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Catalysts have been prepared incorporating mononuclear Rh bonded to pendant monoamine or
phosphine groups linked to silica. H, at about 7 x 104 N/m? and 377°K caused reduction and
aggregation of the metal on the monoamine-modified silica; aggregation took place similarly, but
more rapidly, on the phosphine-modified silica. In flow-reactor experiments with ethylene
hydrogenation, the metal aggregation was evidenced by increases in activity of each catalyst with
time on stream. The Rh crystallites formed by aggregation in the presence of H, were characterized
by transmission electron microscopy and found to be nearly uniform in size, being 16-17 and 1215
A, respectively, for the amine- and phosphine-containing catalysts,

INTRODUCTION

Metal catalysts are usually applied as
crystallites containing hundreds or thou-
sands of atoms dispersed on a high-surface-
area porous metal-oxide support. A distri-
bution of metal crystallite sizes almost
always makes it difficult to determine the
dependence of catalytic character on the
metal crystallite size and surface structure,
and there is a need for new methods of
preparing supported-metal catalysts to al-
low systematic experiments with samples
having crystallites nearly uniform in size
and structure.
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The recent literature reports a number of
preparative methods whereby catalysts
have been formed from materials initially
incorporating unique mononuclear com-
plexes or molecular clusters bonded to the
support (e.g., /-6). With control of the
rates of chemical reactions of the attached
complexes or clusters and control of the
rate of diffusion of the metal species on the
support, one might expect to tailor the size
distribution of the resulting crystallites; the
distribution is expected to be influenced by
the metal, the ligands originally bonded to
the metal, and the composition of the sup-
port.

In the work reported here, we have
bonded mononuclear rhodium complexes
to silica through pendant phosphine and
amine ligands. Under appropriate condi-
tions, the metal has been found to experi-
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ence aggregation on the silica surface, giv-
ing small crystallites of nearly uniform size.
The supported metals, before and after
aggregation, have been characterized by
catalytic activity measurements for ethyl-
ene hydrogenation, carbonyl infrared spec-
troscopy, and transmission electron mi-
croscopy.

EXPERIMENTAL METHODS

Materials. The modification of the sil-
ica support to incorporate pendant
—~(CH,);PPh, groups and, alternatively,
—(CHg3NHCgH,, groups, and the attach-
ment of Rh species onto each support by
contacting it with a solution of Rhg(CO)y,
in benzene have been described previously
(7). The two samples designated (8) as Pl
(incorporating Rh attached to phosphine-
modified silica) and MA1 (incorporating Rh
attached to monoamine-modified silica)
each contained 1.1 ligands /nm?2, and the Rh
contents were (.24 and 0.66 wt%, respec-
tively. These values correspond to ligand-
to-Rhg cluster ratios of 53 and 68, respec-
tively.

For the infrared spectroscopy experi-
ments, carbon monoxide (Linde, 99.99%)
and '3CO-enriched carbon monoxide
{Merck, Sharpe, and Dohme, 90 atom%
3CO) were used without further
purification. H, (Linde) had a purity of
99.999%. For the catalytic activity mea-
surements, cylinder gases (H, and He;
Linde, industrial grade) were purified to
remove traces of water and O, (9). Ethyl-
ene (Linde, C. P. grade) was used as
received.

Infrared spectroscopy. Powders of the
catalyst material were pressed into self-
supporting wafers (20 mg/cm? between
paper discs at pressures of about 6 x 10°
N/m? and were mounted in an evacuable
infrared cell, described previously (10).
Spectra were recorded with a Perkin-Elmer
model 225 spectrometer. An optically
equivalent silica wafer was used to com-
pensate the reference beam, and the globar
was usually run at about 25% of its maxi-
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mum power to avoid adverse heating ef
fects. The spectral slit width was about 1.7
cm~!at 2000 cm™L.

