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ABSTRACT
A new era of metal vapour chemistry is underway, which involves the
design and construction of novel compositions of matter, one metal atom at a time for
applications in new materials science. Single metal atoms can now be routinely directed
to and attached to substrate sites, varying in complexity from a solvent molecule, a
pendant functional group or backbone of a macromolecule ( oligomer or polymer ), a
carbon or oxide surface anchoring group, intracrystalline cavities of a zeolite, or two
dimensional voids between the sheets of an intercalate.
As a result of these new research directions, metal atom generated materials are
finding new applications in polymer chemistry, heterogeneous catalysis, electrocatalysis
and photocatalysis. The often unique electronic and magnetic properties of these
materials make them attractive candidates for fundamental studies in small particle
physics with wide ranging applications in information storage and processing,
microelectronic fabrication, xerographic, photographic and lithographic science and the
printing industries.
INTRODUCTION
1

Metal atom chemistry, since its conception in the late sixties by P.L. Timms and
2
P. Skell is known mainly for its broad utility in the synthesis of organometallic and
organic compounds, many of which are difficult, if not impossible, to prepare by
traditional methods. By supplying the free energy of sublimation to the bulk metal, the
metal vapours so obtained are better than 99% atomic. In this single atom form the
metal can be considered to have been artificially raised onto a "thermodynamic shelf"
having its valence electrons and orbitals delicately poised for an essentially unimpeded
reaction with either one of its kind, to form metal clusters, or with ligands, to form new
3
compounds .
The reactions of such "naked" metal atoms in general can follow a number of
competing pathways as illustrated in the network shown in Scheme I.
The outcome of such a series of reactions is not simply controlled by the
thermodynamics of the system. One must also take into account the relative rates of
each step in the chain of events that lead to intermediates and products in the reaction
grid of Scheme I. As many of the steps usually have zero or low activation barriers, it is
important to remember that small alterations in reaction temperature, especially in the
cryogenic range 10-200K, can have dramatically large effects on the final product
distribution. Experience over the past decade has proven, that with a judicial choice of

reaction parameters ( e.g. metal type, metal deposition rate, ligand type, ligand
deposition rate, reaction temperature ) one can manipulate the kinetics and
3
thermodynamics of a metal atom reaction to generate high yields of specific products .
This continues to be the philosophy and practice of chemists who investigate the utility
and scope of metal atomic reagents for the synthesis of organometallic and inorganic
compounds. Some recent literature highlights are presented in Scheme II.
Of a more recent vintage is the entry of metal vapour chemistry into the realm of
new materials science. The goal here is the production of novel compositions with
properties desirable in the field of heterogeneous catalysis, electrocatalysis,
photocatalysis, electronic and magnetic chemicals, xerographic and lithographic
science, microelectronics and others.
Seminal discoveries in the field of MVS which revealed the opportunities of the
method of in new materials science include, the development of the metal atom rotary
reactor making it possible to routinely conduct solution and liquid phase metal vapour
4
chemical reactions , the development of reverse polarity electron beam vaporization
sources making it possible to use the atomic vapours of the refactory metals ( e.g. W,
5
Ta, Hf, Zr, Mo, Ir, Ru, Rh, Os, etc. ) for chemical synthesis , the discovery of the
solvated metal atoms ( i.e. highly thermally labile organometallics like bis ( toluene )
6
nickel ( 0 ) ) as a convenient source of metal atoms in solution , the demonstration that
thin liquid ( and solution ) films colloquially referred to as "liquid ( or solution ) matrices"
could be used for the in situ spectroscopic investigation of metal atom-liquid ( or solution
) phase reactions7, the incorporation of in situ quartz crystal mass monitors into matrix
spectroscopy and macrosynthetic equipment for controlling metal atom deposition rates
( 10-9 - 10-12 gm mass resolution ) used for the quantification of metal atom nucleation
8
reactions in the solid and liquid phase as well as for the quantification of metal atom
8
chemical reactions generally , the discovery of the phenomenon of metal atom photo
aggregation used as a controlled synthetic route to well defined low nuclearity uni-and
9
multimetallic metal clusters , the development of cryopumped electron guns for solution
10
phase MVS involving refractory and non-refractory metals , and the use of large
refrigeration capacity cryopumps for conducting preparative scale metal vapour
chemistry in the "extended" temperature range 10-300K providing access for the first
time to ligands such as, CO, CH4, N2, H2, O2, C2H4 etc. which are "non-condensable
at liquid nitrogen ( 77K ) temperatures".
In what follows, some recent applications of metal vapour chemistry ( 1980 - 84 )
for the production of metal atom and metal cluster-polymer, metal cluster-zerolite, metal
cluster-oxide and metal cluster-carbon compositions will be briefly described in an
attempt to exemplify the opportunities,scope and applications of MVS in new materials
science.

