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Supported mixed metal oxides were prepared by the temperature-programmed decomposition of 
a highly characterized system of silica-immobilized heteropoly complexes containing Cu(ll) and 
M(II1) (M(III) = Al, Cr, Fe). The investigation focused on two main aspects of the thermal 
degradation: a study of the decomposition path and characterization of the resultant samples. The 
decomposition process, monitored in situ by thermogravimetric analysis. infrared spectroscopy, 
and mass spectrometry, appeared to lead to the formation of mixed oxides with a stoichiometry of 
MCu607 :. Electron microscopy showed sintering of the oxides into particles which contain Cu and 
M. The population of these particles increased with increasing temperature. Selective chemisorp- 
tions of NH?, CO, and NO indicated that temperature of decomposition affects active site densities. 
In particular, it was observed that conditions for the decomposition could be selected to maximize 
the activation of metal oxide sites by complex decomposition yet minimize the deactivation by 
sintering of supported oxide particles. &0 1988 Academic Press. Inc. 

INTRODUCTION 

A number of investigators have recently 
focused attention on the potential of sup- 
ported complexes as precursors to highly 
dispersed metal or metal oxide catalysts 
(1-5). Conventional deposition techniques, 
such as adsorption of metal salts or ions 
from solution, depend on many compli- 
cating factors, including concentration, ad- 
sorption rate, and precipitant affinity for 
the support (6). Chemically immobilized 
complexes, on the other hand, provide an 
even initial dispersion of precursor on the 
support. In these cases, by modifying both 
complex structure and support surface 
character, researchers may gain better con- 
trol of particle size, structure, and disper- 
sion following activation by thermal de- 
composition (1-5). 

A majority of the reported studies have 
examined thermal decomposition of sup- 
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ported mononuclear complexes (1-S). Pre- 
viously, we reported the characterization 
of a series of heteropolynuclear coordina- 
tion compounds of the form M[(p-OH) 
C&-OCH,CH,NEt,)]i’ (M(II1) = Al, Cr, 
Fe) which ion exchanged to a monolayer 
coverage on silica (Cab-0-Sil) (7). A funda- 
mental investigation was developed to pre- 
pare and characterize supported mixed 
metal oxides formed by pyrolysis of these 
immobilized M(III)ICu(II) complexes. This 
article describes a series of experiments de- 
signed to study the decomposition, includ- 
ing influences of procedural conditions on 
the pathway to metal oxide formation, and 
characterization of the resultant samples. 

EXPERIMENTAL 

Preparation of supported M[(p-OH) 
Ch(p-OCH2CH&E&+. Heteropoly 
complexes of the form M[(p-OH) 
C~(~-OCH2CH2NEtZ)]~+ (M(U) = Al, Cr, 
Fe) were ion exchanged to Grade M-5 Cab- 
O-S1 (-200 m’/g, Cabot Corp.) by ad- 
sorption from acetonitrilc as reported car- 
lier (7). In this study, monolayer loadings of 
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250 pmole complex/g Cab-0-Sil (approx. 
28 wt%) were used throughout. 

Thermal decomposition. Samples of sup- 
ported M(III)/Cu(II) complex were decom- 
posed by temperature-programmed decom- 
position (TPDE) (lS”C/min from 150°C to 
final temperature, then held 30 min) in a 
flowing dry N2 atmosphere. Samples de- 
composed to 250, 300, 350, and 450°C were 
prepared for investigation of temperature 
effects. 

Gravimetric analysis of thermal decom- 
position. The thermal decomposition of 
supported complexes was studied gravi- 
metrically using a Perkin-Elmer TGS-2 
thermogravimetric analyzer (TGA) system 
(see (28, 19) for description of system). To 
observe weight loss vs temperature, fresh 
samples (-10 mg) were equilibrated for 1 h 
at 150°C in either dry N2 or air flowing at 
200 ml/min and then heated at a constant 
rate of lS”C/min to 450°C. Final weight was 
recorded at 150°C after the sample had been 
allowed to equilibrate with humidified air 
(to rehydrate the support). The recorded 
weight loss curves (150-450°C) were cor- 
rected for support dehydration assuming a 
constant rate of Hz0 removal between 150 
and 450°C. 

