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Single crystals of a novel titanium glycolate complex, Ti(OCH2CH2O)2, have been
hydrothermally synthesized and characterized by single-crystal X-ray diffraction, IR
spectroscopy, thermal analysis (TG-DTA), and scanning electron microscopy (SEM). The
titanium glycolate complex crystallizes in the monoclinic space group C2/c (no. 15), with
unit cell parameters of a ) 15.204(9) Å, b ) 7.568(2) Å, c ) 5.816(6) Å, â ) 110.87(6)°, Z )
4, R ) 0.036, and Rw ) 0.033 for 598 reflections (I > 3σ(I)) and 43 variables. The structure
is described as parallel chains built up from edge-sharing Ti4+O6 octahedra. The six oxygen
atoms are offered by four ethylene glycolate ligands. Each ethylene glycolate ligand bridges
two titanium atoms with one of its oxygen atoms, and the other is terminal.

Introduction

Considerable attention has been focused on the
investigation of novel metal alkoxides in the past 2
decades, because of their remarkable ability as precur-
sors for electroceramic materials.1 The sol-gel tech-
nique, based on the hydrolytic condensation of precur-
sors, is a low-temperature method for conversion of
metal alkoxides to metal oxides.2-4 Moreover, by use of
this technique, the conversion can be controlled on the
molecular level. It is always the fact that the resulting
materials will retain some structural features of their
synthetic precursors in low-temperature reactions. Ap-
parently, the synthesis of new metal alkoxides possess-
ing unique structures and properties is of great signifi-
cance for the investigation of sol-gel processes as well
as the evolution of metal alkoxide chemistry. However,
some distinct disadvantages of metal alkoxides make
it difficult to study their structures and properties
thoroughly, such as the extreme moisture sensitivity,
and the tendency to form mixtures of structurally com-
plex species upon hydrolysis.1 As a result, the prepara-
tion of most metal alkoxides is relatively complicated.

Hydrothermal chemistry has made a success of the
synthesis of almost all kinds of recently important
materials.5-8 Above all, the hydrothermal technique
exhibits outstanding advantages in the preparation of
single crystals.

Different from most crystalline titanium alkoxides,
which are generally low polymeric 0-dimensional mo-
lecular,9-13 Ti(OCH2CH2O)2 is a novel crystalline com-
plex with infinite one-dimensional chains. It exhibits
outstanding high stability not only in alcohol but also
in water.

In the research here, we describe the successful hy-
drothermal synthesis and the crystal structure of Ti-
(OCH2CH2O)2, and its evolution upon calcination at
various temperatures.

Experimental Section

Synthesis. The crystallization of the product was carried
out by using the hydrothermal method. A mixture of tetraethyl
orthotitanate, n-butylamine, and ethylene glycol in the molar
ratio 1.0:1.0:20.0, Ti(OC2H5)4:CH3(CH2)3NH2:HOCH2CH2OH
was stirred for 1 h, then was put into a Teflon-lined stainless
steel autoclave, and was heated at 160-180 °C for 5 days
under autogenous pressures. The product was filtered and
washed with distilled water and ethanol and then was dried
at ambient conditions. The large transparent needle-like
crystals up to several millimeters in length were obtained by
this preparation.

Infrared Spectroscopy. Infrared absorption spectra (IR)
were recorded on a JASCO FT/IR-410 spectrometer using
transparent KBr pellets: 1-2 mg of the sample was crushed
and mixed with 300 mg of KBr.

Thermal Analysis. Thermogravimetric and differential
thermal analyses (TG, DTA) were carried out in a Rigaku
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Thermoflex TAS 200 thermal analysis system with a heating
rate of 5 °C/min over a 20-1000 °C temperature range.

X-ray Powder Diffraction. X-ray powder diffraction (XRD)
patterns were taken on a RINT 1200 Rigaku X-ray diffracto-
meter, using Ni-filtered Cu KR radiation. XRD patterns at high
temperatures were measured up to 1000 °C in air.

