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Impregnation of Fe;(CO);; on Cab-O-Sil has been studied by ir spectroscopy, Mdssbauer spec-
troscopy, and mass spectrometry. [sotope exchange between CO ligands of the impregnated sam-
ple and gas phase CO molecules was also investigated. On impregnation, two types of interaction
can be distinguished: (i) interaction of the type Fe—C=0 - - - HO—Si and >C=O~ - HO—Si,
shown by the shift to lower and higher ir frequencies for bridged and for terminal CO, respectively,
and (ii) interaction between the metal framework and the support revealed in the oxidation of iron
to form very small iron oxide particles. On impregnation a small amount of CO is evolved as a
result of the interaction. CO exchange occurs faster with alumina-supported clusters than with
silica-supported samples. On decomposition up to 370 K, the metal framework is retained and the
cluster structure can be partly restored in a CO atmosphere. Above 420 K, Fe;(CO),, is decom-
posed to form Fe?* oxide on the surface. A possible mechanism for impregnation is discussed in
terms of electron donation from the support oxygen to the iron d-bands as a result of which the
metal-carbon bond strength is influenced. On decomposition the metallic iron interacts with the

support OH groups causing oxidation and Fe>* formation.

INTRODUCTION

Application of metal carbonyl clusters
(MCC) for preparation of highly dispersed
metal catalysts on various supports was in-
troduced several years ago (/—4). In com-
parison with other methods of preparation,
such as impregnation of a support with an
aqueous solution of an inorganic salt, this
method gives superior metal dispersion (5)
and outstanding specific activity (6, 7).
Furthermore, by using bimetallic clusters,
bimetallic catalysts can be produced for
those metal combinations where the reduc-
ibility of one or both metals is difficult (8).

Due to the very small size of the resulting
metal particles, stability of a MCC-pre-
pared catalyst is one of the most important
problems. By choosing the appropriate ox-

! To whom correspondence should be addressed.

ide as a carrier, small metal particles can be
stabilized. However, too weak or too
strong an interaction tends to agglomerate
the metallic particles or to oxidize part of
the zero-valent metal atoms after decompo-
sition, respectively. Although we have ob-
tained a large amount of information about
the decomposition of supported MCC (6,
9), few data are available on the interaction
between the support and the MCC during
decomposition (2, 10).

Another factor that seriously influences
the catalytic activity is the ambient atmo-
sphere in which the decomposition takes
place. The catalyst prepared from MCC
upon decomposition in He revealed very
high activity in CO hydrogenation and in »n-
butane hydrogenolysis (6, 7). This was ex-
plained by the presence of highly dispersed
carbon captured in the metallic framework,
thereby stabilizing the individual metal ag-
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gregates. The presence of carbon has been
proved in the case of the decomposition of
osmium carbonyl clusters (11).

The decomposition of supported iron
clusters has been studied for Fe(CO)s,
Fe,(CO)y, and Fe;(CO);; supported on -
ALO;, by both temperature-programmed
decomposition and ir spectroscopy, dem-
onstrating in detail the presence of revers-
ibly formed subcarbonyl species (/0). High
temperature heating as well as oxidation—
reduction cycles lowered the metal disper-
sion to a large extent (5). Formation of
[HFe;(CO),; 1 -ionwasreported as aproduct
of interaction of alumina and magnesia with
Fe(CO);5 and Fes(CO),, dissolved in hexane
(12). The influence of water content and
surface hydroxyl groups of alumina and
magnesia supports on the properties of the
catalyst formed was investigated by ferro-
magnetic resonance. The Mossbauer spec-
trum of a decomposed carbonyl on magne-
sia was also reported (13). Reversibly
formed carbonyls are also observed on Na-
Y zeolites (I4), whereas silica was consid-
ered not to stabilize subcarbonyl species
(10, 12).

In the present work investigations were
focused on the interaction developed be-
tween the metal carbonyl cluster and Cab-
O-Sil at deposition under exactly the same
conditions as have been applied for the
preparation of supported iron, ruthenium
and iron-ruthenium catalysts used in ki-
netic studies of catalysis (6, 7, 9, 15-17).
The stability of the surface complexes and
thermal treatment in different atmospheres,
below 400 K, has been studied. Since the
active metallic phase is being developed
during decomposition of supported metal
carbonyl cluster in the temperature range
between 400 and 770 K, its mechanism and
the role of carbon deposited in this decom-
position were also studied.

In this paper (Part I) work on Fe;(CO);,
deposited on Cab-O-Sil will be reported,
and in Part II that on Ru;(CO);; and on
Ru3(CO),, + Fe3(CO),, will be presented.

LAZAR ET AL.

EXPERIMENTAL

Materials. Silica gel (SAS 50-100 mesh,
specific surface area 580 m?/g pore volume
0.23 ml), Cab-O-Sil HS 5 (Cabot Co., Bos-
ton, Mass.), and gamma-alumina (Woelm,
No. 1424) have been used as supports.

