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The new bimetabhic antimony atkoxide Mg;Sb,i1;:-OED p-OE OEt), has been prepared by reacting
Mg(OED, wih an excess of Sb{OE1), in a toluene-ethanol solution, and its molecutar structure has
been established by single crystal X-ray diffraction techniques. The compound erystallizes with the
triclinic Space group syminetry #1. The unit cell, which contains one formula unit, has the dimensions

= G 128(4). b = 12.168(4), ¢ = 12.640(6) A, a = 64.0662)°, B = T9.96(2)°, and ¥ = 87.29(2)°. The
derived structural model has been refined against the 3235 most significant observed X-ray reflections,
coliected at 1702) K, to an R-value of 0.030. The moiecular structure has a major fragment similar to
that [ound in tetrameric alkexides or bimetallic alkoxides with the compositions M, (OR),, and
M,M3(OR),. respectively. The metal-oxygen skeleton of the fragment forms a rather rigid unit, as
Judped by an analysis of the determined thermal displacement parameters, The Mg?* jons are octahe-
drally coordinated by the ethoxy oxygen atoms and the Sb*' ions can be considered to have o trigonal
bipyramidal coordination when the four ethoxy oxygen atoms and the lone pair are taken into account.
Extended Rickel cadculations verify that the Mg-O bonds are rather ionic. while the shorter Sh-O

bond are more covalent.  © 1993 Academic Press, Inc.

Introduction

In recent years heteromctallic alkoxide
complexes have attracted interest as poten-
tial precursors in thg preparation of multi-
component  oxide-based electroceramics
and catalysts via sol-gcl techniqucs. To un-
derstand the special propertics of such al-
koxides, the knowledge of the molecular
structures of the compounds formed and
their structural relations are of crucial im-
portance.

However, the number of reliable struc-
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fural investigations carried oui on hetero-
metailic alkoxide compiexes is limited, es-
pecially for bimetallic alkoxides as is
abvious from recent reviews (/). Fre-
quently, relatively complicated types of mo-
lecular species are found for these alkox-
ides. The molecular complexities imply that
a fair amount of structural information is
needed before any reliable general conclu-
sions can be drawn aboul the structuraj
chemistry and about the structure~-function
relationship of bimetallic alkoxides. As re-
gards antimony containing alkoxide com-
plexes, only three previous structural inves-
tigations (2—4) have been performed. These
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investigations, which concern divalent
transition metal-Sb** alkoxides, viz. Nis
Sb,0,(0EL),s(HOEY),, NisSb,04(0E),
(HOEt),, and MngSb,0,(OEt),,, showed
that the three different compounds con-
tained 8—12 metal ions in each molecule.
Apart from the presence of two different
metal ions, the complexities of the three mo-
lecular entities are also governed by the
presence of oxide ions bonded to the Sb**
ions and possible hydrogen bonds.

The present study describes a structural
investigation of the first alkaling earth
metal-antimony alkoxide, Mg,Sb,(OLt).
Together with the three studies cited above,
the investigation is a part of a research pro-
gram on heterometallic alkoxides. In its
present state, the research program is par-
ticularly focused on complexes containing
trivalent antimony.

Experimental
Preparation

All preparations and manipulations of
crystals were performed in a glove box with
dry (<1 ppm)oxygen free (<1 ppm) nitrogen
atmosphere. Mg(OEt),, used as a precursor,
was prepared by dissolving polished magne-
sium metal in an ethanol-toluene (1:2 by
volume) solution containing small amounts
of iodine. The Mg(OEt), formed was then
washed with ethanol to remove the iodine,
followed by evaporation to dryness in vac-
uum. The antimony ethoxide precursor was
prepared by adding SbCly to a two phase
mixture of hexane and ethanol in the pres-
ence of dry distilled NH, gas, according to
the reaction

SbCl, + 3EtOH + 3NH, —
Sb(OE1), + 3NH,CL.

The ethanol phase with the precipitated
NH,Cl was separated from the hexane
phase containing the formed Sb(OEt);. By
evaporation of the hexane, the obtained
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crude Sb(OEt), was finally distilled in vac-
uum (76-80°C under 0.3 Torr). The toluene
and ethanol used were dried with Na and 3
A molecular sieves, respectively, and satu-
rated with nitrogen.

