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Table 1. X-ray Crystallographic Dat&

Decomposition of Co(Acac). Structure and empirical formula GeH30C05020
i7ati . fw 837.07
Characterization of Cos(OH)2(O,CCH3)g-2H,0 space group (No.% 142 (No.88), 8
a, A 23.693(2)
Roger Kuhlman, George L. Schimek, and \C///&&S éi§52€3(3§5)
Uy :
Joseph W. Kolis calcd density, g/ckh 1.713
; ; ; u, mmt 2.576
Department of Chemistry, Clemson University, R ©WR 0.0596, 0.0684

Clemson, South Carolina 29634
a All data were collected at 293 K, Mod&radiation,A = 0.710 73
Receied March 12. 1998 A. b Three standards were measured. One decayed by 9%, one by 4%,
’ and the other<1%.°R = S ||Fo| — |Fc|l/Y|Fol. ¢WR = [SW{ |Fo| —
IFel}2/3|FolAY% w = 1/[0°F + 0.0005 2.
Introduction

. L Crystallography. Single-crystal X-ray data were collected on a
In the course of investigating solvothermal routes for conver- Nicolet R3m/V four-circle diffractometer equipped with graphite

sion of molecu!ar precursors to oxide materia!s, we hgve monochromated Mo  radiation ¢ = 0.710 73 A). A crystal of
observed many interesting extended structures of intermediateSgimensions 0.60«< 0.22 x 0.10 mnt was isolated under Nujol, and
For example, solvothermal treatment of Fe(agémns crystals ~ mounted with epoxy inside a glass capillary. The reported unit cell
of Fe(Q:CCH),, Fe5s(02CCHg)10-2H,0, and FeO(O,CCHg)4.t parameters and body-centered lattice were determined from 48 centered
In all cases, these intermediate phases contain only Fe(ll)reflections (28< 20 < 48°). Data were collected using an'26 scan
centers, even though the starting molecule is an Fe(lll) complex. mode with a variable scan speed of 15°/min, and subsequently

A key factor in this chemistry is the ability of the solvothermal corrected for Lorentz and polarization effects. An absorption correction
fluid to attain an intermediate temperature whereby the productsas applied based on psi scan data of six averaged reflections. The
can form and crystallize before they completely decompose to SPace groupldv/a (No. 88), was uniquely determined by systematic
simple binary metal oxides. This method is quite versatile in absences in the complete intensity data set. The structure was solved

. in origin choice 2 by direct methods, and refined|Bhby full-matrix
that the nature and temperature of the solvothermal fluid can least-squares techniques using SHELXTL-Plus softé@ebalt atoms

be varied over a wide range. This partial decomposition of metal \yere Iocated in initialE maps. The remainder of the non-hydrogen
complexes is a very promising route to new extended solids. atoms were obtained from subsequent difference Fourier maps and

Keeping in mind that C¥ is less easily reduced than¥ewe thermally refined anisotropically (except for C1). The thermal param-
extended our studies to the solvothermal decomposition of Co- eters for C1 were nonpositive when attempts were made to refine them
(acac). The product of this methodology is reported. anisotropically and thus were held isotropic. The hydroxyl hydrogen
(H1) was placed 0.85 A from O1, assuming idealized geometry around
Experimental Section O1. Methyl hydrogen atoms were introduced in idealized positions and

refined isotropically with a group thermal parameter. They were held
0.96 A from their respective carbon atoms using a riding model.
Although the thermal parameters for the O10 solvent molecule are rather
eIarge, this may be expected for a moiety in such a loosely bound
environment. Additionally, the two hydrogen atoms on the water were
not located, which artificially contributes to the thermal motion of O10.

If the occupancy of O10 is refined, the site occupancy factor obtained
is 0.84 (1.68 HO/formula unit) and the average thermal of 010 is 46%
smaller, but theR factor only drops to 0.0594. Because of the inherent
uncertainty in simultaneously refining occupancy and thermal param-
eters, the refinement reported assumes full occupancy of the water of
crystallization. A summary of the crystallographic details is given in
Table 1.

