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Abstract

The discrete molecular cluster of clusters, ZnY O[(C0O)yCo,CCO, ], (1), undergoes thermolysis with the sequential loss of 54 CO
and 6 CO, molecules without fusion resulting in the formation of a porous solid product. Density (fluid displacement and single
crystal dimensions) and BET surface area measurements confirm the porous nature of the material. The calculated pore
dimensions and regularity is corroborated by TEM of thermolyzed films supported on carbon. The formation of an a-Co phase is
detectable by XRD and electron diffraction with crystallite size increasing with increasing heating temperature. The metallic nature
of the cobalt environment is demonstrated by XPS of the films. Densification of the material occurs above 300°C with significant

loss of surface area.

1. Introduction

In the use of molecular precursors [1-3] for ceram-
ics, thin films and other materials, one would like to go
beyond simple stoichiometry and attain control of some
of the structural aspects of the solid materials. That is,
complex single precursors can result in material prop-
erties that may not be accessible via a set of simpler
precursors. Recent examples include the solid state
pyrolysis of a molecular precursor leading to a kineti-
cally stabilized form of AIN [4] and the vapor phase
deposition of a molecular precursor leading to a new
GaS phase [5]. In our own work utilizing metallabo-
ranes as volatile CVD precursors to metal borides
[6-9] stoichiometric control has been achieved and a
preferred magnetic domain structure was described. In
the following we present evidence that suggests that
the internal framework of a non-volatile cluster of
clusters is of consequence in determining the mi-
crostructure of the solid product formed during ther-
molysis.

Correspondence to: Dr. T.P. Fehlner.

0022-328X /93 /$6.00

We have already communicated the preparation and
some of the properties of Zn,Of(CO),Co,CCO,], (1),
(Fig. 1) [10]. This molecular solid can be prepared on a
gram scale, is modestly soluble in THF, and forms
single crystals containing one molecule of solvate per
complex. Depending on crystallization conditions, crys-
tals with sizes up to 2 mm can be obtained. As 1
contains CO and CO, moieties that should be readily
lost as gaseous species on thermolysis, we have now
examined the solid product in order to look for evi-
dence of microstructure attributable to the precursor
structure.

2. Experimental details

2.1. General

Reactions and manipulations were conducted under
N, using standard Schienk techniques. Glassware was
oven-dried before use. Solvents were distilled from
drying agents under nitrogen as follows: sodium ben-
zophenone ketyl for hexane, diethyl ether and tetrahy-
drofuran (THF), Co,(CO); was from Strem and used
directly. Zn,O[(CO)4Co,CCO,]; (1) was prepared as
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Fig. 1. Representation of the Zn,0O[(C0)yCo,CCO,Js molecule (1).
Note that the carbonyl ligands have been removed from five of the
six cobalt clusters for clarity.

reported previously {10]. Elemental analyses were per-
formed by Galbraith Laboratories, Knoxville, TN.

The experimental setup shown in Fig. 2 was used to
simultaneously prepare samples of Zn ,O[(CO)4Co,-
CCO,]¢ for the measurement of weight loss, displace-
ment density, change in external particle dimensions,
IR absorption and X-ray diffraction as a function of
heating time and temperature. Under vacuum (106
torr), the temperature of all samples was increased
slowly and maintained at the desired temperature for
12 h. After cooling to room temperature and back
filling with Ar, sample tube A was weighed. This
process was repeated until a constant weight of the
sample in tube A was achieved. At this point the
appropriate measurements were carried out on the
other samples.
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Fig. 2. Experimental setup for the equilibrium pyrolysis experiment.
Shown is the middle section of a 3 cm diameter glass tube under
dynamic vacuum in a tube oven. Tube for TGA experiment (A).
Tube for change in external dimensions of large single crystals (B).
Sample for IR measurements (C). Picnometer for displacement den-
sity measurements (D). Tube holders (E).

2.2. Equilibrium thermal gravimetric analysis

For the equilibrium thermogravimetric analysis, tube
A was loaded with bulk crystalline 1 and plugged with
glass wool in order to eliminate mechanical loss. For
each step in temperature, the constant weight of tube
A was recorded. Samples were heated in 12 h incre-
ments and most showed constant weight after two
heating periods.