Fe;(CO),, was purchased from Strem
Chemicals. A new method was developed
for the synthesis of Y'Fe-labeled Fe;(CO),,,
as follows:

STFe(metal) kR,

at450 K ina
sealed tube

NH4OH,CO:H; = 1:1
STFel, —————— > Fe(CO)s
100 bar autoclave
4 days at 350 and 390 K

STRe(CO)s ——21,

[TFe(CO)I? =28 TFey(CO),
then

S"Fe-labeled Fe;(CO)y;, enriched to 90%,
was used for Mdssbauer spectroscopy.

Water species were carefully removed
from hexane by storage on freshly dried
CaCl, and metallic sodium for 24 h, then by
distillation from LiAlH,. Finally, the hex-
ane was stored in the presence of metallic
sodium.

BCO was purchased from the USSR.

The supported carbonyl cluster samples
were prepared in the following way. The
support was first evacuated at 570 K over-
night to 1073 Pa. Fe3(CO),, was dissolved in
hexane and carefully deoxygenated. After
contacting the solution with the support,
hexane was frozen-out and the impregnated
sample was evacuated at room temperature
overnight. Metal loading was normally 1
wt% as measured by x-ray fluorescence.
The transfer of the impregnated samples
into the Mossbauer and ir cells was carried
out under purified nitrogen.

The gases used were purified by remov-
ing traces of oxygen with manganous oxide
followed by passing through molecular
sieves. Hydrogen was purified by contact
with a BASF 11 deoxygenator followed by
a molecular sieve unit.
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FiG. 1. Experimental setup for measuring CO evolu-
tion during the impregnation of support with MCC. A,
reaction vessel (56.9 mi) for SiG,, ALO;; B, glass ves-
sel for hexane solution; (1-6): Porasil valves with Vi-

ton ring.

B
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Apparatus. A mass spectrometer (Kratos
MS 10 C2) was used to measure the CO
evolution and the molecular exchange of
CO in the supported ciuster. The in situ im-
pregnation apparatus, connected to the

mass spectrometer via a r‘m‘n“m‘v leak . is
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shown in Fig. 1. The procedure was as fol-
lows. A 0.3 g support was put into A and
was evacuated overnight at different tem-
peratures. Fe;(CO)lz dissolved in hexane
was put into B, frozen at liguid nitrogen
temperature and evacuated with valves 3
and 4 closed. The freezing—pumping cycle
was repeated three times. With all valves
closed the lower part was detached at the
hemispherical joints and the hexane solu-
tion was brought into contact with the sup-

nort via valve 6§ After chakine for ahout 5§
port via vaive 0. ACr snaxing or aoout o

min, hexane was transferred back to B by
freezing at liquid nitrogen temperature.
Any CO evolved remained in the gas phase.
After reconnection of the apparatus to the
circulating system {(circulating rate 5 ml/s),
valves 1 and 2 were opened for evacuation
and then the system was filled up with the
CO evolved during the deposition of
Fe;(CO),», via valves 3, 5, and 6 (valve 4
remained closed). During this procedure
hexane in B was kept frozen. The system
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was filled with helium to 8 kPa and the
amount of CO was measured by MS. At
constant pressure the MS signal is propor-
tional to the amount of CO to within 2%.
The exchange between CO molecules in

the supnorted cluster and in the oas nhacp
uppo n ga nas

was followed by *CO and measured in the
same apparatus. After the exchange was
accomplished, Fe;(CO),, was decomposed
by heating the sample to 770 K (heating rate
of 20 K min™ ).

Mossbauer spectra were obtained in the
constant acceleration mode by a Mossbauer
spectrometer and ICA-70 multichannel ana-
lyzer. Evaluation of spectra was performed
by a Sirius-40 program set (/8). A single
line *’Co/Cr source was used. Isomer shift

valiiag ara ralatad ta matallic iran
valuuvd aluv lviatvu LU priviaitiv 11ull.

For the Mgssbauer measurements a new
cell was designed. In the cell it was possible
to carry out in situ measurements and heat
treatments in different atmospheres. The
sample was studied between 80 and 800 K
without exposure to air. A sketch of the cell

is anantpd in Fm 2. Measurements were

camed out also at a temperature of 1.6 K.
In the evaluation of the Mossbauer spec-
tra, the influence of texture and the
Goldansky—Kariagin effect were not taken
into account. The differences in the recoil-
free fraction of the Mdssbauer effect of the
various components were neglected.
Infrared spectra were measured on a Di-
gilab FTS-14 interferometer equipped with
a Nova-1200 computer. Spectra were re-
corded by collecting and signal averaging
Tha
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single spectra were stored on the disk,
while the double beam spectra were refer-
enced against the Cab-O-Sil spectrum. The
infrared cell, detailed elsewhere (/9), was
made of Pyrex glass wiih a quartz tube
heater. The sample pellet was pressed into
a 25-mm-diameter wafer. The cell could be
evacuated to 5 X 1072 Pa and the pressure
of the added gases was measured by a Data-
metrics Electronic manometer.

