellae are randomly oriented with
respect to each other.

The presence of correlated domains does not alter the power law scaling regime.
In figure 6 this is demonstrated by varying "k" for the fit of figure 4.

1-STEP VS. 2-STEP SYNTHESIS.

An example of an application of this fitting approach to small-angle scattering data
involves a study of the TEOS/hydroxyl-terminated PDMS system (11). As is detailed
in reference 11, TEOS is hydrolyzed to silica in the formation of these insitu
composites. Synthesis of this hybrid material can be carried out in a single-step
whereby formation of crosslink sites at the hydroxyl end-groups and formation of
silica filler occurs simultaneously. Alternatively, in a 2-step process crosslink
formation can occur in a first step using a stoichiometric amount of TEOS.
Formation of silica in the crosslinked PDMS matrix is carried out in a separate step
by swelling with a TEOS/catalyst mixture. In the 1-step synthesis correlated domains
are generally observed. Data are fit using equation 3. The packing factor, "k", is
generally close to 2 indicating weak correlations, figures. 4, 5 and 7. In the 2-step
synthesis the domains are generally less correlated. In this case, data can be fit with a
non-correlated model, equations 1 or 2, figures 2 and 8.

For the 1-step synthesis the radius of gyration for the nano-domains, determined
using equation 3, scales with the molecular weight of the precursor hydroxyl-
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Figure 6. Demonstration of the effect of varying the packing factor "k" on
the scattering pattern for the data of figure 4. Packing of the domains does
not affect the power-law scaling regime at high-q.

terminated PDMS raised to a power of about 0.3 to 0.4 depending on the amount of
catalyst present, figure 9. For the 2-step synthesis, in which crosslinks are first
formed followed by swelling with the glass precursor and in situ formation of the
filler, the radius of gyration follows a much weaker power-law dependence on
molecular-weight especially at high loading levels, figure 10.

There are at least two explanations for the observed differences between the 1-
step and the 2-step synthesis (11). The simplest explanation is that in the 1-step
synthesis hydroxyl end-groups on the PDMS chains, serve as nucleation sites for the
formation of silica domains. These hydroxyl groups eventually form crosslink sites
whether in the precipitated silica phase or in the PDMS phase. Partially hydrolyzed-
TEOS and water are expected to be selectively attracted to regions rich in the
hydroxyl end-groups where an alcohol-like environment is found. The end-to-end
distance for a Gaussian polymer scales with molecular weight raised to a power of
1/2. When filler particle nucleation is limited to chain-end-bound crosslink sites, the
amount of silica precursor available for filler growth is proportional to the average
volume associated with a crosslink site. The volume of a filler particle would be
proportional to the molecular weight to the 3/2 and the radius of the particle
proportional to the molecular weight to the 1/2. If a small number of nucleation sites
are not associated with chain ends the molecular weight dependence is expected to be
weaker. This is especially the case at the low-crosslink density, high-precursor-
molecular-weight end of the spectrum. This model is termed the chain-end model.

Depletion of the solution of reacting TEOS enhances the correlation of the filler
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Figure 7. Small-angle neutron scattering data from a 1-step synthesis
varying molecular weight of the precursor PDMS. Nano-phases in the
1-step synthesis are typically correlated as indicated by the correlation peak.
Correlated data is fit using equation 3 (not shown). The power law at high-q
indicates diffuse-interfaced domains.

phase. Where end-groups are close, filler particle growth is limited by the amount of
TEOS available. Growth is encouraged where chain-ends are well separated due to
ample supply of TEOS. Ionic repulsion may also play a role in the development of
correlations.

In the chain-end model, preformed crosslink sites are sterically unfavorable sites
for the formation of silica filler particles. This is the case for the 2-step synthesis. In
the 2-step synthesis the formation of the filler phase is not intimately related to the
network. Because of this only a weak dependence on the precursor molecular weight
is expected. Nucleation of silica domains would occur at incidental heterogeneous
nucleation sites of which there are fewer especially in the low PDMS molecular-
weight-end of the spectrum. Thus one might expect larger particles compared to the
1-step synthesis at high crosslink-densities (figures 9 and 10).

An alternative explanation (I1) for the relationship between filler size and
network molecular weight involves the rubber elasticity of the network. This
approach is based on the work of de Gennes concerning phase-separation in a
crosslinked polymer/polymer system (16). de Gennes and later Bettachy (I7)
introduce a term describing the elasticity of the network into the free energy. This
term opposes large-scale phase-separation. The elasticity term leads to the prediction
of a correlated phase-separated structure at early stages. The correlation distance is
expected to scale with the square-root of the molecular-weight between crosslinks due
to the elasticity term. This would lead to a correlation peak in the scattering pattern
that is expected to scale with the molecular-weight to the 1/2.
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Figure 8. Small-angle neutron scattering from a 2-step synthesis showing
the absence of significant phase correlation. Non-correlated data is fit using
equations 1 or 2 (not shown). The power law at high-q indicates diffuse-
interfaced domains. Data courtesy C. C. Han, B. Bauer to be published.

In the hybrid system the growing glass phase excludes the PDMS network. In
this way an analogous condition to that of the de Gennes model exists in which the
elasticity of the network might inhibit large-scale phase-separation. Since this
explanation for correlations of domains is based on a thermodynamic approach it is
termed a pseudo-equilibrium model here. For the pseudo-equilibrium model the
association between network elasticity, phase-size and correlation distance would be
expected to be most evident in the case of the 2-step synthesis. The approach is
somewhat obscure in the case of a 1-step synthesis in which crosslink sites form
simultaneously with filler domains. Further, the effect of polymer entanglements on
this approach is not clear. At high molecular weights, chain entanglements are
expected to act as physical crosslinks such that the elasticity of the network and the
phase size should plateau at molecular weights above the entanglement molecular
weight. For PDMS the entanglement molecular weight is in the tens of thousands of
gm/mole. An entanglement effect is not observed in these systems. An argument can
be made that in the 1-step synthesis local crosslinks form rapidly and long before
network percolation is reached. These local crosslinks might be sufficient to locally
restrict the growth of the silica phase.

In the presence of high catalyst concentrations, where the formation of the silica
phase occurs at a more rapid rate, the observed scaling of phase-size with molecular
weight is closer to M1/2 when compared with lower catalyst concentrations for the 1-
step synthesis (figure 9). For the chain-end model there is an inherent competition
between crosslink formation and silica formation. If crosslinks form first, silica
formation at the cross-link sites is sterically inhibited. Acceleration of the silica-
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Figure 9. Dependence of the radius of gyration on molecular weight for the
1-step synthesis . Data is from fits using equation 3. Several models predict
a power-law of slope 1/2.

domain formation through a higher catalyst concentration is expected to lead to a
closer approach to the 1/2 scaling law according to the chain-end model.

For the pseudo-equilibrium model, high catalyst concentrations in the 1-step
synthesis leading to faster formation of the silica phase would be expected to lead to
less correlated domains and departure from the 1/2 scaling law since the silica
formation might out-pace the formation of the network. Data from high and low
catalyst concentrations support the chain-end model, figure 9.

The source of correlated phases which scale with molecular weight of the
precursor is not resolved. Support for the idea that the glassy phase preferentially
forms at chain ends comes from the fact that the 1-step synthesis leads to better
correlated phases that more closely follow an M1/2 law. Additionally, the observation
that higher catalyst concentrations lead to a closer approach to the M2 law also
supports this model. An experiment is suggested whereby the crosslink density is
varied through introduction of non-polar crosslinking groups along the chain while
retaining hydroxyl terminated endgroups. Through variation in the molecular weight
between these non-hydroxyl crosslinking groups the network elasticity could be
modified independently of the distance between hydroxyl groups. The end-group
model would predict scaling of the particulate size with the molecular weight between
hydroxyl groups while the pseudo-equilibrium model would suggest a dependence on
the overall crosslink density. We are in the process of carrying out this experiment.

Summary

The unified approach to small-angle scattering (6) is useful in examining multiple-
size-scale structures in silica/siloxane composites. It was demonstrated that the ideas
developed for random structures are also applicable to weakly correlated systems.
The unified approach is flexible enough to extract useful information from data in
which micro- and nano-structures overlap. This approach is the first to
simultaneously account for Guinier scattering and power-law scattering of arbitrary
type, i.e. mass-, surface-fractal, Porod or diffuse-interfacial scattering all of which are
observed in the in situ-filled siloxane systems. ‘

A discussion of possible sources of correlated phases in in situ produced PDMS
composites suggests future experiments in which various models for correlated
phases can be tested.
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Figure 10. Dependence of the radius of gyration on molecular weight for the
2-step synthesis. In the 2-step synthesis the radius of gyration has a much
weaker dependence on precursor molecular weight than in the 1-step
synthesis.
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Emulsion polymerization of ethylacrylate has been carried out in the
presence of functionalized and non-functionalized commercial silica. Both
polymerization kinetics and particle size were studied. Particular attention
was focused on the characterization of grafting onto the silica surface. It is
demonstrated that the nature of the interface depends on the type of silica
employed. Polyethylacrylate formed is only adsorbed to the surface of non-
functionalized silica, while the existence of a chemical bond between
polymer molecules and functionalized silica has been demonstrated using
different techniques. Because of this bonding to the rigid surface, the
molecular mobility of the attached polymer chains is hindered and their
molecular conformation is changed. As a consequence, we show that the
mechanical strengh of the composites is strongly influenced by the nature
of the interfacial interaction between the continuous and dispersed phase.

During the last ten years, a growing interest has been devoted to hybrid materials
containing both inorganic and organic parts dispersed at the molecular level or in
nanometric domains (1-3). In particular, composite polymers are specially attractive in
many fields such as surface coatings, adhesives, synthetic elastomers, latex paints and
other speciality products. So far, different approaches have been used to develop novel
hybrid materials. More recently, encapsulation of small inorganic silica particles by an
emulsion polymerization process has been investigated by some of us (4-6). The main
advantage of the emulsion polymerization process is the possibility to produce an ideal
polymer - filler system characterized by an inorganic core surrounded by a polymer
shell. However, the main difficulties consist of the strong tendency of silica particles to
form aggregates in water and of the possibility of some latex particles to nucleate
besides silica so that the expected polymeric boundary layer on the inorganic particle
surface will not be formed. The conditions required have been extensively studied and
presented in some previous papers (5-6). But the fact remains that in such composite
materials, it is quite difficult to obtain an homogeneous distribution of the filler without
any aggregates throughtout the whole polymeric matrix.

0097-6156/95/0585—0112$12.00/0
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The purpose of this paper is to present new results along this line concerning
composite polymer colloid nucleated by functionalized and non-functionalized silica
particles of commercial origin. Kinetic curves as well as particle sizes are presented.

We also discuss the morphological aspect of our materials and give some
explanations concerning the above observations. However, the main point of our study
focuses on the nature of the interface. It is then demonstrated that if we carried out the
polymerization reaction in the presence of the functionalized particles, some chemical
bonding could be formed on the interface of polymer and filler. As a consequence, the
mechanical strengh of the composite material is improved because of the interfacial
interaction between the continuous and dispersed phase.

Experimental

Materials Two kinds of nano-sized silica particles (Hoechst France) were used.
The hydrophilic Klebosol silica was dispersed in water (32% solid content w/w) and
stabilized by ammonium ions. The hydrophobic Highlink OG 100 was functionalized
with methacryloyl groups and dispersed in the monomer used for grafting (i.e. the 2-
hydroxy-ethylmethacrylate: 33% solid content w/w).

Ethyl acrylate was distilled in vacuo before used, and the water was deionized.
The other reagents were used as supplied.

Emulsion Polymerization The 250 ml jacketed glass reactor was charged
with the aqueous dispersion of silica. The nonylphenyl polyoxyethylene surfactant
(NP30: 0,09g/1) was then added in an amount corresponding to the partial coverage of
silica without the formation of micelles in water. pH was fixed at 9.5 by adding small
quantities of ammonium hydroxide. Degassing was carried out overnight under gentle
stirring. The following morning, part of the monomer (10%) was introduced and its
adsorption at the silica surface was allowed to proceed for one hour at ambient
temperature without stirring. The temperature was then raised to 60°C and the initiator
(potassium persulfate 0.7 g/1), dissolved in 10 cc water and added at 6ml/h to start the
polymerization. Beginning one hour later, the remaining part of the ethyl acrylate was
introduced continuously at 1ml/h. Sodium dodecyl sulfate (SDS 1g/l) was also
dissolved in 10 cc water and added slowly at 2ml/h. The stirring rate was controlled at
300 rev/min. The reaction was carried out for up to 30 hours, and small samples were
taken at various times for the determination of conversion and particle size distribution.

