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Abstract A new heterobimetallic nitrilotriacetatoperox-
otitanate complex of titanium and lead [Pb(H,0)s],
[Tiz(Oz)zO(nta)z]"‘-HzO (C6H606N=H3nta) was isolated in
pure crystals directly from the solution containing tetra-
butyl orthotitanate, hydrogen peroxoide, lead acetate, and
nitrilotriacetic acid at pH = 2.0-4.0. The isolated complex
was characterized by elemental analyses, IR spectrum,
thermal analysis (TG), and single-crystal X-ray diffraction.
The single-crystal X-ray structural analysis revealed that
the titanium atom is N,0,0’,0"”-chelated by the nitrilotri-
acetate and O,0’-chelated by the peroxo group and was
coordinated to the bridging O atom in an overall pentag-
onal-bipyramidal geometry. The thermal decomposition of
this precursor led to the formation of phase-pure lead
titanate (PbTiO3) at >450 °C. The morphology, micro-
structure, and crystalline of the resulting PbTiO3 product
have been characterized by BET, transmission electron
microscopy, and powder X-ray diffraction. The TEM
micrographs revealed that the size of the as-synthesized
crystallines to be 50-100 nm range. The BET measurement
revealed that the PbTiO; powders had a surface area of
5.6 m*/g.
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Introduction

Over the last several decades, mixed-metal oxides incor-
porating lead and transition metals with a formula of ABO;
have attracted broad interest due to their piezoelectricity,
ferroelectricity, colossal magnetoresistivity, and photolu-
minescence [1-4]. However, the preparation of lead-
containing mixed-metal oxides by traditional high-tem-
perature solid state reaction is often difficult to control
because of the volatility of PbO [5]. It has been shown both
experimentally [6] and theoretically [7] that the properties
of the mixed-metal oxides are strongly dependent on their
composition, crystal morphology, surface area, and size.
The functionality of mixed-metal oxides can be optimized
by selecting suitable synthetic routes and, therefore, the
scientific and technological importance of mixed-metal
oxides continuously require the study and development of
good synthetic approaches. Many soft chemistry methods,
such as sol-gel [8], hydrothermal synthesis [9], and single-
source precursor route [10], have provided general and
affordable approaches for the preparation of mixed-metal
oxides in various forms, with a continuous evolution of the
material typologies, the exploited precursors, and the
underlying chemistry.

The single-source precursor (SSPs) route, as one of the
most promising approaches toward the preparation of the
mixed-metal oxides, has received increasing attention
because it provide lower temperature calcining process
compared with the solid state or multi-source precursor
approaches [11-21] and a much greater control of the metal
stoichiometry in the final oxide compared with the sol-gel
route [22]. In addition, the use of SSPs makes it possible to
access new phases that are not available at higher reaction
temperatures and thus provides more flexibility in the prep-
aration of heterometallic oxide materials than conventional
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methods [23]. However, one of the most significant chal-
lenges in developing the single-source precursor for the
formation of mixed-metal oxide materials is the develop-
ment of accessible synthetic approaches to obtain suitable
precursors that allow to control over the stoichiometry of
the individual metal species with relationship to one
another in the final product. Up to now, some heterome-
tallic lead-transition complexes have been explored as
SSPs to mixed-metal oxides [23—-28], however, to the best
of our knowledge, few studies have been reported on the
preparation of pure PbTiO; by structurally characterized
SSPs because it is difficult to access to Pb—Ti species of 1:1
stoichiometry [10]. These precursors still have some dis-
advantages that they are handled only in a glove-box or
Schlenk tube. In an effort to develop novel single-source
precursors for mixed-metal oxides, we have been investigat-
ing the synthesis of air-stable carboxylate-based heterobime-
tallic coordination complexes from an environmentally
benign point of view [29-37]. In this context, a carboxylate-
based heterobimetallic lead—titanium complex was prepared
from aqueous solution route, and the obtained complex was
structurally characterized and used as a single-source pre-
cursor to synthesize PbTiO; nanopowder at low temperature
calcinations.