0.135 g (1.18 mmol) of Mg(OEt), was
added to 12.5 ml of a toluene—ethanol (4: 1
by volume) solution. After adding 1.52 g
(5.92 mmol) of liquid Sb{OEt);, Mg(OE1),
slowly dissolved. The solubility of the
metal-antimony alkoxide can be decreased
by increasing the amount of ethanol in the
solvent. During the subsequent stepwise
evaporation of the solution, the ethanol con-
tent was increased by adding small amounts
of a more ethanol-rich toluene—ethanol solu-
tion. The crystals start to grow after evap-
oration of approximately 80% of the to-
luene—ethanol solution.

Structural investigation

A few selected colorless crystals, pre-
pared as above, were put into glass capillar-
ies, which were sealed. The crystal finally
selected for data collection was studied us-
ing a STOE 4-circle diffractometer using
graphite monochromatized MoKa radia-
tion. The diffractometer was equipped with
a nitrogen gas stream cryostat set to cool the
crystal down to 170 K. From the symmetry
observed among the intensities of a prelimi-
nary X-ray diffraction data set, and from
a determination of the unit cell parameters
using the #-values of a limited set of well
centered reflection positions, the space
group symmetry was deduced to be triclinic
with the unit cell parameters ¢ = 9.128(4),
b = 12.168(4), ¢ = 12.6406) A, a =
64.06(2)°, B = 79.96(2)°, and v = 87.29(2)°.
Single crystal X-ray diffraction data at 170
K were collected from the selected crystal
and corrected for background, Lorentz po-
larization, and absorption effects (cf. Table
I). The minor absorption from the glass cap-
illary (wall thickness 0.01 mm) was ne-
glected. Intensity statistics indicated the
electron distribution in the unit cell to be
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TABLE 1

EXPERIMENTAL CONDITIONS FOR THE CRYSTAL STRUCTURE
DeTERMINATION OF Mg, Sb(OC,H),

Formula (X-ray study} Mg,Sb,(0C,Hs )y
Formula weight 1256.6 g/mol
Space group P
Unit cell dimensions a = 9.128(4), b = 12.168(4), ¢ = 12.640(6) A
a = 64.06{2)°, B = 79.96(2)°, ¥y = 87.202)°
Unit cell volume, V 1243(1) A3
Formula units per unit cell, Z 1
Calculated density, D, 1.679(1) g. em™?
Radiation MoKo
Wavelength, A 0.71073 A
Temperature, T 170(2) K
Crystal shape Prismatic
Crystal size 0.49 x 0.22 x 0.17 mm®
Diffractometer Stoe 4-circle
Determination of unit celk:
Number of reflections used 16
#-range 10.3°-15.0°
Intensity data collection: w-28 scan technique
Maximum sin(@)/A 0.54 A~
Range of A, &, and { -91t09, -13t0 13, and 0 to — 13
Standard reflections 3
Iniensity instabihity 3%
Internal R 0.015
Number of collected reflections 3492
Number of unique reflections 3235
Number of observed reflections 2545 (79%)
Criterion for significance [>5 g
Absorption correction: Numerical integration
Linear absorption coefficient 22.4cm™!
Transmission factor range 0.70-0.74
Structure refinement: Fullmatrix least squares
Minimization of Tw - AF?
Anisotropic thermal parameters Metal, C and O
[sotropic thermal parameters H
Number of refined parameters 368 (with 72 constraints)
Weighting scheme (™ (F) + 0.0002|F[)!
Final R for observed refls. 0.030
Final wR for observed refls. 0.045
Final wi for all 3235 refls. 0.050
Final (4/g),, (nonhydrogen) 0.3
Final Ap, and Appas 0.8 and +0.5 ¢ /A’

centric and accordingly P1 was chosen as
the probable space group. The choice of
P1 as the correct space group is further sup-
ported by the outcome of the structural re-
finement.