2.3. Density and dimension measurements

The buoyant density of crystals of 1 was measured
with a mixture of CCl, and CBr,. The displacement
density (d,) was measured with degassed hexane using
a 1 cm® picnometer. After each density measurement,
the residual hexane was removed under vacuum. Four
big crystals with crystallographically - characteristic
shapes (1-2 mm) were chosen for the crystal dimension
measurements. These crystals were put into tube B (5
mm in diameter) and heated along with the bulk sam-
ple A under the same conditions. After constant weight
was achieved for the sample in tube A, the large
crystals were taken out and the dimensional change
was measured with an optical microscope. The appar-
ent density (d, ) was calculated from the buoyant den-
sity (2.1 g cm™3) of 1 and the averaged dimensional
changes measured.

2.4. BET surface area measurements

The BET surface area for the sample crystals (aver-
age size of 0.5 mm) of Zn,O[(CO),Co,CCO,]); was
measured by single point BET (N,) adsorption method
with an automatic Quanta Chrome Monosorb instru-
ment. A starting sample of about 1 g was used in order
to achieve accurate measurement. The sample was
loaded into a U tube and purged with N, for 0.5 h
before measurement. Liquid N, was used for the cool-
ing bath.

2.5. X-ray and IR measurements

The X-ray powder patterns were measured with a
Philips X-ray powder diffrakction system APD 3520;
30° <20 <90°, A =1.5407 A. Infra-red spectral data
were obfained on a Nicolet 205 FT-IR in KBr pellets.

2.5.1. 150-180°C

X-ray powder patterns: a very broad strong peak
centered at (20 = 46°, d = 1.973 A) with half width of
14°,

IR spectra: (KBr, 4000—400 cm™!): OH: 3400m(br);
COO ~: 1480vs, 1383vs; others: 1064w, 827w, 493m(br).

2.5.2. 300-330°C
X-ray powder patterns: d (A) = 2.16, 2.04, 1.91, 1.49,
1.25 with average half width of 2° assigned to an a Co
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phase with a calculated crystallite size of 90 A accord-
ing to the Scherrer formula.

IR spectra: (KBr, 4000400 cm~!): OH: 3400vw, br;
COO™: 1480w, 1383w; others: 1049vw, 1030vw, 830vw,
482w(br).

2.5.3. 400-440°C

X-ray powder patterns: d (A) = 2.160, 2.042, 1.911,
1.492, 1.253 with average half width of 0.48° assigned to
an a Co phase with a calculated crystallite size of 670
A. In addition several weak lines were observed that
could not be assigned. IR spectra: (KBr, 4000-400
cm~1): 450s(br).

2.6. TEM measurements

The transmission electron microscopy (TEM) analy-
sis was conducted on a Jeol 100CX instrument with an
accelerating voltage of 120 KeV. The sample for this
purpose was made by casting the material from a
saturated THF solution on a copper grid covered with
a carbon film. To examine the crystallization behavior
of the material, the bright field images with corre-
sponding diffraction patterns were taken for the differ-
ent heat treatment conditions. The phase identification
and the grain and pore size estimation were carried out
on the TEM results.

2.7. XPS measurements

The X-ray photoelectron spectra (XPS) were mea-
sured in a Kratos XSAM 800 system. Mg Ka radiation
at 1253.6 eV was used for the electron excitation and
the spectra were collected with a hemispherical anal-
yser. The sample was prepared in the form of a film
cast from a saturated THF solution directly on a cop-
per block. The copper block was then attached to the
heater on the direct insertion probe. The temperature
of the sample was measured with a calibrated thermo-
couple. Besides survey scans, the XPS of the Co(2p
and 3p), Zn(2p and 3p), O(1s) and C(1s) ionization
regions were collected at room temperature, after heat-
ing the sample at 200°C for 30 min, and after heating
the sample at 200°C for 90 min. There were no qualita-
tive differences between the last two sets of data.

