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Abstract

The chemistry of [RhCl(CO)2]2 on rutile single crystal surfaces and high area oxides is described. Dissociative chemisorp-
tion leads to RhCl(CO)2/oxide in most cases, but when the favoured site is removed, as in rutile(1 1 0)(1 × 2), reductive
decomposition to the metal is rapid. In that favoured site, the surface provides a Lewis base site (O) for coordination to Rh
and a Lewis acid site (Ti) for Cl. Metal particles formed by the thermolysis can attain SMSI effects.

Using energy dispersive EXAFS (EDE) in conjunction with mass spectrometry, the reactions of Rh(CO)2Cl/alumina and
Rh/alumina with NO have been studied in detail using the Rh K-edge. Both react rapidly with NO under mild conditions.
For the dicarbonyl, the kinetics of the changes in the Rh structure and the gas phase compositions reveal two different stages
in the reaction towards a bent nitrosyl complex, formulated as RhCl(NO)/alumina. For Rh/alumina, there is rapid disruption
of the metal particles; O2 similarly rapidly disrupts supported rhodium. This fluidity of the metal structures strengthens the
importance of synchronous structure/reactivity observations.

It has long been the aim to derive a molecular level understanding of the heterogeneous catalysts. Such descriptions are
often thwarted by the structural complexity and also by the absence of techniques that can be suitably applied to such materials
under reaction conditions. We have sought to tackle this problem by a multi-facetted approach stretching from detailed studies
of the chemisorption of organo-rhodium compounds onto the surfaces of single-crystal surfaces through the interaction of
organometallics onto the surfaces of high area supports to the improved characterisation of oxide-supported metal catalysts. In
this report, we review progress towards the elusive structure–reactivity relationship. © 2002 Elsevier Science B.V. All rights
reserved.
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1. Introduction

The diversity and complexity of the branch of
heterogeneous catalysts comprising oxide-supported
transition metals has provided an enormous chal-
lenge to gaining the type of molecular level
understanding that is an attainable target in homo-
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geneous organometallic chemistry. Identifying the
ensemble of metals required for a particular catalytic
reaction to proceed has proven to be problematical
[1]. Thus a structure insensitive reaction might display
no dependence of turnover frequency against particle
size. However, a “demanding”, or structure sensitive
reaction [2] may in principle show a turnover enhance-
ment, maximum, or reduction with decreasing particle
size. In practice, for a structure sensitive reaction like
ethane hydrogenolysis, almost all types of relation-
ship have been observed [1]. An important aspect of
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this situation is that the measurement of particle size,
or fraction of metal exposed, will generally be carried
out under different conditions to the catalysis.

A much closer approach to a molecular level under-
standing of chemisorption can be achieved by surface
chemistry studies on single crystal metal surfaces [3].
Here, the effect of surface geometry on the catalytic
activity can be revealed, e.g. showing that hydrogenol-
ysis of isobutane on platinum is favoured on kinked
sites on high index planes, while the competing skele-
tal isomerisation is preferred on sites with square ar-
rays of platinum, as on the (1 0 0) plane. In that light,
it is not surprising that the majority of examples of hy-
drogenolysis of cyclopentane and methylcyclopentane
show antipathetic behaviour; relatively large particle
sizes are required to attain a surface geometry with
kinked sites. As particle sizes reduce, the metal sur-
face facets are figured on a convex framework, such as
those evident on high nuclearity metal carbonyl clus-
ters [4]. So the localities of the sites that occur on
highly dispersed metal particles may be atypical of
those provided on metal single crystals.

2. Chemisorption of [RhCl(CO)2] onto TiO2
and alumina

With this problem in mind, we (with Professor
B.E. Hayden) investigated the interaction of organo-
transition metal complexes with single crystal ox-
ides, carrying out parallel reactions on high area
oxides, in a way similar to that previously reported by
Schwartz and coworkers [5]. The MOCVD method
could be applied to both substrate materials and
[RhCl(CO)2]2 (1) proved to be an effective adsorbate.