In some cases, a conventional TPD appa-
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F1G. 2. Méssbauer cell for in situ measurements.

ratus was used in the flow system (6) with a
temperature programmer (Chinoin LP 839).

RESULTS
Impregnation

Evolution of CO molecules during im-
pregnation in vacuum was measured on
Cab-O-Sil and on silica gel. The detected
signal of m/e = 28 corresponds to 0.2 mole-
cules CO evolved per molecule of
Fe;(CO);. The concentration dependence
of impregnation was also studied. Clusters
from solutions which correspond to 1 wt%
metal loading were not adsorbed totally: a
small amount remained in the solvent. No
other differences were observed between
samples of 0.1, 0.3, and 1.0 wt% metal load-
ing in the course of the further steps. Al-
though the use of an alumina support is not
the subject of the present study, for the
sake of comparison the impregnation of
Fe;(CO),;, was also measured on it. Here
one molecule CO per Fe;(CO),;, molecule
was evolved.

In order to obtain deeper insight into the
nature of the interaction between the sup-
port and Fe;(CO);», ir-, and Mossbauer
measurements were also carried out. Ir
spectra of Fe3(CO);; in hexane solution
along with iron dodecacarbonyl supported
on Cab-O-Sil were recorded and are shown
in Fig. 3. Although the cluster concentra-
tion on the support as normally prepared is
so low that the presence of the cluster in
crystalline form can be neglected, for better

comparison the spectra of Fe;(CO);; in KBr
and in Nujol were taken. These are pre-
sented in Fig. 3. All the data are summa-
rized in Table 1, and the spectra of
Fe;(CO)y; in a N, matrix at 20 K (20) and on
NaY zeolite (14) are also presented.

On impregnation all bands are broadened
in comparison with the spectra recorded in
hexane solution. It is well known that
Fe;(CO);; has different structures in solu-
tion and in the solid crystalline state (21).
However, the terminal CO stretching fre-
quency in the impregnated state is higher
than in any other structures except those

ABSORBANCE
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F1G. 3. Infrared spectra of Fe;(CO)y,. (a) In hexane
solution, (b) supported on Cab-0-Sil, (c) crystalline in
KBr, (d) crystalline in Nujol.
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TABLE 1

Carbonyl Stretching Frequencies (cm™!)

Fey(CO),, Fe;(CO),, Fe;(CO) Fe;(CO)y, Fe;(CO)y, Fe;(CO),» Assignments
in hexane in KBr pellet in Nujol in N, matrix ~ on NaY zeolite  on Cab-O-Sil
solution (Ref. (20)) (Ref. (14))
2103 vw 2107 vw 2107 vw 2112 vw 2112 mw 2113 vw
2085 vw 2060 sh 2058 vs
2048 vvs 2048 vs 2052 vs 2053 vs 2060 5 2060 vvs
2025 s 2038 s 2036 s 2045 s 2038 vs
2028 s 2029 sh Terminal
2015 sh 2015 s 2015 s 2021 w CcO
2014 w 2025 s 2015 sh
2010 m
2002 vw 2004 vw
1995 sh 1995 s 1995 s
1965 s
1970 vw,b 1945 s
1867 w
1868 w 1862 m 1857 m 1862 w 1869 w.b
1842 vw.b 1830 m 1825 m 1829 m Bridged
1833 w,b 1827 m 1800 mv 1805 wb CO
1770 m

observed in matrix isolation and in zeolite
supported systems. The bridged carbonyl
bands were shifted to a larger extent and in
the opposite direction. As Fig. 3 shows,
there is also an increase in the intensities.
One band (at 1869 cm™!) was not affected
by the cluster—support interaction, whereas
the other two bands (1842 and 1833 cm™!)
were replaced by a band at 1805 cm™! (see
Table 1).

Mossbauer spectra of the impregnated
samples were measured at 80 K and are
shown in Fig. 4A. The spectrum of the 1.5
wt% sample (curve b) resembles that of
Fe;(CO),, dissolved in hexane (curve a) and
can be represented as the sum of the spec-
trum of the unchanged Fe;(CO),, (69%) and
that of another component to be discussed
later. The spectrum of the 0.7 wt% sample
(curve ¢) is a doublet with 12% asymmetry.
This spectrum also can be deconvoluted to
that of Fe;(CO),, (14%) and the other com-
ponent to be described later. The spectrum
of the 0.4 wt% sample (curve d) apparently
shows no unchanged Fe;(CO), cluster. The
data are presented in Table 2.

