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We have investigated the synthesis of erbium isopropoxides by
dissolution of Er metal in 2-propanol-containing solvents or by
metathesis of ErCl; and KOPr' in solution, with or without
addition of water. Two different erbium isopropoxides could be
isolated in pure form: one with a structure that has not been
solved (I), which we believe to be a solvated non-oxo isopropox-
ide, and one oxo isopropoxide, Er;O(OPr'),,. The latter struc-
ture was determined by single-crystal X-ray diffraction; it has
orthorhombic space group symmetry Pbca, a=20.917(6) A,
b=21.575(6) A, ¢=25.638(6) A, with Z=8. The final R
value was 0.0748 (R,, = 0.1158). The oxo isopropoxide molecules
contain the well-known M0 fragment, which has the configura-
tion of a square pyramid with the oxo-oxygen atom slightly
above the basal plane. The compounds have been characterized
by FT-IR and UV-vis spectroscopy, differential scanning
calorimetry, and their solubilities and chemical reactivities. FT-
IR studies revealed that both alkoxides largely retained the
molecular structure when dissolved in toluene—2-propanol (2:1)
or hexane. The stability of Er;O(OPr'),; in the absence of water
is rather high, whereas I is more labile. © 1998 Academic Press

1. INTRODUCTION

Alkoxides are the most important precursors in the or-
ganic sol-gel technique (1), and knowledge about their
structures is important for understanding the sol-gel pro-
cess itself and for increasing the possibility of tailoring the
products. An area that has recently received considerable
interest is the sol-gel processing of Nd**- and Er®"-doped
glasses as bulk and wave guide materials (2, 3). Doping with
Ln** ions such as Nd** and Er** yields glasses that can be
used to obtain laser amplification in the near-IR region and
frequency up-conversion. On incorporation of Ln** ions
into various glass matrices by conventional techniques,
however, Ln-rich oxide clusters often form within their
hosts, severely reducing the optical gain of the products. It
does not seem possible to avoid clustering even with sol-gel
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techniques when using Ln**

alkoxides.

In search of a suitable Er-containing precursor alkoxide,
different approaches can be taken. Either a homometallic
alkoxide, such as the one described in this article, or a het-
erometallic one such as ErAl;(OPr);, can be used (4).
Erbium isopropoxide has been prepared earlier and has
been described as having the formula Er(OPr'); (5-7). Un-
fortunately, no characterization useful for comparison was
provided by Batwara et al. (5, 6), but we assume that their
product is the same as that obtained by Brown and Maz-
diyasni, which was characterized by FT-IR and UV-vis
spectroscopy as well as mass spectroscopy (7). Its crystal
structure was not determined, however. As is described in
the following, the single-crystal X-ray diffraction investiga-
tions of materials giving IR and UV-vis peaks closely ad-
hering to those reported by Mazdiyasni et al. revealed that
the molecular formula is ErsO(OPr), 5. The structure con-
tains a square-pyramidal configuration of the Er atoms,
which all are bonded to the oxo-oxygen atom situated
slightly above the basal plane of the pyramid. This MsO
configuration is already known from the MsO(OPr);;
isopropoxides with M =Y (8,9), Yb, and In (10, 11) as well
as from modified alkoxides such as Ybs;O(OMe)g(cp)s (12),
GdsO(OMe)g(cp)s (13), and BasOH(OCH(CF3),)o(THF),
(H,O)- THF (14).

In addition to ErsO(OPr'); 5, another erbium isopropox-
ide (I) could be obtained by very gentle workup, i.e., only
vacuum evaporation to close to dryness. Due to extensive
crystal twinning, its structure could not be determined in
spite of several attempts on different crystals, but properties
such as solubility and stability under various conditions are
reported herein.