The rhodium carbonyl chloride readily binds to dried
titania. Three possible surface sites could be proposed
for a mononuclear rhodium site (Fig. 1). The strongest
evidence for the dissociative chemisorption into
monomeric species came from IR spectroscopic stud-

Fig. 1. Three possible surface sites for the dissociative chemisorp-
tion of [RhCl(CO)2]2 onto a TiO2 surface.

ies of theν(CO) region. As for the Rh(CO)2 species
formed by the oxidative fragmentation of Rh4(CO)12
on alumina [6], enrichment with isotopically labelled
CO demonstrated the six IR bands expected from
three isotopomers, which was the diagnostic for a
monomeric Rh(CO)2 centre [7]. Differentiating be-
tween2a and the other two sites could be achieved
by Rh K-edge X-ray absorption spectroscopy (XAS)
[7]. This demonstrated the presence of both Rh–O
and Rh–Cl bonds, so eliminating2a as an option.
However, on a powdered sample, there was no means
of distinguishing2b from 2c.

A similar adsorption process was also identified
on the rutile (1 1 0) single crystal surface [8,9]. The
Rh species was identified by XPS and RAIRS, both
being consistent with a RhI(CO)2 centre. The re-
flectivity in the ν(CO) region demonstrated that the
symmetric stretch was polarised perpendicular to the
oxide surface, with the asymmetric mode polarized
parallel the surface. This would be consistent with
sites2a or 2c, but for 2b both modes would be po-
larized at a dihedral angle close to 45◦ to the surface.
The Cl XPS results indicated a marked change in the
environment of chlorine from that in1, but was not
definitive between2a or 2c.

The idealised (1 1 0) surface of rutile is shown in
Fig. 2. STM images show some non-idealities of step
edges and point defects [10]. The relative sizes of a
Rh(CO)2 unit and the surface oxygens is consistent
with the observed maximum Rh surface coverage of
ca. 1/3. The surface is anisotropic, and in principle
the orientation of the Rh(CO)2 unit can be probed
by observing the intensity variation of the asymmet-
ric stretch. About 85% of the sites have been shown
to be oriented in the〈1 1 0〉 direction, with a minority
of sites oriented differently [11]. Given the likelihood
of a square planar geometry for this 4d8 Rh(I) site,
this would suggest that2c is the preferred site, with
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Fig. 2. The (1 1 0) plane of rutile. Each Rh(CO)2 unit will cover three surface oxygen atoms.

the chlorine being stabilised by coordination to the
5-coordinate Ti(IV) surface site. STM images of the
adsorbed complex show very little surface order ini-
tially [10], but this increases with time. Interestingly,
on a surface where the amphoteric site in2c is broken,
as in a(2 × 1) reconstruction obtained by different
pretreatment conditions, the first observed sites do not
contain these Rh(CO)2 centres, rather small metallic
particles are identified [12].

When heated to high temperatures (>600 K),
RhCl(CO)2/titania forms large, ordered f.c.c. metal
particles [7]. Under UHV conditions, RhCl(CO)2/
rutile(1 1 0) also forms metal particles, above 400 K
[13]. After heating to 800 K, these particles show
a strong SMSI effect, reducing their ability to ad-
sorb CO [9]. Interestingly, STM studies showed that
rhodium particles actually formed on the (1 1 0) plane
of rutile at room temperature during the period when
the organometallic generates a more ordered phase.
There is preferential metal formation at step and de-
fect sites on the oxide; this minority process was
probably not apparent in the previous IR and XPS
monitoring methods. On the more reducing(1 × 2)

surface, in place of the Rh(CO)2 centres, smaller
metal particles form on the terraces.

RhCl(CO)2/rutile(1 1 0) also reacts with NO at
300 K [14]. A dispersed Rh(NO+) centre is evident
(ν(NO) = 1920 cm−1). This is considerably more
thermally stable than the carbonyl, which can be re-
generated from it by exposure to CO. Similar sites
are also observed on titania. The Rh/titania formed
by thermal decomposition of RhCl(CO)2/titania will
also react with NO, initially forming an additional
surface nitrosyl. Interestingly, continued exposure to
NO was thought to disrupt the metal particles, as in-
dicated by monitoring NO as a probe molecule with
IR spectroscopy.

These results show strong parallels between the
chemistry on single-crystal and high area TiO2, though
there are important differences between single crystal
surface type that indicate a potential surface depen-
dence of some of the rhodium reactivity.