The 0.4 wt% sample was also measured
at 1.6 K. The spectrum (Fig. 4B) at this
temperature clearly resolved two compo-

TABLE 2

Change of the Mossbauer Parameters of Fe;(CO);,
by Impregnation on Cab-O-Sil

Original In contact x? Sample
component  with support  (x2)

18, 0.01 —
18, 0.11 — 1.04  Crystalline
[o)) 1.08 —
IS, 0.05 —
IS, 0.11 — 2.66 In hexane
oS 1.11 — solution
IS, 0.09 —
1S, 0.12 0.41 11 1.5 wt%
oS 1.11 1.01 impregnated
Ratio® 0.69 0.31
I 0.18 —
IS, 0.16 0.45 1.43 0.7 wt%
[¢A) 1.10 0.94 impregnated
Ratio® 0.14 0.86
1S, — 0.43 1.50 0.4 wt%
[eA) — 0.95 impregnated

Note. IS, is the isomer shift value of the inner peak, and IS,
is that of the outer doublet. QS is the quadrupole splitting.
Values are in mm s~'. x*/{x?) characterizes the quality of
fitting, its optimal value being between 1 and 2.

¢ Relative intensities of the two components.
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F1G. 4. (A) Méssbauer spectra at 80 K of Fe;(CO),;. (2) In hexane solution, (b) impregnated on Cab-
0-Sil, 1.5 wt% metal, (c) impregnated on Cab-0-Sil, 0.7 wt% metal, (d) impregnated on Cab-O-Sil, 0.4
wt% metal. (B) M6ssbauer spectra at 1.6 K of Fe(CO), impregnated on Cab-O-Sil, 0.4 wt% metal. (C)
Mossbauer spectra at 1.6 K of impregnated Fe;(CO),; (reference spectrum). The fourth broad peak at
the right-hand side belongs to the magnetically split component.
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TABLE 3

Influence of the Temperature and the Pretreatment of the Support on the Rate of Exchange and on the
Fixation of Fe~MCC Clusters

Support  Pretreatment  Temperature of Amount of ’Co Rate of ’CO,/?CO¢  Percentage
temperature measurement CO on support  CO + "CO exchange =CO./ZCO, of CO not
(K) (K) (mol X 10%) (mol s 107%) recovered
from the
cluster
SiO, 400 350 99.0 0.59 0.35 1.00 12.0
570 350 99.4 0.55 1.04 1.02 14.3
770 350 89.5 0.59 1.08 0.98 6.4
ALO; 400 275 96.5 0.60 0.05 115 20.7
570 275 91.3 0.56 0.37 1.11 23.0
770 275 79.1 0.54 0.43 1.06 40.0
AL, 570 275 85.3 0.53 0.36 1.38 38.1
570 315 91.8 0.48 0.85 1.23 36.3
570 350 88.5 0.37 1.68 1.19 24.3

Note. CO is defined as the sum of the quantities of 2CO and *CO; CO, and CO, refer to the quantity of CO on the support and

to the total CO quantity on the support and in the gas phase.
4 At complete isotope equilibrium this value should be 1.

nents. The first has the three transitions of
the original Fe;(CO),, (middle part of Fig.
4B measured at lower velocity is plotted in
Fig. 4C) with the parameters IS, = (.08 mm
s, IS, =0.15mms !, and QS = 1.19 mm
s~!. The second component has a line sepa-
ration corresponding to an internal 454 kOe
magnetic field with IS = 0.45 mm s/,
clearly indicative of high spin Fe** and sub-
stantial oxidation of Fe;(CO),, on the sup-
port. In Fig. 4B the ratio of the area of un-
changed Fe;(CO); to the total area of the
spectrum is 37%.

The rate of isotope exchange between
CO molecules in the supported Fe;(CO),
and BCO in the gas phase gives an indica-
tion of the bond strength of CO ligands to
the metal framework. If strong interaction
exists between the support and the cluster
after impregnation, CO ligands might be ac-
tivated and their exchange is facilitated.
The data are presented in Table 3. The ex-
change on alumina-supported Fe;(CO),, is
faster than for the silica-supported cluster
because the same range of exchange rate
can only be achieved on silica by going to a
higher temperature of measurement. The
rate is higher at higher pretreatment tem-
perature. The last columns show the ‘‘ex-
tent’” of the exchange at a particular tem-

perature. If there is complete isotope
equilibrium, the ratio in column 7 should be
1, as is the case on silica-supported
Fe;(CO)y,. The ratio deviates considerably
from unity on alumina-supported cluster
which indicates that not all CO ligands par-
ticipate in the exchange process. As the
temperature is increased, the extent of ex-
change increases even on alumina, but here
the temperature is close to the lower limit
of the cluster decomposition temperature.

Thermal Decomposition

Decomposition of Fe;(CO),, impregnated
samples was first measured up to 400 K in
He. CO signals observed in the mass spec-
trometer (m/e = 28) are presented in Fig. 5.
Instead of a sharp single peak characteristic
of the crystalline form, the decomposition
of the supported clusters shows a broad-
ened peak which is reminiscent of the broad
bands observed in ir spectra of the sup-
ported clusters. This is entirely due to the
different environments of the cluster as a
consequence of the activated state after
deposition. Hydrogen evolution was also
observed on decomposition and will be dis-
cussed in Part II. The amount of CO recov-
ered on decomposition depends on the pre-
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Fi1G. 5. TPDC curves for Fe;(CO),,. (a) Supported
on AlLO; pretreated at 570 K, (b) supported on Cab-O-
Sil pretreated at 570 K, (c) crystalline Fe;(CO),.

treatment temperature as indicated in Ta-
ble 4.