Characterization  Physical properties of the inorganic materials were determined
using various techniques. Density measurements were performed with a picnometer
and the BET method was used to evaluate the specific area. Particle size and size
distribution were characterized using both dynamic light scattering and transmission
electron microscopy (Jeol apparatus). Finally, the number of double bonds available at
the silica surface was determined by carbon analysis or iodometry titration (7) after
washing of physically adsorbed molecules. Intensive washing was performed using a
series of four centrifugations and redispersions into water.

The monomer to polymer conversions were determined gravimetically. The
latex particle size was obtained by conventional light scattering for intermediate samples
and electron microscopy for the final products. The adsorbed polymer was separated
from silica according to Scheme 1. The latex was first centrifugated (20 000 rev/min
during one hour) to separate the serum. The non-grafted polymer was extracted by
toluene at reflux temperature overnight. The solution was then centrifugated to separate
the non-grafted polymer dissolved in toluene from the grafted polymer remaining on the
silica particles. The amount of non-grafted polymer was estimated by measuring the
solids content in toluene. Molecular weights of adsorbed polymers were determined by
light scattering (Zimm plot).
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Mechanical Properties  Films were obtained after evaporation and maturation in
an aerated oven at 30°C during three weeks. Differential scanning calorimetry (DSC)
was performed on a Perkin Elmer apparatus from - 80°C to + 40 °C at a heating rate of
10°C/mn. Low temperature was attained by liquid nitrogen. Dynamic mechanical
spectrometry was carried out using a forced oscillation pendulum working at 0.3 Hz in
a temperature range from 100 to 450 °K. Static mechanical properties were determined
using an Instron machine (1 kN cell) with dumbbell shaped specimens of standard size.

Results and Discussion

Inorganic Materials The different types of silica used are presented in Table L.

Table 1. Principal characteristics of the inorganic materials

Samples Nature of the surface Dispersant
-
Klebosol Sio -O-NHy Water
2 -1 oH
(o)
Highlink u 2- hydroxy-
0OG 100 . ethylmethacrylate
OCH O-C
H3C

The klebosol silica particles are non-functionalized commercial silica i.e. silica
containing only hydroxyl groups on its surface. The particles are characterized by an
average diameter of 13 nm and a surface area of 200 m2/g as reported in Table II. They
are stabilized in water by ammonium ions and carry a negative charge since the pH of
the 32 weight % dispersion is 9,2.

Table II. Physical properties of the inorganic materials

Densi;y Specific  Double bond Diameter b D(ian1§ter°
Samples  (gfem’)  aea content & (nm) nm Dw/Dn €
P @) (umoym?) DLS  TEM

Klebosol 2.1 200 0 16 / /
Highlink 2 196 0.3 25 12 1.07

3As determined after intensive washing of 2- hydroxy-ethylmethacrylate.
bAs determined by dynamic light scattering (DLS).
CAs determined by transmission electron microscopy (TEM).
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The Highlink silica are functionnalized commercial silica particles carrying
methacryloyl groups on its surface. The functionnalization has been performed
according to a direct condensation route of 2- hydroxy-ethylmethacrylate with the
surface silanol groups. This results in the formation of a Si-O-CH2 type of linkage
which is known to be hydrolytically very unstable in aqueous media (8). This
instability could account for the very low double bond content at the silica surface after
washing and redispersion into water. In the present work, we decided to use the
original silica dispersion containing 67 weight % of 2- hydroxy-ethylmethacrylate.
Silica particles are dispersed in water before use. The functionalized silica particles
consist in polydisperse beads of 13 nm diameter as evidenced by transmission electron
microscopy (Figure 1). Using dynamic light scattering, a size of 25 nm is measured
suggesting the formation of some aggregates of at least two particles (Table II).

Emulsion Polymerization of Ethyl Acrylate at the Silica Surface

Polymerization Results and Encapsulation State The initial silica dispersion
is diluted in water and a non-ionic emulsifier is added to create an affinity between silica
and monomer. Ethyl acrylate and sodium dodecyl sulfate are slowly introduced by a
semi continuous feed process to promote the polymerization onto the silica surface. In
addition, the surfactant concentration is kept at values lower than the CMC in order to
avoid the formation of new latex particles besides the organic phase encapsulating the
silica. Encapsulation is demonstrated by measuring the final particle size and after
zzomparison of the number of final latex particles to the number of initial silica particles
R ratio).

A set of experiments have been performed. In the first series, functionalized
silica is engaged. Monomer/silica weight ratios from 9/1 to 48/1 were investigated
increasing the monomer/water weight ratio from 2.8 to 14.7%. In all of these
experiments, the silica content is constant so that the initial particle number is
maintained at the same level. In another experiment, we used non-functionalized silica
particles with monomer/silica weight ratio of 16/1 and a solid content of 4.9%.
Experimental conditions and some results are summarized in Table IIL. Polymerizations
are compared to polymerization carried out in the absence of silica where all the
ingredients are introduced in batch. A final experiment was performed in which the
emulsifier is incorporated at once to improve the stability of the system.

Table ITI. Emulsion polymerization of ethyl acrylate in the presence of functionalized
(*) and non functionalized silica (**). Batch process without silica (***), Emulsion
polymerization with functionalized silica and SDS introduced in batch (¥**¥),

Monomer/Silica 9102 Conversion Solid Diameter Np/l Np/l

weight ratio (%) (%) content  nm silicaa latex RD
(%) DLS 1017 .10°17

9/1 * 11 100 2.8 144 1.8 0.15 0.08
16/1 * 6 100 49 130 1.8 0.4 0.2
48/1 * 2 99 14.7 120 1.8 1.5 0.8
16/1 ** 6 100 49 104 1.8 0.7 0.4
[ *** 0 100 4.9 75 0 2 /
16/1 **+%% 6 100 4.9 71 1.8 2.3 1.3

a Silica content = 0.3%, diameter = 25 nm.
bR = Np latex / Np silica
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The above experimental data indicate that the polymerization reaction takes place
in a surface layer region close to the filler since a monodisperse population of latex is
obtained as demonstrated by dynamic light scattering. However, the R values, lower
than one, demonstrate that the number of latex particles is not as great as expected. In
fact, the final particles are larger than the particles obtained in the batch process. This
tends to prove that when the emulsifier (SDS) is added continuously, the latex particles
form some aggregates because of the surfactant deficiency. As a matter of fact, when
the SDS is introduced at once (last line of Table III), a lower particle size is obtained
(71 nm) similar to that measured in the batch process. The corresponding R value is
then close to one. The reported diameters do not change much with the monomer
content. The particle size should be enhanced at higher initial monomer concentration.
On the contrary, the increase in the latex particle number with increasing the monomer
content suggests that besides the formation of some aggregates, new particles are
continuously formed in the course of polymerization. It can be then concluded that the
polymerization reaction does not proceed solely around the silica particles.

Observation of Composite Powders by Electron Microscopy The
morphological aspects of our materials have then been examined using transmission
electron microscopy in order to determine the final particle size and to draw conclusions
on the state of encapsulation (Figure 2). A complete study concerning those
morphological characterizations will be soon published (C. Gauthier, G. Thollet, G.
Vigier, E. Bourgeat-Lami and A. Guyot, Polymer for Advanced Technologies, Wiley
interscience eds, 1994., in Press).

Microscopic observations give evidence of the presence of latex particles very
close to the inorganic materials. It appears that the silica surface is covered with latex
particles at the scale of several beads. This could account for the aggregates observed
by dynamic light scattering. The latex size is then determined from the micrographs.
Counting is done on the polymer beads only. Results are reported in Table IV. The
average particle size is found to be around 46 nm for the higher silica content into the
polymer and 52 nm for the two others samples with polydispersity index around 1.03.
It appears that the latex size slightly depends on the monomer to silica weight ratio. As
expected, the lower particle size is obtained for the lower monomer content. However,
increasing the monomer to silica weight ratio, the particle size does not significantly
change. This is probably the consequence of the formation of new particles, the
presence of which leads to a decrease in the average particle size. Our experimental
results demonstrate once more that the silica particles are not the exclusive locus of
polymerization.

Table IV. Particles size and polydispersity index from TEM observations. Experimental
data in the presence of functionalized silica (*) and in the absence of silica (*¥)

Monomer/Silica SiO2  Solid Diameter  Diameter

weight ratio (%) content nm nm 1a
(%) DLS TEM
9/1 * 11 2.8 144 46 1.03
16/1 * 6 49 130 52 1.03
48/1 * 2 14.7 120 53 1.04
[ ** / 4.9 75 45 1.07

al=Dw/Dn

In Hybrid Organic-lInorganic Composites; Mark, J., et a.;
ACS Symposium Series; American Chemical Society: Washington, DC, 1995.



Publication Date: March 21, 1995 | doi: 10.1021/bk-1995-0585.ch010

August 11, 2012 | http://pubs.acs.org

10. BOURGEAT-LAMI ET AL.  Nucleated Composite Polymer Colloid

Figure 1. Transmission electron micrograph of Highlink OG 100 silica
particles.

Figure 2. Transmission electron micrograph of the sample containing 6% of
functionalized silica.
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Kinetic Study Typical kinetic curves are presented in Figure 3; the arrow
indicates the end of the monomer addition process. Whatever the monomer content,
100% conversions are obtained at the end of the reaction. The instantaneous conversion
curve, reported in Figure 4, indicates that the semi-continuous addition rate is quite
good. The inhibition period observed at the beginning of the reaction can be attributed
to the presence of a stabilizer added to the silica dispersion in order to avoid the
polymerization of 2- hydroxyethyl methacrylate. In the batch process, kinetics are much
more rapid and 100 % conversions are obtained in only two hours. In any case, the
monomer to polymer conversions are not limited as previously observed in this type of
reaction (6). It is supposed that the comonomer takes part in the emulsion
polymerization process thus modifying the kinetics. Additional experiments have been
performed in the absence of comonomer i.e. after washing and redispersion of silica
into water as described previously. As expected, we reach an upper limit of 74%

conversion.
R,
100,00 Solid content SiO2 content
g 80,00 0 4,9% 0%
g 60,00 2,8% 11%
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Figure 3. Global time-conversion curves for the polymerization of ethyl acrylate.
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Figure 4. Instantaneous time-conversion curve for the polymerization of ethyl
acrylate.
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All the above data seem to demonstrate that even if the experimental conditions
have been choosen in order to promote the polymerization all around the inorganic
surface (6), we did not succeed in the formation of a polymer film covering the silica
particles. Obviously, we did not succeed in doing a perfect encapsulation. The main
difference existing between this new system and the one described in a previous study
(6) is first the type of silica particles, which are smaller in this study and have a higher
dispersibility in water (E. Bourgeat-Lami, P. Espiard and A. Guyot, Part I - Submitted
to Polymer, 1994), and second the presence in this new type of commercial silica of an
excess of monomer that could take part into the polymerization reaction.

Because of their lower size and their higher dispersion state in the
polymerization medium, it is probable that insufficient amounts of non-ionic emulsifiant
have been added to cover the larger surface of the particles. Indeed, calculation shows
that only 10% of the overall surface is recovered by NP 30 assuming a molecular
surface area of 200 A2. So, we suppose that without enough stabilising emulsifier the
original silica particles tend to gather and form strings, and an ideal core-shell
morphology will not be obtained. On the other hand, the presence of the 2-
hydroxyethyl methacrylate, highly soluble in water, could promote polymerization in
the aqueous phase. Then, the polymerization rate will be increased and new particles
will be formed besides the existing silica beads.

Nethertheless, it is expected that some chemical bonds are formed in the
presence of functionalized silica so that the polymer which originates close to the silica
ztéll'face is chemically linked to this surface. Evidence of such bonding will be presented

ow.

Grafting process

Polymer extraction and molecular weights A strategy similar to that described
previously (P. Espiard and A. Guyot; Part II - Submitted to Polymer, 1994), was used to
separate the grafted polymer from the adsorbed polymer. After the reaction, the mixture
was separated by means of centrifugation and the adsorbed polymer was extracted with
toluene at reflux temperature as presented in Scheme 1.

