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Different synthesis routes have been studied for the prepara-
tion of a new oxoalkoxide, Er2Ti4O2(OEt)18 (HOEt)2 (Et5
C2H5). The compound was best prepared by reacting KOEt
and Ti(OEt)4 first with water and then with ErCl3. The structure
was determined by single-crystal X-ray diffraction, showing the
unit cell to have the monoclinic space group symmetry, P21/n,
and the lattice constants a 5 15.180(2) A_ , b 5 12.693(2) A_ , c 5
16.602(3) A_ and b 5 98.91(1)° and to contain two formula units.
The final R value was 0.053 (wR 5 0.077). The molecule contains
three of the most commonly found structure fragments of alkox-
ides, namely the C2h fragment of Ti4(OEt)16(Er2Ti2O6), the
M4(l4-O) fragment (Er2Ti2O), and the face-sharing MO6 oc-
tahedra, with M 5 Ti41. IR studies revealed that the molecular
structure of the alkoxide was retained to a large extent when the
alkoxide was dissolved in 4 : 1 ethanol : toluene and hexane sol-
vents. ( 1998 Academic Press

1. INTRODUCTION

In recent years, the interest in metal alkoxides and their
use in designing new materials has grown enormously (1, 2).
The range of applications is wide, mainly concerning electri-
cal and optical materials. For optical applications, such as
laser amplifiers and up-conversion devices in the forms of
waveguides and bulk glasses containing ¸n3` ions, mainly
Er3` and Nd3` are of special interest. The formation of
¸n-rich oxide clusters, which often occurs with solid-state
synthesis and sol—gel processing of solutions containing
Er3` salts, decreases the optical activity. One approach to
avoid such cluster formation, which is investigated by our
group, is to encapsulate the ¸n atom by optically silent
metal atoms in the precursor alkoxide molecule. Optically
silent metal atoms can be, e.g., B, Al, Ti, Zr, or Nb. In an
earlier publication we described a heterometallic alkoxide
that contains an isolated Er atom surrounded by optically
silent metal atoms (Al) bonded to Er via isopropoxo bridges
(3).

In this paper, we present a new oxoalkoxide, Er
2
Ti

4
O

2
(OEt) (HOEt) . The structure determination of this
18 2

14
compound showed that each molecule contains two Er
atoms directly connected, via bridging oxo-oxygen atoms,
which means that it is unsuitable for the previously men-
tioned investigation. Nevertheless, the structure of this mol-
ecule is interesting, as it contains three of the most common
structure fragments, familiar from other alkoxides.

The structures of several metal alkoxides containing tita-
nium have been determined (4—15). In many cases, pairwise
face-sharing Ti octahedra are found in these alkoxides. This
fragment is also observed in other M4`-containing alkox-
ides. e.g., Zr (16), Ce (17), and U (18).

Since we could not isolate any heterobimetallic alkoxides
when using rigorously dry and oxygen-free conditions, we
have made a study of different synthesis routes to obtaining
the isolable oxoalkoxide Er

2
Ti

4
O

2
(OEt)

18
(HOEt)

2
.

2. EXPERIMENTAL

2.1. Synthesis

All preparations and the mounting of the crystals for the
X-ray data collection were performed in a glovebox contain-
ing a dry, oxygen-free nitrogen or argon atmosphere. The
ethanol used was dried by distillation over CaH

2
and the

toluene was dried with thin slices of sodium. Commercial
anhydrous ErCl

3
(Strem Chemicals), erbium metal (Aldrich,

99.9%), potassium (Aldrich), and Ti(OEt)
4

(Fluka, 97%)
were used.

Since only an oxoalkoxide could be isolated in crystalline
form, we made a study of different pathways to obtaining
this oxo compound:

Route 1. Typically, 12.6 mmol (0.493 g) of potassium
was dissolved in 70 ml of 4:1 (vol:vol) toluene:ethanol sol-
vent, and then 8.41 mmol (1.92 g) of titanium tetraethoxide
was added. After 2 h, 4.20 ml of 1 M H

2
O in 4:1 tol-

uene:ethanol was added dropwise, and 2 h later, 4.203 mmol
(1.150 g) of ErCl

3
was added. The reaction was allowed to

proceed for 48 h, whereupon the mixture was centrifuged to
separate the KCl precipitate. An electronic spectrum of the
solution, in the range 515—540 nm, is shown in Fig. 1.
9
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FIG. 1. Spectra showing the 2H
11@2

Q4I
15@2

absorption band of the
Er3` ion in solutions from redissolved Er

2
Ti

4
O

2
(OEt)

18
(HOEt)

2
in 4:1

toluene:ethanol (A); route 1 (B); route 2A, before the addition of oxygen (C);
route 2A, after the oxygen addition (D); route 2B (E); route 3 (F).