salts or simple homometallic

2. EXPERIMENTAL
2.1. Equipment and Chemicals

Elemental content analyses (Er, K, Cl, and Hg) of hy-
drolyzed and dried samples were obtained with a scanning
electron microscope (SEM, JEOL 820) equipped for energy-
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dispersive analysis of X-ray spectra (EDS, LINK AN 10000).
The presence of these elements can normally be detected
down to 0.3 at.%. FT-IR spectra in the range 5000370 cm ~*
were recorded with a Bruker IFS-55 spectrometer from solid
samples as KBr tablets and dissolved samples in a 0.1-mm
path length KBr cell. UV-vis spectra in the range
200-900 nm were obtained with a Philips PU 8740 disper-
sive spectrometer from solutions in sealed quartz cuvettes.
The behavior on heating in the range 25-225°C, obtained at
a heating rate of 5°C/min, was studied with a differential
scanning calorimeter (DSC, Perkin-Elmer DSC-2), using
airtight steel compartments. Visual studies during heating
were performed with a solid-block melting point apparatus
on crystals in sealed glass capillaries. Single-crystal X-ray
data were collected with a STOE four-circle diffractometer
from crystals mounted in melt-sealed glass capillaries.
Preparations for syntheses and recrystallizations as well
as the preparations of samples for FT-IR, UV-vis, DSC,
melting point determination, and the mounting of crystals
for single-crystal X-ray data collection were carried out in
a glove box containing a dry, oxygen-free argon atmo-
sphere. The reactions involving heating were performed
outside the glove box in closed vessels connected to an
isopiestic nitrogen atmosphere dried with P,O5. The oxida-
tion was studied by adding dry oxygen with a gas-tight
syringe to a double-septum-sealed flask containing the al-
koxide solution. The glassware was dried at 150°C for more
than 30 min before use. The toluene and 2-propanol
(HOPr') solvents were dried by distillation over CaH,. Er
metal chips (Aldrich, 99.9%) and anhydrous ErCl; (Strem
Chemicals, 99.9%) were used as purchased. Commercial
Al,(OPr'),, (Sigma) was recrystallized before use.

2.2. Synthesis of the Erbium Isopropoxides ErsO (OPr');
and 1

Four different routes have been tried out for the synthesis
of erbium isopropoxides.

Route 1: Synthesis from elemental Er. Er metal chips
were (11.96 mmol, 2.000 g) added to 40 ml of a 1:1 mixture
(vol:vol) of toluene and HOPr'. A small amount (ca. 1 mg,
0.004 mmol) of HgCl, was added as catalyst. This mixture
was heated to 75°C and left to react for 24—48 h to dissolve
the metal. The resulting dark green mixture was centrifuged
to give an olive precipitate and a reddish pink solution. The
latter was gently evaporated to a pink, sticky mass of I in
a yield of 40-45%.

Thorough evaporation of the sticky mass and recrystalli-
zation from toluene yielded crystals of ErsO(OPri);; in
close to quantitative yield from I. FT-IR and visible spectra
of I are shown in Figs. 1 and 2, respectively. Dissolution of
Er metal in 40 ml of HOPr' gave the same results as with
toluene and HOPr'.
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Route 2A4: Synthesis with ErCly and KOPr' as starting
materials. K (12.79 mmol, 0.500 g) was dissolved in 20 ml
of a 1:1 (vol:vol) HOPr'-toluene mixture, followed by
addition of 4.263 mmol (1.176 g) of ErCl;. After 2 days at
room temperature, the mixture was centrifuged to separate
the white precipitate formed in the reaction. The solution
part was gently evaporated almost to dryness and a small
amount of 2-propanol was then added. The SEM-EDS
spectrum of the pink material did not show any peaks from
K or Cl and IR studies showed that it was close to pure L
The yield was 90-95%.

Route 2B: This route is the same as route 2A, but per-
formed at 75°C. The material obtained after gentle evapor-
ation contained no detectable K or CI, and the contents and
yields were equal to those of route 2A.

Route 3: Metathesis with ErCly and KOPr' and hydroly-
sis. K (11.0 mmol, 0.429 g) was dissolved in 16 ml of a 1:1
(vol: vol) Pr'OH-toluene mixture, followed by dropwise ad-
dition of 0.73 ml of 1 M H,O (0.73 mmol) in Pr*OH-toluene
2:1 (vol:vol). One hour later, 3.655 mmol (1.000 g) of ErCl;
was added and allowed to react for 2 days at room temper-
ature, whereupon the mixture was centrifuged to separate
the white precipitate formed in the reaction. On evaporation
of the solvent from the solution part, crystals formed more
easily than with routes 1 and 2. IR studies identified the
material as pure ErsO(OPr'), 5, and the SEM-EDS analyses
showed no contamination by K or CI. IR and visible spectra
of the compound are given in Figs. 3 and 4, respectively.

2.3. Structure Determination of ErsO(OPt)

Crystals of ErsO(OPr'),; were mounted in a glass capil-
lary (inside diameter, 1 mm) that was melt sealed in the
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FIG. 1. FT-IR spectra of I as (A) solid, (B) hexane solution, and (C)

toluene—2-propanol (2: 1) solution.
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FIG. 2. Fine structure of the 2Hyy;, < *I;5), transition of I in 2-pro-
panol.

glove box. Single-crystal X-ray diffractometer investigation
of the finally selected crystal, using MoKa radiation,
showed that the systematic absences in the diffraction data
were consistent with the space group Pbca (No. 61). The unit
cell parameters were determined and refined from the
0 values of 50 accurately centered reflections as a =
25.638(6) A, b =21575(6)A, and ¢ =20917(6)A. The
single-crystal X-ray diffraction data were collected at
—83°C. No correction for the absorption could be made,
due to a too irregularly shaped crystal.