Latex

Centrifugation

Encapsulated silica)j ———— |Aqueous phase

Toluene extraction
Centrifugation

/N

Silica and grafted polymer Adsorbed polymer

Scheme 1. Latex treatment for the determination of the adsorbed polymer content.
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The data concerning both functionalized and non-functionalized silica are
presented in Table V. We show that in the case of non-functionalized silica, all the
polymer formed can be dissolved in boiling toluene (fourth line of Table V). It can be
concluded, as expected, that polyethylacrylate is only adsorbed onto the silica surface.
In contrast, when functionalized silica is used, part of the polymer remains attached to
the silica surface after toluene extraction. The amount of grafted polymer depends on
the silica content as shown in Table V (first three lines). As a consequence, the
grafted/silica weight ratio does not change with increasing monomer content, but rather,
depends only on the initial amount of silica.

Table V. Characterization of the extracted polymer. Polymerization is carried out in the
presence of functionalized silica (*), non functionalized silica (**), without silica (**¥).

Monomer/Silica SiO2 Solid  Extracted Grafted  Grafted/silica Mw of
weight ratio (%) content polymer polymer  weightratio extracted

(%) % (%) (g/g of silica) polymer
9/1 * 11 2.8 60 40 3.9 420 000
16/1 * 6 49 73 27 3.9 288 000
48/1 * 2 14.7 92 8 3.9 54 000
16/1 ** 6 49 100 0 0 /
[ *H* 0 49 100 / / 315 000

Molecular weights of extracted polymers decrease drastically with increasing
monomer content. This may be due to the feed policy used in the polymerization
process. When the amount of monomer is larger, most of the monomer is added in
starved conditions as shown in Figure 3. In this event, the molecular weight may be
limited by the instantaneous concentration of monomer.

Kinetics of grafting A Kkinetic study has been performed for the latex
containing 6% of functionalized silica. Samples are taken at different times and the
amount of grafted polymer is determined as described previously. The fraction of
grafted poéymer compared to the total amount of polymer formed is plotted against time
in Figure 5.

120 1
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Figure 5. Kinetics of grafting. 6% silica into the polymer.
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From the latter results, it can be concluded that grafting takes place early during
the polymerization process. In the first hour, the totality of polymer formed has been
grafted to the silica surface. This proportion is slowly decreasing because of the
formation of the adsorbed polymer. Finally, the total amount of grafted polymer
remains constant for 100% conversion.

Characterization of grafting That grafting takes place is clearly proved by two
techniques.

Differential Scanning Calorimetry  Glass transition temperatures of the
different composite materials have been first determined from DSC measurements
(Figure 6). Films obtained from extracted polyethylacrylate exhibit a Tg value around
-10°C as expected (Figure 6a). The film resulting from the encapsulating latex exhibits a
wide range of Tg (Figure 6b). Two slopes are observed. The first one at lower
temperature might correspond to the glass transition temperature of the free polymer
while the second one, at higher temperature might be due to the existence of the
attached polymer to the silica surface. As a matter of fact, the Tg values of
functionalized silica surrounded by the grafted polymer as well as functionalized silica
alone (Figures 6¢c and 6d) proved to be higher than the conventional Tg value of
polyethylacrylate. It is then demonstrated that the polymeric interface formed at the
silica surface has a lower mobility. Indeed, the attached polymer chains exhibit a
higher value of Tg because of their close binding to the rigid surface. Thus, the
observed increase of Tg can be considered as a direct consequence of grafting.

Dynamic Mechanical Spectrometry The mechanical relaxation
temperature, T o, associated to the glass transition phenomena of our materials has
been determined from the Log (Tan &) peak temperature (Figure 7). Three films have
been studied: one is from polyethylacrylate latex without silica and the two others
contain 6 and 11% of functionalized silica. In all cases, the modulus G' is first slowly
decreasing and then drops suddenly due to the main mechanical relaxation. A rubbery
plateau is observed after T o which is rather short for the film containing 6% silica and
more extended for the others. The Log (Tan 8) temperature plot of polyethylacrylate
shows a prominent peak at -6°C which corresponds, for this particular frequency, to the
glass transition temperature measured from DSC.

A very different behaviour is observed for the film containing functionalized
silica. Two T o transition temperatures can be determined from the Log (Tan )
temperature plot. The first one can be associated to the Tg of polyethylacrylate while the
second one is shifted towards higher temperatures (+10°C) and could correspond to the
relaxation phenomena of the interfacial layer. As a consequence, since a constant
amount of polymer is grafted per gramme of silica, the more silica is introduced into the
film, the greater is the amount of grafted polymer and the higher should be the intensity
of this second peak. Our experimental results support this statement. We can therefore
demonstrate that the properties of the polymer which is bound to the filler surface differ
from those of the bulk polymer. As before, dynamic mechanical spectrometry
measurements give proof of the existence of an interfacial polymer layer with a lower
molecular mobility.

Mechanical Properties

The mechanical properties of the composite materials containing 6% of non
functionalized and functionalized silica was tested and compared with those obtained
for polyethylacrylate as well as for a post synthesis blending of polyethylacrylate and
functionalized silica. Figure 8 illustrates the conventional stress-strain curves obtained
in elongation experiments.
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Figure 6. DSC thermograms of a: extracted polymer, b: encapsulating
polymer, c: grafted polymer onto silica, d: functionalized silica.
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Figure 7. Storage modulus and Log (Tan §) versus temperature.
Polyethylacrylate (—— ), polyethylacrylate containing 6% of functionalized
silica (- - - -), polyethylacrylate containing 11% of functionalized silica (--).
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Figure 8. Stress-strain curves. Polyethylacrylate (J), polyethylacrylate
containing 6% of non functionalized silica (@), post-synthesis blending of
polyethylacrylate and functionalized silica (O), polyethylacrylate containing 6%
of functionalized silica (H).
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When the film does not contain silica, the curve goes through a yield point for
low strain. Rupture then takes place at relatively high elongations. Very different
behaviour is obtained in the presence of functionalized silica. The initial part of the
curve is reversible and typical of an elastic deformation. At higher elongation, a non-
linear plastic deformation is observed; the material behaves like a crosslinked elastomer.
Finally, the rupture takes place after extensive deformations. Similar behaviour was
described by some of us recently (P. Espiard, A. Guyot, J. Perez, G. Vigier and L. David,
Part III - Submitted to Polymer, 1994), and it was demonstrated that in the case of
functionalized silica, strong reinforcement effects originate from the polymer forming
covalent bonds on it surface. As a matter of fact, when non-functionalized silica is
involved, very low stress are obtained up to very high elongations. The same
mechanical behaviour is observed in the post synthesis blending of functionalized silica
and polyethylacrylate except that it occurs at higher stress.

Regardless of the history of our samples, these experimental data indicate that in
the absence of chemical bonds at the filler surface the composite material does not
exhibit very strong properties. In the case of the post synthesis blending, the
improvement we observed may be due to the presence of 2- hydroxyethylmethacrylate
in the material that could polymerize during the formation of the film. Nevertheless, it is
then clear that grafting during polymerization is primordial to obtain those remarkable
mechanical properties.

Conclusion

With materials of different types in contact with each other, the control of the interface
appeared to be a matter of great significance in the resulting composite materials. We
show that the existence of a chemical bond between polymer molecules and the filler
surface promotes strong adhesion between the two phases. The use of functionalized
silica particles from commercial origin proved to be of great interest in such a purpose.
So, a new encapsulating polymerization process by ethylacrylate has been performed
resulting in stable latexes. Films obtained from the latexes display remarkable
mechanical properties similar to those of crosslinked elastomers reinforced with solid
particles. It is demonstrated that the intermediate layer which interacts strongly with
both the filler surface and the matrix polymer would provide the observed
improvement.
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Chapter 11

Vinyl-Polymer-Modified Hybrid Materials
and Photoacid-Catalyzed Sol-Gel Reactions

Yen Wei, Wei Wang, Jui-Ming Yeh, Bin Wang, Dachuan Yang,
James K. Murray, Jr., Danliang Jin, and Gu Wei

Department of Chemistry, Drexel University, Philadelphia, PA 19104

We have developed a general method for the preparation of vinyl polymer-
modified sol-gel hybrid materials. The polymer precursors are obtained by
chain copolymerization of 3-(trialkoxysilyl)propyl methacrylate or other
alkoxysilyl vinyl monomers with conventional vinyl monomers such as
methyl methacrylates, acrylonitrile and styrene. The alkoxysilyl groups in
the polymer precursors undergo the sol-gel reactions with inorganic
precursors such as the alkoxides of silicon, titanium, and/or aluminum to
afford monolithic, transparent hybrid materials without macroscopic phase
separation. This approach makes it possible to incorporate virtually any
conventional vinyl polymers into the inorganic matrices. We have also
demonstrated that the vinyl polymer components in the inorganic matrices
could be further chemically modified to give new hybrid materials or nano-
composites. The first photochemical synthesis of vinyl polymer-inorganic
hybrid materials has been achieved via photoacid-catalyzed sol-gel
reactions. The exploratory applications are also discussed.

In the past two decades, the field of materials science has witnessed the
emergence of sol-gel process for the preparation of ceramics or organic modified
hybrids materials from precursor compounds in the presence of an acid or base catalyst
at relatively low temperatures.!-3  For example, acid-catalyzed hydrolysis and
polycondensation of tetraethyl orthosilicate (TEOS) yield a SiO, glass at temperatures
much lower than the conventional fusion process.! Many researchers have
demonstrated the successful combinations of various polymers and copolymers with
inorganic structures like the SiO, at the molecular level to form a class of organic-
inorganic sol-gel materials. There are two major families of these organic-modified
sol-gel materials: (1) organic-inorganic composites in which the organic/polymer
components are trapped in the inorganic networks and (2) organic-inorganic hybrid
materials in which the organic/polymer components are covalently bonded to the
inorganic networks. Though all these terms have been loosely used, one significant
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feature of these materials is that the organic/polymer components are uniformly
distributed, with or without formation of covalent bonding, in the inorganic networks
and therefore the macroscopic interfaces, as existing in the conventional composite
materials, between the polymers and the inorganic components are eliminated. Many
physical properties of these sol-gel materials could be designed and controlled by
varying the nature and composition of both the polymer and inorganic components. A
number of polymers have been incorporated into SiO, and/or TiO, glass networks,
including  polydimethylsiloxane,4  poly(tetramethylene  oxide),5  polyimides,6
poly(arylene ether ketone) and poly(arylene ether sulfone),” polymethacrylates,$?
polyoxazolines.!0 The structure-property relationship in the new materials was studied
to certain extent. Numerous commercial applications have been explored.

We have been interested in the synthesis of new polymer-inorganic hybrid sol-
gel materials and their applications in dental restorative materials, coatings,
membranes, catalysts or catalyst supports, reaction templates, and lithography.11-19
Recently, we have developed a general method for the preparation of polymer sol-gel
precursors containing the reactive alkoxysilyl groups via chain copolymerization of 3-
(trimethoxysilyl)propyl methacrylate or other alkoxysilyl vinyl monomers with
conventional vinyl monomers (e.g. methyl methacrylates, acrylonitrile and styrene).
The polymer precursors were then hydrolyzed and co-condensed with inorganic
precursors such as the alkoxides of silicon, titanium, aluminum and/or zirconium to
afford monolithic, transparent hybrid materials without macroscopic phase separation.
This approach makes it possible, in principle, to incorporate any conventional vinyl
polymers into the inorganic matrices. We have also demonstrated that the vinyl
polymer components in the inorganic matrices could be further chemically modified to
give new hybrid materials or nano-composites. The first photochemical synthesis of
vinyl polymer-inorganic hybrid materials has been achieved via photoacid-catalyzed
sol-gel reactions. In this article, these developments and our latest results in this area
will be described systematically and some of the potential applications of these new
materials will be discussed.

