Chem. Mater. 1995, 7, 1607—1608 1607

Synthesis and Characterization of
BaTi(OCgHjs)e2DMF, a Single-Source
Sol—Gel Precursor to BaTiOj3 Gels,
Powders, and Thin Films

V. W. Day,*!2 T, A. Eberspacher,!®
W. G. Klemperer,** and S. Liang!®

Department of Chemistry, University of Nebraska
Lincoln, Nebraska 68588

The Beckman Institute for

Advanced Science and Technology

Department of Chemistry

University of Illinois, Urbana, Illinois 61801

Received June 28, 1995

Barium titanate, BaTiOs;, is a scientifically and
technologically important dielectric material,? and sev-
eral solution chemical routes to BaTiOz have been
developed that offer advantages over traditional powder
processing techniques.?® Among these various ap-
proaches, sol—gel processing of alkoxides has proven to
be a particularly flexible technique for preparing BaTiO;
gels,* powders,’ and films.® The chemistry involved in
these sol—gel procedures is poorly understood and hence
difficult to control, however, since the precursor solu-
tions employed in each case contain barium titanium
complexes of unknown composition and structure. By
contrast, the sol—gel processing of simple oxides such
as SiOz and TiOq is relatively well understood and can
be approached in a systematic fashion, since the corre-
sponding alkoxide precursors Si(OR)s and Ti(OR)4 are
known and their chemistry has been studied in detail.”
Operating on the hypothesis that the sol—gel processing
of BaTiO3 might be similarly simplified if the analogous
alkoxide precursors BaTi(OR)s were available, we have
attempted to prepare such complexes and study their
chemistry. In the course of these investigations, we
have found that the problems associated with the
preparation of alkyl BaTi(OR)s complexes® can be
circumvented using aryl derivatives, and we report here
the synthesis and characterization of the solvated
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phenoxide BaTi(OC¢H;)e2DMF, DMF = N,N-dimeth-
ylformamide, a viable sol—gel precursor to BaTiOs gels,
powders, and thin films.

Reaction of barium metal with 6.6 equiv of phenol in
diethyl ether solution followed by addition of 1 equiv of
Ti(OPré), yielded a dark brown solution that was stirred
for 24 h in an inert atmosphere. All volatiles were then
removed under reduced pressure, and the resulting
brown solid was crystallized from DMF/diethyl ether.
In this fashion, analytically pure BaTi(OCgHjs)e2DMF
(1) was prepared in 73% yield based on titanium.® A
structure determination'® using X-ray diffraction tech-
niques revealed that crystals of 1 grown from 1,2-CoH,-
Cl; solution are composed of discrete tetranuclear
[BaTi(OCe¢Hjs)e(DMF)3]s molecules and dichloroethane
solvent molecules of crystallization. The crystal struc-
ture contains two rigorously centrosymmetric and crys-
tallographically independent [BaTi(OCgHsz)s(DMF)qls
molecules, one of which is shown in Figure 1. Here, the
12 phenoxy ligands are distributed equally among three
distinct structural types: four are uz-bonded through
their oxygens to one TilV and two Ball centers, four are
uz-bonded to one Ti'V and one Ball center, and four are
terminally bonded to a single TilV center. Each d° TilV
ion is octahedrally coordinated to a pair of cis-us-
phenoxides, a pair of trans-us-phenoxides, and a pair of
cis terminally bonded phenoxide ligands. Each Ball
center achieves a coordination number of eight by
bonding to the oxygens of all four us-phenoxides and a
pair of us-phenoxides as well as the oxygens from a pair
of DMF ligands. Here, bicapped trigonal prismatic
coordination geometry is adopted: the four us-phenoxide
and two DMF oxygens bonded to each Ball lie at the
vertexes of a distorted trigonal prism and the us-
phenoxide oxygens cap a pair of its “square” faces. The
third “square” face is defined by the four us-phenoxide
oxygens and is common to both Ball ions in the cluster.
The structure(s) adopted by compound 1 in the solution
state is unclear. Carbon-13 NMR spectra of compound
1 in DMF solution show resonances for only one type of
phenoxy group and one type of DMF molecule at
ambient temperature.? The three sets of resonances
anticipated for a fully resolved spectrum of the dimer
shown in Figure la are not observed, even at —60 °C.

