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Preparation of Ru/SiO, catalysts with sol-gel techniques allows better selectivity and much
greater resistance to coke formation and deactivation than the traditional impregnation method.
This has been attributed to the incorporation of Ru into the silica network for the sol-gel catalyst. To
further understand the structure of the Ru occluded in the silica network, a variety of spectroscopical
studies and quantum mechanical calculations were carried out, confirming previously proposed

structures and showing good agreement between the theoretical and experimental results.
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1. INTRODUCTION

In previous papers (/. 2), we presented a
comparison between Ru/SiO, catalysts pre-
pared by impregnation and by sol-gel prepa-
ration methods. It was concluded that for
the o-xylene hydrogenation the sol-gel cat-
alysts showed a much higher resistance to
deactivation and substantially enhanced se-
lectivity (/). Mechanical stability was also
improved for sol-gel Ru catalysts (2), Ru is
stabilized by its incorporation into the silica
framework and does not sinter or volatilize
following treatment in O, at temperatures
up to 450°C. These advantages were attrib-
uted to the incorporation of ruthenium in the
silica framework, which only occurs for the
catalysts prepared by the sol-gel method. A
suggested structure for the Ru atoms in the
network was advanced (/), and in fact other
authors (3) have proposed alternative struc-
tures for metal occlusion in silica. The aim
of the present paper is to study carefully
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these structures which may turn out to play
a decisive role for improved catalysts,

Before that, let us review briefly the
sol-gel (4) technique as applied to the prepa-
ration of catalytic material. The method
consists on the hydrolysis and condensation
of metallic alkoxides to polymerize in micro-
porous and nonbranched structures. The sil-
ica support, for instance, can be prepared
as follows:

Hydrolysis

Si(OEY), + H,0 —
HO - Si(OEt), + EtOH.

Condensation

=Si—OEt + =Si—OH —
=Si—O0—Si= + EtOH

=S1—OH + =Si—OH —
=S8i—0—Si= + HOH.

This technique of preparation is particu-
larly valuable because the physical and
chemical properties of the final solid can be
controlled from the beginning and through-
out the synthesis. Furthermore, it allows
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the incorporation of the catalytically active
metals (in our case ruthenium) and ensures a
direct metal-support interaction (5-7). The
metal-support interaction itself has re-
ceived increasing interest in the literature
(8—10), but in the case of Ru {a metal particu-
larly active for Fisher-Tropsch synthesis
(11), methanation (/2), CO oxidation (/3),
hydrogenation, and other hydrocarbon re-
actions ([4)), metal-support interactions
have additional interest. This is due to the
well-known tendency of Rutoevolve intime
and specially to form coke, which leads to
rapid deactivation (/5). Considering that de-
activation stems from partially dehydroge-
nated aromatic hydrocarbon rings polymer-
izing on the active sites, the sol-gel method
has the advantage of generating structures
that inhibit the blocking of Ru sites due to
the formation of small isles of Ru/Si0,-OH
on the surface of the metallic particles. Con-
sequently, the OH groups in the surface are
expected to surround the highly disperse
metal particles, preventing the deactivation
which inevitably occurs on traditionally pre-
pared impregnation catalysts (/).

To study the role played by the OH groups
in the surface as well as the structures of the
occluded Ru within the silica network, we
shall here present two types of studies: dif-
fuse-reflectance spectroscopic experiments
and quantum-chemical calculations. The de-
tails of both methods are reported in the
following section.

2. METHOD
(a) Experimental

The detailed description of the experi-
mental techniques has been given before (/).
We shall only present a brief summary here.
The sol-gel process includes varying con-
centrations of Ru on the silica support, 0.5,
1.0, and 2.0%, leading to catalysts labeled
Ru-0.5, Ru-1, and Ru-2. An adequate
amount of RuCl; - 3H,O (ICN K & K Inc.,
99.9%). is refluxed at 70°C with 10 ml of H,O
and 10 ml of absolute ethanol (Baker 99.9%)
with permanent agitation. Afterwards, 37 mi
of tetracthoxysilane (TEOS) are added drop

115

by drop. The reflux continues until the
(Ru-0.5) gel is formed. The Ru-1 and Ru-2
catalysts are similarly obtained varying the
Ru percentage accordingly. The gels are
dryed at 70°C for 12 h and then are treated
at 300 and 600°C during 24 h. Thermogravi-
metric (TGA) and differential thermal
(DTA) analyses were carried out in an N,
atmosphere in a Shimetzu apparatus.