Results and Discussion

Vinyl Polymer-Modified Hybrid Materials

The general equations for the preparation of new vinyl polymer precursors
containing alkoxysilyl groups and their sol-gel reactions with inorganic precursors are
illustrated in Scheme I. Thus, the vinyl polymer precursors are prepared by
copolymerization of an alkoxysilyl-containing vinyl monomer with a conventional
vinyl monomer at various compositions. The content of the alkoxysilyl-containing
monomer is usually low to afford the copolymers whose properties are more close to
the conventional vinyl polymers. These polymer precursors are then hydrolyzed and
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co-condensed (sol-gel reactions) with one or more inorganic precursors at ambient
temperature to afford the vinyl polymer-modified hybrid sol-gel materials. In these
new materials, the vinyl polymer chains are uniformly distributed in and covalently
bonded to the inorganic matrices at molecular level. There is no macroscopic phase
separation between the organic polymers and inorganic oxide matrices as evidenced by
the facts that the hybrid materials are transparent and therefore the scale of phase
separation, if any, should be below the wavelengths of visible light (i.e. <400 nm) and
that the glass transition temperature (T,) of the polymer components is either
unmeasurable or significantly altered in comparison with the bulk polymers.

X y4
X Z | ]
=<Y + >= —_— —(CHg—('Z—)i-(CHz—g—)-)-,-
Si(OR)m Y Si(OR)m
]
+
—CHy—~C—— + Si(OR), H 1~20°C
S + H,0; - ROH
Si(OR)m
z
i H' _cHpG— | |
—CHg—(S3— + Si(OH);, — - o ©
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Si(OH)m T' °© (-S)' (-)'

Scheme I. Preparation of the sol-gel reactive polymer precursors and
subsequent sol-gel reactions with inorganic precursors. X, Y and Z are various
functional groups; R: alkyl groups; Si can be replaced by other metals such as
Al, Ti, Zr, etc.

The alkoxysilyl-containing monomers that have been employed in our studies
include 3-(trimethoxysilyl)propyl methacrylate (MSMA), 3-(triethoxysilyl)propyl
methacrylate (ESMA) and styrylethyltrimethoxysilane (STMS). The conventional
vinyl monomers include methyl methacrylate (MMA), ethyl methacrylate (EMA), sec-
butyl methacrylate (SBMA), styrene (St), acrylonitrile (An), etc. The inorganic
precursors include tetraethyl orthosilicate (TEOS), titanium tetraisopropoxide(TIPO),
aluminum tri-sec-butoxide (ASBO), etc. Generally, the sol-gel reactions are carried
out under an acid catalyst (e.g. aqueous HCI) in an organic solvent, e.g.
tetrahydrofuran (THF) and N-methylpyrrilidinone (NMP), at room temperature. By
optimizing the reaction conditions, the hybrid materials in a form of disc or thin films
can be made transparent, monolithic and free of cracks.
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Several methods were used to synthesize the polymer precursors. For example,
poly[methyl methacrylate-co-3-(triethoxysilyl)propyl methacrylate] [P(MMA-ESMA)]
was prepared through the group-transfer polymerization route.!!-13  P(MMA-ESMA)
precursors with designed number of trialkoxysilyl groups were prepared by group-
transfer copolymerization of allyl methacrylate with various amount of methyl
methacrylate with trimethylsilyl ketene acetal as initiator and tris(dimethylamino)-
sulfonium bifluoride (TASHF,) as catalyst, followed by hydrosilylation of the ester
allyl groups in the polymer in the presence of the Speier's catalyst (H,PtCly), as
shown in Scheme II. This method offers excellent control of molecular weight of the
polymers.

(a) Group-transfer polymerization:
: 0-SiMe,
OMe Me Me
o + o -(—CH2—(I:9x—€CH2-(|:—)T
TASHF,

MeO CHx=CHCH,0 THF COOMe COOCH,CH=CH,
PAMA (x=0) or PA-MMA

(b) Hydrosilylation:

Me H,PtClg Me
—CHz—C—  + (Et0),SiH —CHzy—C—
| THF | ,
COOCH2CH=CH, COOCHCH2CH2Si(OEt)3

Scheme II. Synthesis of polyacrylate precursors via group-transfer
polymerization.

A more general method is free-radical copolymerization of the commercially
available 3-(trimethoxysilyl)propyl methacrylate or other alkoxysilyl-containing
monomers (e.g. styrylethyltrimethoxysilane) with methyl methacrylate!3-14, styrene!5,
or acrylonitrile!6, as shown in Scheme I1I. The synthesis by this method has only one
step and the starting materials are all commercially available. The number of reactive
trialkoxysilyl groups (i.e. the value of y) can also be designed and controlled.
Therefore, this method would significantly lower the cost of the potential large scale
production of the new hybrid materials.

These polymers (x=0) and copolymers (x#0) with trialkoxysilyl groups were
then hydrolyzed and co-condensed with tetraethyl orthosilicate (TEOS) and/or other
inorganic precursors via an acid-catalyzed sol-gel route to yield the new hybrid
materials as exemplified in Scheme IV. We have studied the effect of various reaction
conditions, such as type and amount of catalysts and solvents, amounts of the
polymers, inorganic precursors and water, reaction temperature, and rate of
evaporation of the volatiles, to assure the optical transparency and the integrity (i.e.
monolithic and crack free) of the sol-gel materials of various organic-inorganic
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compositions.!"16 One of the general process with TEOS as the inorganic precursor
is shown in Scheme V.

BPO/benzene/60°C Me Me
o=}= +=?= —(CH2-0+€| . CHz-C—-)—I 5
o
OMe O(CHg)3Si(OMe)3 COOMe  COO(CHy)3Si(OMe)3
PMSMA (x=0) or P(MMA-MSMA)
BPO/benzene/75°C ?H3
OQ= ~CHE CHCH-C )y
C=N CH,);Si(OMe), =N 0=C
O(CH,),Si(OCH,);
BPO/benzene/78°C CHs
:2= -(CHZ—CH-)-QCHZ—C-)T
-—© O(CH,);Si(OMe), @ 0=C
O(CHz)asi(OCHs)z
BPO/benzene };‘ Me
f —(CHZ-C—)y(CHz-(ID—)X—
Z l COOCH;3
CHchasl(OCHs)a NN CHaCHSIOCHs)3

Scheme III. Preparation of alkoxysilyl-containing polymer precursors by
free-radical copolymerization method.

Me

i HCYTHF/~20°C
—CHy—C— + Si(OR
= ORs = ,0,-rom
COO(CHp)3S(OR)s
Me H* CH “gL | ]
—-CHz—Cl)— + Si(OH), T e lO IO
COO(CHp)3Si(OH)3 COO(CHa)5~$i-O-$i-0—

o O
1 |

Scheme IV. Example of sol-gel process for the preparation of vinyl polymer-
modified hybrid materials.
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Copolymer Dissolution

+ THF Sol A
* Gelation Drying -
Hybrid
Sol C Gl F—"1 Glass

Hydrolysis &
TEOS+THF+| > | SolB
HCl (aqueous) | o densation

Scheme V. Ageneral hybrid sol-gel process diagram,

All the hybrid materials were characterized by FTIR spectroscopy in which all
the characteristic bands of the polymer components were identified. The differential
scanning calorimetry (DSC) results showed a general lack of well-defined glass
transition temperatures for the polymers in the silica matrices, indicating that the
polymer chains are uniformly distributed in the materials. Thermogravimetric analysis
(TGA) technique was used to determine the silica contents in the hybrid materials by
decomposing all the organic contents at high temperatures (e.g. >700°C). The SiO,
contents in the hybrids obtained from TGA generally agree well with the calculated
values based on the stoichiometry of the starting materials. The TGA measurements
also reveal that the thermal stability of some polymer components (e.g.
polyacrylates!!) is enhanced since their thermal decomposition temperatures are higher
than the bulk polymers. In addition to the thermal stability, many other physical
properties, such as bulk density, refractive index, and hardness, exhibit strong
correlation with and therefore can be tailored by variation of the organic-inorganic
compositions of the hybrid materials. All the spectroscopic and thermal analytical
results are consistent with the picture that in the hybrid materials the vinyl polymer
chains are incorporated into the inorganic matrices at molecular level without
macroscopic phase separation.!’"!7  Transparent, monolithic hybrid materials were
also derived from TEOS and the copolymers of styrylethyltrimethoxysilane, ethyl
methacrylate, sec-butyl methacrylate, etc. As a noteworthy example, under carefully
controlled conditions, we were able to produce monolithic poly(methyl methacrylate)-
SiO, hybrid materials having excellent optical transparency, which has been
considered as a strong evidence for the high uniformity of the polymer chain
distribution in the SiO, matrix.!"14 However, it has been pointed out recently? that
the apparent good transparency of PMMA-SiO, materials may also be attributed to the
fact that the refractive index of PMMA (n = 1.4920)20 is very close to that of Si0,
glass (1.4589)21. To test this possibility, we decided to use functionalized polystyrene
chains as the polymer component in the hybrid silica materials because the refractive
index of polystyrene (1.59-1.60)20 is significantly greater than that of SiO, glass. We
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have found that the polystyrene-silica hybrid materials can also be obtained with
excellent optical transparency over the entire composition range and with the refractive
index changing continuously between the limits of polystyrene and silica glass.!5 This
observation further supports our conclusion that the polymer chains are uniformly
distributed in the inorganic matrices.

There are numerous potential applications for these vinyl polymer-inorganic
hybrid materials. We are particularly interested in the dental applications of the
polymethacrylate-silica hybrid materials because both the polymethacrylate and silica
are widely used in the conventional dental restorative composite materials. Our
preliminary results show that the mechanical properties of the polymethacrylate-silica
hybrids were improved over the conventional polymethacrylate-silica composite
materials at similar organic-inorganic compositions.22

Reactions of the Polymer Components in the Hybrid Materials

We have found that the vinyl polymer components in the inorganic matrices can
undergo a variety of reactions. This allows us to prepare new polymer-inorganic
hybrid materials via chemoselective reactions of the polymer components or to
modified the properties of the hybrid materials. For example, the polyacrylonitrile
component in the hybrid silica materials was found to undergo pyrolysis in an inert
atmosphere towards the formation of carbon fibers of micro- or nano-structures in the
silicamatrix.!6 Recently, we have also chemoselectively hydrolyzed the nitrile groups
of polyacrylonitrile component to yield new water-soluble polyacrylics modified silica
hybrid materials as illustrated in Scheme VI.17

CH,

] H,0,-K,C04/50°C
vwCH,—CH=- /=CHy~Cw
C=N 0=(|j % % or KOH (aq.)/80°C
| ] 1
O(CH2)3-?i-0-?i-O\N*
O O
S 9
ci
WCH2—|CH- /—CH2—|CH- /'CH2‘(|:W 5 ')
1
NH, OH O(CHQ:;—?i—O—?i-Ovv‘

o O

S 3

Scheme VI. Synthesis of water-soluble polyacrylics-modified silica sol-gel
materials via Radziszewski hydrolysis of polyacrylonitrile component.
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It is important to note that after the chemoselective hydrolysis with hydrogen
peroxide in the presence of a base catalyst (Radziszewski reaction23), the nitrile groups
are converted to the water-soluble acrylic amides or acids while the ester groups
remained intact and the polymer chains are still covalently bonded to the silica matrix.
Sulfonation of the polystyrene component in the polystyrene-silica hybrid materials
was also performed as shown in Scheme VIL.24 The resultant new materials contain
sulfonic acid groups which can be readily converted to various salts as well. The
cationic exchange capacity of the sulfonated hybrid materials were found to increase as
the polystyrene content in the original hybrids or the extent of sulfonation is increased.
These materials may also be used as solid polymer electrolyte materials.

CH CH
|3 H2SO4 |3
~CHy- GH-CHz- O— ~CHy-GH—Chy G—
| 1
o=¢ o o Zy 0=¢ o o
1 1 ] 1
O(CH=$i-0-5-0— X O(CHyJg-$i-0-$-0—
o O SOsH o O
1 | 1 1
H
| H,SO, H
-CHo~CH-CHg-C— —CHg=CH—CHa-C—
| z Z | | |
<\ SUR
(CHo)x s| O-SI-O— SOgH (CHz)z-?u-O-!;m-O—
o 0 o O

Scheme VII. Sulfonation of polystyrene-silica hybrid materials.