Preliminary Er positions were obtained by direct
methods. The remaining non-hydrogen atoms were found
from subsequent calculations of difference electron density
(Ap) maps. The hydrogen atoms were positioned by assum-
ing ideal geometry of the isopropoxo groups, and their

TABLE 1
Crystallographic Data for the Structural Investigation of
Er;O(OPr'),;

Formula ErsO(OPr'); 5
Formula weight 1620.44 g/mol
Space group Pbca (No. 61)
Unit cell dimensions 25.638(6) A
21.575(6) A
20.917(6) A
Volume 11570(10) A3
z 8
Calculated density 1.860 gcm !
u 7.33mm ™!
Temperature —83°C
Weighting scheme 1/(a*(F) + 0.001F?)
Final R 0.0748
Final R, 0.1158
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positions were refined by constraining the carbon-to-hydro-
gen distance to be 1.0 A. Due to large thermal vibrations
and to the limited accuracy of the isopropoxo group geo-
metries, the oxygen-to-carbon and carbon-to-carbon dis-
tances were restrained. In the final refinement all the metal
and oxygen atoms were assumed to vibrate anisotropically,
while the carbon and hydrogen atoms were held isotropic.
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 0.0748
(Ry, = 0.1158). The final atomic coordinates with thermal
parameters are given in Table 2, and selected bond distances
and bond angles are listed in Table 3. The atomic scattering
factors used were those for neutral atoms given in “Inter-
national Tables for X-ray Crystallography” (15). The
SHELXL 93 program package was used for the crystallo-
graphic calculations (16).

3. RESULTS AND DISCUSSION
3.1. The Synthesis Routes

We have tried different synthesis routes for the prepara-
tion of erbium isopropoxides: dissolution of elemental Er in
2-propanol-containing solvents (route 1) and metathetic
routes involving ErCl; and KOPr' without (routes 2A and
2B) or with hydrolysis (route 3). Route 1 adhered closely to
the procedure described by Brown and Mazdiyasni (7, 8),
but the amount of solvent used was lower in our case.
Studies of more dilute solutions gave very similar results.
Metathesis specifications similar to routes 2A and 2B, using
ErCly and NaOPr', have been given by Batwara et al. (5).
The spectroscopic characterization contained too little data
from the C-O, C—C and M-O bands to be useful for com-
parison, however, which makes their results difficult to
compare with ours. Route 3 involves both metathesis and
hydrolysis, and this technique has not previously been re-
ported for the preparation of Ln oxo alkoxides.

3.1.1. Route 1. Byroute 1, the only alkoxide formed was
I, provided that the solution part was not evaporated to
complete dryness. Extensive evaporation yielded increasing
amounts of ErsO(OPr), ;. The yield of I was about 40—45%
from metal chips a few millimeters in size, and HgCl,
catalyst was necessary for the reaction to proceed. Besides
the solution of I, the reaction yielded a fine-grained olive-
colored precipitate. This byproduct was investigated by IR
spectroscopy, TGA, powder X-ray diffraction, SEM-EDS,
and TEM-EDS. A detailed study of the material is in
progress and will be published elsewhere, but a short de-
scription of it will be given here. The SEM-EDS study
showed that the precipitate contained Er, but no Cl or Hg.
The IR spectrum showed three distinct peaks, at 644, 943,
and 1324 cm ™!, but none that could be associated with
C-C, C-H or O-H groups. An IR spectrum of Er,0;
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TABLE 2
Atomic Coordinates with Esds (x10*) and Isotropic Thermal
Parameters with Esds (x10%) for the Erbium, Oxygen, and
Carbon Atoms in Er;O(OPr),;

