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Studies to process BaTiO3/polymer composites for
dielectric applications have focused on conventional
compounding techniques that entail mixing micrometer-
scale BaTiO3 powders with either a polymer-solvent
solution1 or a polymer melt.2 These methods are gener-
ally limited by powder coagulation and are not amenable
to processing thin films. An alternative approach in-
volves the use of chemical-solution methods in which
crystalline BaTiO3 is precipitated from the reaction of
a titanium alkoxide and Ba(OH)2. Precursors to BaTiO3/
polymer composites may be processed by mixing a
titanium alkoxide and a polymer in a common solvent.
The low viscosity of the precursor solution facilitates
thin film deposition methods including spin casting,
dipping, or spray casting. After solvent removal, the
titanium alkoxide is converted to BaTiO3 by reacting
the films below 100 °C in aqueous alkaline solutions
containing barium.3 This approach does not ensure a
homogeneous dispersion of BaTiO3 particles, and a
segregated composite microstructure will develop if the
titanium alkoxide and polymer, although soluble in a
common solvent, are immiscible in one another.4-6

Immiscibility has been minimized in hybrid materials
by covalently bonding a metal alkoxide with the polymer
matrix to form monolithic materials.7-11 This approach
is extended here to increase the dispersion of BaTiO3
in a polymer matrix.

BaTiO3/polymer thin films were prepared from solu-
tions of titanium diisopropoxide bis(ethylacetoacetate)
(TIBE)12 dissolved in toluene with either a polystyrene-
block-polybutadiene-block-polystyrene (SBS)13 or poly-
(styrene-co-maleic anhydride) (∼14 wt % maleic anhy-
dride, (S-MAH))14 block copolymer. The volume fraction

of BaTiO3 in the final composite was controlled by
varying the relative weight fraction of the TIBE to SBS
or S-MAH in the precursor solution. TIBE/SBS precur-
sor films were prepared from solutions containing 0.04
w/v SBS/toluene while TIBE/S-MAH films were cast
from solutions diluted to 0.02 w/v S-MAH/toluene.
Uniform TIBE/polymer precursor films of thickness <
1 µm were achieved by depositing the precursor solution
onto Ag-coated polycarbonate substrates using a 0.22-
µm glass filter syringe, and spin casting at 8000 rpm
for 20 s. After the films were dried in a desiccator for
12 h, the precursor films were reacted in aqueous
solutions of 1.0 M Ba(OH)2 at 80 °C for 1 h.6,15,16 To
minimize the formation of BaCO3 on the film surface
upon removal from the Ba(OH)2 solution, the films were
washed with hot water (pH > 10) and subsequently
rinsed with ethanol. Cross sections of the films suf-
ficiently thin for transmission electron microscopy
(TEM) were prepared by ultramicrotomy.17

BaTiO3/SBS films prepared from precursor solutions
containing 90 wt % TIBE relative to SBS exhibited a
bilayer structure. On the film surface, a continuous
layer of BaTiO3 covered an interior composite layer
composed of regions rich in BaTiO3 nanoparticles (∼5
nm) distributed throughout the SBS matrix (Figure 1a).
Powder X-ray diffraction of the film indicated that the
BaTiO3 particles were crystalline.3 This segregated
morphology was a result of segregation between TIBE
and SBS that occurred in the precursor solution, or
during drying after spin casting. Energy dispersive
spectroscopy performed on microtomed sections of the
TIBE/SBS precursor film showed that the spin-cast film
segregated into titanium-rich and titanium-poor re-
gions.6 Segregation also was observed in solutions using
the homopolymers, polystyrene, and polybutadiene.18

As with the BaTiO3/SBS film, the BaTiO3/S-MAH film
prepared from 90 wt % TIBE solution exhibited a
continuous layer of BaTiO3 on the film surface (Figure
1b). However, the interior composite layer consisted of
a uniform dispersion of BaTiO3 nanoparticles through-
out the S-MAH matrix. Again, powder X-ray diffraction
indicated that the BaTiO3 particles were crystalline.
Further, the microtomed sections exhibited sharp elec-
tron diffraction rings in the TEM, indicating that the
particles were nanocrystalline BaTiO3. The vertical
cracks in the film were a product of ultramicrotomy, and
the arch running horizontally across the section is
discussed below. The improved dispersion of BaTiO3
may be explained via bonding between the TIBE and
maleic anhydride (MAH) groups in S-MAH, much like
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methacrylic acid has been used to bind compounds of
zirconium11,19 or zinc.20 In this case, bound TIBE alters
the functionality of the MAH block such that the
miscibility between unbound TIBE and the S-MAH
increases.

The reaction between TIBE and MAH was examined
using Fourier transform infrared spectroscopy (FTIR).
A TIBE/S-MAH precursor solution was prepared by
mixing 80 wt % TIBE relative to S-MAH in 0.04 w/v
S-MAH/toluene. This composition was chosen because
specific peaks from both TIBE and S-MAH materials
could be observed. The TIBE/S-MAH solution gelled
after 48 h at room temperature. FTIR was performed
in transmittance on samples of the TIBE/S-MAH solu-
tion sandwiched between NaCl plates before and after
gelation (Figure 2). The spectra of the starting materials
are shown also for comparison, and as expected, most

of the peaks observed in the 80/20 TIBE/S-MAH spec-
trum are associated with TIBE due to its higher
concentration. The C-H peak ascribed to the phenyl
ring of polystyrene (located at 700 cm-1) was used as
an internal standard because it did not react with TIBE.