Mass spectrometry analysis of thermal 
decomposition. All samples were analyzed 
in a VGZAB-E mass spectrometer system. 
The sample off-gases were ionized by elec- 
tron impact at 70 eV. A sample of sup- 
ported complex was prepared for TPDE in 
a mass spectrometer by heating under vac- 
uum (ISO’C, 3 h, 10e6 Torr). A small sample 
(-2 mg) was introduced to the spectrom- 
eter sample chamber and equilibrated in 
flowing UHP He (lSoOC, 10 min). A pro- 
grammed rate of lS”C/min was initiated, 
and spectra of the off-gases (m/e = 30-150) 
were recorded up to 300°C. 

IR spectroscopy analysis of thermal de- 
composition. The decomposition of sup- 
ported complexes was studied by IR spec- 
troscopy as a function of temperature in a 
Perkin-Elmer 281-B IR spectrometer (see 
(18, 29) for details of the system). Self-sup- 

porting sample wafers (20 mm in diameter, 
50 mg weight) decomposed at 250,300,350, 
and 450°C (inert atmosphere) were loaded 
into a large-volume gas cell equipped with 
CaF2 windows (25 x 2 mm). The IR analy- 
sis was conducted at room temperature un- 
der vacuum (10e6 Torr). All spectra were 
recorded in the absorbance mode for dou- 
ble-beam IR path. 

Surface area measurements. Surface 
areas for the decomposed samples were de- 
termined according to the static BET tech- 
nique using Nz (Matheson, 99.999%) physi- 
sorption at 77 K. Samples were pretreated 
by evacuation at 10e6 Torr and heating to 
250°C for 1.5 h. 

Electron microscopy analysis. SEM anal- 
ysis was performed using a Cambridge Ste- 
reoscan 150 microscope equipped with a 
LaB6 electron source (212 kV) and a 
Traycor X-ray detector for energetic dis- 
persive analysis of X-rays (EDAX). TEM 
analysis was conducted with a Philips 
transmission electron microscope (20-kV 
W source). 

Samples of supported complex (decom- 
posed at 300, 350, and 450°C) were pre- 
pared for scanning electron microscope 
(SEM) according to the following proce- 
dure. Sample (-10 mg) was suspended in 
distilled Hz0 (10 ml) and dispersed ultra- 
sonically. A drop of this suspension was 
applied to a thin polyethylene film and al- 
lowed to air dry. The film was then coated 
by a carbon overlayer (vacuum deposition, 
2 x 10-j Torr) to prevent charge buildup on 
the specimen in the beam. For transmission 
electron microscopy, samples (-10 mg) 
were hypersonically dispersed in distilled 
Hz0 (10 ml). Albumin-coated copper grids 
were dipped in the suspension and allowed 
to air dry. 

Selective chemisorption of NH3, CO, and 
NO-gravimetric analysis. Surface char- 
acterization by selective chemisorption of 
NH3, CO, and NO was studied gravimetri- 
tally using the TGA system described ear- 
lier. Typical procedure involved drying the 
sample in a dry stream of N2 (400 mllmin) at 
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mild temperatures for 1 h (125°C for NH3, 
80°C for CO and NO), exposure to ad- 
sorbate in N2 at the drying temperature (1 
h, 30 Torr NH3, 15 Torr CO, 5 Torr NO), 
and then Nz purge (1 h). Residual adsorbate 
in the presence of the inert purge at the 
drying temperature was defined as che- 
misorbed species. Gases, including N2 (Ho- 
w, NH3 (99.99%, Matheson), CO 
(99.99%, Matheson), and NO (5.04%, bal. 
Nf, Matheson), were dried on delivery to 
the TGA sample chamber by passage 
across beds of activated sieves. 

Selective chemisorption of NH3, CO, 
and NO-Infrared spectroscopy. Sorptions 
of NH3, CO, and NO were studied by IR 
spectroscopy using the same CaF2 window, 
double-beam sample cell and IR spectrom- 
eter as described earlier. The samples were 
treated with the gases before the spectra 
were recorded at room temperature under 
vacuum (1 Oe6 Torr). Typical procedure for 
chemisorption on wafers of decomposed 
sample required equilibration with ad- 
sorbate (1 h, 125”C, and 30 Torr for NH3, 
80°C and 15 Torr for CO, 80°C and 5 Torr 
for NO), followed by evacuation ( 10e6 Torr) 
at the same temperature (30 min). Residual 
adsorbate in the vacuum was defined as the 
chemisorbed phase. Gases (same as in 
gravimetric study) were dried over acti- 
vated sieves. 