As already shown in the exchange reac-
tions, the cluster is in a more activated state
on alumina than on Cab-O-Sil. As a conse-
quence, the maximum is shifted to lower
temperature in comparison to Cab-O-Sil.
On the other hand, less CO could be recov-
ered during decomposition on alumina than
on Cab-O-Sil.

Thermal decomposition was also fol-
lowed by infrared spectroscopy. The spec-
tra for the Fe;(CO),,/Cab-0-Sil sample de-

LAZAR ET AL.

TABLE 4

Decomposition of Fe;(CO);, Supported on Cab-O-Sil
and on Alumina

Support Pretreatment Amount of CO (mol x 10%)
temperature
(K) In Fe3(CO)yy After decomposi-
impregnated tion to 470 K
Cab-0-Sil 570 3.1 2.9
Cab-0-Sil 770 33 2.5
y-AlO3 570 3.15 1.9

composed in H, and measured at different
temperatures are presented in Fig. 6. A
substantial part of the cluster has decom-
posed below 360 K, especially between 301
and 341 K where the decomposition is very
fast and the relative intensity of terminal
CO bands is also changed. In Fig. 7 it is
demonstrated that at 361 K, the spectrum
that is characteristic of the original cluster
has disappeared, and with increasing tem-
perature the bands are shifted toward lower
wavenumbers. In the high temperature
range the spectrum resembles that of ad-
sorbed CO. Thus, at 381 K the bands at
2020 and 2000 cm~! may be assigned to CO
resulting from the original cluster during
the decomposition and adsorbed on the me-
tallic part formed after decomposition.
When decomposition is carried out in

2200 200 2000

1900 1800 170

WAVENUMBERS, cm!

F1G. 6. Three-dimensional plot of thermal decomposition for Fe;(CO),/Cab-O-Sil under stream of
H, (a) 301 K; (b) 311 K; (c) 321 K; (d) 331 K; (e) 341 K; (f) 351 K; (g) 361 K.



SUPPORTED METAL CARBONYL CLUSTERS, I

171

ABSORBANCE

T T
2200 2100

WAVENUMBERS, cm!

Fi1G. 7. Thermal decomposition of Fe;(CO),,/Cab-O-Sil at higher temperature under stream of H, (a)
351 K; (b) 361 K; (c) 381 K; (d) after full decomposition the SiO, spectrum at 683 K against the cooled

sample at 303 K.

vacuum the spectra are similar to those
shown in Fig. 6. The only difference is that
decomposition here is slower than in hydro-
gen.

Decomposition can be quantitatively
characterized by the decrease of the most
intense terminal CO stretching band char-
acteristic of CO in the cluster. Figure 8
presents the relative intensity of the band at
2060 cm™! vs temperature. Between 330
and 340 K, decomposition is fast. This band
disappears faster for the cluster decom-
posed in hydrogen than for that treated un-
der vacuum.

A broad band at 1850 cm™! has been ob-
served at 350 K, but with a further rise in
temperature the intensity of this band atten-
uated.

CO adsorption at 300 K in the presence
of 1 kPa CO gas on a sample which had
been decomposed up to 700 K could not be
observed.

An interesting feature is shown by study-

ing the solid phase by Mossbauer spectros-
copy after decomposition. Méssbauer spec-
tra of the impregnated and subsequently
decomposed Fe;(CO);; on Cab-O-Sil sam-

075 \

RELATIVE INTENSITY
o
&
1

025+

TEMPERATURE K

F1G. 8. Temperature dependence of relative band
intensity at 2060 cm~! for Fe;(CO),,/Cab-0O-Sil. (a) De-
composition under H,, (b) decomposition under vac-
uum.
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F1G. 9. Mossbauer spectra of decomposed Fe;(CO),
taken at 80 K. (a) After impregnation (see Figure 4(d)),
(b) heated in vacuum at 370 K, (¢) sample (b) exposed
to CO at 370 K.

ples were recorded during and after heat
treatments carried out in H, and He at 370,
420, 470, 570, and 720 K.

Decomposition below 370 K in hydrogen
and helium gave similar results: symmetric
doublets were recorded with IS = 0.43 mm
s~!and QS = 1.08 mm s~! values.

The behavior of samples decomposing in
vacuum was entirely different (see Fig. 9).
After treatment at 370 K, a sum of broad
lines could be recorded. Readsorption of
CO considerably affected the shape of the
spectra and a part of the initial doublet was
restored.