Catalytic activity is measured on the ben-
zene hydrogenation at atmospheric pressure
and 100°C temperature. Reaction rates are
obtained under these conditions. Partial
pressures for benzene and hydrogen are 14,0
and 760 Torr, respectively. The gas analysis
was carried out using a gas chromatograph;
under these conditions the only detected
product was cyclohexane. BET areas are
measured in a Micromeritics 2300 model.
The spectroscopic characterization is ob-
tained using a Varian Model 7-D for the
UV-Vis spectra.

(k) Theoretical

The possibility of determining the struc-
ture of a molecule before its synthesis, or
that of a hard-to-detect intermediate. etc.,
is quite tempting. The laws of quantum
mechanics can in principle provide this
information. In truth, the sheer complexity
of the systems involved in catalytic pro-
cesses makes this a highly difficult task. A
complete study of a catalytic reaction using
empirical (/6) and even fully ab initio (17)
quantum mechanical techniques has occa-
sionally been achieved. The Ru/SiO, sys-
tem studied here, however, has its particu-
lar difficulties. We are interested in the
configuration that the Ru occluded in the
silica network might have. In Fig. 10 of
Ref. (/) a specific proposal for this config-
uration is made which implies a Ru/SiO,
structure involving the coordination of a
Ru atom with two edges and two vertex
of the SiO, tetrahedra. Here we reproduce
this figure as Fig. 1. Other authors (3) have
proposed that metals in silica coordinate
with three edges in the configuration sche-
matized in Fig. 2. To decide which of



F1G. 1. Proposed coordination of Ru in silica.

these two structures is the most stable, the
theoretical calculations have to be at an
ab initio level, because only at this level
the quantum mechanical results have abso-
lute predictive value.

On the other hand, ab initio calculations
are too time and space-consuming to at-
tempt to study more than the immediate
neighbors of the occluded Ru. Therefore,
to study the effects that the metal intro-
duces in the silica network as a whole and
compare with experiment, we introduced
another theoretical approach, simpler, with
less independent predictive power, but ca-
pable of encompassing a substantial part
of the Ru-containing silica, in other words,
a semiempirical calculation.

In short, the theoretical results are two-
fold. On the one hand, we have ab initio
Self Consistent Field (SCF) calculations of
the immediate coordination shell of Ru,
using the PSHF program of Toulouse (/8)
with basis sets and pseudopotentials used
and reported in previous studies on the
RuH, system (/9). The reader is kindly
referred to (/8, 19) for details. On the other
hand, EH (extended-Hiickel) calculations
were addressed to a representative part
of the silica network (dozens of atoms)
containing the trapped Ru atoms. The latter
utilized the EH program of Roald Hoff-
mann (20).
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3. RESULTS
(a) Theoretical

As mentioned in the previous section, the
ab initio calculation were addressed only to
the immediate coordination sphere of Ru
(i.e., the Ru—O bonds} in both structures of
Figs. I and 2. Only SCF results are reported
here, but correlation effects obtained
through extensive configuration interaction
apparently do not change the present con-
clusions (21). The structure of Fig. 1 implies
the interaction of Ru with two vertex and
two edges of the Si0, tetrahedra, that of Fig.
2 with three edges. The total SCF energy of
both structures is more favorable towards
the structure of Fig. 1 by 14.4 kcal/mol.
More details can be found in (22). These
theoretical results back up the proposal (/)
of the structure of Fig. 1. We should remem-
ber that this proposal was soundly based on
extensive X-ray results. It is interesting to
note that when ruthenium-oxygen bonds
are formed they involve low-multiplicity
states of the metal and, in fact, the orbital
analysis of the metal-oxygen complex
shows a series of symmetry-avoided cross-
ings as has been established for several tran-
sition metals (23).

Continuing with the theoretical calcula-
tions we now present the EH calculations
on the structure of the silica and the modifi-

Ruthenium
Silicon

FiG. 2. Previously proposed (3) coordination of Ru
in silica.
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® Silicon
O Oxygen

FiG. 3. The B-quartz network.

cations thereof by the occlusion of Ru in the
network. First of all, we must choose the
silica structure, which at atmospheric pres-
sure may adopt three crystalline forms,
which are stable in the temperature ranges
D 870°C —— 1470°C —— 1710°C.