Experimental

All the experiments were carried out in open air. All the
chemicals were analytical reagents and were used without
further purification. Nanopure-quality water was used
throughout this study.

Preparation of the single-source precursor
[Pb(H>0)315[Tix(02),0(NCeHeOp)-1-4HO (1)

The flowchart for synthesis of compound 1 and PbTiO;
material is summarized in Scheme 1. To the suspension of
Hjnta (9.57 g, 50 mmol) in 50 mL of deionized water was
added slowly 17.2 mL Ti(OC4Hy), with stirring for 3 h.
Hydrogen peroxide (10 mL, 30%) was added to the above
mixture at room temperature with stirring, after which
18.97 g (50 mmol) of Pb(CH3CO0),-3H,0 was added to
the red solution slowly. Finally, the resulting solution was
stirred for 0.5 h and yellow micro-crystals were precipi-
tated. The yellow crystals were collected via filtration and
washed three times with deionized water and once with
ethanol. The product was dried in air to give compound 1
(51.59 g, 90% yield based on titanium). Elemental analysis
for compound 1: Found (Calcd. for C;,H3,0,7N,Pb,Ti,):
C, 1240% (12.57%); H, 2.92% (2.81%); N, 2.10%
(2.44%). IR (KBr, cm™"): 3423, 1629, 1462, 1427,
1026, 925, 872, 7705 739, 603, 538,
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Scheme 1 Schematic representation of the major experiment steps
involved in the preparation of complex 1 and PbTiO;

]

Crystal of suitable quality for the subsequent X-ray
single-crystal diffraction studies were obtained as trans-
parent light yellow needle crystals from the diluted reaction
solution. The crystals were mounted in capillary for X-ray
analysis. Crystallographic data for 1: crystal dimen-
sions 0.25 x 0.20 x 0.15 mm, C;,H3,0,7N,Pb,Ti,, Mr =
1146.58, triclinic, space group P — I, a = 8.167 (2) A
b=19.763 (2)A, ¢=10500 (2)A, o=7672 (2),
B =69.49 (2), y = 67.38 (2)°, V=T7194 (2) A’>, Z =1,
D, =2.646 g cm ™, = 12315 mm™", 7,104 reflections
were collected, of which 3,266 were unique (R, =
0.0566). R = 0.055 and wR, = 0.129, GOF = 1.18 for
236 parameters. The intensity data were measured on a
Rigaku R-AXIS SPIDER diffractometer with graphite-
monochromated Mo Ko (4 = 0.7107 1&) at 297 (2) K. All
calculations were performed using the SHELXL-97 pro-
gram package [38]. The structure was solved by direct
methods and refined by full-matrix least-squares methods.
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All non-hydrogen atoms were refined anisotropically,
hydrogen atoms were included but refined isotropically.

Physical measurements

Infrared spectrum was recorded (in the 4,000—400 cm_l)
as KBr disks on a Bruker 1600 FTIR spectrometer. Ele-
mental analyses were performed using EA 1110 elemental
analyzers. Thermogravimetric (TG) analysis was carried
out using a Universal V4 4A Intruments with a heating rate
10 °C/min in flowing air. Powder diffraction patterns were
obtained using a Rigaku D/Max-IITA powder diffractmeter
using Cu Ko radiation at 40 kV and 40 mA at a step of
0.020. The morphology of the calcined powder was
observed by transmission electron microscope (TEM).