Atom X y z Ueq (A)
A. Erbium and Oxygen atoms
Erl 7914(1) 3401(1) 1606(1) 50(1)
Er2 9179(1) 3144(1) 1730(1) 47(1)
Er3 9239(1) 4110(1) 2946(1) 56(1)
Er4 7977(1) 4365(1) 2824(1) 53(1)
Er5 8753(1) 4631(1) 1520(1) 49(1)
0Ol 8597(5) 3800(7) 2218(7) 41(4)
02 8660(5) 3714(8) 982(7) 48(4)
03 8426(6) 2615(7) 1692(8) 56(5)
04 8734(6) 4983(7) 2560(7) 51(5)
05 8882(7) 5328(9) 904(9) 78(6)
06 TATA(T) 4961(10) 3231(9) 82(6)
o7 9721(6) 2699(8) 1199(8) 67(5)
(02 7540(6) 3538(8) 2545(8) 69(6)
09 9464(6) 3145(8) 2736(7) 56(5)
010 9506(5) 4190(7) 1836(7) 46(4)
O11 7353(7) 317709) 965(9) 85(6)
012 8549(7) 4083(10) 3557(7) 75(6)
013 9824(8) 4495(10) 3456(9) 87(7)
014 7868(6) 4508(7) 1722(7) 52(5)
B. Carbon atoms
C2 8686(9) 3675(11) 302(10) 60(7)
C2A 9193(11) 3921(14) 10(16) 102(11)
C2B 8592(12) 3021(11) 74(16) 91(10)
C3 8396(17) 1976(13) 1520(24) 177(20)
C3A 8756(17) 1553(25) 1900(26) 198(23)
C3B 7857(14) 1720(20) 1504(21) 155(17)
C4 8809(12) 5592(11) 2742(13) 83(9)
C4A 8447(13) 6036(16) 2391(15) 112(12)
C4B 8768(18) 5723(22) 3464(14) 168(19)
Cs 8993(21) 5793(18) 449(21) 172(19)
C5A 9281(23) 6308(28) 766(30) 260(30)
C5B 8572(25) 6054(32) 10(35) 321(40)
C6 7162(20) 5515(20) 3315(25) 226(28)
C6A 6632(20) 5273(25) 3465(26) 204(23)
C6B 7382(22) 5874(26) 3858(28) 255(29)
C7 10150(15) 2467(22) 851(21) 174(19)
C7A 10688(20) 2338(32) 1103(28) 276(33)
C7B 10020(23) 2053(25) 300(24) 245(29)
C8 7129(14) 3183(18) 2828(19) 126(14)
C8A 7334(23) 2652(27) 3218(27) 257(29)
C8B 6552(18) 3228(37) 2852(45) 379(54)
9 9694(14) 2690(16) 3090(16) 112(12)
C9A 9363(18) 2392(29) 3581(25) 231(27)
C9B 10251(16) 2745(34) 3220(30) 287(34)
C10 10016(9) 4339(13) 1630(14) 84(10)
C10A 10464(12) 4010(15) 1943(16) 109(12)
C10B 10097(19) 5039(14) 1774(23) 177(20)
Cl1 6942(14) 3103(19) 500(18) 148(16)
Cl1A 6474(19) 2868(24) 888(22) 204(22)
Cl11B 7017(21) 2662(26) —66(22) 231(25)
C12 8465(17) 4056(20) 4230(14) 141(15)
CI2A 8014(18) 3627(26) 4461(29) 224(26)
C12B 8942(20) 3813(42) 4606(45) 457(63)
C13 10197(15) 4744(20) 3852(21) 162(17)
C13A 10535(17) 4310(18) 4202(21) 160(17)
C13B 10462(25) 5348(21) 3696(33) 283(35)
Cl4 7486(9) 4890(12) 1414(10) 65(7)
Cl14A 6934(10) 4713(16) 1613(14) 98(11)
C14B 7523(12) 4876(14) 694(10) 88(9)
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TABLE 3
Selected Bond Lengths (A) with Esds for Er;0 (OPY),,
Er—usO Distance Er—1,0 Distance
Er1-O1 2.333(13) Er1-03 2.151(16)
Er2-0O1 2.296(13) Er2-03 2.245(15)
Er3-O1 2.340(13) Er1-O8 2.206(15)
Er4-O1 2.369(13) Er4-0O8 2.187(16)
Er5-0O1 2.347(14) Er2-09 2.227(15)
Er3-09 2.205(15)
Er—u30 Distance Er3-012 2.182(16)
Er4-012 2.206(16)
Er1-02 2.412(13)
Er2-02 2.394(13)
Er5-02 2.288(14)
Er3-0O4 2.422(15) Er—uO(terminal) Distance
Erd-O4 2.417(14)
Er5-0O4 2.305(14) Er1-0O11 2.026(16)
Er2-010 2.416(14) Er2-O7 2.022(13)
Er3-010 2.426(14) Er3-013 2.019(15)
Er5-010 2.253(12) Er4d-06 2.010(16)
Er1-O14 2.403(13) Er5-05 2.007(16)
Er4-O14 2.344(14)
Er4-0O14 2.323(16)

showed no peaks above 563 cm ™! and did not coincide at
any point with that of the olive precipitate. Thermog-
ravimetric runs in air showed that the material oxidized to
form the pink Er,O; at temperatures between 300 and
600°C. Assuming the final weight to be that of Er,O;
(382.5 gmol '), the weight at room temperature could be
deduced to correspond closely to Er, O, o (366 g mol™1).
Powder X-ray diffraction showed that no known Er metal
or Er,0O5 form was present in the sample. With a transmis-
sion electron microscope it was confirmed that no Er metal
or Er,0O3 was present in the sample and that the crystallites
were ca. 200 nm in size. The origin of the oxo atoms in the
by product is intriguing, since the amount is relatively high
and the amounts of water and dioxygen in the reaction
mixture are very low. It seems plausible that the suboxide is
formed by reduction of the 2-propanol, involving abstrac-
tion of the oxo atom to the Er metal.