X-ray Structure Determination. A transparent needle-
like crystal was mounted on a glass fiber. Single-crystal X-ray
diffraction data were collected by using a Rigaku AFC-7R four-
circle diffractometer with graphite monochromated Mo KR
radiation.

The intensities of three representative reflections were
measured after every 500 reflections. An empirical absorption
correction based on azimuthal scans of several reflections was
applied which resulted in transmission factors ranging from
0.88 to 1.00. The data were also corrected for Lorentz and
polarization effects.

The crystal structure was solved by the heavy-atom method
and expanded by Fourier techniques. The non-hydrogen atoms
were refined anisotropically. Hydrogen atoms were geometri-
cally placed but not refined. All calculations were performed
using the TEXSAN crystallographic software package. Further
details of relevant crystal data are summarized in Table 1.
The coordinates and anisotropic temperature factors are given
in Table 2, and selected bond lengths and angles are shown
in Table 3.

Results and Discussion

Synthesis. To avoid hydrolysis of products, the
traditional preparations of most metal alkoxides are
usually carried out under inert an atmosphere or in
vacuo, and the products must be kept in the glass
capillaries.1 In our research, the hydrothermal method
was employed, and the crystallization of the product
took advantage of the closed system and autogenous

pressure, which are the characteristics of hydrothermal
synthesis. Under these conditions, single crystals of a
novel titanium glycolate, Ti(OCH2CH2O)2, with a unique
infinite chain structure was obtained. The compound
is a moisture-stable material.

In the synthesis of the title compound, ethylene glycol
was used as a solvent as well as a reactant. The
investigation of the synthetic processes indicated that
the alkalinity of the reaction mixture was the most
important factor, which influenced the crystallization
of the product essentially. The appropriate molar ratio
of CH3(CH2)3NH2 to Ti(OC2H5)4 is 1:1 for the synthesis.
If the amount of n-butylamine was too large (n-BuNH2/
Ti ) 2/1), no crystalline product could be obtained. When
the ratio of CH3(CH2)3NH2 to Ti(OC2H5)4 was less
than 1:1, the rate of reaction and the crystallinity of
the product were very low. The product could not be
crystallized when some quaternary ammonium salts,
(C2H5)4NBr and (C3H7)4NBr), and a strong base such
as LiOH were employed instead of CH3(CH2)3NH2. Re-
cently, a number of reports have described the syntheses
and structures of anionic titanium alkoxides, including
[NH4]2Ti(cat)3,14 Na2Ti(OCH2CH2O)3‚4C2H6O2, and K2-
Ti(OCH2CH2O)3‚2.5C2H6O2.15 In their syntheses, the
alkalinity also played an important role.

Structure. The combination of titanium tetraalkox-
ides with bidentate chelate alkoxides such as glycol16

or 2-methylpentane-2,4-diol17 have been studied in the
literature. According to the ratio of titanium to the
chelate diol, the neutral compounds were characterized
by various complex geometry, but none of their struc-
tures could be clearly determined.

The structure of Ti(OCH2CH2O)2 was solved in the
C-centered monoclinic space group C2/c and consists of
one-dimensional chains of edge-sharing Ti4+O6 octahe-
dra along the c-axis as shown in Figures 1 and 2. The
packing arrangement of Ti(OCH2CH2O)2, seen in Figure
3, shows that the parallel chains align such that each
chain has six neighbors, with no direct linkage between
adjacent chains. The chains are held together by a van
der Waals interaction, thereby forming an extended
structural array. There are two oxygen atoms in bridg-
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Table 1. Summary of Crystallographic Data for the
Structures of Ti(OCH2CH2O)2

formula TiO4C4H8
formula weight 167.98
crystal system monoclinic
Z 4
space group C2/c (no. 15)a

lattice parameters a ) 15.204(9) Å
b ) 7.568(2) Å
c ) 5.816(6) Å
â ) 110.87(6)°

volume 625.3(8) Å3

density 1.784 g/cm3

temperature 23 °C
radiation Mo KR (λ ) 0.71069 Å)

graphite monochromated
no. of observations after averaging

(I > 3.00σ(I))
598

residuals: R; Rw 0.036; 0.033
goodness-of-fit indicator 1.60
R ) ∑||Fo| - |Fc||/∑|Fo| ) 0.036