FIG. 2. Spectra of solutions of route 4 obtained after 24 (A) and 48 h (B).
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Evaporation of the solution yielded a crystal mass, which
after washing with ethanol was identified as being
Er

2
Ti

4
O

2
(OEt)

18
(HOEt)

2
(yields 70—80%). An electronic

spectrum of the redissolved crystals is shown in Fig. 1.
FT-IR spectra of the compound, as solid and solution, are
shown in Fig. 3. Recrystallization can be achieved by dis-
solution in toluene followed by addition of ethanol.

Route 2A. Metathesis, carried out in the same way as in
route 1, but without addition of water, yielded a pink
solution from which almost no crystals were obtained on
evaporation. Instead, a viscous solution was formed which
did not crystallize for months. After ethanol addition, crys-
tallization occurred very slowly (over many weeks). An
electronic spectrum of the solution before evaporation is
shown in Fig. 1. Addition of dry oxygen gas for 48 h, to
the solution obtained before evaporation changed the
electronic spectrum of the solution only marginally (see
Fig. 1). The yields of Er

2
Ti

4
O

2
(OEt)

18
(HOEt)

2
on evapor-

ation were only a few percent.

Route 2B. Metathesis was carried out in the same way as
in route 2A, but with addition of 1 equivalent of water per
Er, as 1 M H

2
O in 4:1 toluene:ethanol, instead of oxygen.

An electronic spectrum of the solution before evaporation is
shown in Fig. 1. Evaporation gave crystals of Er

2
Ti

4
O

2
(OEt)

18
(HOEt)

2
in yields of ca. 70%.

Route 3. Metathesis, in the same way as in route 2A,
before the oxygen addition, but at 65°C for 120 h, yielded
a solution whose electronic spectrum is shown in Fig. 1,
and evaporation of it afforded less than a few percent of
crystals.

Route 4. Er metal (2.20 mmol (0.368 g)) 6 ml of 4:1
toluene:ethanol solvent, 0.3 ml of ethanol, 4.4 mmol (1.0 g)
of titanium tetraethoxide, and ca. 1 mg of HgCl

2
were mixed

and reacted at 60°C for 48 h. The solution part was purple
after 24 h and pale yellow after 48 h. The electronic spectra
of the solutions obtained after 24 and 48 h, respectively, are
shown in Fig. 2. Evaporation of the purple solution ob-
tained after 24 h did not yield any crystals of Er

2
Ti

4
O

2
(OEt)

18
(HOEt)

2
, but a mixture of a dark powder and

a liquid. Evaporation of the yellow solution, on the other
hand, produced crystals of Er

2
Ti

4
O

2
(OEt)

18
(HOEt)

2
in

yields of about 20—50%.



TABLE 1
Crtstallographic Data for the Structural Investigation

of Er2Ti4O2(OEt)18(HOEt)2

Formula Er
2
Ti

4
O

2
(OEt)

18
(HOEt)

2
Formula weight 1461.54 g/mol
Space group P2

1
/n

Unit cell dimensions a"15.180(2) A_
b"12.693(2) A_
c"16.602(3) A_
b"98.91(1)°

Volume 3160(2) A_ 3
Z 2
Calculated density 1.533 g/cm3

Radiation MoKa
Wavelength 0.71073 A_
k 3.17 mm~1

Temperature 22°C (295 K)
Crystal shape Irregular
Crystal size 0.26]0.16]0.22 mm3

Diffractometer Siemens P4/RA
Determination of unit cell

Number of reflections used 12
h range of reflections used 11.2—24.1

Intensity data collection u—2h scan technique
Max of sin h/j 0.98 A_ ~1

Range of h, k, and l !1 to 21, !1 to 17, and!23 to 23
Standard reflections 3
Number of measured reflections 12086
Number of unique reflections 9204
Number of observed reflections 2586
Criterion for observed reflections I'5p(I)
R

*/5
0.058

Structure determination technique
Determination of H atoms
Structure refinement Least squares structure refinement
Minimization of +x (*F)2
Anisotropic model for Er, Ti, and O
Isotropic model for C and H
Parameters fixed for C and H
Number of parameters 208
Weighting scheme 1/(p2 (F)#0.002]F2)
Final R 0.053
Final wR 0.077
Max final */p 0.055
Max and min *o 1.24 and !1.66 e~ A_ ~3
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2.2. Characterization