3. Energy dispersive EXAFS as an in situ
technique for heterogeneous catalysis

Trying to establish a structure–reactivity relation-
ship ideally requires both the studies to be simulta-
neous. XAS has become established as an important



354 J. Evans, M.A. Newton / Journal of Molecular Catalysis A: Chemical 182–183 (2002) 351–357

structural technique, particularly for materials of low
crystallographic order [15,16]. However, in its nor-
mal scanning mode, the acquisition time required
(>10 min) renders it only appropriate for steady state
studies. In principle with a curved monochroma-
tor, the points in a X-ray absorption spectrum of an
element’s edge could be acquired simultaneously us-
ing a fast, position sensitive detector [17]. This was
applied to catalyst studies relatively early in the de-
velopment of the technique [18], but for in situ studies
on heterogeneous catalysts, improvements in optics
and detectors were necessary [19,20]. At the SRS,
acquisition of Pt LIII edge X-ray absorption spectra
of Pt(acac)2/H1–SiO2 was demonstrated to be feasi-
ble at faster than 1 s, so allowing real-time studies of
the local structures of oxide supported metals [21].
The mesoporous silica was used to achieve a high
spatial loading of the metal [22]. Using a temperature
ramp (4◦/min), it was possible to demonstrate that a
clean conversion of the metallo-organic complex into
metallic platinum occurred between 111 and 124◦C
under hydrogen, the reaction being complete within
12 min. As an extension of the technique, the Pt LIII
and Ge K-edges were monitored simultaneously to
follow the structural changes during the thermolysis
of Pt(acac)2–GeBu4/H1–SiO2 [23]. This has allowed
new insights into the formation of a supported alloy
by hydrogen reduction. It is apparent that platinum
particle formation occurs initially, but the presence
of GeBu4 retards this process. Alloying occurs at a
higher temperature, but is accompanied by a reduc-
tion in the mean metal particle size. There is some
evidence for the formation of a GeR2 centre as an

Fig. 3. Optical outline for the acquisition of energy dispersive X-ray absorption spectra at the Rh K-edge on ID24 at the ESRF.

intermediate in the decomposition of the supported
organometallics.

4. In situ studies of RhCl(CO)2/alumina

Having achieved relatively rapid scanning of the
EXAFS energy range (rather than just the near edge
features), the simultaneous monitoring of the gas
phase species was included in quartz-tube microreac-
tor operation for in situ monitoring of the chemistry
of oxide supported rhodium. This could be achieved
on beamline ID24 of the ESRF using a Si(1 1 1)
monochromator in a Laue geometry (Fig. 3), with the
cell also shown in position (Fig. 4).

The reaction between RhCl(CO)2/alumina and NO
was found to be relatively quick. The nature of the
resulting nitrosyl was dependent upon the pretreatment
of the oxide surface. Hydroxylated alumina afforded
a species withν(NO) value typically of bent nitrosyls
(∼1730 cm−1). EXAFS analysis of this material was

consistent with structure3. Both CO and N2O were
observed as reaction products, and a kinetic analysis
of the mass spectrometry and XAS features indicated
that they were revealing two different stages of the
reaction [24]. Mass spectrometry afforded the kinetic
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Fig. 4. The in situ microreactor on ID24 showing gas controls (right), heating elements, thermocouple and capillary leak valve to a mass
spectrometer (left).

parameters of reaction (1). It is believed that this lin-
ear nitrosyl species would be difficult to distinguish
from the starting material by XAS, both having very
similar coordination geometries. The second stage of
the reaction (2) is thought to evolve N2O and generate
a highly reactive intermediate, which rapidly coordi-
nates a third NO molecule (3). The multiple scatter-
ing features of a linear nitrosyl are lost at this stage;
analysis suggests a Rh–N–O angle of 135◦.

2NO(g) +Al (O)–Rh(CO)2Cl
Eact∼11(±1.25) kJ mol−1

⇒
Al (O)–Rh(NO)2Cl + 2CO(g) (1)

Al (O) –Rh(NO)2Cl
Eact∼40.6(±3.5) kJ mol−1

⇒
Al (O)–Rh(O) ∗ Cl + N2O(g) (2)

NO(g) +Al (O)–Rh(O) ∗ Cl
fast⇒

[Al (O)]2–Rh(NO)−Cl(3) (3)

Species3 also reacts with CO, reforming the dicar-
bonyl site, albeit more slowly.