Rw ) x∑w(|Fo| - |Fc|)2/∑wFo
2 ) 0.033

a From the extinction rule, space groups Cc and C2/c are
deduced. In the course of structural analysis the latter space group
was found to give lower R factor than the former (R ) 0.047, Rw
) 0.049, GOF ) 0.6). Therefore, the space group C2/c was chosen.

Table 2. Atomic Coordinates for Ti(OCH2CH2O)2

atom site x y z Beq
a

Ti 4e 1/2 0.09912(8) 3/4 2.05(1)
O(1) 8f 0.4402(1) 0.0919(2) 0.3824(2) 2.75(3)
O(2) 8f 0.4018(1) 0.2547(3) 0.6952(3) 3.95(4)
C(1) 8f 0.3620(2) 0.3335(4) 0.4610(5) 3.86(6)
C(2) 8f 0.3589(2) 0.1975(4) 0.2718(5) 3.49(6)

a Beq ) 8/3π2(U11(aa*)2 + U22(bb*)2 + U33(cc*)2 + 2U12aa*bb*
cos γ + 2U13aa*cc* cos â + 2U23bb*cc* cos R).

Table 3. Selected Bond Lengths (Å) and Angles (deg)

Ti-Ti 3.2724(6) O(1)-Ti-O(1A) 176.9(1)
Ti-O(1) 2.004(1) ×2 O(1)-Ti-O(1B) 70.47(7)
Ti-O(1) 2.003(2) ×2 O(1)-Ti-O(1C) 107.15(6)
Ti-O(2) 1.837(2) ×2 O(1)-Ti-O(2) 78.49(7)
O(1)-O(1B) 2.311(3) O(1B)-Ti-O(1A) 107.15(6)
O(1)-O(1C) 3.224(1) O(1B)-Ti-O(1C) 87.6(1)
O(1C)-O(1B) 2.771(3) O(1B)-Ti-O(2A) 94.41(9)
O(1)-C(2) 1.419(3) O(1C)-Ti-O(1A) 70.47(7)
O(2)-C(1) 1.411(3) O(1C)-Ti-O(2A) 148.00(7)
C(1)-C(2) 1.495(4) O(2)-Ti-O(2A) 100.3(1)

O(2)-Ti-O(1B) 148.00(7)
O(2)-Ti-O(1C) 94.41(9)
Ti-O(1)-C(2) 117.4(1)
Ti-O(2)-C(1) 118.7(2)
O(2)-C(1)-C(2) 108.1(2)
O(1)-C(2)-C(1) 105.0(2)
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ing positions between two adjacent octahedra, denoted
O(1) and O(1B) in Figure 2. In the structure, each
ethylene glycolate ligand links two titanium atoms such
that one oxygen atom of the ligand is bridging, O(1),
and the other is terminal, O(2).

All the titanium atoms have an equivalent environ-
ment, a coordination number of 6, completed as fol-
lows: two bridging oxygen atoms shared by Ti and Ti*,
another two bridging oxygen atoms shared by Ti and
Ti**, and two terminal oxygen atoms.

In the titanium octahedra, the bond lengths Ti-O
vary from 1.837(2) to 2.004(1) Å (average 1.948 Å). The
Ti-O bond to the terminal O(2) is short (1.837(2) Å) and
the Ti-O(2)-C(1) angle is 118.7(2)°. In contrast, the
Ti-O bonds of bridging O(1) are relatively long (2.004-
(1) and 2.003(2) Å), and the Ti-O(1)-C(2) angle has a
slightly smaller value (117.4(1)°) than the Ti-O(2)-C(1)
angle. In addition, because of the edge-sharing of the
octahedra, the Ti-O distances to the bridging oxygen
atoms are elongated by about 0.17 Å when compared
with the Ti-O(2) distance of 1.837(2) Å, and the bond
angle between the bridging oxygen atoms is consider-
ably small. As a consequence, the TiO6 is considerably
distorted from ideal octahedral coordination. The
Ti‚‚‚Ti* distance is 3.2724(6) Å as compared with 3.326-
(1) Å found in the structure of dimeric [Ti(DTBC)2-
(HDTBC)]2,14 and 2.994 Å found in anatase for edge-
sharing TiO6 octahedra along the c axis.