RESULTS 

Gravimetric Analysis of Thermal 
Decomposition 

Decomposition of the supported com- 
plexes was studied gravimetrically in both 
N2 and air to investigate the effects of tem- 
perature and gas exposure on weight loss. 
Reported in Fig. 1A is a plot of sample 
weight (W) vs temperature (T) in an N2 at- 
mosphere for M(II1) = Fe. A plot of dWldT 
vs T (Fig. 1B) revealed three minima at 225, 
250, and 310°C. When heated to 45O“C, the 
sample achieved a final weight loss of 
12.4% (corrected for support dehydration). 
A similar study conducted in air yielded the 
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FIG. 1. Temperature-programmed decomposition of 
supported M(111) = Fe complex in a Nz atmosphere. 
(A) W vs T. Weight loss (W) is expressed on a relative 
basis such that the percentage of ultimate weight loss 
may be read as a function of 7’. Weight loss due to 
support dehydration was corrected as described under 
Experimental. (B) dW/dT vs T. This first derivative 
plot reveals three minima at 225, 250, and 310°C. The 
plot is portrayed only qualitatively to illustrate subtle 

transition regions. 

same final weight loss. Throughout the re- 
mainder of this study, all thermal decom- 
positions were conducted either in an inert 
atmosphere or under vacuum. 

Mass Spectrometry Analysis of Thermal 
Decomposition 

Conditions of the TGA decomposition 
(M(II1) = Fe) in an inert atmosphere (15’Ci 
min) were duplicated in a mass spectrom- 
eter sample chamber for analysis of the 
volatilized components as a function of 
temperature. Portrayed in Fig. 2 are instan- 
taneous scans (m/e = 30-120) for volatiles 
from a sample heated to 200 and 256°C. In 
the two spectra, base peaks of 86 and 44 
were obtained, respectively, with other pri- 
mary peaks positioned at increments of 14 
relative to the base peaks. In all scans, no 
significant peaks were obtained above an 
mle of 120. 
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FIG. 2. Mass spectra of species volatilized by de- 
composition as a function of temperature (M(III) = 
Fe). (A) 200°C. From Fig. lA, it is estimated that 4% 
of total weight loss has occurred at this temperature. 
(B) 256°C. Sixty-three percent of total weight loss real- 
ized. 

Infrared Spectroscopy Analysis of 
Thermal Decomposition 

IR spectra of fresh, supported M(II1) = 
Fe complex and samples heated to temper- 
atures of 250, 300, 350, and 450°C are re- 
ported in Fig. 3. With heating to 250°C the 
CH stretching vibrations (2970-2860 cm-‘) 
and HCH deformations (1450 and 1380 

cm-‘) associated with the N,N-diethyl- 
aminoethoxy ligands decreased signifi- 
cantly, and by 300°C disappeared entirely. 
A sharp peak at 3740 cm-’ formed with 
sample degradation (isolated hydroxyl OH 
stretch) and grew in intensity to 450°C 
while the broad OH stretch at 3700-3200 
cm-’ (hydrogen-bonded OH and complex 
bridging hydroxide) diminished with in- 
creased heat treatment. 

Surface Area Measurements 

Surface areas of fresh, supported M(II1) 
complex samples decomposed at 250, 300, 
350, and 450°C were determined according 
to the BET isotherm technique. These val- 
ues are listed in Table 1. While apparent 
surface area (m’/g total weight) increased 
with the progression of decomposition tem- 
peratures, specific surface area relative to 
the support (m2/g Cab-0-Sil) remained es- 
sentially constant. 

Electron Microscopy Analysis 

Samples decomposed at 300, 350, and 
450°C were examined by scanning and 
transmission electron microscopies to in- 
vestigate differences in physical features 

FIG. 3. IR spectra of supported M(III) = Fe complex as a function of decomposition temperature. 
(A) No decomposition. (B) 250°C. (C) 300°C. (D) 350°C. (E) 450°C. 
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with varying decomposition temperature. 
For each sample, several parts of the sur- 
face were surveyed before a representative 
photograph was recorded. Of the two tech- 
niques, TEM micrographs provided the 
best resolution (Fig. 4). Electron transmis- 
sion is least intense through the most dense 
regions (dark spots). Under the conditions 
of the microscope, features larger than 5 
nm can be resolved. Numerous particles 
forming these darker images were noted for 
the samples decomposed at 350 and 450°C 
(Figs. 4B and 4C), while very few dark 
spots were observed for the 300°C sam- 
ple (Fig. 4A). No clear distinction could 
be made between the relative particle 
sizes of the samples heated to 350 and 
450°C. 