3. Results

3.1. Thermolysis of 1

Preliminary thermogravimetric data on the thermol-
ysis of 1 in argon have been reported [10]. A single
weight loss corresponding to the loss of 54 CO and 6
CO, which was complete at 220°C was observed and
the identities of the volatile products were proved by
in situ mass spectrometry. The material prepared in
the 160 to 250°C range is pyrophoric in air evidencing a
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Fig. 3. Equilibrium thermal gravimetric analysis of Zn,O[(CO),-
Co,CCO,],. Each point results from at least two heating periods
and a minimum 12 h total equilibration time.

high reactivity. This reactivity created problems in the
chemical analysis of the solid. After protecting the
solid from air, the best analysis for Co, Zn and C was
60.63, 14.30, 2.19 (obs’d); 75.21, 18.54, 5.11% (calc’d
for Co,3Zn,Cc0O). However, for three independent
runs with varying exposure to air the Co/Zn ratio of
the solid product produced at 300°C is 4.24 + 0.01.
Thus, based on both the TGA results and the solid
analytical results, we formulate the composition of the
solid as Co3Zn ,C,0.

In order to eliminate kinetic factors in preparing the
solid, the equilibrium (heating to constant weight at a
given temperature under vacuum) thermogravimetric
behavior was examined. A plot of the results (Fig. 3)
shows a distinct plateau at = 40% weight loss and
160°C not observed in the normal TGA. The weight
loss corresponds to =46 CO ligands. An additional
weight loss corresponding to the remaining CO and 6
CO, molecules is observed at = 180°C. IR measure-
ments confirm this assignment. The IR of 1 exhibits
both characteristic CO and carboxylate modes before
thermolysis, wheras the product exhibits only the car-
boxylate modes when thermolysis is carried out at
160°C and neither CO nor carboxylate modes for ther-
molysis at 250°C. For pyrolysis carried out at 200°C and
above the previously dark, dull appearance of the solid
becomes metallic looking and the particles behave sim-
ilarly to magnetized iron filings. Heaiing above 400°C
under vacuum results in the formation of a metallic
mirror deposit on the quartz tube. As this deposit
dissolves in HCI with the formation of a gas, it results
from the volatilization and deposition of Zn metal.

3.2. Density changes

Large individual single crystals of 1 retain their
relative dimensions and characteristic geometric ar-
rangement of faces and edges, but not X-ray diffrac-
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Fig. 4. Comparison of two measured densities (calculated as indi-
cated in the text) of the product of the thermal decomposition of
Zn ,0[(CO)4Co5CCO, )¢ as a function of temperature. Curves (a)
and (b) correspond to dp, and d,, respectively.

tion properties, on thermolysis. Clearly the loss of
ligands takes place without fusion. This phenomenon
presented the opportunity of investigating the density
change on thermolysis in two ways. A pair of equilib-
rium (as above) experiments were carried out simulta-
neously. First, the change in weight and dimensions
(average edge shortening) of several large (1-2 mm)
single crystals were used to calculate an apparent den-
sity (d,) change as a function of thermolysis tempera-
ture. In the same experiment, the density of a 1 g
polycrystalline sample with average crystal size of 0.5
mm was measured by hexane displacement (dp). A
comparison of the two densities is shown in Fig. 4. It is
seen that although the displacement density change
tracks the weight loss (major increase at = 150°C), the
relative density calculated from the crystal dimensions
and weight shows much different behavior. By the
latter measure, densification does not begin until =
320°C. The implication is that the solid produced in the
temperature range 150-320°C contains a considerable
void volume. The void volume per gram can be calcu-
lated as 1/d, ~ 1/dp =0.5 cm?/g. In the lower tem-
perature regime the external crystal dimensions de-
crease about 15%. Major shrinkage of this porous
structure with concurrent change in external dimen-
sions of about 40% does not take place until 300°C
where cobalt metal migration to form relatively large
cobalt metal crystallites is observed (see below).