Modssbauer spectra of the sample treated
in hydrogen at 420 K for 2 h show Fe?* and
Fe** components recorded at 80 K. Leav-
ing this sample at room temperature the
Fe?* component slowly disappeared and
only high spin ferric ions were present due
to the interaction of iron with the support
surface. Repeated reduction at 720 K for 1

LAZAR ET AL.

h restored the original Fe?*/Fe?* ratio re-
corded after decomposition at 420 K but the
IS value of the Fe** component was signifi-
cantly higher than after the original treat-
ment at 420 K. After 24 h the spectrum
showed a smaller IS value for Fe** and the
proportion of this component was higher
than previously (see Fig. 10 and Table 5).
This phenomenon, i.e., the change of the IS

AT

2 A 0 i 2 3 [

F1G. 10. Méssbauer spectra of 0.4 wt% iron contain-
ing samples after treatments in hydrogen. (a) Treat-
ment at 420 K, measured at 80 K, (b) after staying at
300 K, measured at 300 K, (c) treatment at 720 K,
measured at 80 K, (d) after staying at 300 K, measured
at 300 K.



SUPPORTED METAL CARBONYL CLUSTERS, 1

173

TABLE 5

Mossbauer Parameters after Hydrogen Treatments at 420 and 720 K

Temperature of measurement (K}

80 300
Temperature Component IS oS R X IS oS R x?
of heat (mms™) (mms™") (x%) (mms™) (mms') XD
treatment
(K)
Fet* 1.05 250 26 _ — —
420 Fe'* 0.47 092 74 14 0.32 097 100 1
Fe* 1.36 195 57 1.06 210 20
720 Fe 0.79 120 a3 % 0.34 iz s ¥

Note. R is the ratio of components in percent; the value of x?/(x?) characterizes the quality of the fit, its

optimal value being between 1 and 2.

of Fe** from a high to a low value, could be
repeated several times.

Hydrogen treatment for 24 h at 570 K
yielded a ferromagnetic Fe® component in
addition to Fe?", which amounts to about
14%. After 16 h, the partial oxidation of
Fe?* was also observed (see Fig. 11).

Samples were also investigated by x-ray
diffraction. Most of them gave signals indi-

M oy

M Vo W a
b

-6 -5 -4 -3 -2 -1 0 1 2 3 4 <) 6

MM/S

FiG. 11. Mssbauer spectra of 0.7 wt% iron contain-
ing sample in hydrogen. (a) After one-day treatment at
570 K, measured at 80 K, (b) sample (a) measured on
the next day at 300 K.

cating the presence of very fine particles.
After hydrogen treatment at 570 K, sharp
peaks of iron (110) planes were detected
with a plane distance of 0.202 nm. The esti-
mated average diameter of the particles was
17 nm.

Measurements were also carried out in
helium. After treatment at 770 K for 15 min,
a typical doublet could be observed at 80 K.
The fitted parameters were 1S = 1.07 mm
s and OS = 1.93 mm s~'. After 24 h at
room temperature, a greater part of the
sample had also been oxidized and a high
spin Fe** doublet was measured.

DISCUSSION

It has already been demonstrated that, in
the genesis of highly dispersed, supported
metal catalysts, the properties of the active
metal are controlled by the very first step of
the preparation, not only in the use of aque-
ous solutions of inorganic salts (22) but also
in the case of metal organic substances
(23). As we also indicated (24), neither too
strong, nor too weak, interaction is re-
quired for the formation of active metal sur-
faces.

It is therefore important to examine the
interaction between the support and the
MCC in considering the preparation of dis-
persed metal catalysts. The discussion will
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be confined to the properties of silica gel-
MCC interaction, as the alumina-MCC
system was studied just as a complemen-
tary one.

It is well known that, after the evacuation
temperature applied here, structural OH
groups are still present on silica gel (25).
The reason why higher temperature was
not used in the pretreatment of the support
is that these OH groups may help the chem-
ical bonding of the cluster during the im-
pregnation.

Although silica gel is considered as one
of the supports on which there is very weak
interaction between the support and the im-
pregnating species (26), the broadening of
the ir- and Mossbauer spectra observed in
the present work as well as the low temper-
ature TPDC (temperature-programmed de-
composition) curve suggest stronger than
physical interaction between Fe;(CO);, and
Cab-O-Sil or even silica gel. This becomes
clearer when the interaction between Al,O,
is compared with that on Cab-O-Sil (here
we did not measure it in detail because it
has been already discussed in Ref. (10)).
Nevertheless, the exchange between CO
molecules is faster on alumina, and CO
evolution, which may be an indication of
the ‘‘strength’’ of this interaction, is also
higher on alumina. This is further sup-
ported by the marked change in the activa-
tion energy of the decomposition on alu-
mina (see Fig. 5) while on Cab-O-Sil the
broadening indicates no pronounced
change in the activation energy. It is, how-
ever, an expected behavior and is a similar
phenomenon to that found in the TPR spec-
tra of, e.g., supported transition metal ox-
ides (27).