While the resolution inherent to the SEM 
technique did not permit estimation of par- 
ticle sizes, images could be subjected to en- 
ergetic dispersive analysis of X-rays to 
identify compositions of the contrasting re- 
gions (Fig. 5). For the depicted M(II1) = Al 
sample, images producing the most intense 
backscatter yielded significant X-ray emis- 
sions characteristic of Cu (0.93, 8.05, 8.90 
keV) and Si (1.84 keV), along with a weak 
peak attributed to Al (1.56 keV). As the 
beam was shifted to a less intense region, 
the Al peak disappeared, the Cu emissions 
diminished, and the Si peak intensified 

TABLE 1 

BET Surface Areas for Decomposed Supported 
M(II1) = Fe Complex as a Function of Temperature 

Sample decomposition 
temperature (“C) 

Apparent surface 
area” (m*/g) 

Specific surface are& 
(m*/g Cab-O-M) 

Not decomposed 
250 
300 
350 
450 

139 194 
157 190 
161 I88 
170 195 
I71 I95 

a Surface area expressed per total sample weight. 
b Surface area expressed per weight of Cab-0-Sil support only. The 

fraction of sample containing Cab-0.Sil was predicted from the gravi- 
metric study of decomposition of a 250 ~molelg Cab-0.Sil sample of 
M(W) = Fe complex (Fig. IA). Pure Cab-0-Sil gave a BET surface area 
of 201 l&g. 

TABLE 2 

Gravimetric Analysis of NHr, CO, and NO 
Chemisorption on Supported M(II1) = Fe Complex 

as a Function of Decomposition Temperature 

Sample decomposition 
temperature (“C) 

Chemisorptiot@ 
(mg/g Cab-0-Sil) 

NH3 CO NO 

Not decomposed 3.2 0 22.5 
250 8.1 2.8 16.2 
300 8.0 3.4 15.5 
350 8.2 3.3 16.8 
450 6.8 1.0 12.1 

u Chemisorption is defined as adsorbate remaining 
bound on the sample in the presence of a flowing N2 
purge. 

b NH, measurement at 125°C; CO and NO at 80°C. 

markedly. Oxygen X-ray emissions could 
not be detected with this instrumentation. 

Selective Chemisorption of NH3, CO, and 
NO-Gravimetric Analysis 

Selective chemisorption of the molecules 
NH3, CO, and NO was used to probe the 
surface properties of the decomposed 
M(II1) = Fe samples (250, 300, 350, and 
450°C). Table 2 summarizes the gravimetric 
chemisorption results for the decomposed 
samples, reported as milligrams of ad- 
sorbate per gram of Cab-0-Sil. As a basis of 
comparison, sorption levels are included 
for the fresh, supported M(II1) = Fe com- 
plex under similar conditions of exposure. 

For NH3 chemisorption at 125°C the de- 
composed samples demonstrated an in- 
creased capacity for ammonia retention rel- 
ative to the starting material. Carbon 
monoxide, which did not chemisorb on the 
intact supported complexes, adsorbed for 
all four decomposed samples at 80°C. Nitric 
oxide, however, showed a reduced affinity 
for the decomposed material. As indicated 
in Table 2, the chemisorption levels for 
each gas were approximately constant with 
temperature of decomposition, except for 
the 450°C. sample, which revealed a clear 
decrease in sorption capacity. 
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FIG. 4. TEM micrographs of thermally decomposed samples of supported M(III) = Fe complex. (A) 
300°C decomposition. (B) 350°C decomposition. (C) 450°C decomposition. 
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Selective Chemisorption of NH3, CO, and 
NO-Znfrared Spectroscopy 