3.3. Surface area changes

In order to obtain more information on the nature
of this internal volume, we have measured the surface
areca of the solid material by the BET method as a
function of thermolysis temperature. The initial area of
a 1.0 g sample of 1 with average particle size of 0.5 mm

and after loss of the solvent of crystallization was 7.7
m?/g. The surface area increased to an average value
of 116 m? /g between 160—-220°C and then decreased to
50 m2/g at 320°C when densification begins. Surface
areas per unit weight for silica-gel range from 200-1000
m?/g [11] and the surface area of “highly reactive” Ni
powder has been reported as 33 m?/g [12].

3.4. Pore size

The density and surface areas measurements allow
one to estimate the average dimension of the pores.
That is, the difference in surface areas before thermol-
ysis (corrected for shrinkage) and at 160°C yields the
internal surface area of the solid (110 m?/g). Dividing
the void volume per gram by this area yield°s the order
of magnitude dimension of the pores of 45 A. With the
more specific assumption of long cylindrical channeols
one calculates an average radius of the pores of 90 A.
Above 300°C the volume based on particle size de-
creases as does the measured surface area leaving the
calculated pore size approximately constant. This sug-
gests that it is the number of pores that is decreasing
on densification rather than their average size.

3.5. X-Ray diffraction

In order to gain more information on the changes in
structure on heating 1 the X-ray diffraction (XRD)
properties of the product were examined. The product
formed at 150-180°C shows only very broad signals in
the XRD whereas that formed after heating to 300-
330°C and above shows the formatign of small crystal-
lites of a-Co estimated to be 90 A in size from the
FWHM of the diffraction lines. The same phase was
observed at 400-440°C but with a calculated particle
size of 670 A.

3.6. Transmission electron microscopy

To obtain more spatial resolution in the diffraction
properties of the material as well as direct information
on particle and pore size, the solid product was exam-
ined by transmission electron microscopy (TEM). To
do so a thin film of 1 was cast from a saturated THF
solution on a metal grid supported carbon film. The
film of 1, which we take to represent a thin layer of the
solid in the bulk material, was examined by TEM after
several heat treatments. On thermolysis the film tends
to curl and shrivel up creating tears and large holes.
However, contiguous pieces of the pyrolyzed film, which
were large on the TEM scale, could be examined. For
a film treated at 150°C, Fig. 5 shows a diffuse electron
diffraction pattern and basically a featureless TEM
image. Heating to = 230°C leads to a sharpening of
the diffraction pattern and the TEM image at X 96,000
shows both grained particles and some large channels
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corresponding to small tears in the film (Fig. 6). Higher
magnification shows that the small channels are ap-
proximately 40 A in width as are the particles them-
selves. The particle size distribution is narrow. Finally,
in Fig. 7 heat treatment above 300°C leads to dotted
rings in the diffraction pattern indicative of larger
crystallites and the image shows larger particle size
(100 A) and a much broader particle size distribution.
These observations are consistent with the initial for-
mation of an essentially amorphous material with no
observable microstructure by TEM, followed by rear-
rangement, presumably by diffusion, to yield a microp-
orous material with fairly regular particle size and tiny
cobalt crystallites; followed by further diffusion to yield
much larger cobalt crystallites and less regular particle
sizes.

3.7. X-Ray photoelectron spectroscopy

To probe the chemical environment of the metal
atoms as a function of heat treatment we have exam-
ined films of 1 prepared similarly to those for TEM by
X-ray photoelectron spectroscopy (XPS). However, in

Fig. 6. (Top) The electron diffraction pattern for a Zn,O[(CO),-
Co,CCO, ], film which was heated at 210-250°C for 4 h. Note the
increase in the number of rings and their relative sharpness. (Mid-
dle) The bright field image (X 96,000) corresponding to the diffrac-
tion pattern. The grained particles are uniformly formed and some
large channels due to shrinkage tearing also can be observed. (Bot-
tom) Enlarged area of the bright ﬁgld image showing the small
channels between the particles ( = 40 A) and the particles ( = 40 A).

this case the films were formed on a heatable copper
block and the pyrolysis of 1 was carried out in the
reaction chamber of the XPS spectrometer. The extent
Fig. 5. (Top) The electron diffraction pattern for a Zn,O[(CO)4- of pyl.‘OIYSlS C(.)UId be monitored by the CIIS) lonization
C0,0C0,]; film which was heated at 150°C for 2 h. (Bottom) Bright ~ 2ssociated with the CO and CO, moieties. As ex-
field image corresponding to the diffraction pattern and showing that pected, after 30 min at 200°C the intenSity of this
no grained particles can be observed at X 96,000. ionization was reduced to zero. Unfortunately cracking
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of the film on pyrolysis exposed the copper block and
did not allow quantitative determination of the carbon
and oxygen remaining in the film. However, the Co(2p)
and Zn(2p) ionizations were informative.