Considering the range of temperatures
used in this and previous (/, 2) studies, we
conclude that the structure at 600°C that
would interest us would be quartz, which
is depicted in Fig. 3 as a system of SiO,
tetrahedrain a helix-like distribution. Figure
3 depicts the g-form of quartz. The corre-
sponding bond lengths are given in Table 1;
a-quartz is a distorted version thereof (the
transition temperature of both forms of
quartz is 573°C). We shall use a B-quartz
structure and allow an Ru atom to enter it
and analyze the deformation induced by the
metal.

Quartz has an hexagonal-trapezoidal
structure-622. Its space group is C6,2(D}).
Its unit cell contains three Si and six oxygen
atoms. The dimensions of its unit cell are
a, = 4.99 A and C, = 5.457 A according
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TABLE 1
Interatomic Bond Distances of Ru in g-Quartz
(See Fig. )
Atom Bond Distance Atom Bond  Distance
number (A) number (A)
1-2 Ru-Si 4.07 25-23 0-0 3.46
-6 Ru-S§i 3.20 25-4 0-0 222
1-3 Ru-0O 3.45 25-3 0-0 3.25
1-23 Ru-0 2.40 23-3 0-0 2.22
2-3 Si-O 1.83 23-4 0-0 3.48
2-4 Si-O 1.93 3-4 0-0 3.47
2-23 Si~-O 1.93 3-5 0-0 4.02
2-25 Si-0O 1.83 3-7 0-0 4.02
6-3 Si-O 4.33 3-8 0-0 5.5
6-5 Si-O 2.10 S-7 0-0 3.86
6-7 Si-0O 2.10 5-8 0-0 2.80
6-8 Si-0 1.42 7-8 0-0 2.80
2-6 Si-Si 4.18 4-5 0-0 2.64
6~10 Si-Si 4.07

to (24) and a, = 5.01 A and C, = 5.47 A
according to (25). The spatial location of the
three SiO, in the unit cell are

2
30,0 0; 33

Si: 111,
103, 3,3,

0w, u, 2, uw,2u,%7 201,38

(with « = 0.197) which is represented in
Fig. 4.

The bond lengths of Table 1 were used in
EH calculations on the structure of Fig. 3.
Each Si atom was given a charge of +4 and
—2 for each 0. Then an Ru atom was added
in the center of the structure to see how it
deformed the B-quartz structure in its imme-
diate vicinity. To see if the choice of the
charge in the Ru atom affected the results,

9
ORON(OW
o0

FiG. 4. Unit cell of 8-quartz. Small circles silicon and
large circles oxygen.
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‘ Ruthenium .

Silicon

O omoen

Fi1G. 5. Ru-SigO; model cluster used for the EH
calculations.

two values were given to the charge in ruthe-
nium, 0 and +4.

The EH calculations on the structure of
Fig. 3 gave the following charges: Si,, =
2.41, Si;, = 2.34, and Sis, = 2.11; 0,, =

—1.57, 034 = —1.63, Os4 = 1.60, 0,4 =
—1.26, Ogyy = —L1.15, Oy, = —1.36,
O -1.03, O = ~1.68, and
O, = —1.57. (Note that the electronic

charge is smaller for the internal oxygens.)

The introduction of Ru is depicted in Fig.
5. The charges of Si were virtually un-
changed and the O charges only changed for
the inner oxygens O, 4 = 1.13, O, = 111,
and O, s = 1.11. These values were for Ru
with zero charge but introducing a Ru with
charge +4 gave exactly the same charges at
the Ru and Si centers as that with zero
charge, showing that the formal charge in
the metal does not affect the final charge
distribution in the silica structure.

This charge distribution was obtained for
the structure of Fig. S leaving the Si and O
positions fixed at their experimental values
for B-quartz (24, 25). Then we allowed a
reoptimization of the all of the bond lengths
of Fig. 5, which permits us to assess the
effects of Ru on the SiO, support. The reop-
timized distances are reported in Table 2,
which interestingly shows a systematic con-
traction of all the bond lengths in the neigh-
borhood of the Ru, as a comparison with
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the distances of Table 1. When this contrac-
tion occurs the charge distribution does
change, diminishing substantially at the Ru
and Si. This is logical, considering that com-
plete reoptimization of all distances in Table
2 allows the corresponding optimization of
the individual bonds. This ensures the
growth of the covalent distributions to the
bonding situation with a concomitant reduc-
tion of the ionic distributions.