The overall metal composition was determined on iso-
lated crystals, crystal masses, or solutions, which had been
hydrolyzed and dried prior to analysis, with a scanning
electron microscope (SEM, JEOL 820) equipped for energy-
dispersive analysis of X-ray spectra (LINK AN 10000). The
EDS determinations are judged as being within 2 mol%
units for Ti and Er, from comparisons with standards.
FT-IR spectra were recorded with a Bruker IFS 55 spec-
trometer equipped with a KBr beamsplitter and a DTGS
detector. The solid samples were investigated as KBr tablets
and the neat, viscous alkoxides were enclosed between KBr
plates. The identity and homogeneity of the synthesis prod-
ucts were checked by IR studies on a large number of
samples taken from different parts of the products. The
dissolved samples were contained in 0.1-mm KBr cells. The
electronic spectra were obtained with a Philips PU 8740
dispersive spectrometer in the range 190—900 nm using
sealed quartz cells. The behavior on heating was studied
with a differential scanning calorimeter (DSC, Perkin-Elmer
DSC-2) using sealed steel compartments in the temperature
range 25—225°C as well as in sealed glass capillaries in
a solid-block melting-point apparatus in the temperature
range 25—320°C.

2.3. Structure Determination

A few selected crystals, prepared as described in section
2.1, were mounted in glass capillaries ('"1.0 mm) that
were melt-sealed in the glovebox. Preliminary single-crystal
X-ray diffractometer investigations of the finally selected
crystal, using MoKa radiation, indicated a monoclinic space
group symmetry, P2

1
/n. The crystal had a minor twin

component, but as the final results show, the effects from
twinning were negligible. The unit cell parameters were
determined and refined, from the h values of 12 accurately
centered reflections, as a"15.180(2) A_ , b"12.693(2) A_ ,
c"16.602(3) A_ , and b"98.91(1)°. Single-crystal X-ray dif-
fraction data were collected at room temperature (22°C) on
a Siemens P4/RA diffractometer. No correction for absorp-
tion effects was made due to difficulties in determining the
crystal faces.

Preliminary Er positions were obtained by conventional
heavy-atom techniques. The remaining non-hydrogen
atomic positions were found from subsequent calculations
of difference electron density (*o) maps. The hydrogen
atoms were positioned by assuming ideal geometry of the
ethyl groups, and their positions were refined by constrain-
ing the carbon-to-hydrogen distance to be 1.0 A_ . Due to the
large thermal vibrations and the limited accuracy of the
ethoxo group geometries, the Ca to Cb distances were softly
constrained. In the final refinement, all the metal and the
oxygen atoms were allowed to vibrate anisotropically,
while the carbon and the hydrogen atoms were held iso-
tropic.

Details of the experimental conditions and the final struc-
tural refinements are given in Table 1. Least-squares refine-
ments of the structural model yielded an R value of 0.053
(wR"0.077). The final atomic coordinates with thermal
parameters, bond distances, and selected bond angles are
listed in Tables 2—5. The atomic scattering factors used were
those for neutral atoms given in ‘‘International Tables for
X-Ray Crystallography’’ (19). The SHELXTL program
package (20) was used for the crystallographic calculations.

3. RESULTS AND DISCUSSION

3.1. Synthesis of Er
2

Ti
4
O

2
(OEt)

18
(HOEt)

2
Straightforward synthesis from ErCl

3
, KOEt, and

Ti(OEt) yielded soluble Er and Ti alkoxide(s) that could

4



TABLE 2
Fractional Atomic Coordinates (3104) and Isotropic Thermal

Parameters (3103) with e.s.d.’s for the Metal, Oxygen, and
Carbon Atoms of Er2Ti4O2(OEt)18(HOEt)2

Atom x y z º
%2

(As 2)

