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This paper describes the microstructural and chemical transformations occurring at high
temperatures in polymer/inorganic crystal nanocomposites referred to as organoceramics.
The organoceramic investigated consists of alternating layers of poly(vinyl alcohol) (PVA)
and the layered double hydroxide [CasAl(OH)s]I"[(OH)3H20l", with a structural repeat
distance of approximately 18 The nanocomposite was heated to various temperatures
up to 1000 °C and analyzed using X-ray diffraction, infrared spectroscopy, thermogravimetric
analysis, scanning electron microscopy, and chemical analysis. The layered structure of
the organoceramic was found to be stable up to a temperature of 400 °C, whereas the pure
layered double hydroxide lacking organic material decomposed at 125 °C. The high thermal
stability of the organcceramic nanocomposite may arise from an extensive and strongly
bonded interface between organic and inorganic components. Interestingly, the organocer-
amic heated to 1000 °C transforms into an inorganic solid which has a different phase

composition than the layered double hydroxide heated to the same temperature.

Introduction

The realization that a nanoscale dispersion of phases
in composite materials can impact profoundly on physi-
cal properties has led to the search for new synthetic
pathways for such materials. These materials are
referred to as nanocomposites and can take many forms
that usually exhibit interesting physical properties often
as a result of their ultrafine microstructure.! In our
laboratory we developed a synthetic pathway involving
the nucleation and growth of inorganic phases in
solutions of ion-binding polymers or polyelectrolytes.2—8
These materials were labeled organoceramics since their
synthetic pathway led naturally to molecularly dis-
persed polymer molecules in the inorganic lattice. One
specific system? ¢ involved the intercalation of polymers
between the inorganic nanolayers of calcium alumi-
nates. Other layered inorganic materials have been
found to be suitable for nanocomposite synthesis be-
cause of their ability to act as hosts for polymer
intercalation or as templates for the polymerization of
intercalated monomer.”~17 Qur synthetic approach is
unique in that a preexisting layered host is not used,
rather, spontaneous self-assembly of the inorganic and
organic phases from homogeneous aqueous solution
results in formation of the layered nanocomposite.*
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Self-assembly is ubiquitous in nature and involves the
spontaneous aggregation of molecules into stable, well-
ordered structures. Related to this is the concept of
synthesis of new polymer/ceramic composite materials
via the molecular self-assembly of macromolecules
within a ceramic crystal lattice during crystal growth,
with the expectation of obtaining hybrid materials that
combine the properties of ceramics and polymers.
Recently, it has been demonstrated that biogenic mac-
romolecules extracted from the mineralized shells of
certain marine organisms can be occluded within the
lattice of CaCOj; crystals grown in the laboratory.18-20
Furthermore, when compared to pure synthetic CaCOj3
crystals, the modified crystals (and their biogenic ana-
logues) exhibit unique fracture properties. Recent
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work suggests that control of crystal texture in this
manner may be common practice among organisms that
produce mineralized tissue, as a means of adapting
tissue structure to function,20

We have utilized a similar self-assembly approach to
synthesize the polymer—ceramic nanocomposites we call
organoceramics. These materials contain as much as
50% polymer by weight yet retain a molecular-scale
dispersion of polymer within a layered crystalline
ceramic phase. The synthesis of organoceramic is
unique and unlike the polymer intercalation compounds
described above. In organoceramics formation of the
inorganic layered phase from ionic precursors occurs
simultaneously with the assembly of polymer into
intervening layers of thickness on the order of 10 A4
These organoceramic materials may have a wide range
of applications in areas such as structural materials,
hydraulic cements, and biomaterials. The specific
materials investigated are those resulting from the
aqueous precipitation of the layered double hydroxide
(LDH) [CasAl(OH)s]T[(OH)»3H20]™ in the presence of
dissolved poly(vinyl alcohol) (PVA). The structure of the
product consists of LDH layers separated by interlayers
containing anions, PVA, and water. In the layered
nanocomposite, the observed layer spacing expands from
7.8 A, the spacing of the pure LDH, to approximately
18 A as a result of polymer intercalation between
inorganic layers. The mechanism of polymer intercala-
tion is believed to involve nucleation and growth of
calcium aluminate layers by the polymer as well as
polymer adsorption.* Preliminary experiments involv-
ing the PVA organoceramic suggested an enhanced
thermal stability in the nanocomposite relative to that
of individual components.> The purpose of this paper
is to report a more complete analysis of the chemical,
structural, and morphological changes occurring when
the organoceramic is exposed to elevated temperatures.
In this work, thermally induced transformations in the
PVA organoceramic were probed by X-ray diffraction
(XRD), scanning electron microscopy (SEM), Fourier
transform infrared spectroscopy (FTIR), thermogravi-
metric analysis (TGA), and chemical analysis.