This reaction sequence differs from that on ru-
tile(1 1 0) and on titania under very high vacuum
conditions [14]. Under some pretreatment conditions,

a linear nitrosyl can also be formed on alumina, the
hydroxyl content appearing to be very important in
determining the reaction route.

5. In situ Rh/alumina

When Rh/alumina, formed by ex situ reduction of
RhCl3/alumina under H2, was examined within reac-
tor by Rh K-edge EDE, the EXAFS pattern did not
resemble that of metallic rhodium. Analysis indicated
a mean coordination site of∼3 Rh–O (2.00 Å) and
∼2 Rh–Rh (2.71 Å) [25]. Exposure to H2 in situ did
reform the metal, with the mean Rh–Rh coordination
number increasing with reduction temperature. Expo-
sure to O2 at 373 K caused a two-stage reaction, the
rapid step being complete in seconds, and a slower
step requiring about 10 min. The analysis of this ma-
terial showed strong similarities in the initially loaded
material. The rapid step is accompanied by the evolu-
tion of CO2, indicating rapid dissociation of O2.

The reaction with NO follows a similar two-stage
process, but is even more rapid and highly exothermic
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[26]. Again, the metal particles are cleaved by the
NO, with N2 and O2 being the first gaseous products
formed. This demonstrates again a very fast disruption
of metal particles on admission of a reactive gas.

6. Conclusions

This combination of approaches shows that it is
still very difficult to establish the coordination site
of an organometallic centre beyond the coordinated
atoms. In favoured cases, such as the chemisorption
of 1 on rutile(1 1 0), the orientation and specific ad-
sorption site may be inferred, but not proven. The
stability of the surface organometallic is shown to be
highly dependent upon the surface structure of the
oxide. Studies on the single crystal plane show that
the route to metal particles (MOCVD and thermolysis
versus MVD) strongly impacts on the reactivity of the
metals so formed. Nevertheless, parallel chemistry,
such as the reaction of RhCl(CO)2/TiO2 with NO,
can be identified.

The combination of structural information, concen-
trations of gaseous reactants and products and kinetic
analysis provides new insights into the reaction path-
ways of oxide supported metals. The rapid formation
of metal particles from organometallics (Pt/H1–SiO2),
the dependence of those particles on a co-adsorbate
(GeBu4), and the fragility of rhodium particles under
oxidising conditions clearly demonstrate that the na-
ture of the small metal particles of highly dispersed
catalysts may be constantly changing. This places
severe constraints on the previous analyses of the
structure sensitivity of catalytic reactions and also on
the appropriateness of single-crystal metal surfaces
as catalytic models.

The rapid reaction of NO with Rh/alumina shows
that dissociative chemisorption of NO is a fast process
at room temperature. The nitrosyl species so formed is
a poisoned form of rhodium. What is problematic for
catalytic conversion reactions on rhodium is the main-
tenance of metal particles for the reaction to proceed.

Acknowledgements

We wish to thank our colleagues Brian Hayden,
Mike Bowker, Roger Bennett, Andy Dent, Thomas

Neisius and Sofia Diaz-Moreno in particular. We are
also grateful for all the contributions from other mem-
bers of our research group and the technical support
at both synchrotron sites. We thank EPSRC and BP
Chemicals for support, and to the Directors of the
Daresbury Laboratory and ESRF for providing access
to their facilities.

References

[1] M. Che, C.O. Bennett, Adv. Catal. 36 (1989) 55.
[2] M. Boudart, Adv. Catal. 20 (1969) 153.
[3] G.A. Somorjai (Ed.), An Introduction to Surface Chemistry

and Catalysis, Wiley, New York, 1994.
[4] P. Chini, J. Organomet. Chem. 200 (1980) 37.
[5] P.B. Smith, S.L. Bernasek, J. Schwartz, J. Am. Chem. Soc.