Results and discussion
X-ray structural analysis of compound 1
Figure 1 presents the structure of the lead nitrilo-

triacetatoperoxotitanate compound determined from single-
crystal X-ray diffraction data. This compound consists of two

at the 30% probability level, the hydrogen atoms were omitted for
clarity. Selected bond distances (10\): Til-O1 2.080(7), Til-03
2.085(9), Til-05 2.073(8), Til-O7 1.814(2), Til-O8 1.907(8),
Til-09 1.887(8), Til-N1 2.283(8), 08-09 1.477(9)

Fig. 2 The one-dimension MOF structure of complex 1

peroxotitanate fragments interlinked through the bridging
oxygen atom (O7). Each Ti atom in compound 1 is coordi-
nated by three oxygen atoms and one nitrogen atom from a
fully deprotonated nta®~ ligand, one bridging oxygen atom,
and one peroxo group. The peroxo group binds to Ti(IV) in a
side-on #*-fashion, occupying two coordination sites in the
equatorial plane. While the remaining three sites of the
equatorial plane are occupied by two oxygen atoms (O3 and
05) and one nitrogen atom (N1) from the coordinated nta>~
ligand (The mean deviation from plane is 0.0605 A). The
apical positions are occupied with the two oxygen atoms (O1
and O7) from the carboxylate group of nta and bridging
oxygen atom, respectively. As such, the coordination number
around the Ti(IV) atom is seven, reflecting a distorted pen-
tagonal-bipyramidal coordination environment. The binu-
clear [Ti2(02)20(nta)2]4_ anionic structure of 1 is quite
similar to that of the related main-group and transition metal-
containing nitrilotriacetatoperoxotitanate complexes. The
oxygen atoms (Ol and O2) of one of the carboxylate —CO,
groups bind to the water-coordinated Pb atom, whose coor-
dination polyhedron is a distorted octahedron. Adjacent
asymmetric units are linked through O2b (1 — x, 2 — y, 1
— 7) into a one dimensional metal organic frameworks
(MOFs) (as shown in Fig. 2). The polymeric 1-D MOF is
further linked by hydrogen bonds involving the water mole-
cules and the carboxylate atoms, thus generating a 3D poly-
meric structure (as shown in Fig. 3). The Ti—Ocarboxytae bond
distances in 1 [2.073(7)-2.085(7) A] are similar to those
found in related Ti(IV) peroxo complexes, like [Ca(H,0)s],
[Tix(0,),0(nta),]-2H,0 [2.0104)-2.111(4) A] £36], [St(H,0)4]»
[Tix(02),0(nta),]- 2H0  [2.072(4)-2.101(4) A, [Ba(H0)s)»
[Tix(0,),O(nta),] [2.066(4)-2.100(4) A] [34], and [M(HzO)é]z
[Ti2(0,),0(nta),]- 7TH,O {M = Mn [2.066(2)-2.112(2) A],
Co [2.068(2)-2.109(2) Al, Ni [2.074(2)-2.114(2) A, and
Zn [2.069(1)-2.107(2) A]} [37]. The O-O bond distance
[1.477(13) A] in the coordinated peroxo group is in normal
range [39]. The Pb—O bond distances [2.515(9)-2.735(8) Al
are also in normal range [40].

Thermal decomposition process

Figure 4 illustrates the TG and DTA curves of compound 1
heat-treated in air using a heating rate of 10 °C/min in the
temperature range 293—1,073 K. The TG of the as-prepared
precursor shows marked mass losses with increasing tem-
perature in three steps. The possible decomposition reac-
tions are: (i) dehydration (323-473 K), (ii) decomposition
of the nitriloacetate to a mixture of metal oxides or other
intermediates (473-673 K), and (iii) decomposition of the
intermediate phases to form PbTiO; (673-723 K). The first
TG weight loss of approximately 6.1% in the temperature
range 298-333 K with an endothermic peak at 325 K
(Fig. 4) is mainly due to the departure of four lattice
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Fig. 3 The 3-dimension structure of complex 1 constructed by
hydrogen bonds
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Fig. 4 The DTA-TG curves of complex 1