The chemisorptions of NH3, CO, and NO 
were investigated by infrared spectros- 
copy, with adsorption conditions matching 
those described in the gravimetric analysis. 
IR spectra of NH3 chemisorption at 125°C 
on samples of supported M(II1) = Fe com- 
plex decomposed at 250, 300, 350, and 
450°C are presented in Fig. 6. Ammonia do- 
sage produced NH stretching vibrations at 
3345 and 3270 cm-’ and a HNH bending 
vibration at 1600 cm-‘. The intensities of 
these peaks were similar for the 250, 300, 
and 350°C samples and lower for the 450°C 
case. CO chemisorption at 80°C produced a 
single, weak vibration at 2140 cm-’ associ- 
ated with the adsorbate carbon-oxygen 
stretch (Fig. 7). As a function of sample 
decomposition temperature, the intensity 
of the CO peak increased proceeding from 
250 to 3OO”C, and then decreased with the 
series 300 to 350 to 450°C. Finally, the spec- 
tra for NO chemisorption at 80°C are pro- 

vided in Fig. 8. With NO exposure to the 
decomposed samples, a number of weak vi- 
brations were observed: 1900, 1810, 1710, 
and 1610 cm-‘. While the low intensity of 

: : 
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FIG. 5. Energetic dispersive analysis of X-ray emis- 
sions for decomposed M(III) = Al sample (350°C). The 
solid curve denotes the EDAX scan of a single intense 
spot image (SEM mode), while the dotted curve ap- 
proximates the effect of shifting the electron beam 
from the more intense image to a less intense region. 
Atomic assignments are based on the characteristic 
energies of X-ray emissions. 
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FIG. 6. IR spectra of NH3 chemisorption on supported M(II1) = Fe complex as a function of 
decomposition temperature. Chemisorption of NH3, measured at 125”C, was defined as residual NH3 
remaining on the sample in a vacuum. 

these peaks made it difficult to discern any 
trends associated with temperature of de- 
composition, it appeared that the NO vibra- 
tions diminished slightly over the 450°C 
sample. 

I,, . )I., .A 
2500 2250 2000 

Wavenumber (l/cm) 
2000 1000 ,500 no0 1600 1500 

Wavenumber (l/cm) 

FIG. 7. IR spectra of CO chemisorption on sup- FIG. 8. IR spectra of NO chemisorption on sup- 
ported M(II1) = Fe complex as a function of decom- ported M(II1) = Fe complex as a function of decom- 
position temperature. Chemisorption of CO, measured position temperature. Chemisorption of NO, mea- 
at 8O”C, was defined as the residual CO remaining in sured at 8O”C, was defined as the residual NO 
the sample in a vacuum. remaining on the sample in a vacuum. 

DISCUSSION 

Gravimetric Analysis of Thermal 
Decomposition 

The measured value of weight loss with 
decomposition may provide an indication 
of the ultimate composition remaining after 
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heat treatment to 450°C. Assuming that the 
complex M[(~-OH)C&(~OCH2CH2fiEt2)]~+ 
degrades to the oxides of M(II1) and Cu(II), 
the residual product would have a composi- 
tion of MCU~O~.~. (It should be noted that 
the complex contains excess 0 atoms com- 
pared to this final oxide composition.) For 
M(II1) = Fe, decomposition of a 250 
pmole/g Cab-0-Sil sample of supported 
complex to the product FeCu607.5 would 
result in a 12.9% loss in weight. This theo- 
retical value compares with the measured 
12.4% from decomposition in both air and 
NZ. The presence of transitions in weight 
loss vs T suggested the stepwise breakdown 
of complex ligands as a function of temper- 
ature . 

Mass Spectrometry Analysis of Thermal 
Decomposition 

Tracing the thermal decomposition of 
supported M(II1) = Fe complex by mass 
spectrometry provided a means of identi- 
fying the volatiles with rising temperature. 
The first mass spectrum in Fig. 2 (200°C 
scan) resembles the fragmentation pattern 
of the tertiary amine : triethylamine (8). This 
pattern may result from degradation of the 
bridging N,N-diethylaminoethoxy ligands 
&OCH,CH,NEt2) of the supported M[(F- 
OH)C&OCH2CH&Et2>1’,’ complex. 
Fragmentations at the alkyl groups would 
generate the species 14 units apart by loss 
of CH2 groups. As the temperature of de- 
composition is increased, it is likely that 
some oxygen-containing fragments contrib- 
ute to the spectra as well. In addition, the 
256°C spectrum shows mle = 44 as the base 
peak. While certain nitrogen- or oxygen- 
containing fragments may add to this peak, 
some carbon formation is expected with the 
thermal decomposition, which might com- 
bine with excess oxygen from the complex 
to form COZ. Although not reflected in 
the spectra of Fig. 2, HZ0 is most likely 
evolved as well (from support dehy- 
dration). 