On the other hand the contraction of the
B-quartz structure around the Ru manifest
in Table 2 is in quite good agreement with
experiment. The X-ray results for the
Ru/Si0, sol-gel catalysts also have impor-
tant contractions as reported in Ref. (/). The
average Si-Si distance in our calculations is
4.02 A, a result which differs less than 0.1
A from the experimental average and our
Si-0 separations are also very close to ex-
periment. The Ru-O distances however, are
slightly overestimated by our calculations
(approximately by } A).

(b) Experimental

Our new ultraviolet—visible (diffuse re-
flectance) spectra for the sol—gel catalysts
are reported in Figs. 6 and 7. Figure 6 shows
the spectra of the catalyst with varying Ru
concentration: Ru-0.5, Ru-1, and Ru-2.
After having been dried at 70°C, they have

TABLE 2

Optimized Interatomic Bond Distances of Ru in
B-Quartz (Atomic Numbering Is that of Fig. 5)

Atom Bond Distance Atom Bond  Distance

number (A) number (A)
1-2 Ru-Si 3.56 25-23 0-0 2.75
1-6 Ru-Si 297 25-4 0-0 2.22
1-3 Ru-0 337 25-3 0-0 2.34
1-23 Ru-0 2.3 23-3 0-0 2.22
2-3 Si-0 L.11 23-4 0-0 2.60
2-4 Si-0 1.74 3-4 0-0 2.43
2-23 Si-0 1.69 3-5 0-0 3.87
2-25 Si-0 1.48 3-7 0-0 3.91
6-3 Si-0 4.57 3-8 0-0 5.30
6-5 Si-0O 1.73 5-7 0-0 2.79
6-7 Si-0O 1.93 5-8 0-0 2.02
6-8 Si-0 1.13 7-8 0-0 2.53
2-6 Si-Si 4.49 4-5 0-0 2.91
6-10 Si-Si 3.56
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Fi16. 6. UV-visible diffuse reflectance spectra of the
sol—gel Ru catalyst with varying metal content treated
at 70°C: (a) Ru-0.5, (b) Ru-1, and (c) Ru-2.

a sharp charge transfer band around 240 nm
and a weak signal at approximately 325-350
nm. This charge transfer is undoubtedly due
to the tendency of Ru to solvatize during its
reaction with TEOS, forming [RuCl, (H,0),]
withx + y = 6.

In Fig. 7 these same catalaysts are ob-
served after calcination at 600°C. We now
se¢ a displacement of the charge transfer
bands from 240 to 220 nm, the softening and
displacement of the shoulders at 310 nm,
and specially a sharp increase of the inten-
sity of the 350 nm band. This increase is
due to temperature and to metal content,
indicating an interchange of the chlorine li-
gands of the precursor with the silanol
groups during gelation. The hexacoordina-
tion of Ru is maintained even though it is
distorted by the presence of =8Si-O~
groups in its coordination sphere. In fresh
gels, five bands are observed which may be
assigned to electronic transitions from the o
and 7 orbitals from Cl to the T,, orbital in
Ru (see the corresponding discussionin (/)).
They also point out to the formation of Ru
—-OH, Ru-H,0, and Ru-O-Si= bonds,
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and they therefore imply a strong interaction
between the Ru and the support through the
silanol groups. They also may be related to
the presence of OH and water groups on
superficially located Ru sites.

The FTIR spectroscopic results are sum-
marized in Fig. 8, showing the Ru-1 cata-
lysts, treated at different temperatures. At
3484 cm~ ' an asymmetric and rather intense
band appears, to be assigned to an OH
lengthening in the hydroxyl groups of the
sample. This is supported by the fact that
this band sharply diminishes in intensity. In
fact the small band observed in the 600°C
spectrum at 3600 cm~! has no association
with the OH lengthening at all. It is a typical
signal for terminal silanol groups. They ap-
pear during calcination and may cause shifts
in the microcrystallinity of the materials
during calcination. They may also be related
to the signals at 966 cm™!, which in turn
modifies its intensity during dehydroxila-
tion. Furthermore a band is generated at 465
cm ™' due to the formation of oxygen bridges
in the silica surface.