Another very interesting aspect of the vinyl polymer-modified hybrid sol-gel
materials is that the organic content in these hybrid materials could be removed
thermally without destroy the integrity of the inorganic matrices. For example, a
poly(methyl methacrylate)-SiO, hybrid sol-gel material synthesized at room
temperature was found to have a surface area of ~ 0.1 m?/g (measured with BET
method with krypton as analysis gas on an AccuSorb BET Multiple-Points
Porosimeter). After thermal treatment at ~ 400 °Cin nitrogen, the polymer content in
the material was completely removed leaving a monolithic silica glass with a drastically
increased surface area of 629 m2/g and an average pore diameter of ~ 28 A.25 By
tailoring the nature and the composition of the polymers, it is possible to control the
size and volume of the pores and/or micro-channelsin the porous inorganic glasses.
These glasses could also be made to contain other metal oxides such as Ti, V, Zr, etc.,
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via multicomponent sol-gel process. There are many potential applications under
exploration for these porous glass materials including catalysts/catalyst supports,
reaction templates, host matrices for fabricating capacitors, and as size-selective
membranes for construction of biosensor devices.

Photochemical Synthesis of Polymer-Modified Sol-Gel Materials

Recently, we have achieved for the first time a successful photochemical
synthesis of polyacrylate-inorganic hybrid sol-gel materials using the photoacids, such
as diphenyliodonium chloride (DIC) and triphenylsulfonium hexafluoroantimonate
(TSHF), as catalysts under UV radiation.!8,19  Poly[methyl methacrylate-co-3-
(trimethoxysilyl)propyl methacrylate] [P(MMA-MSMA)] of various copolymer
compositions and TEOS were selected for detailed study as the inorganic and organic
sol-gel precursors, respectively. Both the photoacids, i.e. DIC and TSHE yield
protonic acid upon photolysis.26-28 For example, the main photochemical processes
for DIC are depicted in Scheme VIII, in which RH represents a proton source, €.g8.,
the solvent or reactants. The protonic acid, HCI, is produced as a byproduct of
secondary reaction and, therefore, will function as the catalyst in the sol-gel
reactions.26-27

Aritcr AT CT + Are

AdYCr +R-H Arl + HCI + Re

Scheme VIII. Photolysis of DIC to generate HCI.

To prepare the polyacrylate-silica hybrid materials, the polymer precursors were
hydrolyzed and co-condensed with various amounts of TEOS in the presence of the
photoacid (DIC or TSHF) under UV radiation. The reaction system was housed in a
light-proof box as illustrated in Figure 1. The rate of sol-gel reactions could be
qualitatively represented (a) by the radiation time that is required for the organic/water
phase separation to disappear and is mainly indicative of the rate of hydrolysis or (b)
by the gelation time that is required for the reaction system to lose its fluidity and is
mainly indicative of the rate of polycondensation. Longer radiation or gelation time
indicates slower reactions. It should be noted that the reaction system in the absence of
the photoacid neither became homogeneous nor showed any gel formation after
exposed to the UV radiation. On the other hand, no sol-gel reaction was observed
when the system in the presence of the photoacid was kept in dark for over 24 h. The
radiation time decreases as the photoacid concentration was increased. Furthermore,
the rate of reactions increased when the light intensity is increased by shortening the
distance between the light source and the reaction mixture or when a UV lamp with
short wavelength only was used as anticipated.zﬁ'28

Amount of the polymer precursor in the system was found to influence the
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reaction rate significantly. The higher the polymer content the shorter the gelation
time. This trend as shown in Figure 2 might be explained based on the fact that the
polymer chain bears more reactive alkoxysilyl functional groups and therefore reaches
gelation (i.e., formation of crosslinked network) sooner than the inorganic precursor
TEOS. For the same reason, when the polymer precursors containing 49 mol-% or
more MSMA units were employed with TEOS, the polymer gelated and precipitated
before the gelation of the entire reaction system occurred. Therefore, for these
polymer precursors, the synthesis procedure was modified slightly by allowing TEOS
to undergo the photoacid-catalyzed sol-gel reactions first to form a homogeneous
solution, to which the polymer solution was then added. By this procedure, TEOS
may hydrolyze and condense to afford an inorganic oligomeric or polymeric precursor
having a functionality comparable with the organic polymer precursors. The thermal,
optical and mechanical properties of all the hybrid samples are close to those reported
for the hybrid materials of the similar compositions prepared with conventional acids
(e.g. HCI) as catalysts.!1-14

Similar results were obtained with TSHF as the photoacid. The TSHF-catalyzed
sol-gel reactions appeared to proceed faster than the DIC-catalyzed reactions. As
shown in Table I, the systems with DIC catalyst required a longer UV radiation time
for the phase separation to disappear than those with TSHF catalyst.

UV Lamp
/4 (15W, 254 and/or 356 nm)

)
\ Quartz Plate

I J/_

| ¢——Glass Container

10 cm

y Polymer Precursor,
- — — — = = || _H— TEOS, THF, H:0,
______ & Photoacid

Temperature Bath

Dark box

RN

Figure 1. The experimental setup for the photoacid-catalyzed sol-gel reactions
for the preparation of the polymer-modified hybrid materials.
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Figure 2. Effectof the polymer precursor content (mol-%) on
the rate of sol-gel reactions as represented by the gelation time.

Table I. Effect of photoacids, diphenyliodonium chloride (DIC) and
triphenylsulfonium hexafluoroantimonate (TSHF) on sol-gel reactions 2

Sample [Photoacid] Reactants composition ~ Radiation time
code for homogeneous
[TEOS] Polymer(g) TEOS(g) sol (min)
PG38® 0.1 0 11.4 130
PG25b 0.01 0.934 11.4 130
PG64A¢  0.01 0 11.4 23
PG64B¢  0.01 0.934 11.4 25

(a) Amount of photoacid DIC: 0.1732 g (0.547 mmol), TSHF (used as
50% solution in propylene carbonate): 0.546 g (0.547 mmol); H,O:
3.942 g (219 mmol); THF (solvent): 7.675 g. Reaction temperature:
25°C. (b) Photoacid: DIC. (c) Photoacid: TSHE
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We have also prepared TiO, and Al,O; materials and their binary and/or ternary
hybrids with P(MMA-MSMA) and/or SiO, by the photoacid-catalyzed sol-gel
reactions of titanium(IV) isopropoxide (TIPO), aluminum(III) sec-butoxide (ASBO),
TEOS and/or PMMA-MSMA) precursors. Different alkoxides of different elements
are known to have a wide range of reactivities toward hydrolysis. The titanium and
aluminum precursors, TIPO and ASBO react with water much faster than TEOS. If
TIPO and TEOS or ASBO and TEOS were allowed to react with water under the same
conditions as used for TEOS alone, the hydrolysis and condensation of TIPO or
ASBO occur rapidly before the reactions of TEOS, and the particles of TiO, or Al,O;
precipitate from the system. This makes it difficult to prepare homogeneous
multicomponent sol-gel systems. To overcome this problem, some researchers29
introduced a chelating organic ligand into the solution to reduce the hydrolysis rate of
the highly reactive metal alkoxides. We have obtained the homogeneous
multicomponent gels by partially prehydrolyzing the slow-reacting component, i.e.
TEOS, first under photoacid catalysis. TIPO or ASBO was then added to the solution
to form a clear sol. Finally the polymer precursor was added to the system to afford
the multicomponent hybrid materials. The whole process is illustrated in Scheme IX
and some of the representative stoichiometric data for the synthesis are given in Table
II. The compositions of the hybrid products differ slightly from the those of the
starting materials which might be attributed to the incomplete condensation and/or
evaporation of solvents and byproducts. We are currently studying the detailed
kinetics of the photochemical reaction system and its dental and lithographic
applications.

TEQS, photoacid | Av /15 min

R
THF, H,0 25 C hv /15 min
oC

Sol B: TIPO, THF

ri
Sol D: Ti-Si sol

aterials
Polymer,
THF

Scheme IX. Asol-gel process diagram for the synthesis of ternary hybrid
materials (e.g. polymer-Ti-Si hybrids) with compensation for the reactivity
differences.
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Table II. Synthesis and composition of the hybrid materials derived from the
sol-gel reactions of poly[methyl methacrylate-co-3-(trimethoxysilyl)propyl
methacrylate], tetraethyl orthosilicate (TEOS), titanium isopropoxide (TIPO),
and/or aluminum tri-sec-butoxide (ASBO) in the presence of triphenylsulfonium
hexafluoroantimonate (TSHF) catalyst under UV radiation at 25 °C 3

Sample MSMA unit  Reactants composition [Polymer] Inorganic (wt-%)2
code in the polymer
(mol-%) Polymer (g) TEOS (g) [TEOS]  calc. anal.

PG64AD 0 11.4 0 100 98
PG64BP 12 0.930 11.4 0.144 83 77
PTSCC  — 0 2.85 0 100 92
PT7¢ 20 0.45 2.85 0.216 82 77
pa3cd 0 2.85 0 100 93
pA4d 20 0.45 2.85 0.216 84 79

() The SiO,, Si0,-TiO, and SiO,-Al, 0O, contents in the sol-gel materials were
calculated from compositions of the reactants (calc.) and were determined by
TGA at 750 °C (anal.). (b) Amount of TSHF: 0.546 g (0.547 mmol); H,O:
3.942 g (219 mmol); THF (solvent): 7.675 g. (c) Amount of TSHF: 0.137 g
(0.137 mmol); TIPO: 3.89 g (14.0 mmol), H,0: 0.247 g (13.7 mmol); THF
(solvent): 3.84 g. (d) Amount of TSHF: 0.137 g (0.137 mmol); ASBO: 3.37 g
(13.7 mmol); HyO: 0.247 g (13.7 mmol); THF (solvent): 3.84 g

Conclusions

In summary, we have demonstrated, with examples, that the vinyl polymer-
modified hybrid materials can be prepared by a general method that involves the sol-gel
reactions of polymer precursors with inorganic precursors. The polymer precursors
that contain the reactive alkoxysilyl groups can be synthesized via chain
copolymerization of the alkoxysilyl vinyl monomers, e.g. 3-(trimethoxysilyl)propyl
methacrylate and styrylethyltrimethoxysilane, with conventional vinyl monomers, e.g.
methyl methacrylates, acrylonitrile and styrene. The polymer precursors are then
hydrolyzed and co-condensed with inorganic precursors, such as tetracthyl
orthosilicate to afford monolithic, transparent hybrid materials without macroscopic
phase separation. Many physicochemical properties, such as refractive index,
hardness, thermal stability and bulk density, of the hybrid materials can be controlled
by choosing appropriate vinyl polymers and their compositions in the inorganic
matrices. We have also described that the vinyl polymer components in the inorganic
matrices could be further modified to give new hybrid materials or nano-composites.
For examples, the polyacrylonitrile component in the hybrid silica materials undergoes
pyrolysis towards the formation of carbon fibers of micro- or nano-structures in the
silica matrix; the nitrile groups of polyacrylonitrile could also be chemoselectively
hydrolyzed to yield new water-soluble polyacrylics-modified silica hybrid materials.
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The first photochemical synthesis of vinyl polymer-inorganic hybrid materials has been
achieved via the photoacid-catalyzed sol-gel reactions. Polymethacrylate-inorganic
two-component or multicomponent hybrid materials can be prepared photochemically
by using photoacids such as diphenyliodonium chloride (DIC) and triphenylsulfonium
hexafluoroantimonate (TSHF) as catalysts in the sol-gel reactions of poly[methyl
methacrylate-co-3-(trimethoxysilyl)propyl methacrylate] with tetraethyl orthosilicate,
titanium(IV) isopropoxide, and/or aluminum(III) sec-butoxide at various
compositions. The preliminary kinetic studies show that TSHF is a more effective
photoacid than DIC and that the gelation of the polymer precursors occurs sooner than
that of the inorganic precursors.

Experimental Section

Tetraethyl orthosilicate (TEOS), titanium tetraisopropoxide(TIPO), aluminum tri-
sec-butoxide (ASBO) (all Aldrich), DIC (Janssen), and TSHF (50% solution in
propylene carbonate, P&B) were used as received. Methyl methacrylate (MMA), ethyl
methacrylate (EMA), sec-butyl methacrylate (SBMA), styrene (St), and acrylonitrile
(An) (all Adrich) were purified based on the standard monomer purification
procedures. 3-(Trimethoxysilyl)propyl methacrylate (MSMA, Aldrich) was purified
by distillation under a reduced pressure. Styrylethyltrimethoxysilane (STMS, United
Chemical Technologies) was purified by column chromatography on silica gel. The
polymer precursor, P(MMA-MSMA), was prepared by either group-transfer
polymerization followed by hydrosilation!!-13 or by free-radical copolymerization of
MMA with MSMAL. 13,14 The polystyrene!S and polyacrylonitrile16:17 precursors were
synthesized by free-radical copolymerization. All the polymer precursors were
characterized by IR, 'H NMR, elemental analysis, DSC, and TGA.