Electron microscopy. Particles of the cat-
alyst material suspended in chloroform
were collected on a support using the well-
known drop method. The support was a
20-A carbon film, which was produced by
vacuum deposition onto freshly cleaved
mica using a special electron impact evapo-
rator (17) at 4 X 10-3 N/m?, The films were
floated off and mounted on 400-mesh cop-
per grids. When prepared in this way, the
catalyst showed contrast sufficient to allow
recognition of the shapes and dimensions of
the Rh species in conventional bright-field
electron microscopy. The micrographs
were obtained with a Siemens EM 102
electron microscope with an instrumental
magnification of 314,000x and an accelerat-
ing voltage of 100 kV; an objective aper-
ture of 80 um and a double condenser
illumination were used.

Catalytic activity measurements. Con-
version data for the ethylene hydrogenation
reaction were collected with a conventional
steady-state flow reactor interfaced to a
gas chromatograph. The apparatus (/2) and
methods (9) have been described else-
where. The conversions initially were dif-
ferential (typically <1%), determining reac-
tion rates directly, but as the catalyst aged,
the conversion rose, no longer falling in the
differential range.

RESULTS AND DISCUSSION
Rh-Amine Catalysts

It has been shown (8) that the combina-
tion of RhgCO),; with the monoamine-
modified silica yielded a solid exhibiting
infrared bands at 2085 and 2003 cm™!,
which were assigned as the symmetric and
antisymmetric carbonyl stretching frequen-
cies of a mononuclear rhodium carbonyl
complex containing a Rh(CO), moiety. This
complex may be described formally as
L,Rh(CO),, where n designates an un-
known number of surface-bound amine li-
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gands. Decarbonylation of this species led
to a decrease in the intensities of these two
carbonyl stretching bands and to the simul-
taneous formation of a new single band at
1943 cm™!, which was assigned (8) as the
terminal carbonyl stretch of a L,RhCO
complex (where m is unknown). Decar-

bonylation—carbonylation [L ,Rh(CO), ,;_z%
A

L,RhCO] was completely reversible at
temperatures up to about 430°K; at this
temperature the surface-bound amine li-
gands began to experience thermal degra-
dation.

The stability of the amine-bound com-
plexes when exposed to a H, atmosphere
depended strongly on temperature and H,
partial pressure. A sample activated by
evacuation at 418°K for 1 hr showed the
typical bands at 2085, 2003, and 1943 cm™".
During subsequent exposure to H, at 1.3 x
102 N/m? at 393°K for 3 hr, the bands
remained unchanged in position, but the
2085 and 2003 cm™' bands decreased in
intensity to about 60% of their initial
values, whereas the 1943 cm™! band in-
creased in intensity to about 117% of its
initial value. These changes were com-
pletely reversed by reexposure of the sam-
ple to CO. It is therefore clear that H, at
low pressures caused a partial decarbonyla-
tion of the solid incorporating the
L.Rh(CO), and L, RhCO species. It is not
clear whether the latter complex contained
Rh-H species; on the one hand we expect
that hydrogen had to be bound to the metal
center to displace the CO (unless it reacted
with CO), but on the other hand the posi-
tion of the monocarbonyl species is the
same as that formed by simple evacuation
of the sample. Unfortunately, the low Rh
concentrations (and probably a low extinc-
tion coefficient of the Rh-H vibration) pre-
vented this group from being detected in
the infrared spectra.