3.1.2. Route 2. Synthesis of erbium isopropoxide by re-
action of ErCl; with KOPr' at room temperature (route 2A)
yielded a precipitate consisting almost exclusively of KClI,
according to SEM-EDS analysis. The pink mass obtained
by gentle evaporation of the solvent from the solution part
consisted of I in 90-95% yield. The same synthesis done at
75°C (route 2B) gave very similar results.

3.1.3. Route 3. Synthesis, according to route 3, of er-
bium isopropoxide by reaction of ErCl; with KOPr', hy-
drolyzed with 0.2 H,O per Er, yielded a precipitate mainly
consisting of KCI according to SEM—EDS analysis. In this
case, evaporation of the solution part yielded crystals more
easily than routes 2A and 2B, and the compound was
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identified as being pure ErsO(OPr’);;. No K or Cl could be
detected, and the yield was 90-95%. The easier crystalliza-
tion is probably due to the fact that I, which is sticky when
not completely dried, is not obtained in this reaction.

3.1.4.  Conclusions about the synthesis routes. All three
nonhydrolysis routes (routes 1, 2A, and 2B) yield I as the
only alkoxide product in solvent mixtures from 1:1 to 1:0
HOPr'-toluene. The yields obtained by dissolution of metal
varied between batches but were rather low compared to the
metathesis routes, which are almost quantitative. Thus, it
seems that preparation of I is best achieved with route 2.
ErsO(OPr);5 can be prepared by all routes, but routes
1 and 2 require a rather tedious vacuum decomposition of I.
Via the hydrolysis route 3, ErsO(OPr'), is obtained dir-
ectly in very high yield, which makes it the most suitable one
for the oxo isopropoxide. A solvated MsO molecule with
a trigonal-bipyramidal structure has been obtained with Nd
(17), but in our studies only the non solvated ErsO(OPr'), 5
was formed.

3.2. Properties of 1

3.2.1. Spectroscopy. An FT-IR spectrum of I in the
range 1070-370 cm~ ' is shown in Fig. 1. The bands below
600 cm ! can be assigned to M-O vibrations, and those
above 800 cm ™! to C—O and C—C vibrations. The absorp-
tions below 1200 cm ~ ! usually show the greatest differences
among alkoxides and can thus be used for identification.
Peaks in this region were found for C—O and C-C at
1190 sh, 1170, 1156 sh, 1133 sh, 1127, 1078, 1008, 977 sh,
970, 945, 938 sh, 838, 830, and 817 and for M—O at 544 sh,
530, 500, 492 sh, 446, 416, and 399 cm ~!. Peaks attributable
to OH stretching were found with a maximum at ca.
3190 cm ™!, which indicates a weak hydrogen bond. This is
in accordance with the observation that the compound
easily loses its solvating 2-propanol groups.

The FT-IR spectra of I dissolved in toluene—2-propanol
(2:1) and hexane show very good resemblance to the spec-
trum of the solid compound, which indicates that the mo-
lecular structure is retained in solution.

The UV-vis spectrum of I, in 2-propanol in the range
190-900 nm showed bands typical of Er** (18). The fine
structure of the peak assigned to the *Hjq, « *Iysp
transition and those due to the *Gyy, <« *I;s, and
*Fo/5 < *I;5), transitions have proved useful for the identi-
fication of different heterobimetallic alkoxides (19). The fine
structure of the 2Hyy,, « *I, 5, transition of I is shown in
Fig. 2.

3.2.2. Solubility. The solubility of I is rather high in
2-propanol (up to ca. 0.8 M Er) in fresh samples, but the
solubility is reduced over time, which we believe is due to
loss of solvating molecules. Once these solvating groups are
lost, it seems difficult to restore the compound by adding

WESTIN, KRITIKOS, AND WIJK

2-propanol, although the IR spectrum is not changed much
in the C-O and M-O regions. Likewise, I wetted by 2-
propanol did not seem to have much greater stability than
an almost dried sample. Aging also results in a formation of
ErsO(OPr),; The decomposition varied over a wide time
span, ranging from full decomposition within a month to
intact materials after more than a year. It seemed that larger
and more well formed crystals were more stable than cry-
stalline masses. The solubility of I in toluene and hexane is
rather low. The higher solubility in polar solvents is con-
trary to that of ErsO(OPr’) 3, which is much more soluble
in nonpolar solvents. Thus, I can be extracted from mixtures
of I and ErsO(OPr');; by dissolution in 2-propanol.