The detailed synthesis and characterization of polymethacrylates!1-14,
polystyrene!5 and polyacrylonitrile!6-modified hybrid sol-gel materials were given in
our previous reports. As an example for the sol-gel process, the preparation of
polystyrene-silica hybrid materials was achieved by the following procedure!3.
0.390 g (2.74 mmol based on repeating units) of the polymer precursor containing 73
mol-% of styrene units and 27 mol-% of MSMA units was dissolved in 1.560 g of
tetrahydrofuran (THF) to give a solution denoted as Sol A. To a solution of 0.865 g of
THF and 0.3 g of HCI (0.2 M, 0.06 mmol), 1.259 g TEOS (6.0 mmol) was added
under vigorous stirring for 30 min to yield a clear solution denoted as Sol B.
Combination of Sol Aand Sol B in a 50-mL beaker under vigorous stirring for 10 min
resulted in a clear homogeneous solution. This solution was allowed to stand open to
ambient without stirring to evaporate the solvent (i.e. THF) and the low molecular-
weight products of hydrolysis and condensation (i.e. MeOH, EtOH and H,O) until a
clear gel formed. To obtain a crack-free sol-gel material, the evaporation was then
slowed down by covering the beaker with a paraffin film having a number of holes
made with a syringe needle. After drying for about 20 days at room temperature, a
transparent, monolithic disc was obtained. The product was further heated in an oven
at 200 °C for 2-4 hours until the weight became essentially constant (~ 0.7 g). Based
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on the TGA, this polystyrene-SiO, hybrid glass contained 54 wt-% of SiO,
component.

As an example for the reactions of the vinyl polymer components in the hybrid
sol-gel materials, the chemoselective hydrolysis of poly(acrylonitrile-MSMA) was
achieved by the following procedure!”. 0.05 g of finely ground powder of the
polyacrylonitrile-SiO, hybrid materiall® containing 72 wt-% SiO, and 0.17 mmol of
nitrile groups was placed in 0.5 mL mixture solvents of acetone and water (50/50, v/v)
in a 25-mL round-bottom flask equipped with a condenser and a magnetic stirring bar.
Then 0.15 mL of 30 wt-% aqueous H,0, (1.33 mmol) and 0.05 g (0.36 mmol)
K,CO;3 were added to the system with stirring. The reaction mixture was heated to
and kept at 50 °Cfor 4 h. After cooling to room temperature, the reaction mixture was
neutralized with 1 N HCI followed by filtration. The white solid product was
thoroughly washed with distilled water and methanol followed by drying in vacuo at
90 °C overnight. Spectroscopic characterization showed that the nitrile groups in
acrylonitrile units were selectively hydrolyzed to water-soluble amide groups while the
ester groups in MSMA units remained intact.

As a typical procedure for the photoacid catalyzed sol-gel reactions!8:19, a
solution of 0.173 g (0.547 mmol) diphenyliodonium chloride, 11.4 g (54.7 mmol)
TEOS and 0.93 g (7.87 mmol based on the repeating unit ) of P(MMA-MSMA)
containing 12 mol-% of MSMA units in 7.67 g tetrahydrofuran (THF) was prepared in
a 100-mL beaker. To this solution was added 3.942 g (219 mmol) H,O to give a two
phase mixture. The beaker was then covered with a quartz plate and placed in a
double-wall jacketed cell through which water was circulated from a Polytemp
thermostat to maintain a constant temperature of 2530.5 °C. The reaction mixture was
stirred magnetically and irradiated with a UV light housed in a light-proof hood (see
Figure 1 in the text). The light source employed was a 15-watts Rayonet
Photochemical Reactor Lamp comprising both the short (254 nm) and long (356 nm)
wavelengths at a distance of 10 cm between the lamp and the surface of the reaction
mixture. After the organic-water phase separation disappeared and the reaction mixture
became homogeneous and transparent (~130 min), the UV radiation was stopped. The
solution was transferred to a 50-mL beaker and kept open to ambient in dark for
gelation. After the gelation (~14 h), the beaker was covered with a paraffin film with 4
to 5 needle-punched holes to allow a slow drying at room temperature for ~2 months to
afford a monolithic, transparent hybrid sol-gel glass disc having a diameter of ~2.5 cm
and a thickness of ~2 mm. The glass was then heated at 200 °C for approximately 4 h
till the sample weight became constant.
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Chapter 12

Hybrid Organic—Inorganic Interpenetrating
Networks

A. B. Brennan, T. M. Miller, and R. B. Vinocur

Department of Materials Science and Engineering, University of Florida,
Gainesville, FL 326116400

A new class of interpenetrating networks (IPNs) has been
synthesized by swelling a sol-gel-derived, poly(tetramethylene
oxide)/silica hybrid composite with either methacrylic acid,
cyclohexyl methacrylate, or N-vinylpyrrolidone. The monomer-
swollen network is then gamma-polymerized in-situ. The resulting
composites are optically transparent and exhibit significantly
different mechanical properties than the original organic-inorganic
hybrid. In particular, a 3000% increase in the elastic modulus for
the methacrylic acid derived IPN is observed. Similarly, hydrogel-
like behavior is also observable, including preferential pH
absorption.

Numerous examples exist in recent literature describing the synthesis of organic-
inorganic hybrid composites using the sol-gel process.(/-6) One such approach
involves the in-situ precipitation of the inorganic phase, e.g., silica or titania, within
an existing polymeric membrane.(3,4) This is accomplished by swelling the
membrane with the desired metal alkoxide and then converting the absorbed species
to an oxygen bridging network by utilizing the sol-gel process. Similarly, these
hybrid materials have also been produced by co-reacting the inorganic monomer
and the organic polymer, which may or may not be functionalized with alkoxy
endcaps, during the initial stages of the sol-gel reaction.(5,6) In either case, the
resulting material is a mixture of both organic and inorganic phases. The
morphology and hence the degree of interaction between these two phases is
governed by the traditional sol-gel processing variables such as the water to alkoxy
and acid to alkoxy ratios, as well as the type of solvents and catalysts used.(7-10)
Additionally, variables such as the molecular weight of the organic species, the
presence and extent of polymer functionality, and the solubility of the polymer in
the sol solution also influence the morphology of these hybrid materials.(11,12,2)

0097—-6156/95/0585—0142$12.25/0
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Therefore, depending upon the processing conditions, a wide range of morphologies
and hence material properties can be engineered.

For example, dynamic mechanical spectrometry (DMS) and small angle
X-ray scattering (SAXS) experiments indicate that the morphology of the
benchmark acid catalyzed hybrid used in this study is composed of both organic
and inorganic rich domains, as well as mixed regions of both.(13,14) Most likely,
this mixed region consists of an entangled network of both physically and
chemically cross-linked poly(tetramethylene oxide) (PTMO) and silicon metal
alkoxide derived polysilicate chains. Depending upon the processing conditions,
the polysilicate domains may be lightly cross-linked inorganic networks composed
of predominantly linear chains, or more highly cross-linked, ramified polymeric
networks.(8,9) For the benchmark hybrids described in this work, the acid catalysis
results in an incomplete hydrolysis and condensation of the metal alkoxides.(/5)
Consequently, a predominantly linear, high surface area polysilicate phase is
developed that interacts strongly with the elastomeric chains. However, we have
recently demonstrated that the degree of interaction between the PTMO. and
polysilicate phases can be controlled in-situ by the chemically induced syneresis
and ripening of the polysilicate phase.(/6) This was accomplished by aging the
hybrid in a strongly basic solution of 70% ethylamine in water. The result of such
a treatment is the apparent modification of the interface and pore structures of both
phases as the polysilicate domains phase separate from the PTMO and densify.
This process allows tailoring of the structure-property relations of these hybrid
composites. This technique may also allow the production of composite materials
with controllable pore size and distribution for use as semi-permeable membranes.
In particular, by filling these pores with either moisture sensitive or pH sensitive
polymer, some very interesting hydrogel-like materials could be developed.

Therefore, our research is ultimately directed towards the synthesis of semi-
permeable membranes of controllable morphology. Presented in this manuscript
is the first known synthesis and characterization of such hybrid composite IPNs.
These materials were generated by swelling the sol-gel-derived PTMO/silica hybrid
in various monomers. These swollen gels were then exposed to a ®°Co gamma
radiation source and the absorbed monomer was gamma polymerized in-situ. The
resulting hydrogel materials were transparent, polymer films exhibiting significantly
different physical properties than the original composite.

Experimental

A nomenclature detailing the conditions under which this class of organic-inorganic
hybrids was processed has been previously developed.(17) In keeping with this
system, the base composite used throughout this work is designated as a
TEOS(40)-PTMO(2k)-100-0.014 HCI gel. Procedures detailing the synthesis of the
isocyanatopropyltriethoxysilane end-capped PTMO oligomers have been previously
described.(/3) The initial sol-gel processing of the tetraethoxysilane (TEOS) and
end-capped PTMO oligomers was carried out in a co-solvent system of isopropyl
alcohol and tetrahydrofuran (THF) (Fisher Scientific - HPLC grade). Both were
used as received.
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Three monomers were used in the production of the IPNs herein described:
cyclohexyl methacrylate (CHMA), N-vinylpyrrlidone (NVP) and methacrylic acid
(MAA). All monomers were purified by vacuum distillation to remove inhibitors,
prior to the synthesis of the IPNs. Upon conversion of the monomer to polymer
and consequently, the conversion of the benchmark hybrid to an IPN, the terms
PCHMA IPN, PVP IPN and PMAA IPN will designate the IPNs generated using
cyclohexyl methacrylate, N-vinylpyrrolidone, and methacrylic acid, respectively.

The procedures used to produce the sol-gel-derived TEOS(40)-PTMO(2k)-
100-0.014 HCI hybrids used in this experiment were previously described in
detail.(16) Recapping briefly, 9 g of PTMO, 12 ml of isopropyl alcohol and 3 ml
of THF were stirred in a parafilm covered 50 ml Erlenmeyer flask for 20 min.
After 20 minutes, 6 g of TEOS was added to the PTMO/solvent mixture via a
hypodermic needle. This resulted in a solution composed of 40 Wt% TEOS and
60 Wt% PTMO with respect to one another. The notation (40) following the term
TEOS in the sample designation indicates this ratio. Continuing, this new mixture
was then covered with parafilm and stirred an additional 7 minutes. After this 7
minutes had elapsed, a mixture of 0.225 g of 10N HCl and 2.475 g of deionized
water was added to the PTMO/solvent/TEOS solution. These amounts resulted in
a molar ratio of acid:ethoxy of 0.014:1 and a molar ratio of water:ethoxy of 1:1,
i.e., 100% of the water required for complete hydrolysis had been added. These
ratios also appear in the sample designation. The resulting sol was again covered
and stirred vigorously for an additional minute. The solution was subsequently
poured into polystyrene petri dishes which are then covered to reduce solvent
evaporation. The covered petri dishes were then left at room conditions (23+1°C,

=~50%RH) for 4 days to gel. The dishes were then left uncovered for 2 days to
exhume any residual alcohol or solvent. These materials were optically transparent

indicating no macro-phase separation had occurred.

Each of these cast gels was then extracted and dried prior to their use in the
formation of IPNs to ensure that all samples were equivalent. This was
accomplished by soaking the TEOS(40)-PTMO(2k)-100-0.014 HCI gels in THF for
22 hrs. This process swelled the cross-linked network and should remove any
residual by-products of the sol-gel process.(10) The gels were removed from the
THF and dried in a vacuum oven at 40°C (28 in Hg) for 15 hrs. The gels were
then soaked in deionized water for 24 hrs. Again the gels were dried in a vacuum
oven at 40°C (28 in Hg) for 15 hrs. Samples treated in this manner were still
optically transparent, and are referred to as standard gels.