The Mg : Sb ratio of about I :2, obtained
from the energy dispersive X-ray spectra for
a hydrolyzed alkoxide specimen, collected
with a scanning electron microscope (JEOL
820, LINK AN10000). together with rough
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estimates of expected possible molecular
volumes suggest that the metal ion content
int the unit cell would be two magnesium and
four antimony atoms. Preliminary positions
of the antimony atoms were derived from
interpretation of a calculated Patterson
function. The positions of the remaining
nonhydrogen atoms were obtained from
subsequent least squares refinements and
difference electron density (Ap) calcula-
tions. The hydrogen atom positions of the
ethoxy groups were initially derived by as-
suming ideal geometries of the mcthylene
and methyl groups. The methyl hydrogen
positions were then refined by allowing the
hydrogens to rotate as rigid groups around
the C-C bonds. In the final refinement
stages the positions of the hydrogens were
allowed to vary, under the constraints that
all methylene and methyl hydrogens had
common atomic displacement (thermal) pa-
rameters, carbon-hydrogen bond lengths,
and hydrogen—hydrogen distances. The ob-
tained isotropic displacement parameters of
0.028(5) and 0.036(5) A? and the carbon-
hydrogen bend length of 1.00(2) A and hy-
drogen—hydrogen distance of 1.62(3) A for
the methylene and methyl hydrogen atoms
indicate the obtained hydrogen parameters
to be physically reasonable. The coordi-
nates and thermal parameters obtained in
the final structural refinement (R = 0.030)
are listed in Table II and selected bond dis-
tances and angles in Table 111. The labeling
scheme used, together with the obtained
molecular conformation, is shown in Fig. 1.
The methylene and methyl carbon atoms of
the ethoxy groups are lubeled with the same
number as that of the oxygen atom followed
by A and B, respectively.

Further details on the experimental condi-
tions and the final structural refinement are
given in Table 1. Most of the crystallo-
graphic calculations were performed using
SHELX-76 (5) and PLATON (6) computer
programs. The calculations concerning in-
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TABLE 11

THE FracTiOoNAL AToMiCc COORDINATES (X10Y)
AND THERMaL ParaMETERs (x10Y) WiTh E.S.D.'s,
FOR THE NONHYDROGEN ATOMS oF Mg.Sb,(OEt),

Atom X ¥ 2 ch
Sb(l) 169%1) 2001 —=2105(1) 21.5(2)
Sh(2) —358%(1) 2812(1) 1959%(1) 27.2(2)
Mg —-307(3) 901(2) 67H2) 19(1)
1) —472(5) 877(4) —-978(4) 21(2)
2) 1674(6) 1819(4) —459(4) 23(2)
0(3) —=2119(5) —-262(4) 1734(4} 24(2)
0(4) —1207(6) 2498(4) 498(4) 25(2)
O(5) 83(6) 1111(4) 2187(4) 24(2)
0i6) 3887(6) 2395(5) —244%4) 26(2)
o —379(6) 2375(5) 3677(5) 43(2)
O(8) —271H6) 2527(5) 252645) 43(2)
COA)  —17019) 1442(7) —1580(6) 26(3)
CB)  —3164(10) 865(8) —916(8) 38(3)
C(2A) 2773(9) 2445(T) =202(7) 27(3)
C(2B) 2647(11) 3B10(8) —769(9) 47(4)
C(3A) —3513(8) 84(7) 2250(7) 25(3)
C(3B)  =3679(10)  —363(9) 3584(8) 42(4)
CdA) —1542(9) 3604(7) —425(7) 29¢3)
C(4B)  —=3193(11) 37359 —447(P) 514)
C(5A) 336{9) 1B1(7) 33357 28(3)
C(5B) 1942(1 1) 163(9} 34649) 51i4)
C(6A) 4456(13) 3356013)  —3536(9) 70(5)
Ci6B) 5991(15) 3655(16)  —3720(12) 92(D)
C{7A) 776(11) 2961(9) 3858(9) 55(4)
C(7B) 213(15) 3B841(t2) 4346(13)  99(7)
CiBA)  —3524(10) 2787(9) 3446(8) 46(4)
C(8B) —=5077(1D) 3069(9) 3230(8) S50(4)

tensity statistics and absorption eftects were
carried out using two programs, ENORM
and STOEABS, written by one of the au-
thors (R.N.). Atomic scattering factors with
anomalous dispersion corrections were
taken from the International Tables for
X-ray Crystallography (7).