As for the gaseous ethylene glycol molecule, the bond
lengths for C-C and C-O are 1.52 ( 0.02 and 1.43 (
0.02 Å, respectively, and the C-C-O angle is 109.5°.18

In the title compound, when the ethylene glycolate
ligand is combined with the titanium atom as a biden-
tate chelate, the bond length C(1)-C(2) gets a little
shorter (1.495(4) Å) than that of the ethylene glycol
molecule, and the C-C-O angles for C(2)-C(1)-O(2)
and C(1)-C(2)-O(1) become smaller in varying degrees
(108.1(2)° and 105.0(2)°, respectively). Moreover, the
angle between C(2)-C(1)-O(2) and C(1)-C(2)-O(1)
planes decreases from 74° of ethylene glycol to 34.4°.
The C-O bond distances for C(2)-O(1) (1.419(3) Å) and
C(1)-O(2) (1.411(3) Å) are in good agreement with those
of ethylene glycol.

The stability of polytitanates [TixOy][OR]4x-2ywas
discussed in terms of the degree of condensation y/x.19

The steric repulsion between alkoxide ligands was also

pointed out to destabilize titanium alkoxide hydrolysis
products.19 The degree of condensation y/x ) 0 for the
compound obtained here implies that the compound is
very unstable. However, as each ethylene glycolate
ligand locates apart from others by more than the van
der Waals diameter of the methyl group in this com-
pound, no steric repulsion is conceivable. Furthermore,
an infinite TiO2 chain is the structure unit of the
compound, contrary to molecular units of polytitanates.
Therefore, we cannot evaluate the stability of Ti-
(OCH2CH2O)2 only by the degree of condensation.

Infrared Spectroscopy. The IR spectrum of the title
compound dispersed in KBr is shown in Figure 4. The
bands located at 2927 and 2855 cm-1 are assigned to
the stretching vibrations of ν(C-H). This is consistent
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and Ions; The Chemical Society Burlington House: London, W.1, 1958.
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Figure 1. Polyhedral view of the one-dimensional chains of
Ti(OCH2CH2O)2 along the c axis.

Figure 2. View of the one-dimensional chains of Ti(OCH2-
CH2O)2 along the c axis.

Figure 3. View of Ti(OCH2CH2O)2 with the unit cell outlined
showing the pack along the c axis.
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with the symmetric and antisymmetric C-H stretching
bands of ethylene glycol, roughly.

The Ti-O stretching frequency for Ti(OiPr)4 has
previously been assigned to a band at 619 cm-1 and is
characteristic for titanium alkoxides.12 It has been
mentioned recently that the bands located around 1100
and 675-550 cm-1 were characterized for the presence
of Al-O-C linkage in a barium aluminate glycolate20

and Ti-O-C linkage in a barium titanium glycolate.21

Other research indicated that the C-O-Ti bands
characteristic of butoxy groups linked to titanium are
located at 1035, 1085, and 1135 cm-1.22 The presence
of bands at 1086 and 1042 cm-1 were characterized as
a C-C-O stretching vibration for ethylene glycol.
However, in the crystalline phase, these two absorption
bands disappeared, indicating that H-O-C bonds have
been replaced by Ti-O-C bonds. Therefore, three bands
at 1124, 1057, 1030 cm-1, and two bands at 635 and
595 cm-1 can be assigned to C-O-Ti, characteristic of
ethylene glycolate ligands linked to titanium. The bands
occurring at 635 and 595 cm-1 are assigned to the ν(Ti-
O) stretching frequency for the Ti-O(2) and Ti-O(1)
band, respectively, according to their different bond
lengths. The bands at 536, 498, and 442 cm-1 are
assigned to the Ti-O-Ti stretching and bending vibra-
tions. Some of the bands at around 1400 cm-1 are
diagnostic of ethylene glycolate ligands in the gauche
conformation.