Mass spectral interpretations of the vola- 
tilized components are more meaningful 

when considered with the gravimetric tem- 
perature-dependent study of weight loss. 
From the plot of weight loss vs T (Fig. lA, 
N2 atmosphere), it is estimated that 4% of 
the total weight loss had occurred at 200°C 
and 63% at 256°C. From the 200°C scan, it 
appears that the N,N-diethylaminoethoxy 
ligand is first to degrade. Furthermore, the 
IR spectrum of the 250°C sample (Fig. 3) 
indicated extremely weak CH stretching vi- 
brations, suggesting that relatively little of 
the N,N-diethylaminoethoxy ligand re- 
mained to contribute to the mass spectrum 
of 256°C. 

infrared Spectroscopy Analysis of 
Thermal Decomposition 

IR spectroscopy not only documented 
the destruction of the organic portion of 
the supported complex with heating, but 
also pointed to the breakdown of the 
bridging hydroxide structure linking Cu(I1) 
ions to the central metal ion M(II1). The 
bridging OH stretch of pure M[(p-OH) 
Ct!i(~-OCH2CH&Et,)]~+ has been ob- 
served at -3550-3500 cm-’ (9). Although 
obscured by the broad Cab-0-Sil OH vibra- 
tion at 3700-3200 cm-‘, heating to 350°C 
greatly decreased all vibrations in this 
range. Our earlier work (7) showed that the 
complex attached to the Cab-0-Sil by an 
ion-exchange mechanism between complex 
hydroxides and surface silanols. The disap- 
pearance of the complex OH stretch con- 
firms not only the degradation of the pre- 
cursor structure but also the destruction of 
the ion-exchanging link with the Cab-0-Sil 
surface silanols. 

Electron Microscopy Analysis 

Micrographs of TEM studies (Fig. 4) sug- 
gested that temperature of decomposition 
alters both particle size and dispersion. The 
few samples we photographed did not allow 
for a statistical analysis of the particle 
sizes; however, the micrographs did show 
qualitative changes with increasing temper- 
ature. The differences were more distinct 
between the cases of 300 and 350/45o”C, 
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which revealed the appearance of larger 
particles as well as an increase in the con- 
centration of visible particle formation on 
the support. It was difficult to ascribe sig- 
nificance to further changes in particle size 
between samples heated from 350 to 450°C. 

The EDAX study of the most intense 
electron backscattering region (in the SEM 
investigation of decomposed M(II1) = Al 
complex on SiO3 confirmed that these par- 
ticles contain the greatest concentration of 
Cu and Al relative to the less intense gray 
images, which showed the highest concen- 
tration of Si. These results, combined with 
the gravimetric and mass spectral analyses 
of decomposition, suggest that the species 
remaining on the support surface are pri- 
marily metal oxide in composition (with a 
Cu to M ratio of 6 : 1, given the precursor 
complex composition). 

Selective Chemisorption of NHj, CO, 
and NO 

Decomposing the supported M(II1) = Fe 
complexes increased the capacity to che- 
misorb both ammonia and carbon monox- 
ide. Since NH3 is a nonselective adsorbate 
for Bronsted and Lewis acid sites, this re- 
sult suggests that the net population of acid 
sites increased. The IR spectra of NH3 
sorption (Fig. 6) further revealed that if any 
Bronsted sites are interacting with NH3, the 
acidity is insufficient to produce NH: (evi- 
denced by no vibration at 1450 cm-i for the 
HNH bend of NH: (10). In the intact com- 
plex, vacant Cu(I1) sites did not chemisorb 
CO while the coordinatively saturated 
M(II1) ion was not accessible for interac- 
tion; with decomposition, however, sites 
for strong CO interaction were created 
(Fig. 7). The CO IR stretching frequency 
observed at 2140 cm-’ compares with re- 
ported vibrations of 2 140 cm-’ on CuO/SiOz 
(II), 2130 cm-’ on Cu20 (12), 2120 cm-’ on 
Cu/Si02 (13), and 2172 cm-’ on Fe(II)/Si02 
(24). (Harrison and White (15) observed 
that surface oxygen and hydroxyls on Fe 
(III)/Si02 tend to react with sorbed CO to 
form carbonate and bicarbonate with bands 

of 1590, 1305, and 1030 cm-‘; these vibra- 
tions were not observed in this study.) 