Discussion

The molecular formula of the present
magnesium antimony ethoxide can be writ-
ten as Mg.Sby(p,-OEt),(p-OEt)(OEL), as
seen in Fig. 1. The unit cell contains only
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TABLE 111

BoND DISTANCES (A) AND ANGLES (°) wiTH E.5.D.’s BETWEEN THE
NONHYDROGEN ATOMS IN Mg.Sh(OEt);,—PRIMED ATOMS ARE ATOMS
GENERATED THROUGH THE INVERSION CENTER

Sb(1)-0(1) 2.323(5) A
-02) 1.990(5)
—03)  1.990(5)
~O{6} 2.00%6)

5b(2)-0(4) 2.208(5)
—-0(5) 2.04(¢5)
-0(7) 2.040(5)
-0(8) 1.941(6)

OM-C1A) 14419
O(2)-C(2A)  1.448(10)
O(3)-C(3A)  1.457(10)
O(4)-C4A)  1.406(10)
O(5)-C(5A)  1.447(9)
O6)-C(6A)  1.389(13)
QN-C(7A)  1.404(12)
O®)-C(RA}  1.413(12)
O(1)-Sb(1}-0(2) 74.6(2)°
OiD-Sb(D-037)  73.5(2)
OD-Sb(D-0(6)  154.6(2)
O(2)-3bi1)-0(3)  95.8(1)
0(2)-8b(1)-016} 88.2(2)

0(3')-S8b(1)-0(6) 90.1(2)

O(1)-Mg-0(1") 78.8(2)
O(1)-Mg-0(2} 76.3(2)
O(1")-Mg-0(2) 94.3(1)
O(1)-Mg-0(3) 98.3(2)
O(1")-Mg-0(3) 76.002)
O(1)-Mg-04) 102.6(2)
O(1')-Mg-0i4) 174.9(2)
O(1)-Mg-0(3) 172.3(2)
O(1"-Mg-0(5) 104.2(2)
0(2)-Mg-0¢3) 169.8(3)
0(2)-Mg-0(4) 90.9(2)
0(21-Mg-0(5) 96.3(2)
0O(33-Mg-0(4) 98.9(2)
O3)-Mg-0(5) £89.4(2)
Oi4)-Mg-015) 75.0(2)

Mg-O(l)  2.13%6) A
001y 2.126(5)
~0(2)  2.113(6)
Oy 2.078(6)
~O4y  2.007(6)
-0} 2.120(5)
C1A)-C{1B)  1.471(12)
C(2A) -C(2B)  1.502(14)
C(3A) -C(3B)  1.510(12)
C{dA)-Ct4B)  1.511(14)
Ci5A)-C(5B)  1.501(13)
C(6A) -C(6B)  1.418(19)
C(7TA)-C(7B)  1.485(20)
C(8A)-C(8B)  1.486(14)
O(4)-Sb(2)-0(5) 725020
0(8)-Sh(2)-0(T) 156.0(2)
0O4)-8b(2)-0(8) BL.1(2)
0O{5)-Sb(2-0(7) 29.7(2)
0(5)-8b(2)-0(8) 101.7¢2)
O(7)-Sb(2)-0(8) 87.0(2)
Sbh(1)-0(1)-Mg 98.2(2)
Sb{1-0(1)-Mg’ 98,3(2)
Sb(1)-0(2)-Mg 110.7¢3)
Sb(1'}-003)-Mg 112.143)
Sb(2)-0(4)-Mg 104.9(2)
Sb(2)-0(5)-Mg 106.9(2)
Mg-O(1)-Mpg’ 101.2(2)
O()-C(IA)-C(1B)  114.2(6)
O-CRA-C2B) 11321
O()-C(3A-C(3B)  113.0(7)
O4)-C(4A)-C(4B)  112.7(7)
0(5)-C(5A}-C(5B)  111.7(7)
O6)-C(6A}-C(6B)  116.1(10)
O(7)-C(7A)-C(7B) 112.3(9)
O®)-C{EA-CRB)  109.1(8)

one molecule and thus the space group sym-
metry constrains the molecule to have inver-
sion (C;) symmetry. Excluding the terminal
ethoxy groups bonded to the antimony
atoms Sb(2) and Sb{(2"), the molecular sym-
metry (cf. Fig. 1) can be approximately de-
scribed as €, . Excluding Sh(2) and Sb(2")

and the terminal ethoxy groups attached to
them (cf. Fig. 1}, the obtained structural en-
tity is similar to that frequently found in
tetrameric alkoxides, e.g., Tij(CEt), (8)
and W, (OEt),, (9), and in some bimetallic
alkoxides with the metal composition
M,yM; ().
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FI1G. 1.{a) The atomic numbering scheme used in the present study of Mg,Sb,(OEt) ;. Unprimed atoms
represent atoms in the asymmetric unit, and primed atoms are those generated by the crystallographic
inversion center. For clarity only metal and oxygen atoms are included. (b) Stereo drawing of the
molecular conformation of Mg,3b,(OEt),,. The probability ellipsoids of the atomic positions, calculated
from the anisotropic thermal parameters, are drawn at the 509 probability level. Hydrogen atoms are

omitted.