Cobalt(lll) acetylacetonate was used as received from Strem.
Thermogravimetric data were obtained on a DuPont instruments model
951 analyzer using a Pt foil container, nitrogen purge, and a temperatur
ramp of 10°C/min. Powder X-ray diffraction was performed on a
Scintag XDS 200096 diffractometer with Cu K radiation ¢ =
1.5406 A). The infrared spectrum of a single crystal efas recorded
on a Nicolet Magna-IR 550 Spectrometer using a SpectraTech
Microscope attachment. Magnetic susceptibility measurements were
taken with a Quantum Design SQUID MPMS-5S magnetometer at 1
T from 4.99 to 300 K. Measured susceptibility data were corrected for
the contribution of the sample holder. Elemental analysis was performed
by Atlantic Microlabs.

Synthesis of Cg(OH)(0,CCH3)s:2H,0 (1). Pyrex tubes were each
loaded with Co(acag)0.20 g, 0.56 mmol), kD (80uL, 4.4 mmol), Results and Discussion
and tetrahydrofuran (THF, 2.0 mL). After subjection to two freeze
pump-thaw cycles on a vacuum line, the tubes were sealed at a length  Solvothermal treatment of Co(acach a THF solution
of 12 cm and internal volume of 5.8 mL. The tubes were then placed containing 4 vol % HO gives Cg(OH),(O,CCHs)g-2H,0 (1)
inside an autoclave and 2300 psi of Ar was introduced as counterpres-in high yield. This methodology leads to reduction of the metal
sure to prevent bursting during the reaction. After being heated at 255 center with oxidative hydrolytic cleavage of the acac ligand.
°C for 5 days, the light tan crystalline product was filtered and washed Crystals ofl grow from a common point, giving the appearance
with petroleum ether under a stream of argon (yield: 0.095 mmol, 85% of a flower. Each “petal” is a single crystal having one
based on Co). The identity of the bulk sample was confirmed by dimension (presumably along much longer than the other
matching the powder diffraction pattern to that calculated from the . .
single-crystal structure (vide infra). Since the compound decomposestw_o' The structure OI can be understood as a thre(_a-dlmensmnal
in air over several days to an XRD amorphous pink powder, it was 9rid of hexacoordinated Co atoms. To emphasize the @o

stored in an argon atmosphere drybox. The infrared spectrum consistsframework, the two views in Figure 1 have been drawn as£00

of a series of very broad bands from 3700 to 2700 and 4600 cnr™. polyhedra, with all C and H atoms omitted. When this tetragonal
Anal. Calcd: C, 22.96; H, 3.61. Found: C, 23.01; H, 3.36. structure is viewed along the unique axis (Figure 1a), one sees
(1) Kuhlman, R.; Ketchum, D. R.; Schimek, G. L.; Kolis, J. Whem. (2) Sheldrick, G. M.SHELXTL-Plus Siemens Analytical X-ray Instru-
Mater., submitted. ments, Inc.: Madison, WI 53719.
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Table 2. Selected Bond Distances (A) and Angles (deg)