Hydrolysis of the barium titanium phenoxide solvate
1 in polar organic solvents yields stable sols which, upon
addition of sufficient water, form brown-yellow trans-
parent gels. A systematic variation of solvent polarity,
degree of hydrolysis, and pH allows gel time and gel
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Figure 1. Perspective drawings of (a, top) the first of two
crystallographically independent [BaTi(OPh)s(DMF):]; mol-
ecules present in erystalline [BaTi(OPh)s(DMF).)1.5C:H,Cl,
and (b, bottom) the BasTi2016 core of this molecule. Barium
and titanium atoms are represented by large-sized diagonally
lined and cross-hatched spheres, respectively. Oxygen and
nitrogen atoms are represented by medium-sized shaded
spheres; carbon and hydrogen atoms are represented by
medium-sized and small open spheres, respectively. Selected
atoms are labeled and those atoms labeled with a prime are
related to those labeled without primes by the crystallographic
inversion center located at (0, Y/, 0) in the unit cell. Average!!
bond lengths for the two crystallographically independent Bas-
TigO6 cores are 2.864 (5, 20, 40, 4), 2.815 (5, 25, 40, 8), and
2.662 (8, 25, 31, 4) A for the us-phenoxy, us-phenoxy, and DMF
oxygen Ba—O bonds, respectively, and 2.044 (5, 12, 25, 4),
1.984 (6, 14, 27, 4), and 1.829 (6, 11, 13, 4) A for the uz-phenoxy,
uz-phenoxy, and terminal phenoxy Ti—0 bonds, respectively.

texture to be independently manipulated. For example,
a gel time of 6 h is observed upon hydrolysis of a 0.22
M solution of 1 in 1/1 (V/V) DMF/THF with 12 equiv of
water at ambient temperature. The gel time is reduced
to 30 min by addition of 0.064 equiv of HCI; use of 1/1
(V/V) DMF/toluene as the solvent but no acid addition
reduces the gel time to 2 min. Cloudy, i.e., particulate
gels are obtained under more acidic conditions. For
example, hydrolysis of a 0.22 M solution of 1 in 1/1
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Figure 2. Scanning electron micrograph of a 0.4 ym thick
BaTiO; film obtained from 10 depositions of compound 1 (0.25
M) plus 3 equiv of water and 0.11 equiv of HNO; in 1/1 (V/V)
DMF/toluene solution on a platinized silicon substrate after
heat treatment in air at 750 °C (for details of the procedure,
see ref 12).

(V/V) DMF/toluene with 9 equiv of water containing 0.33
equiv of HC] yields a translucent, cloudy gel after 6 h
at ambient temperature. The gels prepared from 1 are
transformed into BaTiOs at 600 °C, and spin-casting of
sols prepared from hydrolyzed 1 yields dense BaTiOj3
films after heat treatment at 750 °C (see Figure 2). In
both cases, nanocrystallinel® cubic material is formed
according to X-ray diffraction measurements.!4

Barium titanium phenoxide, BaTi(OPh)¢2DMF, shows
great promise as a single-source sol—gel precursor for
BaTiO; dielectric thin films. Preliminary electrical
measurements!® have revealed that thin films (200—
250 nm) prepared on platinized silicon under optimized
conditions display dielectric properties (dielectric con-
stant K = 210, loss tan d = 0.03 at 1 kHz and 0.5 x 106
V/m ac, 25 °C), electrical resistivities (>10'! Q m), and
dielectric strenghts (>10% V/m dc) at ambient temper-
ature comparable to high-quality sol—gel-derived
BaTiOj; thin films described in the literature.5® We are
currently investigating the relationship between pro-
cessing conditions and electrical properties.
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