The two symmetry independent antimony
atoms are both coordinated by four oxygen
atoms with three Sb—O distances in the
range 1.94-2.04 A and the fourth distance
considerably longer (2.322(5) and 2.208(5)
A). Calculations of empirical bond valence
sums (bvs) for the antiomony atoms, using
the parameters given by Brown and Alter-
matt (/0), verity that the bond distance dis-
tributions agree with those commeonly found
for trivalent antimony ions (bvs-values
slightly above 3). By taking into account the
expected location of the lone pair region
of Sb**, the coordination geometry can be
regarded as a distorted trigonal bipyramid.
As shown in Fig. 2, distortion from bipyra-

midal arrangement around each antimony
atom is evident for the axial oxygen atom
involved in the long $b—0O bond. From the
observed axial O-Sb—0 angles at Sb(1) and
Sb(2), the angular distortions « (cf. Fig. 2)
are 25.4° and 24.0°. The equatorial O-5b-0
angles are, as usual, considerably smaller
(95.8° and 101.6°) than the ideal trigonal
value of 120°, while the O-Sb-0 angles be-
tween the short axial Sb—O bond and the
two equatorial Sb—O bonds are close to 90°.
The bond length and bond angle distribu-
tions observed around the four-coordinated
antimony atom in the Ni—Sb alkoxide, Nis
Sby0,(0E,(HOEL), (2), agree well with
those found in the present compound.
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FiG. 2. The coordination geometry around the Sb
atoms (dark grey) in Mg,Sb{OEt),,. The numbers
given are the labels (cf. Table I} for the oxygen atoms
around the Sb{1) atom and in parentheses the labels of
the oxygens around the Sb(2) atom. The axial distortion
« observed for the long Sb—O bonds is also indicated.
The thick horizontal arrow is pointing into the expected
lone pair region of the SH* jons.

Each magnesium atom is coordinated to
six ethoxy oxygen atoms to form a slightly
distorted octahedron. The bvs-value esti-
mated for the bond length distribution
around Mg is 2.0, in agreement with the
formal valence. The Mg—0 bond of 2.007 A
formed to the u-oxygen O(4) is shorter than
the other Mg—0O bonds. It should be noted
that the g-oxygen O(4) atom forms a long
bond, 2.208 ;\, to one of the antimony atoms
(cf. above).

The distortions of the oxygen coordina-
tion polyhedra around the metal ions, as
reflected by the deviations in the oxygen—
metal-oxygen bond angles, can be qualita-
tively interpreted by the well-known
“rules’” for distortions (see, e.g., (/1)) of
coordination geometry that occur when two
metal ions share a common coordination
edge. Thus, the bond angles at the metal
ions that involve the edge-forming oxygen
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atoms are substantially reduced due to
metal-metal repulsion. Accordingly, such
bond angles in the present structure range
from 72.5° to 78.8°. The lower values are
encountered at the Sb** atoms and the
higher values when the metal ions involved
are both Mg”*. From Fig. 1 it is seen that
the coordination polyhedra around the
metal atoms Sb(2), Mg, Mg’, and Sb(2') are
linked by edge-sharing. A least-squares
plane through the four metal and six oxygen
atoms involved shows the atoms to be copla-
nar within 0.16 A.

The atoms O(6), Sb(l), O(1), O(1"),
Sb{1’), and O(6') are coplanar within 0.04 A
and thus result in the core having approxi-
mate C,, symmetry. As shown in Fig. 1, the
carbon atoms of the ethyl groups attached
to these oxygen atoms are almost aligned
with the C,;, mirror plane. Planes through
the a-carbon atoms and the two metal ions
bonded to each of the u-oxygen atoms O(2),
(3(3), O(4), and O(5) show these oxygens to
deviate by less than 0.22 A. It should be
noted that the position of the six metal atoms
in the molecule are coplanar within 0.07 A.