As shown in Fig. 8 both ionization energies shift to
lower binding energy on heating but Co(2p) shifts 2.0
eV more. Indeed, when referenced to adventitious
carbon, the binding energy of Zn(2p) increases by 0.1
eV whereas Co(2p) decreases by 1.9 eV. Referenced to
carbon at 285.0 eV the Co(2p) and Zn(2p) energies are
780.0, 1121.5 and 778.1, 1121.6 eV in 1 and the heated
sample, respectively. Using the CO carbon as a com-
mon internal reference, the Co(2p) binding energy for
1is 0.5 eV lower than the literature gas phase value for
Co,(CO), [13]. The Co(2p) binding energy for the
metal is reported as 778.32 eV whereas that for the
oxide is 780.4 €V [14]. Thus, the binding energy of the
cobalt in the material produced from 1 is characteristic
of a metallic environment. The binding energy of Zn
metal is 1021.82 eV whereas that of ZnO is 1022.1 eV.
Thus, the much lower sensitivity of the binding energy

Fig. 7. (Top) The electron diffraction pattern for a Zn,O{(CO),
Co,CCO,]; film which was heated at 300-450°C for 4 h, The dotted
rings show that the grains have grown in size. (Bottom) The bright
field (x 200,000) corresponding to the diffraction pattern shows an
average particle size of = 100 A and a broader size distribution than
that shown in Fig. 6.

1500004 Co2p

100000

50000

Infensity (counts)

0
8I0 800 790 780 770
Binding Energy (eV)

Zn2p
80000 b

600Q0

40000

Intensity (counts)
Q

20000

0
1060 1050 1040 1030 1020

Binding Energy (eV)
Fig. 8. (Top) The Co(2p) ionizations for 1 before heating (a) and

after 30 min at 200°C (b). (Bottom) The Zn(2p) ionizations for 1
before heating (a) and after 30 min at 200°C (b).

of Zn to environment does not allow any conclusions
concerning the location and chemical environment of
these atoms.

4. Discussion

Based on the above experiments, we suggest that the
formation and evolution of the material produced in
the heglting of 1 can be described as follows. First, the
=24 A in diameter spherical Zn,O[(CO),Co;CCO,J,
molecules, which are known to form a nearly close
packed array in the solid state, shrink on loss of CO
and CO, to form smaller cobalt-covered oxo-zinc-
carboxylate cores with interparticle Co—Co bonds. This
creates the large, measured void volume but the mate-
rial first formed appears amorphous by TEM and XRD.
However, the step in Fig. 2 and the IR results at 150°C
show that the carboxylate moiety is still present which
implies that the environment of the zinc atoms is
similar to that in the molecular precursor. Continued
heating at higher temperatures results in loss of the
carboxylate ligands as CO, and in observable pore
formation concurrent with the aggregation of the cobalt
atoms into very small crystallites. The role of the zinc
atoms is ambiguous but it is possible that they retain
their association with the residual carbon and oxygen
and support in some fashion the cobalt crystallites.
Viewed in this sense, the network of regular pores
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formed in the thermolysis of 1 is a remnant of the
initial cluster of cluster structure that carries over into
the product. Although cobalt crystallite growth contin-
ues, this porous microstructure is retained up to 300°C
and suggests that the role of the Zn, C and O is an
important one. Thus, one might view the material
produced from heating 1 as a supported metal where
both the support and the metal are derived from the
single molecular precursor. High surface area sup-
ported metals are well known catalysts [15] and the
material produced from 1 is presently being evaluated
for such applications.
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