Interaction between Fe;(CO);; and Cab-
O-Sil on impregnation can be interpreted
from the Mossbauer data. Careful consider-
ation of the Mdssbauer spectra of samples
with different cluster concentration (see
Fig. 4 and Table 2) shows an overlapping of
two spectra, one which is characteristic of
the crystalline or molecular form of the
cluster and the other with parameters of IS
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=0.43mm s 'and QS = 0.95 mm s~!. This
IS value is too high to belong to zero-valent
iron, but can be interpreted as a parameter
of a partially oxidized component in accor-
dance with the ir data in which a weak band
above 2100 cm™! might be an indication of
the Fe®*. The presence of Fe;(CO),, in the
original form is evidenced by the following
arguments: (i) on impregnation nearly all
CO ligands are retained on the metallic
framework as measured by decomposition
and indicated by the green color; (ii) some
reversibility was detected at 370 K in vac-
uum and the subsequent CO treatment; (iii)
treatment of the impregnated sample at 420
K gave an Fe?* component (29) but sup-
ported Fe3* ions can be reduced to Fe?*
only at high temperature (30); (iv) direct
oxidation of our samples at 420 K gave a
different IS value (0.38 mm s~!) and a larger
QS value (1.46 mm s~!') and deconvolution
of the spectra to Fe3* with the parameters
mentioned results in a maximum Fe3* con-
centration of only 10%; (v) impregnated
Fe;(CO),; on the more basic MgO support
gave only an Fe?* component, besides Fe?,
after a treatment at 393 K (/3). However,
the spectra measured here at 80 K and
those assigned to high spin Fe** in the iron—
silica gel system (28) led us to assume the
presence of high spin iron(IIl) ion and the
Mdssbauer measurements at 1.6 K indeed
proved this idea. The value of the magnetic
hyperfine field measured at 1.6 K (454 kOe)
is less than that for a-Fe,0; (515 kOe); it is
closer to the values obtained for 8- or y-
FeOOH (475 and 460 kOe, respectively).
However, this component cannot be as-
signed to crystalline oxyhydroxides. The
value of the internal hyperfine splitting for
the present system does not change after
high temperature treatments where the
oxyhydroxides should undergo phase tran-
sitions.

The phenomenon observed could be in-
terpreted by the interaction of iron and hy-
drogen, as was suggested by Davison et al.
(31). On the other hand, the [HFe;(CO);1~
ion has been found when Fe;(CO),, was
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supported on MgO and Al,O; supports.
However, in our case the existence of this
hydrido-carbonyl ion cannot be assumed
because it has three lines and a smaller IS
value in its Mossbauer spectra (32).

The most reasonable explanation is that
in the first step interaction occurs between
the OH groups on Cab-O-Sil and the
bridged CO ligands in the cluster as illus-
trated by Scheme A.

Q) Felto)y
b8
bAoA H
g ‘"o
Si Si
71N 71N
SCHEME A

In this way one can comprehend the shift of
the bridged CO stretching frequency to
lower wavenumbers which is a result of
—C=0"---HO— coupling. Due to the
electron shift inside the molecule the CO
bond becomes stronger resulting in a shift of
the terminal CO stretching frequencies to
higher wavenumbers. Thus, the plane con-
sisting of three iron atoms becomes parallel
to the surface and stereochemically the ox-
ygen atom in the >C=O- -+ HO— bond
approaches the iron atom as illustrated in
Scheme B.

Fe Fe F
AN / heating i Fe\o
A e
0--H-0 0 AN
Si
/'\
SCHEME B

Consequently, the formation of the Fe-O-
Si bond eventually leads to the oxidation of
iron, as was experienced. Similar bonding
has been found in Rh—O-Si carbonyl deriv-
atives (33) and the effect is similar to the
support—cluster interaction observed in
0s;(CO); and Osc(CO)y5 clusters (34).
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Furthermore, Fe® easily interacts with
Si-OH groups and thus oxidation of Fe(©
takes place. The value of the hyperfine
splitting (454 kOe) is, in fact, near to that of
FeOOH and this may indicate the type of
interaction. This oxidation is supported by
the work of Burwell and co-workers (35)
concerning the interaction of Ni(CO)4 and
OH groups in alumina. Oxidation of nickel
easily occurs even in the presence of hydro-
gen.

As mentioned earlier, the catalytically
active phase is developed during decompo-
sition of the carbonyl cluster. However,
this is, primarily influenced by the interac-
tion at the impregnated stage. For example,
if the interaction is strong, on decomposi-
tion part of the CO is retained on the sur-
face in dissociated form such as oxide and
carbide, which, in turn, strongly influences
the properties of the catalyst formed (e.g.,
see Table 4, for Al;O4).

Treatment in vacuum at 370 K gave vari-
ous components of more or less decom-
posed iron dodecacarbonyl molecules; the
resultant Mdssbauer spectrum is a broad
asymmetric one indicating a distribution of
iron environments. CO readsorption pro-
duces some homogeneity of fragments with
somewhat greater symmetry in the Moss-
bauer spectrum.