108 (1986) 5654.
[6] J. Evans, G.S. McNulty, J. Chem. Soc., Dalton Trans. (1984)

587.
[7] N.A. Williams, Ph.D. Thesis, University of Southampton,

Southampton, UK, 1993.
[8] J. Evans, B.E. Hayden, J.F.W. Mosselmans, A. Murray, J.

Am. Chem. Soc. 114 (1992) 6912.
[9] J. Evans, B.E. Hayden, J.F.W. Mosselmans, A. Murray, Surf.

Sci. 301 (1994) 61.
[10] M.A. Newton, R.A. Bennett, R.D. Smith, M. Bowker, J.

Evans, Chem. Commun. (2000) 1677.
[11] B.E. Hayden, A. King, M.A. Newton, Chem. Phys. Lett. 269

(1997) 485.
[12] R.A. Bennett, M. Bowker, J. Evans, M.A. Newton, R.D.

Smith, Surf. Sci. 487 (2001) 223.
[13] M.A. Newton, J. Evans, B.E. Hayden, J. Phys. Chem. 104

(2000) 8548.
[14] B.E. Hayden, A. King, M.A. Newton, N. Yoshikawa, J. Mol.

Catal. A 167 (2001) 33.
[15] D.C. Koningsberger, R. Prins (Eds.), X-ray Absorption:

Principles, Applications and Techniques of EXAFS, SEXAFS
and XANES, Wiley, New York, 1988.

[16] C.R.A. Catlow, G.N. Greaves (Eds.), Applications of
Synchrotron Radiation, Blackie, Glasgow, 1990.

[17] E. Dartyge, A. Fontaine, A. Jucha, D. Sayers, in: K.O.
Hodgson, B. Hedman, J.E. Penner-Hahn (Eds.), EXAFS
and Near Edge Structure III, Springer, Berlin, 1985,
p. 336.

[18] J.W. Couves, J.M. Thomas, D. Waller, T.H. Jones, A.J. Dent,
G.E. Derbyshire, G.N. Greaves, Nature 354 (1991) 465.

[19] D. Bogg, A.J. Dent, G.E. Derbyshire, R.C. Farrow, C.A.
Ramsdale, G. Salvini, Nucl. Instrum. Meth. A 392 (1997)
461;
D. Bogg, A.J. Dent, G.E. Derbyshire, R.C. Farrow, A. Felton,
C.A. Ramsdale, G. Salvini, Physica B 208/209 (1995) 229.

[20] A.J. Dent, J. Evans, M.A. Newton, J.M. Corker, A.E. Russell,
M.B. Abdul Rahman, S.G. Fiddy, R.E. Mathew, R.C. Farrow,
G. Salvini, P. Atkinson, J. Synchrotron Rad. 6 (1999) 381.



J. Evans, M.A. Newton / Journal of Molecular Catalysis A: Chemical 182–183 (2002) 351–357 357

[21] S.G. Fiddy, M.A. Newton, A.J. Dent, G. Salvini, J.M. Corker,
S. Turin, T. Campbell, J. Evans, Chem. Commun. (1999)
851.

[22] G. Attard, J.C. Glyde, C.G. Göltner, Nature 378 (1995) 366.
[23] S.G. Fiddy, M.A. Newton, T. Campbell, A.J. Dent, I.

Harvey, G. Salvini, S. Turin, J. Evans, Chem. Comm. (2001)
445.

[24] M.A. Newton, D.G. Burnaby, A.J. Dent, S. Diaz Moreno, J.
Evans, S.G. Fiddy, T. Neisius, S. Pascarelli, S. Turin, J. Phys.
Chem. A 105 (2001) 5965.

[25] A.J. Dent, S. Diaz-Moreno, J. Evans, S.G. Fiddy, M.A.
Newton, manuscript in preparation.

[26] T. Campbell, A.J. Dent, S. Diaz-Moreno, J. Evans, S.G. Fiddy,
M.A. Newton, S. Turin, Chem. Commun. 2002, in press.


	Towards a structure-activity relationship for oxide supported metals
	Introduction
	Chemisorption of [RhCl(CO)2] onto TiO2 and alumina
	Energy dispersive EXAFS as an in situ technique for heterogeneous catalysis
	In situ studies of RhCl(CO)2/alumina
	In situ Rh/alumina
	Conclusions
	Acknowledgements
	References