350
3
(c)
W (b)
-4 220
L
§ 350
< (a)
1]
220
3
L T T 1
200 250 300 350 400 nm

Fi1G. 7. UV-visible diffuse reflectance spectra of the
sol-gel Ru catalyst with varying metal content treated
at 600°C: (a) Ru-0.5, (b) Ru-1, and (c¢) Ru-2.
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FiG. 8. Infrared spectra for the Ru-1 sol—gel catalyst
at different temperatures.

In Fig. 9 we show the differential thermal
(TGA) and thermogravimetric analyses
(DTA) for the pure silica support. These
curves reveal at 60°C a small endothermic
peak as well as a 6% weight loss for the
ruthenium-free silica. This is due to a water
and EtOH desorption which were occluded
in the gel after the gelation point. At this
stage of postgelation, water and solvent are
obtained as by-products of the reaction:

{q)
(bl

EX0

IENDQ

+

100 300 500 700 T

F1G. 9. DTA (a) and TGA (b) curves of the pure silica
support.

Hydrolysis

Si(Et0), + H,0 —
(Et0);—Si—OH + EtOH.

Condensation

RuCk - 3H,0

=Si—OH + =Si—O0H
[SiO,}—Ru(OH),Cl,) + H,O

RuCly - 3H.0

=Si—OEt + =Si—OH
[SiO,]—[Ru(OH),CL,] + EtOH,

where x + y = 6.

A1 200°C another small endothermic peak
is seen, which is due to the desorption of the
residual alkoxide. At higher temperatures
the silica structure remains stable. Here it
is worth noting that this silica was prepared
using the same conditions (pH = 9) as the
corresponding ruthenium catalyst.

In Fig. 10 we report the DTA and TGA
curves of the silica-supported Ru catalyst.
Since these curves present large modifica-
tions from those in Fig. 9, it is clear that a
rather strong effect is introduced by the
metal in the support. At 55°C one can see a
large endothermic peak as well as a 16%
weight loss; these are due to water and sol-
vent loss as well as a partial dehydroxylation
on the catalyst. At 210°C another small en-
dothermic peak is observed that should be
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attributed to silicon-alkoxyde desorption
which remained without reacting. One thing
that should be pointed out is that, contrary
to what we observed in pure silica (Fig. 9),
in this case at 370°C an exothermic peak
appears which is due to microcrystalline re-
arrangements in the ruthenium catalyst. The
metal is incorporated to the silica network
forming an octahedral structure (see Fig. 1),
which is well in agreement with the theoreti-
cal results.

4. CATALYTIC ACTIVITY
AND DEACTIVATION

The catalytic activity of Ru/SiO, has been
thoroughly discussed before (/). We, how-
ever, present a brief summary here to be
able to relate our new quantum mechanical
and spectroscopic results to the peculiar
characteristics of the sol-gel catalysts. In
particular the Ru-0.5 sol-gel catalyst, is to
be compared with traditionally impregnated
catalysts with the same metal concentration
(0.5% of Ru over Si0,). The latter is impreg-
nated over pure silica prepared with the
same method and starting from TEOS at pH
9 and an area of 110 m*/g. Firstly the areas
are enormously different, being only 98 m?/g
for the impregnated Ru catalyst and 465
m’/g for the sol-gel Ru-0.35. The increase of
the exposed catalytic area does not diminish
the activity by site, being 464 for the Ru-0.5
catalysts and 449 for Ru-impregnated gel.
The main difference between the two cata-
fysts lies in its resistance to deactivation.

The strong tendency of Ru to deactivate
in hydrogenation reactions is probably due
to the polymerization of partially hydroge-
nated species. The deactivation depends on
the metallic particle size, this deactivation
being faster for large particles (26). Ru-im-
pregnated catalysts have particles with di-
ameters of 66 A; furthermore, the particle
size is quite variable and difficult to control.
On the contrary, in the sol-gel technique
there is a much better control and particles
under 30 A are easy to obtain. In the case
of Ru-0.5, for example, the deactivation
constant during the hydrogenation of ben-
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zene is KR4S = 3.75 showing clearly the
advantage of the sol-gel preparation
method. The Ru/SiO, (0.5%) catalysts pre-
pared with traditional techniques in contrast
has a benzene-hydrogenation deactivation
constant of K{;©* = 153, a factor almost
50 times higher. We now have elements to
explain this remarkable resistance of sol—gel
catalysts to deactivation.