Col-01 2.008 (6) Co%0Ola 2.018 (7)
Col-O2a 2.162 (6) Co103 2.143 (6)
Col-05 2.211 (6) Co%09 2.066 (7)
Co2-O4a  2.163 (7 2 Co2-06 2.161 (6)x 2
Co2-08 2.033 (8)x 2 Co3-01 2.041 (6)
Co3-O2a  2.156 (7) Co304a  2.123(7)
C03-05a 2.164 (6) Co306 2.164 (6)
Co3-07 2.016 (7)
01-Col-Ola  174.4(3) 01Co01-O2a  78.4(3)
01-Col1-03 95.4(3) 0%+Col1-05 91.0(2)
01-Col-09 95.2(3) 0la&Col-03  87.2(3)
Ola-Col-05  84.3(2) OlaCol-09  89.6(3)
Ola-Col-O2a  98.0(3) 02aCol-03  165.8(3)
02a-Col1-05 83.2(2) 02aCol1-09 101.8(2)
03-Col-05 84.2(3) 03-Col-09 91.3(3)
05-Co1-09  172.7(2) 04Co02-Od4a  180.0(1)
Figure 1. The Co-O framework of1, viewed (a) along the axis 04—Co02-06 79.2(2)x 2 04-Co2-0O6a  100.8(2) 2
and (b) along thea axis. Cobalt atoms are at the centers of the 04-Co02-08 88.6(3)x 2 O4a-Co2-08 91.4(3)x 2
polyhedra, and O atoms at the vertexes. Col polyhedra are open, Co206—Co2-06a  180.0(1) 06Co02-08 90.2(3)x 2
polyhedra are lined, and Co3 polyhedra are crosshatched while carbon O6a—Co2-08 89.8(3)x 2 08-Co2-0O8a  180.0(1)
and hydrogen atoms are omitted. 01-Co3-02 77.8(3) 0O+Co3-04 89.3(3)
01-C03-05 85.0(2) 01C03-06 87.5(2)
01-Co3-07  174.1(3) 02C03-04  167.1(3)
02-C03-05 87.4(2) 02 C03-06 99.3(2)
02—-Co03-07 96.5(3) 04Co03-05 91.4(3)
04—Co03-06 80.0(3) 04C03-07 96.4(3)
05-C03-06  168.6(3) 05-C03-07 96.3(3)
06-Co03-07 92.1(3) Co+01-Cola 120.5(3)
Co1-01-Co3  102.1(3) Co1a01-Co3  98.6(2)
Co1-02a-Co3  93.7(3) Co204a-Co3  95.4(3)
Col1-05—-Co3a 89.4(2) Co206—Co3 94.3(3)

In contrast, many other CeOpc distances reported are up to
0.25 A shortef. Three acetate ligands arg,n? coordinated,
while the fourth (05,06,C5,C6) i%%,2, which is a rare
coordination modé& Trans bond angles around Co centers range
from 165.8(3) to 180.0(2) and cis angles vary from 77.8(3) to
101.8(2y. The shortest Ce-Co separations in the structure are

in the three edge-shared bioctahedra (CoCm3a (3.079 A),
Co1:-+Co3 (3.150 A), and Co2Co3 (3.170 A)). Col and Cola
share only one vertex (O1) and are separated by 3.496 A. None

Figure 2. Chain of Co centered octahedra with full complement of

acetate ligands found ih Thin lines are drawn to symmetry equivalent f1h di . fficiently sh impl btal
cobalt atoms for which the complete coordination environment is not Of these distances is suificiently short to imply any metaeta

given. Dashed lines indicate hydroxideater hydrogen bonds. Cobalt ~ bonding. All bond distances within the acetate ligands are
atoms are full thermal ellipsoids, oxygen atoms are principal ellipsoids, typical. Selected distances and angles are given in Table 2.

carbon atoms are boundary ellipsoids (all at the 50% probability level),  The hydroxyl ligand (01, H1) bridges Co1, Cola, and Co3.
and oxygen atoms of water are lined spheres. Hydrogen atoms omittedyy/o assign this ligand ag-OH rather thanus-oxo since H1 is

for clarity. within hydrogen bonding distance to O10 of a nearby water
molecule (2.89 A), and results in a charge-balanced compound,

rows and columns of octahedra, forming a square grid. However, and has a bond valence sum of 1.24(2) (excluding the hydrogen)

when viewed along tha axis (Figure 1b), a nearly hexagonal while the calculated valence sums for O2 to O9 range from

motif is apparent. The Col centers (no shading 9f polyhedra) 1.74(5) to 2.01(6%.The hydroxide formulation is also consistent
are at the corners of the squares (Figure 1a), and lie near centers’. .

. . d .~ With TGA behavior (see below) and the appearance of broad
of roto-inversion. The Co2 atoms (parallel lined polyhedra) lie

on inversion centers while the Co3 atoms (crosshatched O—H stretches in the IR which suggest more than just stretches

. due to water molecules. We assign 010 to be a water molecule
polyhedra) link between the other two Co centers through sharedh drogen bonded to H1. The hvdrogen atoms of the water
edges of the Cogbuilding blocks. A series of dscrew axes yarog ) yarog

run along the centers of the large channels between ponhedra.mOleCUle were not located. Two oxygen atoms of acetate ligands
It should be emphasized that although there appear to be Iargeare also close enough for hydrogen bonding (&1 at 2.998
channels in the structure as drawn, these gaps are actually filled
by methyl groups from the acetate ligands.