Er 325(1) 1262(1) 598(1) 47(1)
Ti1 !765(3) !268(3) 1697(2) 53(2)
Ti2 !1733(3) 470(3) 153(2) 54(2)
O1 !1085(8) 1271(8) 1213(6) 63(4)
O2 !587(7) !256(7) 566(6) 46(4)
O3 421(8) 270(8) 1888(6) 60(4)
O4 1820(7) 544(9) 702(7) 57(4)
O5 !2045(7) !408(9) 1082(7) 61(5)
O6 !1055(7) 1511(7) !319(6) 53(4)
O7 !653(9) !1731(9) 1839(7) 69(5)
O8 679(10) 2527(9) 1349(7) 84(6)
O9 749(9) 2497(8) !352(7) 68(5)
O10 !2785(10) 1045(10) !73(9) 85(6)
O11 !1069(9) 35(10) 2673(7) 73(5)
C1A !1470(14) 2090(14) 1606(11) 77(6)
C1B !1625(15) 3073(16) 1156(13) 97(7)
C3A 875(13) 629(15) 2666(11) 77(6)
C3B 1297(16) !217(17) 3182(14) 111(8)
C4A 2549(14) 841(16) 1335(13) 84(6)
C4B 3083(19) 1618(21) 1121(18) 140(10)
C5A !2884(24) !384(26) 1352(21) 168(13)
C5B !3225(27) !1371(27) 1357(25) 213(17)
C6A !1351(13) 1929(13) !1141(10) 67(5)
C6B !1605(15) 3011(15) !1146(14) 100(7)
C7A !633(25) !2330(24) 2543(21) 172(13)
C7B !623(26) !3351(25) 2625(23) 193(15)
C8A 996(22) 3198(23) 1905(19) 152(11)
C8B 694(24) 4160(26) 1942(21) 196(15)
C9A 805(24) 3679(24) 311(23) 176(14)
C9B 1602(25) 4114(32) !318(23) 210(17)
C10A !3749(51) 1183(50) !525(40) 397(42)
C10B !4007(36) 1996(42) !125(33) 321(27)
C11A !1452(16) 444(20) 3323(13) 104(7)
C11B !985(20) 154(25) 4058(16) 169(13)

TABLE 3
Selected Intramolecular Distances with E.s.d.’s for

Er2Ti4O2(OEt)18(HOEt)2

Atoms Distance (A_ )

Er—O1 2.51(2)
Er—O2 2.37(1)
Er—O3 2.47(1)
Er—O4 2.43(1)
Er—O6 2.41(1)
Er—O8 2.05(1)
Er—O9 2.38(1)
Er—O2A 2.40(1)

Ti1—O1 2.14(1)
Ti1—O2 1.94(1)
Ti1—O3 1.91(2)
Ti1—O5 2.06(1)
Ti1—O7 1.88(2)
Ti1—O11 1.79(2)

Ti2—O1 2.14(1)
Ti2—O2 1.99(1)
Ti2—O5 2.02(2)
Ti2—O6 1.92(1)
Ti2—O10 1.74(2)
Ti2—O4A 1.91(1)

TABLE 4
Selected Intramolecular Bond Angles with E.s.d.’s, for

Metal–Oxygen–Metal Bonds in Er2Ti4O2(OEt)18(HOEt)2

Bonds Angle (deg) Bonds Angle (deg)

Er—O2—ErA 106.3(4) Er—O1—Ti1 89.5(4)
Er—O1—Ti2 88.6(4)
Er—O2—Ti1 98.9(4)
Er—O2—Ti2 96.2(3)

Ti1—O1—Ti2 85.6(4) ErA—O2—Ti1 147.3(4)
Ti1—O2—Ti2 95.3(4) ErA—O2—Ti2 102.3(4)
Ti1—O5—Ti2 90.9(5) Er—O3—Ti1 96.4(4)

Er—O4—Ti2A 104.1(4)
Er—O6—Ti2 96.9(4)
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not be crystallized by evaporation or addition of ethanol
solvent. An electronic spectrum of the compound(s) in solu-
tion showed a fine structure of the peak, assigned as due to
the 2H

11@2
Q4I

15@2
transition of the Er3` ion (21), that was

different from that of the title compound (see Fig. 1). Similar
differences were also observed for the peaks assigned as due
to the 4G

11@2
Q4I

15@2
and 4F

9@2
Q4I

15@2
transitions. SEM-

EDS analysis of a hydrolyzed sample of the solution showed
it to contain no K or Cl and that the Er to Ti ratio was close
to 1:2. Evaporation of all solvent by vacuum yielded a pink
viscous liquid. Its IR spectrum differed from those of
Er

2
Ti

4
O

2
(OEt)

18
(HOEt)

2
and Ti(OEt)

4
. The liquid did not

give an OH stretch band as is the case for Er
2
Ti

4
O

2
(OEt)

18
(HOEt)

2
. We believe that the compound(s) formed

without addition of water or oxygen contain no oxo oxy-
gens. The fact that it has not been possible to obtain crystals
from the solution might be due to a weak bond between the
Er and Ti alkoxides or due to a formation of several differ-
ent alkoxides.