Our new theoretical and spectroscopic re-
sults confirm the occlusion of most of the
Ru in coordination complexes as that of Fig.
1. This is particularly true for the Ru-0.5
catalyst, although higher concentrations of
metal (e.g., Ru-1 and Ru-2) can only have a
certain amount of ruthenium in the silica
network and the rest in the surface. The
latter appear as Ru-0O, groups but even
these have a slower deactivation by coke
formation than traditionally impregnated
catalysts. This is due to the following rea-
sons. Firstly the fact that Ru is at least par-
tially occluded in the silica network for
sol-gel catalysts while this is excluded for
traditional impregnation. Furthermore we
have seen from the spectroscopic evidence
that Ru—OH and Ru-H,O groups are
formed, meaning that the Ru is protected by
these OH groups from the support. This is
particularly true for superficial Ru which
would then delay coke formation, being sur-
rounded by these OH and H,O groups. Fi-
nally the metal is incomparably more dis-
perse in the sol-gel catalysts. Ru is so
disperse in fact, to make coke formation
very difficult even when it is in surface sites.

5. CONCLUSIONS

The above discussion about the remark-
able resistance to catalytic deactivation pre-
sented by the sol-gel catalysts leads to sev-
eral questions, each answered by a different
aspect of our present theoretical and experi-
mental results. The sol-gel Ru-0.5 catalyst
was postulated (/) to have the Ru occluded
in the silica network. What is its structure?
This was answered by the ab initio SCF
calculations which showed that the struc-
ture that surrounds the Ru with four SiO,
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tetrahedra, two coordinated by the vertex
and two by the edges (Fig. 1), is more stable
by 14 kcal/mol than the other most likely
alternative (Fig. 2). Furthermore, the intro-
duction of electronic correlation does not
change the fact that the structure of Fig. 1
is the most stable (2/). Another question
raised in previous work (2) concerns the
cause of the highly improved mechanical
stability of the Ru/SiO, catalysts when they
are prepared via the sol-gel technique. This
is explained by the stability found for the
structure of Fig. 1 both from the ab initio
study and the EH calculations of the
B-quartz structure containing Ru, which
show a notable contraction of the silica
structure produced by the occlusion of Ru
in its midst. This confirms the image of the
formation of a microporous solid with large
BET surface areas and resistant to volatil-
ization and sinterization already advanced
in (2). The EH predictions on the contrac-
tion of the silica structure around Ru fit quite
well with the X-ray results (/}; the numbers
in Table 2 give average Si-Si, O-Ru, and
0O-Si distances close to those observed.
Another question opened in (/) was on
the sol-gel catalysts with higher Ru concen-
tration, i.e., the Ru-1 and Ru-2, which have
an important fraction of the Ru atoms on
their surface, and are still quite resistant to
deactivation. The UV-visible spectra re-
ported here serve to explain this. Not only
do the Ru-0.5, Ru-1, and Ru-2 diffuse re-
flectance spectra show similar bands, but
also even after drying the Ru-1 catalyst has
a strong signal related to Ru-H,O bonds.
Even after calcination, the spectra show evi-
dence of the existence of Ru-OH, Ru-H,0,
and Ru—O-Si== bonds. The strong interac-
tion of Ru with the support via the silanol
groups is then confirmed and furthermore
the presence of OH and H,O on the superfi-
cially located Ru is documented. This was
assumed (/) to be the reason why the sol—-gel
prepared catalysts have a much slower de-
activation rate than traditional catalysts.
The presence of these OH and H,O groups
in Ru and the latter’s strong binding to the
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silica surface clearly hinder the capacity of
the polymerization of incompletely hydro-
genated aromatic hydrocarbons, which is
the number one cause of deactivation. This
is reinforced by the fact that particle sizes
are more controllable and substantially
smaller when the sol-gel technique 1s used.
Smaller particles are also less prone to deac-
tivation.

All in all we see that the sol—gel catalysts
have a series of fascinating properties both
from a scientific and practical point of view
and merit further research.
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