From Table II it is seen that the carbon
atoms C(6a), C(6b), and C(7b), all belonging
to terminal ethoxy groups, have large ther-
mal vibration amplitudes. The anisotropic
thermal parameters show that the vibration
of C(7b) is rather isotropic, but those of the
C(6a) and C(6b) atoms are highly anisotropic
{large U/,, components) indicating a possible
positional disorder (mainly along y) of the
latter two carbon atoms. No indication of
alternative partially occupied positions for
the C(6a) and C(6b) atoms that would sug-
gest a more substantial disorder was found
in Ap maps. Anyhow, the geometry of the
ethoxy group number 6 must be regarded
as being of limited physical relevance. The
0-C,~C,; bond angles (109 to Dll4°), the
O-C_ bond lengths (1.41 to 1.46 A), and the
C,—C, bond lengths (1.47 to 1.51 A) of the
remaining ethoxy groups are all close to
standard values. The methyl groups have
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staggered conformations, as the largest
value of the O-C,-Cs—H torsion angles in
each methyl group is close to 180° (172 to
184°). The bvs-values of the oxygen atoms
are all close to 2 (1.8 to 2.1}. The rather
constant values of the oxygen bvs-values
also reflects that, in general, the metal-oxy-
gen distances decrease for the p,, w, and
terminal oxygens, respectively.

The anisotropic thermal parameters were
analyzed for the prescnce of any major rigid
group of atoms in the molecule, using the
tests described by Hirshfeld (/2) and Rosen-
field et al. (13). These tests indicated that a
major central fragment, consisting of 14
metal and oxygen atoms, was possibly vi-
brating as a rigid group. The differences be-
tween the thermal mean square displace-
ment  amplitudes  along  interatomic
directions in the indicated rigid group were
all less than 0.004 A2 The 14-atom rigid
group consists of the central metal and oxy-
gen atoms that remain after omitting the ter-
minal O(7)-Sb(2)-O(8) groups and the ter-
minal O(6) atoms. The computer program
THMAILIL (I4) was used to estimate the 12
independent parameters of the two symmet-
ric matrices describing the translation and
libration motions of the atoms in the rigid
fragment. With thesc parameters, the ob-
served anisotropic thermal parameters are
predicted within two e.s.d.’s. The close
agreement between observed and predicted
anisotropic parameters {wcighted R-value
of 0.046) further supports the assumed rigid-
ity of the central molecular fragment. The
corrections to the bond distances due to
rigid body motion are negligible (<0.0011
A).

To gain more information on the charge
and bond order distribution within the Mg,
Sb,(OC;Hs) ¢, molecule, semiempirical mo-
lecular orbital calculations of the extended
Hiickel type (15, 16) were performed for
the observed molecular geometry using the
parameters compiled by Alvarez (/7). To
check the relevance of the method when

373

applied to metal alkoxides, a calculation was
performed on the Al,(OH), molecule and
compared with the more rigorous ab initio
calculations on this molecule that were pub-
lished recently (/8). The atomic charges,
estimated as gross atomic populations from
the obtained extended Hiickel orbitals, be-
came +2.0and — 1.1 for the Al and O atoms,
respectively. These charges agree well with
those (+2.05 and about —1.15) obtained
from the ab initio calculations. To reduce
the number of orbitals needed for the calcu-
lations on the present Mg,S5b,(OC,H;),, mol-
ecule, all ethoxy groups were replaced by
methoxy groups having ideal geometries.
The estimated atomic charges became +1.6
for both the Sb and Mg atoms and ranged
from —1.1 to —0.9 for the oxygen atoms,
with the lowest value (—1.1) obtained for the
ps-oxygen O(1). The overlap populations of
all the Mg—O bonds and of the longer Sb-0O
bonds (Sb(1)-O(1) and S5b(2)-0O(4)) are
about 0.1. The remaining shorter Sb-O
bonds, three at each Sb atoms, have popula-
tions ranging from 0.3 to 0.5, indicating less
ionic character in these bonds. These more
covalent Sb—0 bonds arc those forming the
0O-5b-0 angles of about 90°,
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