Experimental Section

The synthesis of the PVA organoceramic and the layered
double hydroxide (LDH) was accomplished by mixing a calcium
hydroxide/polymer solution with a solution containing calcium
and aluminum hydroxides.* The calcium hydroxide solution
was prepared by stirring excess CaO (Alfa Chemicals, Ward
Hill, MA) in 1-2 L of deionized water at 5 °C. Both solutions
were filtered to remove solid particles, yielding clear ionic
solutions. Under these conditions the concentration of the
calcium hydroxide solution was 25 mM, whereas the calcium
aluminate solution was approximately [Ca] = 14 mM and [Al]
= 26 mM. For preparation of the PVA organoceramic, atactic
PVA (99.7% hydrolyzed, Polysciences, Warrington, PA) was
dissolved in 5 mL of water and added to the calcium hydroxide
solution. Solutions used to prepare the LDH were diluted with
an equivalent amount of water to ensure identical ionic
concentrations. Solid reaction products (LDH or PVA orga-
noceramic) formed immediately upon mixing of the two ionic
solutions ((PVA] = 100 mM), and were allowed to age in the
mother liquor for 24—48 h. Solid products were isolated by
centrifugation, washed with acetone, and dried in vacuo. The
solids were ground to a powder, passed through a 100-mesh
sieve and stored at 2 °C over CaSO,. Elemental analysis of
carbon and hydrogen were performed using a Control Equip-
ment Corp. Model 240XA elemental analyzer. Ca and Al
analyses were performed utilizing a Perkin-Elmer Model
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Figure 1. Thermogravimetric analysis of organoceramic, bulk
poly(vinyl alcohol), and the pure layered double hydroxide
[CasAl(OH)6|*[(OH)-3Hz0]".

P2000 inductively coupled plasma emission sequential spec-
trophotometer.

XRD of the organoceramic powders was performed on a
Rigaku Geigerflex X-ray diffraction instrument (Rigaku USA,
Inc., Danvers, MA) operating at 40 kV and 40 mA, with Ni-
filtered Cu Ko radiation (1 = 1.54 A). Powder samples were
analyzed at scanning rates of 5—8° 26/min with a sampling
interval of 0.04° 26 and additively scanned 2—4 times in order
to increase the signal-to-noise ratio. For analysis requiring
accurate d spacings, samples were scanned at a rate of 1° 26/
minute and a sampling interval of 0.01° 26.

For infrared analysis, disks containing 1—3 mg of sample
and 0.3 g of KBr were mixed for 30 s in a grinder/mixer and
then pressed in vacuo at 16 000 psi for 2 min in a Macro/Micro
KBr Die (Spectra-Tech). The resulting disks, 13 mm in
diameter by 1—2 mm thick, were transparent and were stored
in a desiccator over CaSQO, until analyzed. An IBM IR30 (IBM
Corp., Danbury, CT) Fourier transform infrared spectrometer
with a liquid nitrogen-cooled mercury cadmium telluride
detector was used for all samples. Spectra of good signal-to-
noise ratio were obtained from 100 scans at a resolution of 2
cm~!. To minimize spectral absorbances due to atmospheric
CO; and water, the sample compartment was purged with dry
nitrogen for a minimum of 10 min before spectra were
recorded. Reference spectra of pure KBr disks were recorded,
stored, and digitally subtracted from sample spectra.

TGA of powders (20—50 mg) was conducted in flowing air
at 60 cm®¥/min using a DuPont 951 thermogravimetric analyzer
at a constant heating rate of 10 °C per minute to a maximum
of 1000 °C. For comparison, a powdered sample of bulk PVA
was also tested. This polymer was the same used in the
preparation of organoceramic powders and had a viscosity-
average molecular weight of 60 100.

Samples were subjected to heat treatment at temperatures
from 60 to 1000 °C. Sample powder (0.2—-0.3 g) was put into
a glass Petri dish and heated in air in an equilibrated muffle
furnace (Fisher Isotemp) for 24 h. Thus, samples were
immediately exposed to the required temperature and held at
that temperature for 24 h. After heating for 24 h at the
required temperature, samples were removed from the furnace
and allowed to cool in a glass desiccator over P2Os. Following
cooling to room temperature, samples were put in glass vials
and stored desiccated at 2 °C in a refrigerator until analyzed
by XRD, FTIR, and SEM. Gold-coated powder samples were
imaged in the secondary electron mode at an accelerating
voltage of 15—25 kV on a Hitachi S-800 scanning electron
microscope.