In many cases, decomposition of alkoxides to form oxo
alkoxides can occur on heating, and we have therefore
heat-treated the synthesis mixture at 65°C for 120 h (route
3). Only very minor amounts of Er

2
Ti

4
O

2
(OEt)

18
(HOEt)

2
were obtained when the solution was evaporated, which
might be due to a very small amount of water, unintention-
ally added with the reactants. The fine structure of the
2H

11@2
Q4I

15@2
peak was almost identical with that

obtained without heating, as can be seen in Fig. 1. This



TABLE 5
Selected Intramolecular Bond Angles with E.s.d.’s for

Metal–Oxygen–Carbon Bonds in Er2Ti4O2(OEt)18(HOEt)2

Angle Angle Angle
M—k

3
-O (deg) M—k-O (deg) M—O

5%3.*/!-
(deg)

Er—O1—C1A 129.5(0) Er—O3—C3A 124.9(9) Er—O8—C8A 169.2(15)
Ti1—O1—C1A 126.0(0) Er—O4—C4A 123.6(10) Er—O9—C9A 130.2(16)
Ti2—O1—C1A 24.4(0) Er—O6—C6A 138.2(10) Ti1—O7—C7A 129.5(15)

Ti1—O3—C3A 124.8(11) Ti1—O11—C11A 165.8(12)
Ti2—O10—C10A 156.6(26) Ti2—O10—C10A 156.6(26)
Ti1—O5—C5A 131.9(15)
Ti2—O4—C4A 132.2(11)
Ti2—O5—C5A 124.0(15)
Ti2—O6—C6A 121.6(9)
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2
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2
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5
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2
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5
)
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indicates that the products of the reaction are not affected
by the heat treatment and thus they seem to be relatively
stable against organic decomposition.

Another known way to obtain oxoalkoxides of less acidic
metal ions, e.g., La, Ba, Sr, Ca, K, and Na, is to treat the
solution with oxygen gas (22). A large excess of dry oxygen
gas did not, however, yield more than a very small amount
of Er

2
Ti

4
O

2
(OEt)

18
(HOEt)

2
(route 2A), and the solution

gave an electronic spectrum that was very similar to that
obtained without oxygen (see Fig. 1). It might be that the
Er3` ion is too acidic for the oxidation to take place, but
a formation of Er—Ti ethoxides which increase the Er acidity
might also hinder oxidation.

The most obvious way to prepare oxoalkoxides is addi-
tion of small amounts of water to non-oxo alkoxides. We
have studied two ways of adding a stoichiometric amount of
water: to the KOEt—Ti(OEt)

4
mixture before the ErCl

3
addition (route 1), and to the mixture formed after the ErCl

3
addition (route 2A). Either way the water is added,
Er

2
Ti

4
O

2
(OEt)

18
(HOEt)

2
is obtained in rather high yields.

Route 1 gives slightly higher yields and might also simulate
less rigorously dried solvents and starting materials and
therefore seems to be the best one. From the UV—Vis and IR
studies, it seems that Er

2
Ti

4
O

2
(OEt)

18
(HOEt)

2
existed al-

ready before the evaporation for crystallization in the routes
1 and 2B, since their solution electronic spectra showed fine
structures similar to that of the dissolved Er

2
Ti

4
O

2
(OEt)

18
(HOEt)

2
(Fig. 1).

Er metal and Ti(OEt)
4
in 4:1 toluene:ethanol did not react

even on heating, but addition of a very small amount of
HgCl

2
catalyzed the reaction so that it could occur at room

temperature, although slowly. At 60°C (route 4), the reac-
tion first yielded a purple solution with the electronic spec-
trum shown in Fig. 2, comprising peaks typical of Er3` ions
as well as a broad band assigned to the 1EgQ1¹

2g

transition of octahedrally coordinated Ti3`. Its maximum is
found at 20,400 cm~1, which corresponds to a ligand field
comparable to that of the aqua complex, which has a max-
imum at 20,100 cm~1 (23). Thus, the Er metal reduces the
Ti4` ions in the Ti(OEt)

4
to Ti3`, while being dissolved as

Er3`. Evaporation of this solution yielded a dark powder
mixed with a liquid. We have not been able to identify the
components of this multiphasic material with certainty. If
the purple solution was not evaporated, it turned pale
yellow, and the resulting electronic spectrum showed no
sign of the Ti3` absorption (see Fig. 2). The peaks attribu-
table to Er3` showed fine structures resembling both the
oxoalkoxide and the non-oxo alkoxide (Fig. 2). Evaporation
and crystallization of the solution yielded ca. 20—50%
Er

2
Ti

4
O

2
(OEt)

18
(HOEt)

2
. This is lower than for routes 1

and 2A, which is at least partly depending on the formation
of insoluble Er compounds during the dissolution of the
metal but might also stem from the formation of other
Er—Ti alkoxides, such as the supposed non-oxo one.