Exposure of a slightly decarbonylated
sample to an atmosphere of H, at 6.7 x 10*
N/m; and 350°K led to only a small reduc-
tion of the carbonyl band intensities. As the
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temperature was raised to 377°K, however,
substantial decarbonylation was observed,
with only a weak carbonyl spectrum (exhib-
iting bands at 2083, ~2000, and 1945 cm™!)
remaining after 20 hr reaction in H,. The
spectra observed after recarbonylating this
sample are shown in Fig. 1. The bands
characteristic of the Rh(CO), moiety (at
2083 and 2003 cm™Y) and that characteristic
of the RhCO moiety (at 1943 cm™") can be
discerned clearly, although they exhibit
much lower intensities than those of the
original carbonylated sample. *CO pro-
duced the appropriate shifts of these bands
to 2038 and 1958 cm™! and to 1900 cm™!,
respectively, as observed previously (8).
An additional pronounced shoulder near
2020 cm™!, indicated by M(CO) in Fig. 1

Rh(CO),

Percent transmittance

Rn('%co),  Rn(%co)

1 { 1

2100 1900
ol

Wavenumber, cm

FiG. 1. Carbonyl infrared spectra of the amine-
modified silica catalyst containing Rh (sample MA1)
after treatment in H, at 6.7 x 10* N/m? at 350°K: (1)
after reduction of H, partial pressure to 67 N/m? (2)
after pumping for 10 min (1.3 x 10-2 N/m? at cell
temperature; (3) 5 min after addition of CO at 1.3 x 103
N/m? and cell temperature; (4) after removal of CO
and admission of *CO at 6.7 x 10?> N/m? after 15 min at
cell temperature; (5) after recarbonylation by heating
in 1*CO for 0.5 hr at 348°K and 0.5 hr at 368°K in CO at
3.3 x 10* N/m?; (6) after evacuation for 0.5 hr at cell
temperature.
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(and absent from the spectrum of the origi-
nal sample), was pronounced on carbonyla-
tion. 3CO shifted this band to 1980 cm~!.
The corresponding carbonyl species was
very labile, being removed on evacuation.

A further increase to 390°K in the tem-
perature of the H, treatment at 6.7 x 10¢
N/m?led to a further decrease in the inten-
sities of the carbonyl bands characteristic
of the mononuclear Rh complexes, while
the new band at 2020 cm™! simultaneously
increased in intensity.

The darker color of the initially light-
brown sample after this treatment in H,
suggested that an aggregation of Rh atoms
to give metal crystallites had occurred.
[The benzene solution of Rh(CO),s used
for the attachment was light violet.] The
new carbonyl stretching band observed
near 2020 cm™! (shifted to 1980 ¢cm™! by
13CO) supports this suggestion, since simi-
lar band positions have been reported for
CO adsorbed on alumina-supported Rh
metal (I3, I4) and on porous evaporated
Rh films (15, 16). A band position of 2045
cm™! was reported (6) for CO adsorbed on
Rh crystallites about 15-20 A in diameter,
which had been formed from aggregation of
Rh clusters attached to a phosphine-func-
tionalized polystyrene matrix after con-
trolled oxidation of the phosphine groups.
The changes in spectra observed for poly-
mer-supported rhodium as aggregation led
to the crystallite formation (6) are similar to
those reported here, and the present results
are also suggestive of the various spectra
for very small particles of rhodium on zeo-
lites and larger particles (crystallites) on
alumina reported by Primet (/7).

Electron microscopy confirmed the sug-
gestion of formation of metal crystallites
from the silica-supported rhodium com-
plexes. No metal particles could be de-
tected in the original material, and evi-
dently they were not present, since some of
the electron micrographs provided so much
detail that even the lattice planes of the
spherical silica particles (having a separa-
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tion of 3.7 A) could be distinguished. [This
result confirms the conclusion from the
infrared data that the original Rhg-octahe-
dron (having a diameter of about 7 A) broke
up on attachment of the metal to the
modified silica.] Figure 2 shows an electron
micrograph of the H,-treated material with
which the above-mentioned infrared exper-
iments had been carried out. A few metal
particles can be clearly identified; the
diameters are nearly uniform in the range
16-17 A. The density of crystallites evident
in these micrographs is small, reflecting a
result demonstrated by the infrared spec-
tra, namely, that part of the rhodium bound
to the support still existed in the form of
mononuclear complexes.