Although capacity for NH3 and CO in- 
creased by decomposing the supported 
M(II1) = Fe complexes, NO chemisorption 
decreased. The intact complexes have 
shown a high affinity for NO at the vacant 
Cu(I1) ions as reported in Ref. (9). Thus, 
the degradation appears to immediately de- 
crease the number of strong sites for NO 
sorption. In the IR spectra for NO expo- 
sure, bands were observed at 1900, 1810, 
1710, and 1610 cm-‘, while a single NO 
stetching frequency of 1890 cm-’ was re- 
corded over the intact supported complex. 
Other studies of NO adsorption have re- 
ported the following: 1890 cm-’ on CuO/ 
Si02 (Cu2+-NO+) (11); 1910, 1810 cm-’ 
(ON-Fe2+-NO) and 1830, 1750 cm-’ 
(Fe2+-NO) on reduced Fe203/Si02 (26); 
1750, 1700 cm-’ (ON-Fe3+-NO) and 1820 
cm-’ (Fe3+-NO) on oxidized Fe203/Si02 
(26); and 1590 cm-’ on Fe203 (Fe3+-NO-) 
(17). 

The gravimetric and IR spectroscopic 
studies of selective chemisorption pointed 
to two important aspects of the decom- 
position investigation. First, the degrada- 
tion immediately changes the chemistry of 
the system by destroying the bridging OH 
groups which saturated the M(II1) ion, and 
the bridging alkoxide groups (p-OCH2 
CH,NEt,) which linked the six Cu(I1) ions. 
The chemisorption properties of the gener- 
ated metal oxides were clearly different 
from those observed over the intact precur- 
sor complexes- enhanced NH3 and CO 
sorptions and diminished NO pickup. Sec- 
ond, the ultimate number of available sites 
depended on the final temperature of de- 
composition. Evidenced in all three che- 
misorption studies, the quantity of active 
sorption sites decreased by heating from 
350 to 450°C. 

CONCLUSIONS 

A number of experiments have been de- 
scribed to explore the thermal decom- 
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position of supported polynuclear M(III)I 
Cu(I1) complexes as a preparative tech- 
nique for highly dispersed mixed metals or 
metal oxides. Gravimetric and IR spectros- 
copy studies of the decomposition as a 
function of temperature focused on the con- 
ditions necessary to achieve complete deg- 
radation. Selective chemisorptions of NH3, 
CO, and NO suggested that the residual 
species were primarily metal oxide in char- 
acter. Electron microscopy investigations, 
along with gravimetric analyses of the che- 
misorptions, depicted the formation of 
larger particles of active component with 
rising decomposition temperature, likely 
decreasing the number of exposed sites for 
adsorption (as observed for the 450°C spec- 
imen). Collectively, the data suggest a 
trade-off in the progress of decomposition: 
conditions must be selected to achieve 
maximum uniform decomposition with 
minimal particle sintering. 

As a final consideration, we place this 
work in a perspective relative to our previ- 
ous studies of the precursor system. We 
have reported a series of investigations re- 
garding the acid and catalytic behavior of 
the intact complexes as models of more 
complicated mixed oxide acids (such as sil- 
ica-alumina) (9, 18-21). A high level of 
characterization was achieved with many 
of the same techniques described in this ar- 
ticle, primarily as a result of an a priori un- 
derstanding of complex structure, active 
site orientation, and the complex-support 
binding interaction. With thermal degrada- 
tion of this system, however, this under- 
standing was forfeited and the level of char- 
acterization reduced to the case of a more 
complicated heterogeneous system. While 
this comparison points to stark differences 
in the degree of catalyst characterization, it 
yet appears that highly defined immobilized 
complex systems may offer the most prom- 
ise for gaining greater control in the devel- 
opment of supported mixed metals or metal . _ 
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