(theoretical weight loss 6.3%) water molecules from
complex 1. The subsequent thermal decomposition of the
[Pb(H20)3]2[Ti2(02)20(NC6H606)2], with a mass loss of
9.6% in the range 333-473 K, is contributed to the
departure of six (theoretical weight loss 9.4%) coordination
water molecules. Between 463 and 673 K, a strong weight
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loss and three main thermal events (an endothermic peak at
493 K, two exothermic peaks at 529 and 619 K, respec-
tively) are visible. The weight loss is clearly attributed to
the removal of organic ligands. In addition, a small mass
loss (about 2.7%) is also visible between 673 and 773 K.
No significant weight loss was observed for complex 1
when the temperature above 773 K. This result gives evi-
dence for the absence of carbon and proves the stability of
the obtained particles at high temperatures, especially
regarding the commonly observed PbO loss through
evaporation at temperatures above 973 K. The total mass
loss observed from the TG curve is around 47.5%, which is
in good agreement with the theoretical expected weight
loss (47.2%) calculated from the pyrolysis of compound 1
to PbTiOs.

Powder X-ray diffraction studies of the crystal phases
of samples

Calcination treatments were performed to induce crystal-
lization and the resulting XRD plots are shown in Fig. 5.
Broad and very weak peaks showed up after the heat
treatment at 623 K for 2 h, and the positions of which can
be attributed to those for PbO and TiO, (not shown here).
Of course at this temperature large amounts of amorphous
material are still present, resulting in a high background
and low diffraction intensities. The heat treatment of
compound 1 at 450 °C for 2 h resulted in formation of
tetragonal PbTiO3 as a pure phase (as shown in Fig. 5),
which indicated that a calcination temperature of 723 K
was sufficient to obtain PbTiO5. Powders annealed at 723,
773, 873, and 923 K could be indexed as tetragonal
PbTiO; (JCPDS 06-0452). With increasing calcination

101

301+113+310

20/°

Fig. 5 X-ray powder diffraction patterns of the samples obtained
from complex 1 at different temperature, with holding in air for 2 h
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temperature, the peak intensities to PbTiO3; became stron-
ger and all reflections could be assigned to PbTiO3. There
was no evidence for phase separation. The above results are
in good agreement with the TG-DTA analysis result. The
full-width at half-maximum (FWHM) of the (001) reflec-
tions is larger than the FWHM of the (100) reflections.
Similar results have been reported by Moon et al. [41] and
selbach et al. [42] for PbTiO; prepared by the hydrothermal
method and sol—gel route, respectively. They proposed that
the peak broadening due to strain in the c-axis direction is
much higher than in the a-axis direction, while the domain
sizes for both directions are similar.

FTIR spectrometry

To trace some possibly existed organic species and the
initial formation of Ti—O-Ti bonds in the calcined samples,
the changes of FTIR spectra for complex 1 and the as-
prepared samples at different calcinations temperatures
were shown in Fig. 6. The band at ~3,400 cm™' was
attributed to the O-H stretching vibrations of water mole-
cules in compound 1. The bands at ~1,630 and
~1,430 cm™' are assigned to the unantisymmetric and
symmetric stretching vibrations of carboxylate, respec-
tively. The frequencies of the bands of the antisymmetric
and symmetric stretching vibrations are shifted to lower
values compared to the corresponding vibrations in free
Hjnta, thus indicating a change in the coordination status of
the carboxylates in the H;nta ligand. The O-O vibration of
the peroxo groups in 1 was at 872 cm™'. There is also a
band around 603 cm ™', which has been attributed to the
presence of V,(Ti—(O,)) vibrations. The corresponding

(a)