The catalysis experiments provided a fur-
ther, qualitative, confirmation of the aggre-
gation of the Rh in these samples. The
activity of the catalyst in the flow reactor
(measured as the percentage conversion of
ethylene and hydrogen to ethane) at 329°K
with partial pressures of ethylene and H,
equal to 1.6 X 10* and 8.9 x 10* N/m?,
respectively, increased with time on stream
from an initial value of about 0.3%. After 27
hr, the conversion had increased to 1%;
after 48 hr, to 12%; and after 54 hr, to 87%.
As the conversion increased, the tempera-
ture rise in the reactor, resulting from the
exothermicity of the reaction, became
significant. When the conversion was 12%
the temperature was 329°K, as it had been
for lower conversions, but after the conver-
sion had increased to 87% the temperature
had increased to 337°K. The range of con-
version for which the temperature was
significantly in excess of 329°K is indicated
with a dashed line in Fig. 5. The catalyst
removed from the reactor had the gray
color characteristic of aggregated Rh on
silica. We conclude that the increasing ac-
tivity reflected metal agglomeration.

Rh-Phosphine Catalysts
As described previously (8), the combi-
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FiG. 2. Electron micrograph of the amine-modified silica catalyst containing Rh (sample MA 1) after
H, treatments in infrared experiments. Rh crystallites are clearly visible.
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nation of Rhyg(CO),, with the phosphine-
modified silica yielded a more complex
spectrum than the one observed with the
amine-modified sample. Principal carbonyl
stretching bands were observed for the
fresh carbonylated P1 catalyst at 2069 and
1989 cm ™, the latter band being somewhat
broader than the former. On evacuation of
the sample at 373°K, the bands decreased in
intensity, and the 1989 cm™' band also
shifted to 1983 cm~!. These effects were
readily reversed by reexposure to CO at
temperatures as high as 470°K. The high-
frequency band (at 2069 cm™ has been
assigned (8) as the symmetric carbonyl
stretching vibration in a Rh(CO), moiety,
and the low-frequency band (1989 cm™?)
has been identified as a composite, repre-
senting contributions from the antisymmet-
ric stretch of a Rh(CO), moiety and from
the carbonyl stretch of a RhCO moiety.
Thus, the infrared spectra show that the
Rhg-octahedron was broken up during at-
tachment of Rh onto phosphine-modified
silica, as it was during attachment onto
amine-modified silica. Decarbonylation
analogously led to a RhCO species; the CO
ligands in this species seemed to be much
more tightly bound in the supported-phos-
phine than in the supported-amine com-
plex.

A P1 sample activated by evacuation at
370°K showed the typical bands of the
Rh(CO), and RhCO species. Exposure to
an atmosphere of H, at 1.3 x 10® N/m? and
370°K for 45 min led to decreases in intensi-
ties of both bands. The 2069 ¢cm~' band
remained unchanged in position, but the
1989 ¢cm™! band shifted to approximately
1982 cm™!, and this shift was not reversed
by subsequent evacuation. After 45 min,
the intensities of the 2069 and 1989--1982
cm~! bands had decreased to 21 and 28% of
their initial intensities, respectively. Subse-
quent recarbonylation reversed the de-
creases in intensity and the frequency shift
of the low-frequency band. These results
show that the P1 sample behaved in much
the same way as the MA1 sample—but only

THORNTON ET AL.

one-third the treatment time under compa-
rable conditions was allowed.

Exposure of the P1 sample to an atmo-
sphere of H, at 6 x 10* N/m?and 320°K for
18 hr led to a reduction in the intensities of
the bands at 2069 and 1989 cm ™! and to the
formation of a pronounced shoulder on the
low-frequency band at about 1970-1980
cm™!. These effects were completely re-
versed by evacuation and recarbonylation
at cell temperature.