3.2.3. Stability of I toward heat, oxygen, and water. To
investigate under what circumstances I converts to
ErsO(OPr), 5, we studied how its behavior was affected by
heat, oxygen, and water.

Heating of solid I in the DSC apparatus did not give any
distinct peaks, but rather several very broad ones, with some
variation between different samples. This is probably due to
the easy decomposition, leading to the formation of
ErsO(OPr), ;.

Heating a 2-propanol solution of I at 60°C for 7 days did
not cause any degradation according to UV-vis and IR
studies. This is in accordance with the fact that I can be
formed at 75°C in routes 1 and 2B. Some solutions could be
kept at room temperature for up to 6 months without
decomposition, whereas others started decomposing after
a few weeks. The reason for this wide span of time is not
known, but it is possible that the reaction is catalyzed by
some compound and that the decomposition becomes much
more rapid when the first ErsO(OPr),5 is formed.

Treatment of I in 2-propanol, even with a large excess of
dry oxygen, did not cause any decomposition for times up to
7 days at room temperature.

Hydrolysis by very slow dropwise addition to I in 2-
propanol of 1 M H,O in toluene-2-propanol (2:1) in the
ratio 5:1 Er:H,O produced ErsO(OPr);; in almost
stoichiometric yield.

3.2.4. Conclusions aboutI. The IR spectrum of the com-
pound showed a band with peaks at ca. 3380 (weak) and
3190 cm !, which we assign to OH stretching, indicating
I to be a solvate. Stoichiometric amounts of water added to
I yielded ErsO(OPr'), 5, both in the synthesis (route 3) and
directly to isolated and redissolved I, which indicates that it
is a non-oxo isopropoxide. A solvated non-oxo isopropox-
ide, Nd,(OPr'); (HOPr'),, has been obtained as the major
product on dissolution of Nd metal in toluene-2-propanol
by Helgesson et al. (17). It is difficult to compare the IR
spectrum of the Nd compound with that of I, with only the
peak maxima figures at hand. Dissolution of Nd metal
yielded as the major component an alkoxide that showed an
IR spectrum that, although showing some similarities with
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I, differed enough in the band around 900 cm ™! for us to
believe that the structures are different. The minor compon-
ent in the synthesis yielded an IR spectrum very different
from that of I. The loss of solvating molecules from I leads
to formation of ErsO(OPr),5. A mechanism for the oxo
alkoxide formation could be that the loss of solvating
HOPr' molecules leads to a lowered coordination or elec-
tron donation from the ligands to the Er** ions, which
might facilitate a break of a C—O bond. The oxo ions would
then be able to donate more electron density and coordinate
more Er® " ions. Desolvation seems to be the main cause for
decomposition into ErsO(OPr'), 5, since I is stable toward
oxygen gas and heating in solution.

3.3. Properties of ErsO(OPF) 5

3.3.1. Spectroscopy. An IR spectrum of the solid
ErsO(OPr'),5 in the range 1070-370 cm ™!, is shown in
Fig. 3. The bands below 600 cm™' are assigned to M—O
vibrations, and those above 800 cm ™! to C-O and C-C
vibrations. Peaks in the M—O and C-O vibration regions
were found at 1171, 1153 sh, 1134 sh, 1125cm ™1, 1119 sh,
1009, 977, 974 sh, 956 sh, 952, 839, 832, 826, 546 sh, 532,
524 sh, 502, 498 sh, 462, 448, 421 sh, 416, and 393 cm ™.

The similarity of the IR spectra of ErsO(OPr');5 in the
solid state and in toluene—2-propanol (2: 1) or hexane solu-
tion shows that the molecular structure is retained in solu-
tion.

The fine structure of the *Hyy,, « *I;5,, transition of
ErsO(OPr');; in toluene-2-propanol (2:1) is shown in
Fig. 4. It is virtually unchanged in all compositions of
toluene—2-propanol solvents, indicating in accordance with
the IR studies that the interactions with the solvent are
weak.
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FIG. 3. FT-IR spectra of ErsO(OPri) 5 as (A) solid, (B) hexane solu-
tion, and (C) toluene—2-propanol (2: 1) solution.
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FIG. 4. Fine structure of the Z2H,;,« *I;s, transition of

ErsO(OPr'),; in toluene—2-propanol (2: 1).

3.3.2. Solubility. ErsO(OPr"),; is highly soluble in tol-
uene (ca. 0.47 M) and hexane (ca. 0.43 M) but very sparingly
soluble in 2-propanol. No aging effects on the solubility of
storage in dry form have been observed.