Decomposition in hydrogen and in he-
lium at 370 K produces more homogeneous
and stable species. Their quadrupole split-
ting is 0.15 mm s™! greater than that after
impregnation, indicating the decrease of
symmetry on heating. The isomer shift of
products does not change appreciably, so
no drastic oxidation has occurred. This can
be correlated to the presence of carbon on
the surface in the case of helium (/5) and to
hydrogen-iron interaction in the case of hy-
drogen as already discussed for the Fe/
MgO system in hydrogen (35). Definite oxi-
dation to the Fe?" state takes place only
above 420 K, as MoOssbauer measurements
show (29).

Infrared data give more information
about the mechanism of the low tempera-
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Fi1G. 12. Ratio spectra. (a) 331/341 K; (b) 351/361 K; (c) 361/371 K; (d) 381/391 K; (e) 391/401 K.

ture (<370 K) decomposition. At low tem-
perature (up to 340 K) Fe;(CO);, decom-
poses uniformly, i.e., the CO molecules
leaving the clusters are equivalent. The ra-
tio spectra (that is, the computed ratios of
two spectra taken at two different tempera-
tures) at lower temperatures are similar to
the spectrum of the original Fe;(CO);, on
Cab-O-Sil (see Fig. 3b), as spectrum (a)
shows in Fig. 12. At higher temperature
(Fig. 12(b)) the bands at 2004 and 1975 cm™!
indicate that the mode of decomposition is
changing. However, the band at about 2050
cm™! in spectrum (c) still gives a faint indi-
cation of the presence of the original clus-
ter. Spectra (d) and (e) resemble the spectra
of chemisorbed CO molecules, i.e., by de-
creasing the coverage, the bands are con-
tinuously shifted to lower frequency (see,
e.g., Ref. (14)). Furthermore, according to
spectrum (d), with the appearance of ad-
sorbed CO character, the very weak band
at 1873 cm~! can be assigned to the multi-

ple-bonded CO. Above 401 K this band
cannot be detected.

On low temperature decomposition, the
metallic framework is not seriously dis-
torted. This is shown by the reversible CO
uptake as indicated by Mdssbauer spectros-
copy. Interaction between metal and sup-
port becomes even stronger when decom-
position is continued above 400 K. Due to
this interaction with the support, iron is ox-
idized mainly to Fe?* (see Ref. (14)) but in
some cases both Fe?* and Fe’' ions are
present.

The possible reason for this low tempera-
ture oxidation during decomposition is the
size of the small metal particles formed
from the metallic framework after decom-
position. Due to the lack of CO molecules,
they are extremely unstable and can be sta-
bilized by reacting with OH groups in Cab-
0O-Sil in the mechanism given by Dutartre et
al. (36). Similar values have been also re-
ported (37, 38) with the explanation of the




SUPPORTED METAL CARBONYL CLUSTERS, I

presence of highly distorted Fe?* ions with
very low symmetry. Considering that small
metal loading on Cab-O-Sil may cause very
strong interaction between iron and the
support and, furthermore, that at small iron
coverage Fe*" ions are more or less individ-
ually bonded to the surface with highly dis-
torted symmetry, this high IS value is
acceptable. This explanation can be
supported by the fact that after leaving the
sample to stand for 24 h at room tempera-
ture the regular IS value can be measured,
i.e., if time is available for surface rear-
rangement, a normal /S value for Fe3* can
be observed.

The next phenomenon to be discussed is
the slow Fe?' to Fe’' oxidation at room
temperature. This can be attributed to the
reversibility of reduction similarly to that
described on magnesia (36). It also means
that interaction of the metal with the sup-
port is not very strong. Therefore, Fe?'
ions are not incorporated into the lattice of
the support. Upon heating the Fe;(CO);, on
the support in helium up to 770 K, the main
component is Fe’* ion. This suggests that
the oxidation process to Fe’' is inhibited,
and the Fe’* component is somewhat more
stable in this process. At room tempera-
ture, oxidation to Fe** takes place more
slowly in comparison to that after hydrogen
treatments. This phenomenon can be ex-
plained by the presence of carbon (/5),
which helps not only in the stabilization of
small particles but in ensuring a reducing
atmosphere in the environment of Fe’*
ions.

Long treatments in hydrogen at higher
temperature result in the formation of large
metal particles as shown in Fig. 11. This
happens only for hydrogen-treated cata-
lysts because here the carbon is hydroge-
nated off the surface and this results in an
agglomeration of the small metal particles
(24).

In conclusion, it has been established
that, contrary to the literature data, interac-
tion between Fe;(CO);, and Cab-O-Sil ex-
ists at the impregnation stage via electron
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transfer. Decomposition below 370 K is
more or less reversible, retaining the origi-
nal metal framework, but at higher temper-
ature formation of Fe?* and Fe?* occurs
due to the interaction of metallic iron with
the OH groups of the support. Formation of
subcarbonyl species was not observed.
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