Results and Discussion

TGA thermograms of the pure LDH [CagAl(OH)gl*-
[(OH)»3H20]", the PVA organoceramic, and bulk PVA
are shown in Figure 1. Below 500 °C, the thermogram
for the PVA organoceramic is qualitatively similar to
that of [CaAl(OH)]*[(OH)»3H;0]", except that the
curve is displaced slightly to higher temperatures
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Table 1. Phases Detected by X-ray Diffraction after Heating the Layered Double Hydroxide and the PVA Organoceramic

temperature (°C)

layered double hydroxide

PVA organoceramic

60 [CaAl(OH)6]*[(OH)3H20]~ layered nanocomposite®
80 [CaAl{OH)6]*[(OH)3H:01~ layered nanocomposite
100 [CazAl(OH)]M{(OH)-3H01~ layered nanocomposite
125 [CazAl(OH)6]T[(OH)]~ layered nanocomposite
150 [CaxA(OH)sI'[(OH) 1~ layered nanocomposite
175 [CazAl(OH)IT[(OH)]~ layered nanocomposite
200 Ca(OH); layered nanocomposite
250 Ca(OH): layered nanocomposite
300 Ca(OH); layered nanocomposite
400 Ca(OH); + CaCOs3 layered nanocomposite
500 CaCOa CaCO3
600 Ca0 CaCOs3
700 Ca0 + 12Ca0-7A1,03 Ca0 + CaCOs3
800 CaO + 12Ca0-7Al,04 CaO + unknown phase
900 CaO + 12Ca0-7A1,03 Ca0 + 12Ca0-7A1,03 + 3Ca0-Al,03
1000 Ca0 + 12Ca0-7Aly03 Ca0 + 12Ca07A1,03 + 3Ca0-Al,0;

¢ Layered nanocomposite refers to a structure in which the expanded layers of the PVA organoceramic are preserved after heating to

the temperature indicated in the table.

throughout this temperature range. This shift indicates
a slightly slower weight loss for the PVA organoceramic.
In contrast to [CasAI(OH)s]T[(OH)»3H:0]1", there was
significant weight loss above 500 °C for the organocer-
amic, ending at roughly 900 °C. Interestingly, the
decomposition of bulk PVA is complete at much lower
temperatures (approximately 500 °C) than that of PVA
contained in the organoceramic. As expected, the final
mass after heating of the organoceramic is much lower
than that of the LDH, reflecting the degradation of
organic polymer initially present in the nanocomposite.

Chemical composition data obtained from organocer-
amic heated at various temperatures are shown in
Figure 2, and the phases present in the powders, as
identified by XRD, are shown in Table 1. The organo-
ceramic used in this study contained 22.5% carbon
which corresponds to 41% polymer by weight. As Figure
2 shows, the amount of carbon in the nanocomposite
remains above 20% up to 200 °C. Above this temper-
ature there is a gradual decrease in %C and little carbon
remains at 800 °C. The gradual decrease in %H and
increase in %Ca and %Al over the entire temperature
range is attributed to the volatilization of water and low
molecular weight organics formed during PVA degrada-
tion,23 as well as the loss of water due to dehydration
of the inorganic hydroxide phase.

The morphological changes accompanying the pyroly-
sis of the LDH and organoceramic powders are shown
in Figures 3—6. As described previously* the spherical,
multifaceted texture of the as-synthesized organocer-
amic particles is in stark contrast to the typical thin
platelet morphology of the LDH. Particle morphology
remained unchanged below 300 °C in both the PVA
organoceramic and [CaAI(OH)e1"[(OH)»3H201~ powders
(see Figure 3). At 300 °C (Figure 4) small crystals of
Ca(OH), were observed on the surface of the remnant
plates of [CasAl{OH)g}T[(OH)»3Hz0]". The identification
of these crystals as Ca(OH); was made through XRD
scans and the FTIR spectrum. At 500 °C (Figure 5)
crystals of CaCO3 were detected on the surface of the
[Ca2Al(OH)6]*[(OH)3H20]~ plates. XRD and FTIR
analysis were also used to identify these crystals. Most
importantly, no morphological changes were observed
when organoceramic particles were heated to 800 °C.
However, heating of the organoceramic to 1000 °C
resulted in apparently solid spherical particles (Figure
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Figure 2. Chemical composition of the layered double hy-

droxide powder (A) and organoceramic (B) heated to the
temperatures indicated.