The spectrum taken before the precursor gelled
contained the cyclic anhydride carbonyl peaks (1855 and
1780 cm-1), indicating that at least some of the anhy-
dride did not react shortly after mixing the TIBE and
S-MAH. Although the anhydride peak corresponding to
the C-O-C bond at 1220 cm-1 was present, it was
almost completely masked by TIBE absorptions. After
the precursor gelled, peaks associated with the anhy-
dride carbonyls were replaced by a new peak at 1730
cm-1, a wavenumber region commonly associated with
carbonyl stretching of acids, esters, and normal anhy-
drides. In addition, changes in peak shape and intensity
were observed in the peaks originating from C-O
stretching (1020-975 cm-1) and -CH3 bending (1170-
1130 cm-1) of the isopropoxide groups.21 How these
changes relate to the gel structure is unclear, but it does
imply these ligands participate in the reaction. In
contrast, peaks associated with ethyl acetoacetate21,22

do not undergo significant change.
From these results, a plausible mechanism for the

initial stages of the reaction involves a nucleophilic
attack on TIBE from a carboxylate ion (-COO-) of
MAH. The formation of the carboxylate ion could be
catalyzed by water in the solvent or air. The attack
facilitates the removal of isopropoxide groups because
they are better leaving groups than ethyl acetoaceto-
nate.23 The subsequent decomposition of the anhydride
structure forms Ti-OOC- and -COO- structures that
could be responsible for the peak at 1730 cm-1.
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Figure 1. Thin-film cross sections of (a) BaTiO3/SBS and (b)
BaTiO3/S-MAH composites prepared from precursor solutions
containing 90 wt % TIBE and reacted at 80 °C for 1 h in 1.0
M Ba(OH)2.

Figure 2. FTIR spectra of pure (a) TIBE and (b) S-MAH as
well as the 80/20 TIBE/S-MAH precursor gel formation (c)
before and (d) after gel formation. Lines indicate peaks
associated with S-MAH. Molecular structures are included to
depict relevant functional groups.
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Further evidence of bonding between the TIBE and
S-MAH is a minimum ratio of TIBE to MAH required
to form crystalline BaTiO3 particles. When films from
precursor solutions of 80 and 90 wt % TIBE relative to
S-MAH ([TIBE]/[MAH] ) 6.6 and 14.9, respectively)
were reacted in aqueous Ba(OH)2, crystalline BaTiO3
was observed by X-ray diffraction and TEM. In contrast,
no crystalline BaTiO3 was observed in films processed
from solutions containing 60 wt % TIBE relative to
S-MAH. ([TIBE]/[MAH] ) 2.5). However, crystalline
BaTiO3 has been observed in TIBE/SBS films with 50
wt % TIBE and lower.3 This suggests that all of the
TIBE was covalently bound to MAH groups in S-MAH
and that an excess of TIBE relative to MAH is obtained
somewhere between [TIBE]/[MAH] of 2.5 and 6.6. To
calculate the concentration of TIBE sufficient to satu-
rate the MAH sites, the stoichiometry of the reaction
between TIBE and MAH would need to be determined.
As with higher TIBE content films, FTIR spectra of the
60 wt % TIBE precursor also exhibited new peaks in
the region 1720-1730 cm-1 (see Figure 3). However, the
cyclic anhydride carbonyl peaks were still present,
suggesting that MAH sites were still available for
reaction. Moreover, when SBS in the same proportion
was substituted for S-MAH, BaTiO3 was observed via
X-ray diffraction and TEM. This suggested that TIBE
that was convalently bonded to S-MAH was unavailable
to react with Ba(OH)2. Once the reactive MAH sites
reached saturation, excess TIBE could be accommodated
in the MAH block because the bound TIBE increased
the miscibility of TIBE in S-MAH. This accounts for the
uniform dispersion of BaTiO3 nanoparticles observed for

precursor solutions with 90 wt % TIBE (Figure 1b).
Because S-MAH block copolymers are amphiphillic,

they tend to form micelles in their equilibrium config-
uration, particularly in solvents such as toluene that
have similar structural features to one of the blocks.
Evidence of this behavior was observed in the same
microtomed section as shown above (Figure 1b). BaTiO3
formed in spherical domains (Figure 4), indicating that
the TIBE preferentially segregated into the MAH
block.20,24-27 This influence can also be seen in Figure
1b as arched structures in the film interior. Nonequi-
librium effects such as varying rates of solvent evapora-
tion in the film may have contributed to the variation
in film microstructure. However, the specific processing
conditions leading to the different morphologies were
not investigated. The larger BaTiO3 particles located at
micelle centers as well as on film surfaces (Figures 1
and 4) are examples of particle growth freed from the
constraints of the polymer matrix. For excess TIBE
incorporated in the matrix (i.e., the MAH block), particle
growth was physically constrained. However, particle
growth in the micelle center continued until the local
concentration of TIBE was exhausted.6,28-29
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Figure 3. FTIR spectra of a 60/40 TIBE/S-MAH precursor
solution (a) before and (b) gel formation. Lines indicate the
presence of cyclic anyhride carbonyls after gel formation.

Figure 4. A different area of the BaTiO3/S-MAH composite
film shown in Figure 1b.
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