3.2. Characterization and Properties of
Er

2
Ti

4
O

2
(OEt)

18
(HOEt)

2
FT-IR Studies. An IR spectrum of crystalline Er

2
Ti

4
O

2
(OEt)

18
(HOEt)

2
in the range 1250—400 cm~1 is shown in

Fig. 3. Peaks in the diagnostic region, 1200—400 cm~1, were
found at 1158, 1145, 1097, 1055, 925, 898, 804, 602, 561, 512,
483, 467, and 420 cm~1. The band with maxima at 1158 and
1145 cm~1 is tentatively assigned to vibrations in the ethyl
groups, those with maxima at 1097, 1055, 925, and
898 cm~1 are tentatively ascribed to C—O and C—C vibra-
tions (24, 25), and that below 750 cm~1 is assigned to M—O
stretchings. The OH stretch band of the ethanol adducts
showed a maximum at 3115 cm~1 and shoulders at ca. 3160
and ca. 3220 cm~1, indicating a relatively weak hydrogen
bond.

The great similarity of the IR spectra of the crystals and
4 : 1 toluene : ethanol or hexane solutions indicates that the
molecular structure is, to a large extent, retained when the
compound is dissolved (see Fig. 3). Most peaks of the
dissolved compound are found within 1 cm~1 from those of
the solid compound, and the biggest difference found was
5 cm~1, in the peak at 561 cm~1. In the hexane solution
spectrum, the OH stretch band has a maximum at
3112 cm~1, which is very close to the value of the solid
compound, indicating that the hydrogen bond also remains
almost intact on dissolution in hexane.

Solubility. Er
2
Ti

4
O

2
(OEt)

18
(HOEt)

2
is rather soluble in

toluene (0.11 M), moderately soluble in hexane (0.071 M)
and 4 : 1 (Vol : Vol) toluene : ethanol (0.055 M) solvents, and
virtually insoluble in ethanol. The compound is stable both
in the solid state and in solution in the presence of a small
amount of ethanol.

Behavior on Heating. Inspection of crystals in melt-
sealed glass capillaries showed a melting point at 102—
106°C. At the same time, a noncolored liquid, believed to be



FIG. 3. FT-IR spectra of Er
2
Ti

4
O

2
(OEt)

18
(HOEt)

2
as a solid (A), as a hexane solution (B), and as a 0.05 M 4:1 toluene:ethanol solution (C). The plot

has been removed in places where the solvent absorptions are too strong to obtain a reliable spectrum.
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ethanol, was condensed in the cold end of the capillary. The
resulting turbid pink melt turned clear at 201—206°C and
boiled at 255—265°C, leaving a solid pink material. The DSC
curve of Er

2
Ti

4
O

2
(OEt)

18
(HOEt)

2
is shown in Fig. 4. An

endothermic peak with an onset at 101°C and a minimum at
106°C is observed in the curve. The enthalpy of this peak is
ca. 220 kJ/mol, which is higher than normal for the melting
of an alkoxide. It seems probable that the main part of the
heat taken up from the surrounding is due to loss of the
ethanol adducts, although melting was also observed vis-
ually. At higher temperatures a small endothermic peak is
observed at 190—202°C, which is the temperature where the
solution becomes clear. One explanation for this peak might
FIG. 4. A DSC curve of Er
2
Ti

4
O

2
(OEt)

18
(HOEt)

2
obtained in the

temperature range 50—225°C.
be that the heterobimetallic alkoxide is decomposed into
one liquid and one solid alkoxide at 101—106°C and that the
latter is dissolved at ca. 200°C. Further heating resulted in
a boiling at 255—265°C, leaving a pink solid. This might be
due to evaporation of Ti(OEt)

4
, but also to decomposition,

yielding organic products.
Heating only to 120°C, followed by cooling to room

temperature and a second heating, did not cause any
melting or endothermic peak at 100—120°C (see Fig. 4),
indicating that the loss of ethanol is nonreversible, possibly
depending on a decomposition of the heterobimetallic al-
koxide into two phases at 101—106°C. The behavior at
higher temperatures was the same as already described,
however.