6), instead of the multifaceted and porous (Figure 3)
organoceramic particles from which they derived.

Thermal decomposition of the PVA organoceramic
involves presumably mechanisms in which degradation
of inorganic layers and of intercalated and adsorbed
PVA are coupled. Thus, we first consider the chemical,
structural, and morphological changes occurring in the
pure LDH during heating. LDHs are a class of layered
inorganic hydroxides which consist of planar divalent
and trivalent metal hydroxide octahedral sheets sepa-
rated by interlayers containing anions and water. Their
thermal behavior has been thoroughly studied. Be-

(23) Miyata, S.; Kumura, T. Chem. Lett. 1973, 843.

(24) Miyata, S. Clays Clay Miner. 1975, 23, 369.



Transformations of a Nanocomposite Organoceramic

L VT

Figure 3. SEM micrographs of the as-synthesized powders
of the layered double hydroxide (top) and organoceramic
(middle). The magnification bars in the top and middle
micrographs correspond to 1 and 10 um, respectively. The
bottom micrograph is an enlargement of the area marked with
an arrow in the middle micrograph, and its magnification bar
corresponds to 1 um. A comparison between the top and bottom
micrographs reveals clearly the morphological difference be-
tween layered double hydroxide and organoceramic.
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Figure 4. SEM micrographs of the layered double hydroxide
(top) and organoceramic (bottom) heated to 300 °C for 24 h.
The magnification bars in the top and bottom micrographs
correspond to 5 and 2.31 um, respectively. Arrows in the top
micrograph indicate the locations of Ca(OH); crystals.

tween room temperature and approximately 200 °C
there is a rapid loss of weight corresponding to removal
of water harbored in the interlayers. This behavior is
typical of most LDHs, although composition may affect
the temperature range within which water loss oc-
curs.23.2¢ At this point the material is presumably of
composition [CazAl(OH)¢]*[OH]~ corresponding to a
weight loss of 19.3%. A second distinct region of
decomposition occurs between 200 and 500 °C and
corresponds primarily to formation of metal hydroxides
as octahedral LDH layers decompose. This decomposi-
tion also liberates water, formed by condensation of
octahedrally coordinated OH~ ions. XRD (Table 1),
FTIR (Figure 7), and SEM (Figure 4) indicate the
presence of crystalline Ca(OH); in this temperature
range. An amorphous Al(OH); phase might also be
present since crystalline phases containing Al are only
detected above 500 °C. Between 400 and 600 °C CaCOj;
crystals are observed on the surface of the LDH particles
(see Figure 5) and accounts for the slight increase in
%C observed between 400 and 600 °C (Figure 2). The
source of carbon for carbonate formation should be CO,



458 Chem. Mater., Vol. 7, No. 3, 1995

Figure 5. SEM micrographs of the layered double hydroxide
(top) and organoceramic (bottom) heated to 500 °C for 24 h.
The magnification bars in the top and bottom micrographs
correspond to 1.5 um. The arrow in the top micrograph points
to a Ca(CQj3) crystal.

from the atmosphere, as no attempt was made to
exclude it from the atmosphere. At temperatures above
500 °C there is relatively little weight loss, with forma-
tion and maturation of crystalline Ca and Al oxides such
as Ca0 and 12Ca0-7Al;0;.

The changes observed in LDH particles linked to
decomposition of inorganic layers were found to be
suppressed in the organoceramic. Following heating of
the organoceramic to 300 °C, infrared bands character-
istic of the calcium aluminate disappear and are re-
placed by a strong, broad O—H stretching band (3430
cm™!) assigned to PVA (based on comparison with the
spectrum of bulk PVA), possibly with some contribution
from amorphous hydroxide phases (Figure 7). Notably
absent from the OH stretching region is the sharp peak
at 3646 cm~! seen in the spectrum of the LDH powder
heated to 300 °C. This peak is attributed to crystalline
Ca(OH),,%5 and its absence is in agreement with the
absence of crystalline Ca(OH); in the XRD pattern of
the organoceramic. Ca(OH); is normally the first phase

(25) Henning, O. In The Infrared Spectra of Minerals; Farmer, V.
C., Ed.; Mineralogical Society: London, 1974; pp 445—463.
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Figure 6. SEM micrographs of the layered double hydroxide
(top) and organoceramic (bottom) heated to 1000 °C for 24 h.
The magnification bars in the top and bottom micrographs
correspond to 3 and 2.7 um, respectively.

to be produced as a result of decomposition of
[CazAl(OH)g]*[(OH)3H20]" principal layers. Formation
of Ca(OH); crystals requires large-scale rearrangement
(diffusion) of cations and hydroxide ions. Their forma-
tion could be prevented by the presence of strong
hydrogen bonding between PVA or PVA degradation
products and OH~ ions or water molecules in the
principal layer. This could prevent or delay large-scale
diffusion of ions that is necessary for the formation of
crystalline Ca(OH)z. The broad, featureless OH stretch-
ing absorption observed in the organoceramic heated to
300 °C (Figure 7) is consistent with the prevention of
Ca(OH); crystallization and the formation of an amor-
phous Ca- and Al-containing hydroxide phase that is
engaged in hydrogen bonding to hydroxyl groups on the
PVA chain.