T T T T X T T T T T b3 T A T
4000 3500 3000 2500 2000 1500 1000 500
viem™

Fig. 6 FTIR spectra of the samples obtained from complex 1 at
different temperature, with holding in air for 2 h, a complex 1,
b 373 K,c473 K, d 523 K, e 623 K, f 773 K, and g 873 K

frequency for the V (Ti—(0O,)) vibrations was observed
around 538 cm™'. There is no obvious difference between
complex 1 and the sample of complex 1 which was cal-
cined at 373 K, except the weaker peak around
3,400 cm ™', which is probably attributed to the crystallized
water molecules which were lost in the complex 1. The
peaks at 872 and 730 cm~' were disappeared when the
calcined temperature is increased to 473 K. This result
indicated that the peroxo groups in complex 1 have been
decomposed. Simultaneously, the peaks corresponding to
the CO5>~ group at about 1436, 1059, 856, and 693 cm ™'
have been observed, although the peaks were very weak. In
addition, the intensity of the vibrations at 1,630 and
1,420 cm™"' decreased. These results suggested that the
nta’~ ligands began to decompose and some carbonate was
formed in this temperature. Some organic residues were
traced between 1,650 and 1,100 cm™! for the sample cal-
cined at 623 K, and the peaks for CO5>~ disappear, indi-
cating that the intermediates in this temperature did not
contain carbonate. The reason for this is that PbCOs;
decomposes at this temperature. The peaks around 3400,
1600, and 1420 cm™" for the sample became weaker and
weaker with the raise of temperature and did not disappear
completely, indicating the escape of the organic residues
and the existence of some adsorbed water on the surface of
particles. In addition, a very broad absorption band from
500 to 700 cm™' was observed, which was due to the
bending vibration of Ti—O-Ti bonds. With increasing cal-
cination temperature, the Ti—O-Ti absorption peaks
became stronger.

Based on the above results of TG, XRD, and IR spectra,
a possible thermal decomposition steps of complex 1 are
proposed (as shown in Scheme 2).

Morphology observation and BET measurement

Figure 7 shows the transmission electron images of the
PbTiO3 nanoparticles obtained from pyrolysis complex 1 at
773 K for 2 h. It was found that PbTiO; powders only
consisted of the nano-scale crystallites with the crystalline
size of 60-100 nm and a tetragonal flake-like shape. Fig-
ure 8 shows the N, adsorpotion/desorpotion isotherm and
the corresponding pore size distribution of the PbTiO;
samples. The measurement shows that the BJH (Barrett—
Joyner—Halenda) desorpotion gives a main pore size dis-
tribution ranging from 40-70 nm to 90-110 nm with
average pore size of 47.8 nm, which can be attributed to
the interparticle pores. The pores with wider pore size
distribution can be attributed to the irregular sizes of the
samples. The BET surface area of the nanocrystalline
PbTiO3 powders was measured to be 5.6 m*/g at 773 K.
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Scheme 2 Schematic
representation of the major steps
involved in the thermal
decomposition of complex 1

PbCO; + [Ti,O(NC4H¢Og),]

100 nm

| 50nm.

Fig. 7 TEM image of PbTiO; from the thermal decomposition of
complex 1 at 773 K
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Fig. 8 N, adsorption—desorption isotherms and BJH pore size
distribution curves of the PbTiO; obtained from the thermal
decomposition of complex 1 at 773 K

Conclusions

In summary, a general and simple route has been devel-
oped for the preparation of a new heterobimetallic lead
nitrilotriacetatoperoxotitanate compound. This structurally
characterized compound gives rise to phase-pure nano-
particles of PbTiO3 powders with a crystalline size varying
from 60 to 100 nm when heated at 773 K. The compound
is highly stable toward hydrolysis and, therefore, has
potential applications in cheap and convenient syntheses of
a variety of PbTiOs-based materials for industrially
important products.
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Supplementary material

Crystallographic data for the structural analysis have been
deposited with the Cambridge Crystallographic Data
Centre, CCDC No. 783100 for compound 1. Copies of this
information are may be obtained free of charge from The
Director, CCDC, 12 Union Road, Cambridge, CB2 1EZ,
UK (fax: +44-1223-336033; email: deposit@ccdc.cam.ac.
uk or www: http://www.ccdc.cam.ac.uk).
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