3.3. The Structure of Er2Ti4O2(OEt)18(HOEt)2

The packing sequence of the molecules can be considered
as dense and body centered. The obtained molecular geo-
metry is shown in Fig. 5, together with the atomic labeling
used for the metal and oxygen atoms. Due to the restrictions
imposed by the space group symmetry, the molecule is
centrosymmetric, and accordingly only the labeled atoms in
Fig. 5 are discussed in this paper. The center of symmetry is
located at the midpoint of the rhombus formed by the two
Er and the two oxo-oxygen atoms.

The bond distance distribution and calculated bond val-
ence sums (bvs values) (26) indicate that the titanium atoms
are tetravalent and the erbium atoms trivalent. Each mol-
ecule consists of two erbium, four titanium, and two oxo-
oxygen atoms and twenty ethoxo groups, of which two must
be protonated to achieve electroneutrality. This gives the



FIG. 5. Molecular structure of Er
2
Ti

4
O

2
(OEt)

18
(HOEt)

2
. Only the

metal and oxygen atoms are shown for clarity. As the molecule is cen-
trosymmetric, only half of the atoms are labeled.

FIG. 6. Coordination figure around the Er atom seen along the Er—O8
bond. The oxygen atoms are numbered according to the labeling used in
Fig. 5 and are marked b"bridging, t"terminal, and o"oxo.
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molecular formula Er
2
Ti

4
O

2
(OEt)

18
(HOEt)

2
. Taking the

coordination around the oxygen atoms into account, the
molecular formula becomes Er

2
Ti

4
(k

4
-O)

2
(k

3
-OEt)

2
(k-

OEt)
8
(OEt)

8
(HOEt)

2
.

The erbium atom is eight-coordinated by five ethoxo
groups, one ethanol group and two oxo-oxygen atoms. The
coordination figure might be considered as a (distorted)
dodecahedron, see Fig. 6. The titanium atoms are six-coor-
dinated by five ethoxo groups and one oxo-oxygen atom.
The two Ti—O octahedra share one common face, giving
a slightly irregular octahedral configuration for each tita-
nium atom.

For metal alkoxides, there are commonly occurring struc-
ture fragments of special stability, and in this molecule no
less than three of the most common fragments are observed.
The first one is that formed by two Er, two Ti(2), two
oxo-oxygen, and four ethoxo-oxygen atoms (see Fig. 7A),
also known as the C

2h
fragment. It is known from a wide

range of homometallic alkoxides, such as Ti
4
(OMe)

16
(12),

Ti
4
(OEt)

16
(13), W

4
(OEt)

16
(27), and U

4
O

6
(OPh)

10
(THF)

4
(28), as well as heterometallic ones, such as Mg

2
Sb

4
(OEt)

16
(29), M

2
Sb

4
(OEt)

16
(M"Ni or Mn) (30), Na

2
W

2
O

2
(OEt)

10
(HOEt)

4
(31), Li

2
Ti

2
(OPr*)

10
(14), and Li

2
Nb

2
O

2
(OEt)

10
(HOEt)

2
(32). The second structure fragment is the

M
2
M@

2
O configuration (see Fig. 7B), known from alkoxides

such as Ce
4
O(OPr*)

13
(HOPr*) (33), Al

10
O

4
(OEt)

22
(34),

Al
4
O(OBu*)

10
(HOBu*) (35), [Sr

2
Sb

4
O(OEt)

14
]
n

(37), and
[Ba

4
Sb

8
O

2
(OEt)

28
(HOEt)]

n
(38). The third fragment seen

is the two face-sharing Ti—O octahedra, marked out in
Fig. 7C. This is also a pattern well known from e.g.
BiTi

2
O(OPr*)

9
(10), Ba

2
Zr

4
(OPr*)

20
(16) Cu

4
Zr

4
O

3
(OPr*)

18
(36), Ce

2
Na(OBu5)

9
(17), U

2
K(OBu5)

9
(18), BaTi

4
(OEt)

18
(5)

Ba
4
Ti

13
O

18
(OC

2
H

4
OMe)

24
(9) and Cd

2
Ba

2
Zr

4
(OPr*)

24
(39).

Bond valence sum calculations (26) for the oxygen atoms
revealed a strikingly low bvs value (1.1) for the atom labeled
O9, which indicates that it is the ethanol oxygen of the
molecule. The most probable proton acceptor for creating
an intramolecular hydrogen bond would be an oxygen atom
on another metal atom (i.e., on one of the titanium atoms),
preferably on a terminal ethoxo group, for charge and
sterical reasons. This gives only two alternatives, viz., O7
and O10. The interatomic distance should be rather short,
which leaves only the O7 atom, with a distance of
2.637(12) A_ from O9. Thus, the hydrogen bond is rather
weak, which is corroborated by the relatively high
wavenumber (3115 cm~1) of the O—H stretch band max-
imum in the IR spectrum.