It is unclear from the data at what point the PVA has
completely degraded, although between 200 and 800 °C
there is a gradual loss of carbon indicating the continu-
ous degradation of PVA, perhaps resulting in formation
of water, aldehydes, carbon monoxide, and aromatic
hydrocarbons.2! Starting at low temperature (~100 °C)
one observes the disappearance of the PVA C-0 stretch
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Figure 8. 3-D plot of powder X-ray diffraction patterns of the
layered double hydroxide heated to various temperatures. The
temperature range covered by the plot shown is 60—1000 °C.
Phase compositions are described in Table 1.

at 1098 cm~! which is replaced by broad and strong
absorbances between 1580 and 1700 cm™!, consistent
with formation of carbonyl groups, alkene double bonds,
and possibly also carboxyl groups. Also, there is a
gradual reduction in the PVA O—H and CH; stretching
absorptions above 200 °C. These changes are indicative
of the dehydration of PVA, which involves the formation
of carbonyl groups at an intermediate stage in the
reaction?!

M\ e F—M\ + mH20
n m n-m
OH OH

XRD patterns taken at various temperatures follow-
ing heating of the pure LDH and the PVA organocer-
amic are shown in Figures 8 and 9, respectively. The
crystalline phases present at various temperatures after
heating of the LDH and PVA organoceramic were
identified from the XRD data and are listed in Table 1.
The broad first-order reflection labeled (002)* in Figure
9 corrresponds to the interlayer repeat distance (~18
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Figure 9. 3-D plot of powder X-ray diffraction patterns of
organoceramic heated to various temperatures. The temper-
ature range covered by the plot is 60—1000 °C. Phase composi-
tions are described in Table 1.

A) which represents a significant modification of the
typical erystal structure of [Ca;Al(OH)g] [(OH»3H20] .45
This expanded layer spacing is observed at tempera-
tures up to 400 °C. In contrast, the layered structure
of the pure LDH is lost at approximately 125 °C (Figure
8). Above 500 °C, both materials transform to a mixture
of oxide phases including CaO and 12Ca0-7Al2O:s.
However, the PVA organoceramic heated above 900 °C
was found to contain 3Ca0-Al203, a phase not observed
in the LDH heated to the same temperature.

As mentioned above we observed the persistence of
the expanded layer structure of the organoceramic at
least up to 400 °C. This is quite remarkable considering
the layered structure of the pure LDH thermally
decomposes by 125 °C. The enhanced thermal stability
of the organoceramic is most likely related to the
intimate dispersion of polymer between the LDH prin-
cipal layers. It is reasonable to suggest that bonds,
possibly secondary, between the polymer (PVA or de-
hydrated PVA at higher temperatures) and the inor-
ganic crystal, are responsible for the observed behavior.
We have shown previously that the 10 A expansion of
the interlayer in the organoceramic corresponds to
roughly two molecular layers of strongly adsorbed PVA
chains.* The surfaces of the LDH layers are composed
of hydroxide ions and water, providing a high concen-
tration of potential sites for hydrogen bonding with
PVA. In fact, PVA itself is also capable of acting as both
donor and acceptor of hydrogen bonds. Thus, the
extremely large area of bonding contact between the
polymer and the inorganic crystal in the nanocomposite
structure appears to have controlled the course of
decomposition of the inorganic phase.

Conclusions

The presence of intercalated polymer retards the
decomposition of the inorganic nanolayers of a calcium—
aluminum layered double hydroxide and prevents for-
mation of crystalline hydroxide phases at high temper-
atures. The polymer also leads to the formation of a
high temperature oxide phase not observed during
heating of the purely inorganic system. The prevention
of hydroxide crystallization is possibly caused by the
intimate bonding contact between inorganic crystal
layers and the intercalated polymer. The course of
thermal decomposition in the composite material is thus
controlled by the extensive and intimately bonded
interface area created by the nanoscale architecture of
the organoceramic.
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