3.3.3. Heating of solid ErsO(OPr') 5. Visual inspection
of crystals in melt-sealed glass capillaries showed no cha-
nges up to ca. 260°C, where the reddish pink crystals started
to become slightly more matt. Thus, decomposition seems
to start at ca. 260°C. The DSC curve of ErsO(OPr'),;,
shown in Fig. 5, has an endothermic feature with onset at
159°C and peaking at 166°C, corresponding to an energy of
ca. 21 kJ mol~! (curve A). This endotherm is probably due
solely to melting, although melting was not visually ob-
served in glass capillaries, since the endotherm could be
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FIG. 5. DSC curve of ErsO(OPr);3 at 5°C/min obtained in a closed
compartment: first run to 180°C (A), cooling from 180°C (B), and heating to
250°C (C).
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reproduced after cooling from 180°C (curve C). The crystal-
lization from the melt was observed at temperatures be-
tween 130 and 100°C (curve B). The jagged character of the
cooling curve is probably due to nucleation and growth of
crystallites at different temperatures. In curve C, one can
also see a weak, extended exothermic peak at ca.
120-150°C. We believe that this peak corresponds to crys-
tallization of amorphous ErsO(OPr'), 5, which did not have
time to crystallize during cooling.

3.3.4. Reactivity of Er;sO(OPr),5 toward oxygen. Addi-
tion of dry oxygen gas to ErsO(OPr');; in toluene-2-pro-
panol did not cause any changes for 7 days at room
temperature. The compound is also stable toward decompo-
sition at 70°C in 2-propanol-toluene for more than 7 days.

3.3.5. Reactivity of ErsO(OPr) 5 with Al4(OPr),,. The
M sO(OPr');; molecule has been reported to have great
stability with M =Y and Nd, exemplified by YsO(OPr'),;
not reacting with Al,(OPr),,, even at elevated temper-
atures (9,17). We have studied the reactivity of both
ErsO(OPr));; and YsO(OPr');; with Al,(OPr');, in tol-
uene-HOPr* 2: 1 (vol: vol) solvent in the ratio of Er or Y to
Al of 1:3. The analyses were made with UV—vis spectro-
scopy directly on the solutions for the Er compound. In this
case, the fine structure of the *Hy,,, < *I;5, peak was
studied. The solid Er—Al and Y—Al alkoxide mixtures for-
med by evaporation of the solvent after different times were
studied by IR spectroscopy.

The reaction was found to be quite slow at room temper-
ature, but much more rapid at 80°C. Most of the
ErsO(OPr');, had been consumed after less than 1 h, and
the formation of ErAl;(OPr');, (4) was complete after 2 h,
according to the UV—vis spectra (see Fig. 6). Rapid evapor-
ation of the solvent under vacuum after 2 h yielded pure
ErAl;(OPr');, according to the IR studies. Evaporation of
the corresponding Y—Al mixture after 2 h yielded pure
YAI;(OPrY), 5.

Thus, our results suggest that the reactivity of the
M sO(OPr'),; square-pyramidal alkoxides is rather high,
which contradicts the results obtained by other researchers
who reported that Ys;O(OPr');; could be refluxed with
Al(OPr'); without reaction, although no time was given (9).
The IR spectra of the materials formed in the complete
reaction of MO (OPr),; with Al,(OPr'),, were identical to
that of Er(Y)Al;(OPr');,, whose structure has been deter-
mined (4). It has not been possible to observe where the oxo
ion of the M sO(OPr'), 3 molecule ends up, but if it enters the
Er(Y)Al;(OPr’);, molecules, the amounts of changed mol-
ecules will probably be minor. In spite of this, it should be
possible to observe new peaks if the structure of the oxo
alkoxide is not very similar to that of Er(Y)Al;(OPr'),. If
the structures resemble each other, though, a much smaller
number of isopropoxo groups will change, making observa-
tion more difficult.
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FIG. 6. Fine structure of the >H 4, « *I;5;, peak of ErsO(OPr'),; in
toluene-HOPr (2: 1) (A), of a mixture of ErsO(OPr'),; and Al,(OPr'), in
an Er: Al ratio of 1:3 in toluene-HOPr' (2: 1) after heat treatment for (B)
0.25,(C) 1, and (D) 2 h, and of ErAl;(OPr),, dissolved in toluene-HOPr!
2:1) (E).

3.4. Structure of ErsO(OPr),;

The molecular structure is shown in Fig. 7, together with
the atomic labeling used for the metal and oxygen atoms.

The bond distance distribution and calculated bond val-
ence sums (bvs values) (20) indicate that the erbium atoms
are all trivalent. Each molecule consists of five erbium
atoms, one oxo-oxygen atom, and thirteen isopropoxo
groups, giving a molecular formula of Er;O(OPr'),s;.
Taking the coordination around the oxygen atoms into
account, the molecular formula becomes Ers(us—O)(us—
OPr'),(u—OPr'),(OPr')s.