The standard gels were cut into 5 or 6 rectangular pieces approximately 1.2
cm wide by 5 to 7 cm long. Typical sample thicknesses were 0.28 + 0.05 mm.
Each group of 5 or 6 samples was placed in a Pyrex petri dish containing
approximately 60 ml of the respective distilled monomer. The petri dishes were
then covered and the samples allowed to absorb monomer for 4 hrs. With the
exception of the MAA samples, weights of each sample were recorded prior to
immersion in monomer. After 4 hrs had elapsed, the samples were removed from
their respective petri dishes and the surfaces were blotted dry. Upon completion
of the surface blotting each sample was immediately placed in a prefilled test tube
containing either pure deionized water or a 10% (Wt/Wt) distilled monomer in
water solution.
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Water was chosen as the suspending fluid because of its poor ability to
swell these hybrid gels.(16) However, both the NVP and MAA monomers are
miscible in water. Therefore, a 10% (Wt/Wt) monomer in water solution was used
to reduce the concentration gradient and hence the driving force for monomer
desorbtion. Fortunately, the CHMA monomer is immiscible in water and no such
dilute solution was needed. Hence, only deionized water was used.

The test tubes containing the samples were then evacuated under mild
vacuum, back-filled with argon and sealed with polyethylene caps. These test tubes
were then placed 4 inches from a ®Co gamma radiation source for 2 hrs. The dose
rate was approximately 580 rads/min. Thus, the total dose was approximately 0.07
Mrads. Upon removal from the gamma source chamber, the solutions in the test
tubes were viscous, indicating polymerization had occurred. Each sample was then
removed from its test tube and the gelled residue was lightly wiped off the surface.
These IPN samples were then immersed in open beakers containing 500 ml of
distilled water for 24 hrs. The samples were removed periodically from the water
and wiped clean. This process swelled any partially gelled monomer still clinging
to the surface of the samples. The samples were then dried in a vacuum at 40°C
(28 in Hg) for 12 hrs (MAA IPNs) or 24 hrs (CHMA and NVP IPNs). The IPNs
were then removed from the vacuum and placed in Pyrex petri dishes containing
approximately 60 ml of THF for 12 hrs (MAA IPNs) or 24 hrs (CHMA and NVP
IPNs). THEF is a good solvent for the PTMO/silica hybrid and this swelling should
have flushed any monomer and/or low molecular weight polymer from the IPNs.
The samples were removed from the THF and were once again vacuum dried at
40°C (28 in Hg) for 12 hrs (MAA IPNs) or 24 hrs (CHMA and NVP IPNs). Upon
removal from the vacuum the PCHMA and PVP samples were weighed and all
samples were placed in covered polystyrene petri dishes for storage at ambient
conditions prior to characterization.

Characterization

Tensile strength and elongation were measured using an Instron Model 1122
equipped with a 200 Ib load cell at ambient conditions. The strain rate was
2.54 mm/min. Dog-bone shape specimens were cut using the Type M-III ASTM
die described in ASTM test D638M-84. The initial width of the test section was
2.5 mm with a grip-to-grip distance of 25 mm. A minimum of 5 samples were
tested for each IPN composition.

Dynamic mechanical spectrometry was performed using a Seiko DMS
200(FT) interfaced with a Seiko Rheostation Model SDM/5600H. Testing of all
IPNs was carried out from -150 to 275°C at a heating rate of 0.75°C/min in a dry
nitrogen atmosphere maintained by a minimum flow rate of approximately 200
ml/min. Experiments performed to determine the effect of gamma irradiation, i.e.,
standard and gamma irradiated standard gels, were carried out from -150 to 260°C
at a heating rate of 1.5°C/min in the same dry nitrogen atmosphere also maintained
at a flow rate of 200 ml/min. All spectra presented are those obtained at 1 Hz.

A Seiko TG/DTA 320 interfaced with the same Rheostation was used to
conduct thermogravimetric analysis. All tests were performed over the range of 25
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to 1000°C with a heating rate of 10°C/min in a dry air atmosphere maintained at
a flow rate of approximately 100 ml/min.

Swelling studies were performed using discs punched from the desired gel
using a No. 6 cork borer (9.5 mm in diameter). Typically, three such punched
samples were used in the determination of a single datum. Averages and standard
deviations are given throughout the work and indicate this 3 sample technique.

Results and Discussion

Effect of Gamma-Radiation. When polymeric materials are gamma irradiated,
typically two competing processes are possible. First, chain scission can occur
which results in a degradation of the mechanical properties of the polymer.
Secondly, systems which are capable of additional cross-linking may undergo such
a process. Manifestations of such an increase in network cross-link density would
include an increase in the elastic modulus and a decrease in the swelling coefficient
after irradiation.(/8) Hence, both of these properties were evaluated before and
after irradiation by the same ®Co gamma radiation source.

The effect of gamma radiation upon the mechanical properties of the
standard TEOS(40)-PTMO(2k)-100-0.014 HCI hybrid composite is shown in Figure
1. The results of the irradiation are an increase in the elastic modulus and strength
at break, and a reduction in the elongation at break. These values are listed in
Table 1.

Table I. Effect of Gamma-Irradiation Upon the Mechanical Properties of a Standard
TEOS(40)-PTMO(2k)-100-0.014 HCI Gel

Elastic Stress at % Elongation
Material Modulus (MPa) Break (MPa) at Break
Standard Gel 13.9 £ 0.14 5.16 + 0.43 35.6 £3.0
Before Irradiation
Standard Gel After 347 £ 098 884 +1.6 239 +3.1

Gamma Irradiation

Similar increases in the dynamic mechanical storage modulus, E’, of the
PTMO/silica hybrid are presented in Figure 2. In Figure 2, the storage modulus
is plotted as a function of temperature for the hybrid both before and after exposure
to the gamma radiation source. The basic profile of each spectra is the same in that
each possesses approximately the same modulus in the low temperature, glassy
regime and both exhibit the dramatic decrease in the storage modulus associated
with the glass to rubber transition (T,). However, the gamma radiation treatment
does result in an increase in E’ in the rubbery plateau, which begins at
approximately 275K and ends at the upturn induced by syneresis of the polysilicate
phase.(/16) In particular, the storage modulus increases from 17.7 MPa to 46.8
MPa at 298K for the standard and gamma irradiated standard gels, respectively.
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Figure 1. The effect of gamma-irradiation upon the tensile properties of the
standard TEOS(40)-PTMO(2k)-100-0.014 HCI hybrid.
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Figure 2. The effect of gamma-irradiation upon the dynamic mechanical

storage modulus of the standard TEOS(40)-PTMO(2k)-100-0.014 HCI
hybrid.
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It can be seen in Figure 3, where the tan § is plotted as a function of temperature,
that again the same basic response can be seen for both materials. The sub-T,
relaxations (ca. 125K), which have been attributed to a crank-shaft type rotation of
the tetramethylene units along the PTMO backbone, appear unaffected.(/9)
Similarly, only one relatively broad relaxation is observable when the composite
passes through its T,. However, exposure to gamma radiation appears to result in
a tightening-up of the network. This is manifested in the decrease in intensity of
the T, relaxations from 0.33 (centered at 240K) to 0.25 (centered at 225K) for the
standard and gamma irradiated standard hybrids, respectively. Similarly, the
breadth of this relaxation is also reduced.

The effect of this radiation treatment upon the equilibrium mass uptake of
THF is shown in Figure 4. A measure of the equilibrium uptake of a solvent is the
swelling coefficient, Q, which is defined as:

0= MassEquilibrium - MasSipicial * 1

MaSSInitial Psolvent

Therefore, three samples were punched using the above described procedure
(Characterization) from both a standard gel and a gamma irradiated standard gel.
Each of the six samples were immersed in Pyrex petri dishes containing
approximately 60 mls of THF. Within 9 minutes, both groups of gels had swollen
to equilibrium. The standard gel then remains swollen at this equilibrium uptake
value. However, the gamma irradiated gel only remains at its initial pseudo-
equilibrium for a few minutes before it continues to absorb solvent. Using 16
minutes as a reference point, the gel swelling coefficient of the standard gel was
0.71 + 0.01 (ml/g), compared to the lesser value of 0.41 + 0.004 (ml/g) exhibited
by the gamma irradiated gel of the same composition. Nevertheless, it is evident
that indeed the uptake of solvent by the gamma irradiated gel is greatly reduced.

Based upon the changes in mechanical properties and solvent absorption, it
is believed that exposure to the gamma radiation source does not result in a
degradation of the mechanical integrity of these materials. Rather, these
experiments suggest an increase in the network cross-link density of these standard
hybrids with exposure to the ®Co radiation source for 2 hrs at a dose rate of
approximately 580 rads/min.

Properties of the IPNs. After determining the effect of gamma radiation upon the
standard hybrid it was necessary to determine the maximum uptake of the various
monomers so that a quantitative estimate could be made regarding the extent of
hydrogel formation expected. This was accomplished by swelling three punched
samples from a standard gel in each of the monomers. The monomer uptake was
monitored as a function of time for 60 hrs. Typical absorption profiles, expressed
as both the percent mass uptake and the gel swelling coefficient of each monomer,
are shown in Figure 5. The initial absorption of all three of the monomers appears
to exhibit Fickian type diffusion when plotted as a function of the square root of
time. Similarly, all of the monomers also possess linear plateaus between 30 min
and approximately 12 hrs. It was decided that 4 hrs would provide more than
sufficient time for the standard gels used in the IPN synthesis to reach an
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Figure 3. The effect of gamma-irradiation upon the dynamic mechanical tan
8 response of the standard TEOS(40)-PTMO(2k)-100-0.014 HCI hybrid.

HYBRID ORGANIC—INORGANIC COMPOSITES

Temperature (°C)

-150-100 -50 0 50 100 150 200 250

0.35 T T T T T T T

0.30 ® Standard Gel
0.25

0.20

0.05

0.00 o

Temperature (K)

In Hybrid Organic-lInorganic Composites; Mark, J., et a.;

Frequency = 1 Hz

v y—Irradiated Standard-

ACS Symposium Series; American Chemical Society: Washington, DC, 1995.




Publication Date: March 21, 1995 | doi: 10.1021/bk-1995-0585.ch012

August 11, 2012 | http://pubs.acs.org

12. BRENNAN ET AL.  Hybrid Organic—Inorganic Interpenetrating Networks 151

0.9 . . 80
o ° L/
T | Miacy y 8 I
I
£ £
506 o
3 2
s 4 5
2 ) 140 o
& [2)
5 g9 © PV g
o)
o “~
c
go.a 6 ;
E Y Filled — Standard Gel 120¢
n Hollow — y—Irradiated
Standard Gel
8
OO. 1 1 0
0 15 30 45

2
Time '/ (min1/ )
Figure 4. The effect of gamma-irradiation upon the equilibrium mass uptake
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TEOS(40)-PTMO(2k)-100-0.014 hybrid samples tested; each sample shown).
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Figure 5. Monomer uptake profiles of a standard TEOS(40)-PTMO(2k)-100-
0.014 HCI hybrid (typical results for each monomer).
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equilibrium monomer uptake. Values of the swelling coefficient and percent mass
uptake of monomer for these smaller punched samples after 4 hrs of swelling are
given in Table II.

Table II. Swelling response of monomer exposed TEOS(40)-PTMO(2k)-100-0.014
HCI hybrids (uptake and swelling coefficient values recorded after 4 hrs)

Monomer Q (ml/g) % Mass Uptake
NVP 0.662 = 0.013 69.1 £ 1.4
MAA 0.659 + 0.009 66.9 £ 0.92

CHMA 0.425 £ 0.012 41.0 £ 1.2

These results suggested that upon completion of the irradiation process the
IPNs synthesized from the NVP and MAA monomers would contain a greater mass
fraction of the newly formed polymer than that of the CHMA swollen gels.
However, this was not observed. Apparently, the miscibility of the NVP and MAA
in water, despite the dilute solution employed to lessen the diffusion gradient,
allowed a considerable amount of monomer to diffuse out of the hybrid. This
diffusion most certainly began to occur immediately upon placing the swollen
hybrid into the aqueous solution filled test tubes.