When the temperature was increased to
350°K, reaction in H, at 6 x 10* N/m?
caused the carbonyl spectrum to change
completely; after 22 hr the spectrum exhib-
ited only a single band at 1975 cm~! and a
very weak band at 2070 cm™! (Fig. 3A).
Following evacuation and recarbonylation,
sharp bands developed at 2095, 2069, and
1989 cm™! (corresponding to the bands of
the original mononuclear complexes), and
in addition there was a broader, intense
band at 2020 cm™!; the 1975 ¢cm~! band
remained only as a weak shoulder (Fig.
3A). After a brief evacuation, the 2095 and
2020 cm~! bands were removed completely

Rh(CO), 2 Rn{cO)
2 100~ —

., M(CO) Rn{CO}
) | |

Percent transmittance

3

20| A 20| B

2100 2000 1900
Wavenumber, cm™

2100 2000 1900
Wovenumber, cm™!

F1G. 3. Carbonyl infrared spectra of the phosphine-
modified silica catalyst containing Rh (sample P1) after
treatment in H, at 6.7 x 10* N/m? and 330°K (A) and at
380°K (B). A: (1) sample evacuated at cell temperature
for 0.5 hr; (2) sample exposed to CO at 2.7 x 103N /m?
and 350°K; (3) after evacuation at cell temperature for
0.5 hr. B: (1) sample evacuated 0.5 hr at cell tempera-
ture; (2) sample exposed to CO at 1.3 x 10* N/m? at
cell temperature for 0.5 hr; (3) same as (2) except with
CO at 7.8 x 104 N/m? for 1 hr; (4) after evacuation for
0.5 hr at cell temperature.
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and the 2069 and 1989 cm~! bands were
reduced slightly in intensity.

After a further increase in reaction tem-
perature to 380°K, reaction with H, at 6.7 x
10* N/m? left only a single band at 1975
cm™! (Fig. 3B). Recarbonylation produced
a spectrum (Fig. 3B) very similar to the one
described in the preceding paragraph (Fig.
3A), now with the 2020 cm™! band more
intense and only a weak band at 2095 cm™.
Again, the 2020 and 2095 cm ™! bands were
removed during a brief evacuation at cell
temperature.

Reaction with H, at 6.7 x 10* N/m? and
an even higher temperature (410°K) left
only a very weak band at 1975 cm~!. Recar-
bonylation at cell temperature then pro-
duced very weak bands at 2095 and 2069
cm~! and a broad, intense band at 2005
cm™! with a shoulder 1989 cm~!. Exposure
to ¥CO shifted the 2005 cm~! band to 1963
cm™!, and, after subsequent evacuation, the
1975 cm™! band remained at 1934 cm™!
while the 1963 cm™! band was almost re-
moved.

In a separate experiment, it was shown
that the 2020 cm™! band had not devel-
oped at 380°K after 18 hr in H, at 6.7 x 10?
N/m?, whereas it had become detectable
after treatment for the same time at the
same temperature in the presence of a
higher H, partial pressure, namely, 2 x 10*
N/m?.

Following the reasoning applied in the
evaluation of the spectra of the amine-
bound Rh sample, we conclude that the
2020 cm™! band is characteristic of CO
adsorbed on Rh crystallites which were
formed on the catalyst surface during the
treatment with H,. The observed change
from pale brown of the original sample to
dark gray after the final treatment in H,
confirms the metal crystallite formation.
"The observed intensity changes following
the various treatments suggest that an in-
crease in temperature produced an increase
in the abundance of metal crystallites at the
expense of the mononuclear Rh species.
The results for reaction at 410°K, showing a
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change in the carbonyl band position from
2020 to 2005 cm™!, remain unexplained.