Figure 2 shows a portion df, illustrating the details of the
bonding. All Co atoms are six coordinate, with €0ac bond
lengths ranging from 2.033(8) to 2.211(6) A (average.13
+ 0.06 A), and Ce-OH bond lengths of 2.008(7), 2.018(7),
and 2.042(6) A (average 2.02+ 0.02 A). The Ce-us-OH
bond distances observedirare about 0.1 A shorter than those
reported by Coucouvanis et al. in [(B@os(us-OH)(OAC)-
(cat)]? however, both have comparable-00ac bond distances.

(3) Reynolds, R. A.; Yu, W. O.; Dunham, W. R.; Coucouvanis|rirg.
Chem.1996 35, 5, 2721.

(4) (@) Sumner, C. E.; Steinmetz, G. R. Am. Chem. Sod.985 107,
6124. (b) Sumner, C. Hnorg. Chem.1988 27, 1320. (c) Dimitrou,
K.; Folting, K.; Streib, W. E.; Christou, GI. Am. Chem. S0d.993
115 6432. (d) Jaynes, B. S.; Doerrer, L. H.; Liu, S.; Lippard, S. J.
Inorg. Chem.1995 34, 5735.

(5) (a) vander Sluis, P.; Schouten, A.; Spek, AActa Crystallogr.1987,
C43 1922. (b) Helems, R.; Cole, L. B.; Holt, E. Mnorg. Chim.
Acta 1988 152 9. (c) Lossin, A.; Meyer, GZ. Anorg. Allg. Chem.
1992 614 12.

(6) Brown, I. D.; Altermatt, D.Acta Crystallogr.1985 B41, 244.
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Figure 3. Thermogravimetric analysis df.

A and 0106--03 at 3.076 AY, but placing water molecule
hydrogen atoms along these vectors leads to unreasonabl
geometries.

Thermal Analysis. Three distinct mass loss regions are seen
in TGA of the title compound (Figure 3). The first mass loss
(at 85°C) corresponds to loss of,B. It is somewhat surprising
that this occurs below the boiling point of water. We attribute
this facile loss to the low degree of hydrogen bonding holding
the water in the crystal lattice. The observed mass loss of 1.7-
(2)% corresponds to 0.8(2) equiv 0@ per formula unit. Full
occupancy of the sites would give 2 equiv of®iper formula
unit. Most likely, water is irreversibly diffusing out of the
structure, and thus the water content could be highly variable.
The next mass loss (26Q) corresponds to loss of 2 equiv of
acetic acid. The two mobile protons of the hydroxide ligands
presumably transfer to acetates, liberating two HOOgCH
molecules (loss calculated 14, observed= 11(3)). At this
stage, an intermediate of nominal composition 50g
(OOCCH)g" should be present. The final steps (350 and 410
°C) are decomposition of the remaining acetate ligands, giving
Co30,4 and CoO as the final products observed by XRD. The
minimum observed weight percent of 44% (at ca. 44%)
approximates that expected for CoO (46 wt %). We attribute

Notes
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Figure 4. Inverse molar susceptibility as a function of temperature.
Line is best fit of data (solid dots).

which is typical of high-spin Co(ll) centers (4-b.2ug).8 This

is also in agreement with bond valence calculations which give

Tol=2.05(3), Co2= 1.94(3), and Co3= 1.98(4) At 30 K

the compound appears to undergo a weak ferromagnetic
transition.

Conclusions

In the course of examining conversions of molecular precur-
sors to oxide materials by solvothermal methods, we have found
interesting structures of intermediate compounds. Thermal
hydrolysis of Co(acag)leads to reduction of the metal centers
to form the title phase in high yield. The reduction of the metal
center is accompanied by the oxidative hydrolytic cleavage of
the acac ligand. This is similar to the behavior observed for
Fe(acaq in solvothermal fluids. The water molecules of the
titte compound are loosely held in the structure by minimal
hydrogen bonding, and are easily lost below 1Q0 The facile
loss of acetic acid suggests that the ligand combination of
hydroxide and acetate is especially effective in oxide precursor
materials.
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Magnetic Measurements. The compound shows simple
Curie—Weiss paramagnetic behavior from 30 to 300 K (Figure
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