The Er atoms are all coordinated to the oxo-oxygen
atom and to five isopropoxo groups, which gives a dis-
torted octahedral configuration around each erbium. The
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FIG. 7.

molecular structure of ErsO(OPr'), 5 is known also for other
oxo isopropoxides, such as those of Yb, Y, and In, although
two different packings are observed giving an orthorhombic
space group for the Er and Y compounds and a monoclinic
space group for the In and Yb compounds (9—11). It also
seems that, except for La, Ce, and Eu, the other lanthanide
metals also yield M sO(OPr');; when dissolved and crystal-
lized at room temperature (21). The solvated isopropoxide
Nd;O(OPr)),;(HOPr'),, on the other hand, which was cry-
stallized at low temperature, has a molecular structure with
a distorted trigonal-bipyramidal configuration of the M5O
group (17).

In all of the square-pyramidal MsO structures, the
oxo-oxygen atom lies above the basal plane. In the case
of ErsO(OPr'),;, the displacement from the basal plane
is 0.162(2) A, which is comparable to those in YO
(OPr')5 (0.20 A), InsO(OPr), 5 (0.16 A), and YbsO(OPr), 5
(0.19 A).

The Er—O distances differ markedly, depending on the
coordination around the oxygen atoms involved. The Er—O
distances to the us;0-oxo-oxygen atom are rather consistent
(average 2.344 A), regardless of whether the Er atom is in the
basal plane or at the top of the pyramid. The Er—u;0
distances are shorter to the apical (average 2.287 &) than to
the basal Er atoms (average 2.400 A). The apical erbium is
coordinated to 1 oxo atom, 1 terminal isopropoxo group,
and 4 p3-coordinated isopropoxo groups, whereas the basal

ORTEP plot of the molecular structure of ErsO(OPr'), 5. The isopropyl groups have been left out for clarity.

Er atoms are coordinated to 1 oxo, 1 terminal isopropoxo
group, and 2 u,- and 2 ps-coordinated isopropoxo groups.
The shorter bond of a ps-coordinated isopropoxo group to
an apical than to a basal Er atom is probably a result of the
larger number of highly coordinated isopropoxo groups
donating less electron density to the apical Er, which would
render this atom more electropositive if not compensated by
shorter bonds. The u—O atoms, forming bridges between
basal erbium atoms, have an average Er—O distance of
2201 A and a rather small variation, 2.151-2.245 A. The
terminal Er—O bonds are the shortest, with an average of
2.013 A; these also have the largest Er—O—C angles (between
162.7° and 178.7°, average 172.5°), which might be due to
multiple bonds between Er and O.

The Er—O-C angles for u-O and p;3-O are markedly
smaller than for the terminal-O, on average 131° and 124.2°,
respectively. The trends seen in ErsO(OPr),; for Er—O
bond lengths and Er—O-C bond angles are also found
for the other MsO(OPr);; compounds containing the
square-pyramidal M ;O structure fragment (M =Y, Yb,
and In).

4. CONCLUSIONS
Metal dissolution and metathetic routes using ErCl; and

KOPr!, with and without addition of water, have been
investigated for the preparation of erbium isopropoxides.
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Without addition of water, an erbium isopropoxide I was
formed, which is probably a solvated non-oxo alkoxide
(routes 1, 2A, and 2B). The higher yield of the metathetic
routes 2A and 2B makes them the best choice for prepara-
tion of I. Addition of 0.2 H,O per Er in the metathetic route
(route 3) led to high-yield formation of ErsO(OPr),5. Al-
though ErsO(OPr’);; could also be prepared by vacuum
decomposition of I, route 3 is the most direct one and
therefore the best.

The properties of I and ErsO(OPr');; have been investi-
gated. Although I is stable in the presence of oxygen and on
heating in solution, its long-term decomposition yields
ErsO(OPr'),5. ErsO(OPrY),; is much more stable than I,
and temperatures of ca. 260°C are necessary for its de-
composition.

The structure of ErsO(OPr),; was determined by single-
crystal X-ray techniques to have the square-pyramidal
structure known from some other M oxo isopropoxides,
e.g, YsO(OPr),5;, YbsO(OPr)),5, and InsO(OPr);5. As
the molecule contains five closely connected erbium atoms
and is stable in solution at room temperature toward dis-
proportionation and reactions with alkoxides such as
Al,(OPr'),,, it is not suitable for sol-gel preparation of
Er-doped laser amplifiers. However, heating a stoichiomet-
ric mixture of ErsO(OPr'),; and Al,(OPr);, at 80°C yiel-
ded ErAl;(OPr'), ,, in which the Er®* ions are isolated from
each other and which is thus a good precursor.
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