The erbium to oxygen bond lengths are rather consistent,
with an average of 2.425 A_ , but with one obvious exception,
the Er—O8 distance (2.053(11) A_ ). Of the two terminal
ethoxo oxygens, O8 and O9, the latter is involved in the
hydrogen bond and therefore forms a distinctly longer bond
to Er (2.38 A_ ).

The Ti1—O and Ti2—O bond lengths reveal that the two
Ti—O octahedra are rather distorted, which is not surprising
as they are face-sharing. The bond angles O1—Ti—O2,
O1—Ti—O5, and O2—Ti—O5 are all quite small (average



FIG. 7. The structure fragments marked out in shading: C
2h

(A), M
2
M@

2
O (B), and face-sharing Ti octahedra (C).
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values 71.2, 76.0, and 77.2°, respectively), probably to allow
a long enough distance between the Ti atoms. This distance
is 3.10 A_ , only 0.2 A_ longer than for metallic Ti. In both
coordination octahedra, the shortest Ti—O distances are
found to the terminal ethoxo groups, i.e., Ti1—O7, Ti1—O11,
and Ti2—O10, with bond lengths of 1.877(11), 1.794(12), and
1.744(14) A_ , respectively. The slightly longer distance be-
tween Ti1 and O7 can be explained by the fact that O7 is
involved in the hydrogen bond. The Ti—O distances for
bridging oxygen atoms are, with the exception of Ti—O1,
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which is longer (2.14 A_ ), fairly equal to the average bond
length (1.96 A_ ). For both Er—O and Ti—O bonds, the trend,
in each case, of the bond lengths is in the order O

5%3.*/!-
(

O(H)
5%3.*/!-

+k-O+k
4
-O

090
(k

3
-O.

The M—O—C bond angles fall roughly into two categories,
one with bridging ethoxo groups and one with terminal
ethoxo groups. For the bridging groups the average bond
angle is 127.4°. The terminal ethoxo groups have an average
bond angle of 163.9°, except for the ethanol groups, which
have a much lower bond angle, 129.8°. The trends discussed
above for the M—O bonds and the M—O—C angles apply
also to the structures of, e.g., M

2
Sb

4
(OEt)

16
, with M"Ni

and Mn (15), Nd
5
O(OPr*)

13
(HOPr*)

2
(40), LaNb

2
(OPr*)

13
(41), Er

5
O(OPr*)

13
(42), and Nd

5
O(OPr*)

13
(43).

As expected, the thermal vibration amplitudes increase
along the ethoxo groups toward their methyl ends. The
relatively weak van der Waals forces will allow the ethoxo
groups to have relatively large thermal vibrations, and
therefore lower the relevance of the positions of the ethoxo
groups, especially the methyl groups, obtained by single-
crystal X-ray diffraction. Auxiliary material is available.1

4. CONCLUDING REMARKS

The reaction between KOEt, Ti(OEt)
4
, and ErCl

3
, in the

ratio 3:2:1, probably yields alkoxide(s) without oxo-oxygen
atoms, but these could not be isolated by crystallization.
Addition of stoichiometric amounts of water to the reaction
mixture produced the solid and isolable oxoalkoxide
Er

2
Ti

4
O

2
(OEt)

18
(HOEt)

2
in high yields. Treatment with

oxygen gas or heating of the alkoxide mixture did not cause
oxidation or decomposition to the isolable oxoalkoxide.
The dissolution of Er metal together with Ti(OEt)

4
in the

ratio 1:2 produced Er
2
Ti

4
O

2
(OEt)

18
(HOEt)

2
via intermedi-

ates containing Ti3`, although in lower yields than the
hydrolysis.

The structure has been determined by single-crystal X-ray
diffraction techniques. The molecule contains three of the
most common structure fragments known for metal alkox-
ides, viz. C

2h
, M

2
M@

2
O, and face-sharing octahedra. FT-IR

studies show that the structure is retained to a large extent
in 4 : 1 toluene:ethanol or hexane solution. Heating caused
a loss of the ethanol adducts and melting at 101°C.

The alkoxide molecule contains two adjacent Er atoms
and is, therefore, not a suitable precursor for our studies on
preparation of Er-doped waveguides, using alkoxides con-
taining single, isolated Er atoms. The alkoxide should, how-
ever, be a good precursor in ordinary sol—gel processing of
various oxide materials for optics, sensors, oxygen conduc-
tors, and construction ceramics.
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