Again, in the case of the phosphine-con-
taining samples, electron microscopy pro-
vided further confirmation of the conclu-
sions drawn from the infrared spectra,
showing that there were no metal species of
diameters greater than about 5 A in the
original carbonylated material, whereas
there were a large number of Rh crystallites
in the above-mentioned materials treated
with H,. The crystallites were nearly uni-
form in size in the 12-15 A range, as shown
in the micrograph of Fig. 4, which was
obtained with a P1 sample after prolonged
treatment in H, at 6.7 x 10* N/m? and
410°K. The higher density of crystallites in
this sample than in the MA1 sample indi-
cates the easier aggregation of the original
complexes on the phosphine-modified silica
support. This behaivor was substantiated
by the infrared spectra, which show that
the bands characteristic of the mononuclear
complex had almost completely vanished
after the final H, treatment of the P1 sam-
ple, whereas substantial bands were still
observed with the MA1 sample after similar
treatment.

The catalysis experiments again provide
a qualitative confirmation of the spectro-
scopic and electron microscopic results.
When the P1 sample was exposed to the
same reaction conditions applied with MA1
(1.6 x 10* N/m? of ethylene, 8.9 x 10*
N/m? of H, and 329°K), its activity also
increased with time on stream. The rate of
increase, however, was less (Fig. 5). The
rates of ethylene hydrogenation with Pl
and MA1 after short on-stream times were
about 0.005 and 0.01 molecules/Rh atom -
sec, respectively. A comparison of these
rates (and the increases in activity resulting
from agglomeration) with those exhibited by
similar catalysts suggests the importance of
metal-support interactions in determining
catalytic activity. Jarrell et al. (6) studied
the aggregation of Rh in catalysts prepared
from the reaction of Rhg(CO),; with
poly(styrene-divinylbenzene) functional-
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FiG. 4. Electron micrograph of the phosphine-modified silica catalyst containing Rh (sample P1)
after H, treatments in infrared experiments. Rh crystallites are clearly visible.
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FiG. 5. Ethylene hydrogenation catalyzed by 0.310 g
of the phosphine-modified silica containing Rh (W) and
by 0.030 g of the amine-modified silica containing Rh
(O) at 1.6 x 10* N/m? of ethylene, 8.9 x 10 N/m? of
H,, and 329°K. The dashed line indicates nonisother-
mal operation, described in the text. The increases in
activities reflect aggregation of the Rh.

ized with phosphine groups. Jarrell’s fresh
sample, containing decarbonylated Rh clus-
ters of undetermined structure, had an ac-
tivity of approximately 0.1 molecules/Rh
atom - sec under the conditions described
above for P1 and MA1, and Jarrell’s aged
samples, containing Rh crystallites about
20-25 A in diameter, had nearly the same
activity. In contrast to Jarrell’s results (6),
the activities of P1 and especially MA1
increased by several orders of magnitude as
the Rh aggregated to form crystallites. The
increase in activity may be attributed in
part to decarbonylation of the Rh during
aggregation. Although differential conver-
sions (hence rates) were not determined for
MALI1 after the metal had undergone ag-
gregation to form crystallites, the cata-
lytic activity (estimated from the conver-
sion) was very roughly the same as
that of Rh/AlL,O; as measured by Jarrell
©6).
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CONCLUSIONS

The Rh complexes linked to silica
through amine or through phosphine li-
gands experienced agglomeration to form
Rh crystallites which were, respectively,
nearly 16-17 or 12-15 A in diameter. The
agglomeration process was accelerated by
hydrogen, and the rate was influenced by
the nature of the ligands surrounding the
metal, with amines hindering the process
more than phosphines.

These results suggest that a method of
producing supported metal crystallites by
slow, controlled reduction of attached
mononuclear complexes [or perhaps
clusters (/8)] using hydrogen may be of
general applicability for the preparation of
metal catalysts with nearly uniform size
distributions on inorganic supports. The
results are suggestive of those obtained
with poly(styrene-divinylbenzene) resins
initially incorporating Pd-sulfonate groups
(19). The method may be applicable to
many metals and to the preparation of
bimetallic crystallites. Further investiga-
tions, for example, by transmission elec-
tron microscopy and EXAFS, could pro-
vide information about the Kkinetics of
aggregation and the structures of aggre-
gates.
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