Thermal Analysis. To investigate the thermal prop-
erties of titanium glycolate Ti(OCH2CH2O)2, TG-DTA
analyses were carried out in air and the results are
shown in Figure 5. The DTA curve shows an exothermic
effect occurring at ca. 338 °C. This is in good agreement
with the TG results. The TG curve has one step ranging
from 310 to 350 °C, corresponding to the weight loss of
ca. 50%, which is consistent with the calculated value
(53%) for all organic groups separating themselves from
the framework. Upon oxidation of the organic moiety
in the temperature range mentioned above, the com-

pound changed to an amorphous state as shown by the
XRD pattern of Figure 6 d. With an increase in the
calcination temperature, the XRD pattern of anatase
became discernible at 400 °C and that of rutile was
observed above 650 °C, coexisting with anatase. A single
phase of rutile was obtained at 1000 °C. The transfor-
mations from the amorphous to anatase and from
anatase to rutile were so gradual that no clear thermal
effect was seen in DTA curves.

There is a particular phenomenon which attracted our
attention. Upon calcination at appropriate tempera-
tures, Ti(OCH2CH2O)2 transformed into anatase and
rutile in sequence. Although the compositions as well
as the structures of these two types of titanium dioxides
are very different from the as-synthesized product, both
of them hold the shape of the as-synthesized titanium
glycolate Ti(OCH2CH2O)2 crystal. The staggered se-
quence of edge-sharing in the TiO6 chain along the c
axis of Ti(OCH2CH2O)2 is very similar to that seen in
the anatase structure. Therefore, a topotactic change
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Figure 4. IR spectra of (a) Ti(OCH2CH2O)2 and (b) HOCH2-
CH2OH.

Figure 5. TG-DTA curves of Ti(OCH2CH2O)2.

Figure 6. XRD patterns of the product at different temper-
atures: (a) 25 °C, Ti(OCH2CH2O)2; (b) 200 °C, amorphorous;
(c) 300 °C; amorphous; (d) 400 °C, appearance of anatase
(shown by filed circles); (e) 500 °C, anatase; (f) 650 °C,
appearance of rutile (shown by open circles); (g) 700 °C, mixed
phase of anatase and rutile; (h) 1000 °C, rutile.
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from Ti(OCH2CH2O)2 to TiO2 (anatase) can be antici-
pated and will be reported elsewhere.

Conclusions

Despite the real and potential applications of metal
alkoxides, successful synthesis and structural charac-
terization of such materials remains a challenge for us.
In this paper, single crystals of the titanium glycolate
complex Ti(OCH2CH2O)2 with a unique one-dimensional
structure have been synthesized successfully by using
hydrothermal methods. The alkalinity of the initial
reaction mixture is a dominant factor for the product
crystallization. The ethylene glycol serves not only as a
solvent but also as a bidentate chelate occupying sites
on the titanium coordination sphere so as to bridge

adjacent titanium atoms and form the one-dimensional
structure. This distinct bridging pattern somewhat
passivates the surface of chains and leads to the high
moisture stability of the crystal.

Upon calcination at higher temperatures, the product
looses about 50% of its weight and is converted to
titanium dioxide probably by a topotactic reaction.

Supporting Information Available: Tables of experi-
mental conditions and crystal data, atomic positional param-
eters, bond lengths and angles, anisotropic temperature
factors, and hydrogen atom positions for Ti(OCH2CH2O)2;
tables of structure factors. This material is available free of
charge via the Internet at http://puts.acs.org.

CM980579O
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