The standard hybrids used in the synthesis of the NVP and CHMA IPNs
were weighed prior to exposure to monomer and subsequent gamma-
polymerization. Similarly, the IPN samples resulting from the NVP and CHMA
monomers were weighed immediately upon removal from the vacuum oven after
synthesis and subsequent cleaning (Experimental). TGA was also performed on the
newly synthesized IPNs and the percent residue on ignition (%ROI) at 1000°C in
air recorded. It is important to note that the standard hybrids have 21.2 + 0.06
%ROI, and this residue is assumed to be silicon dioxide. Additionally, the lower
the %ROI the greater the polymer to silica ratio in the IPN. As can be seen in
Table III, both the experimental and calculated percent polymer formed (based on
TGA results) confirm significant but less than anticipated hydrogel formation.

Table III. Quantitative assessment of the weight percent polymer formed as a
result of gamma irradiation\polymerization

Polymer Formed = Wt% Polymery,, %ROI Wit% Polymer g, pased
PMAA N.A. 11.8 £ 0.40 45.6
PVP 192 +14 18.5 £ 1.31 14.9
PCHMA 247 £ 1.6 16.3 £ 0.40 25.2
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The mechanical properties of IPNs depend strongly upon the degree of
mixing between the phases, i.e., macro-scale mixing or molecular mixing. The
solubility parameter, 8, provides a good indicator of how compatible two polymers
are. In general, the closer their respective 8-values the higher the degree of mixing
expected. In our case the two components are the standard hybrid and the gamma
polymerized monomers. Therefore, the first step in predicting and understanding
the mechanical behavior of these materials was to determine the solubility
parameters of the various polymers present in the IPNs. The &-values of the
PMAA, PCHMA and PVP were available in the literature.(20-22) The range of
26-30 MPa'? was reported for Rohm and Haas PMAA in strongly hydrogen
bonding liquids by Grulke.(20) Due to the significant number of unreacted
hydroxy groups present on these acid catalyzed, sol-gel-derived organic-inorganic
systems, and the demonstrated ability of these hybrids to hydrogen bond, this value
should be representative of the PMAA generated within the benchmark gel.(15,23)
Similarly, the value of 25.8 MPa'? cited for PVP was determined by swelling
experiments in solvents of known &-values on radiation polymerized NVP.(21)
Therefore, this value is also believed to be representative of the PVP produced in
this experiment. The value of 18.2 MPa'”? for PCHMA was calculated by Frank
and Gashgari using the methods of Small and Hoy.(22,24,25) However, the
organic-inorganic hybrids used in this study are indeed hybrid composites and it
was necessary to experimentally determine the solubility parameter.

The easiest way to determine the 8-value for the polymer network was to
swell punched discs in "non-reactive" solvents possessing known solubility
parameters.(20) A range from 14.9 to 29.7 MPa'? was examined, which included
hexane, p-xylene, tetrahydrofuran, chloroform, acetone, isopropanol and methanol.
These solvents were chosen for two reasons. First, each was easily acquired. More
importantly, these solvents would not create conditions of high solubility (pH>10.5)
for the polysilicate phase once absorbed.(26) After immersing three punched
samples of the benchmark hybrid in approximately 60 mls of each of these liquids
of known J-value, the mass uptake was recorded as a function of time until a
constant mass uptake was reached. Usually, equilibrium was reached within 15
minutes. However, the samples remained immersed for 2 hrs to ensure that this
was indeed the equilibrium mass uptake value.  The results appear in Figure 6
where a maximum in the swelling coefficient is observed at 19.1 MPa'2, Hence,
we estimate § to be equal to approximately 19.1 MPa'? for the hybrid composites
used in the synthesis of all IPNs described in this work. Solubility parameters for
all of the polymers generated in this study appear in Table IV, along with the
reported glass transition temperature of each as well. It is important to realize that
the actual T, of any of these materials may be affected by moisture content. In
particular, the T, of PVP has been shown to decrease from 448K to 323K when the
water content changes from 0 to 15%.(27)

Based on the experimental value of 19.1 it is expected that the highest
degree of mixing would occur for the PCHMA containing IPN while the PVP and
PMAA systems would exhibit much less mixing. As will be discussed shortly,
DMS experiments confirm this hierarchy of mixing.
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Table IV. Solubility parameters and glass transition temperatures of the polymers
known or expected to be generated in this study

Polymer 5 (MPa'?) T, (K)*
Standard Hybrid 19.1 197
PMAA 26-30° 501
PVP 25.8° 423
PCHMA 18.2° 356 (atactic)

3Data from reference 20.
PData from reference 21.
®Data from reference 22.
9Data from reference 28.

The tensile strength as a function of elongation for the three IPNs is plotted
in Figure 7. It is immediately evident that a significant increase in the mechanical
properties of these organic-inorganic hybrids can be induced by the transformation
to IPNs. Of particular interest is the much greater elastic modulus and elongation
at break for the PMAA containing IPNs. To a lesser extent the same trends are
observable for the PVP containing IPNs. However, the mechanical response of the
PCHMA IPN possesses an elastic modulus slightly less than the gamma irradiated
hybrid, but the percent elongation at break and ultimate strength are significantly
increased. The mechanical properties for the IPNs are given in Table V. Similar,
data is available in Table I for the standard and gamma irradiated standard hybrid.

Table V. Mechanical properties of the TEOS(40)-PTMO(2k)-100-0.014 HCI
derived IPNs

Elastic Modulus Stress at Break % Elongation
IPN System (MPa) (MPa) at Break
MAA 1060 + 63 369 + 44 129 + 34
CHMA 19.1 £ 1.1 20.8 £ 4.0 60.0 + 9.7
NVP 110 £ 10 255+ 1.3 67.8 £ 6.0

The storage modulus is plotted as a function of temperature in Figure 8 for
each of the IPN systems. The dynamic mechanical response of the standard and
gamma irradiated hybrid systems are available in Figure 3. The spectrum of the
PCHMA gel most closely resembles that of the standard hybrid. In particular, only
one significant decrease in the storage modulus is observed and occurs in the range
of 180K to 280K. Absent is any indication of a decrease in the storage modulus
around 350K, the expected T, for PCHMA (Table IV). An increase in the storage
modulus does begin at ca. 375K and is attributable to the syneresis process
mentioned earlier. However, the two spectra of the PVP and PMAA containing
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(labeled according to the original monomer employed), as well as the
gamma-irradiated standard hybrid.
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Figure 8. Dynamic mechanical storage modulus, E’, for the three IPNs
labeled according to the original monomer employed for IPN synthesis.
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IPNs are significantly different than that of the standard hybrid (Figure 3). For the
PVP sample, a high modulus is observed in the low temperature glassy regime
(123K to 175K). Similarly, the onset of the glass transition of the
PTMO\polysilicate hybrid is observable at approximately 180K. However, the
magnitude of this decrease is lessened. Consequently, the modulus in the rubbery
region of the original hybrid is significantly increased due to the presence of the
higher T, PVP phase (Tg~423K) within the IPN. Again, a decrease in the storage
modulus begins at approximately 325K and reaches a minimum at ca. 450K. This
decrease in the storage modulus is associated with the T, of the PVP phase.
Beyond 450K the same syneresis process is observable as the storage modulus
again increases. Similar to the mechanical tensile testing data, the most significant
changes are observed for the PMAA containing IPN. Initially, the glassy modulus
is comparable to that of the PVP sample. However, as the temperature increases,
no observable decrease associated with the T, of the PTMO\polysilicate hybrid
appears until approximately 245K. Even then, only a slight, broad decrease is
observable which slowly decays until ca. 450K. At 450K the sharp, downturn in
the storage modulus associated with the T, of the PMAA is observable and a
minimum value at 460K, beyond which point the syneresis increase dominates.

The related dynamic mechanical tan & response of the IPNs as a function
of temperature is presented in Figure 9. Returning to the PCHMA IPN, the
presence of a single, relatively narrow relaxation centered at 200K strongly
suggests that indeed a high degree of molecular mixing exists between the original,
cross-linked PTMO\polysilicate phases and PCHMA phase. Furthermore, there is
no evidence of any T, relaxations for the PCHMA (Table IV). In fact, if not for
the difference in the tensile properties of the CHMA IPNs, than the presence of the
gamma polymerized phase would be suspect. Continuing, multi-modal relaxations
are seen in the spectrum of the PVP at both 205K and 410K, which are associated
with the original hybrid and PVP T,, respectively. Similar relaxations are seen in
the spectrum of the PMAA IPN at 270K and 455K. In particular, the PMAA
relaxation at 455K is more intense than the T, relaxation of the PVP IPN. Recall
that the magnitude of the decrease in E’ associated with the T, of the PVP gel was
much broader and more gradual than that of the PMAA gel also. These two trends
suggest that a lesser degree of mixing exists between the PMAA and
PTMO/polysilicate phases than between the PVP and PTMO/polysilicate phases.
The shifting of the Tg of the original hybrid in the PMAA IPN spectrum to a
temperature greater than in the PVP spectrum is undoubtedly due to the higher T,
of PMAA versus that of PVP. Nevertheless, it appears that all of the polymers
generated by this in-situ polymerization mix on a fairly intimate level with the
original PTMOf/polysilicate hybrid. = Consequently, the response of these
successfully synthesized IPNs to moisture and pH was evaluated.

In an attempt to determine the moisture absorbing ability of these potentially
hydrogel-like IPNs, three samples of each IPN were placed in a vacuum oven at
40°C (28 in Hg) for 72 hrs under continuous evacuation. They were then removed,
immediately weighed and then immersed in approximately 25 ml of deionized
water for 24 hrs. As mentioned earlier, water is a very poor swelling agent for the
benchmark hybrid. Therefore, any uptake of water can be attributed solely to the
presence of the gamma-polymerized polymer. Additionally, It was also suspected
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Figure 9. Dynamic mechanical tan & response for the three IPNs labeled
according to the original monomer employed for IPN synthesis.

that these IPNs would exhibit a preferential swelling as a function of pH. In
particular, this was expected due to the presence of the acid species on the PMAA.
Therefore, two samples were punched from each of the IPNs and each was
immersed in approximately 50 ml of standard buffer solutions of pH 2, 4, 6, 8 and
10 for 2 hrs. Table VI presents the results of both swelling studies.

The buffer solutions of strength 8 and 10 contain potassium hydroxide. This
base is capable of hydrolyzing and condensing any unreacted alkoxy and hydroxy
groups in the original hybrid. Similarly, it can also induce syneresis in the
inorganic phase and eventual dissolution of the silica.(16,27) To verify that the
inorganic portion of the IPN was quantitatively unaffected, TGA was performed on
discs punched from the MAA derived IPN exposed to the buffer solutions
employed. The results also appear in Table VI, and confirm that indeed, no silica
has been dissolved and expelled from the IPN after the 2 hr exposure time.

Conclusions

Gamma radiation does not induce degradation of the benchmark organic-inorganic
hybrid system used in this study. Rather, it appears to result in an increase in
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Table VI. Moisture and pH sensitivity of the TEOS(40)-PTMO(2k)-100-0.014 HCI
derived IPNs

Property PMAA IPN PVP IPN PCHMA IPN
% Mass Uptake Water 7.79 £ 1.96 17.2 £ 8.23 2.46 £ 0.463
% Mass Uptake Buffer
pH:
2 -2.03, -2.54 498, 10.2 1.11, 3.42
4 1.03, 4.81 9.60, 13.4 0.40, 1.68
6 N.A. 471, 143 -0.38, -0.87
8 13.5, 14.6 11.1, 21.8 -0.80, 0.78
10 37.9, 60.0 16.7, 17.6 -0.77, 1.56
%ROI
pH:
2 13.5, 13.6
4 13.1, 13.8
8 17.6, 24.8
10 15.4, 17.8

network cross-link density. Novel, transparent interpenetrating networks were
successfully synthesized by swelling a sol-gel-derived, organic-inorganic composite
system with various monomers and subsequently gamma polymerizing them.
Indeed, significant changes in the mechanical and dynamic mechanical properties
of these IPNs were observed, especially in the case of the PVP and PMAA
samples. In particular, the modulus of the PMAA IPN showed a 3000% increase
to a value in excess of 1 GPa. Also, these materials did exhibit hydrogel-like
behavior in that they did absorb significant amounts of water. Similarly, the
PMAA IPNs demonstrated a preferential pH absorption.

These results are very promising. Of importance now is further
characterization to understand the degree of hydrogel 