POLYMER PROTECTED COLLOIDS
The exceptional thermal lability of formally 20-electron bis (arene) iron (0)
1,7,12
complexes
( iron vapour / arene generated ) towards facile loss of arene ligand and
subsequent agglomeration of the iron atoms to small iron clusters ( applicable also for
Mn, Co, Rh, Ni, Pd, Pt, Cu, Ag, Au ) has been exploited recently for generating liquid
7,13
polymer protected iron and iron-oxide colloids
having potentially interesting,
magnetic, electronic and catalytic properties. The method is illustrated in Scheme III.
In this particular application, a commercially available liquid poly( phenylmethyl-co-dimethyl ) siloxane in a rotary reactor is allowed to interact with
resistively generated Fe atoms at around -40 to -50° C. to form polymer attached bis (
arene ) iron ( 0 ) ( Figure 1, also included for the purpose of comparison is bis ( toluene
) iron ( 0 ) in toluene at 160K ) which is stable on the polymer below about -30° C.
Above this temperature it decomposes to form iron atoms which rapidly agglomerate to
form polymer encapsulated colloidal iron (Figure 1). These metal aggregates may
subsequently be oxidized in a controlled O2 atmosphere to form ultra finely dispersed
polymer immobilized iron oxide. this approach can be considered as a very attractive
alternative to the currently practical preparation of ferromagnetic fluids which is based
on the long term ball-milling of iron oxide with various oligomeric or polymeric liquid
selected to minimize coagulation of the entrapped particles. The MVS method described
above is quite general for the production of polymer stabilized colloidal metals; one
simply chooses an appropriate combination of metal, polymer ( or oligomer ), polymer
functionality ( intrachain or pendant ), metal deposition rate and loading, and reaction
13
temperature .
CARBON ATTACHED METAL CLUSTERS
Another interesting example of cluster growth in the liquid phase that has
recently found application in the fabrication of fuel cell electrodes involves the
interaction of e.g. Ag, Pd and Pt atoms with ether and aromatic solvents, liquid oligoand poly-ethers and olefins, in the presence of various forms of pretreated carbon
powders14. These particular applications of MVS were founded on independent
spectroscopic studies ( in situ ) of metal atom reactions with thin liquid films of ether
and olefin solvents and macromolecules, which demonstrated the growth and
stabilization of monodispersions of metal clusters, up to a "critical saturation loading" of
the liquid with metal atoms above which uncontrolled cluster growth and colloidal metal
polydispersions results10,15. In the case of silver for example, the plasma resonance
optical absorption and the conduction electron spin resonance spectra were both
studied as a function of liquid type, metal loading and temperature ( figure 2 ) . This kind
of spectroscopy probes the growth of metal clusters with a size distribution that remains
unchanged with increasing silver atom concentration ( constant λmax
and Δv1/2, optical; constant ΔH peak to peak and g shift, per, Figure 2 ) until the
available the trapping sites in the liquid become depleted, at which point the system
become unstable. With this information at hand, one is in a position to establish the

conditions which are conductive to the immobilization of a chosen metal cluster
distribution on the surface or in the pore structure of a solid support. The method is
illustrated in Scheme IV for Ag atoms in a liquid oligo-or polyolefin, in the presence of
finely divided carbon powder.
Metal-carbon composites assembled in this way have been found by high
resolution electron microscopy to contain sub 10 Å metal clusters on the surface and
within the pores of the carbon support with a site distribution essentially mirroring that
14,15
present in the liquid oligo-or polyolefin before the carbon powder is added
. Results
of this kind demonstrate the feasibility of immobilizing on a solid support, metal clusters
grown in the liquid phase ( stabilized ) using MVS methods. This approach is likely to
generate interest in any application requiring ultrafinely divided supported metal
particles. For example, Ag0n/C, Pd0n/C and Pt0n/C compositions produced in this way
were fabricated into porous oxygen gas electrodes ( backed onto porous nickel ) for use
in an alkaline H2/O2 fuel cell of the type illustrated in Figure 3. The current density
versus voltage output profiles and electrode stabilities obtained for these "solvated
metal atom generated electrodes" were comparable to the results of a state-of-the-art
10,14,15
commercial Pt0n/C electrode (Figure 4) .
ORGANOMETAL POLYMERS AND POLYMER SUPPORTED FEW-ATOM CLUSTERS

Arene functionalized oligo-and polyethers and siloxanes have also found use for
the synthesis of organometal polymers and polymer stabilized clusters ( n=1, 2, 3, 4, 5 )
as exemplified in Figure 5 and Scheme V.
In the case of the oligomera, the metal atom acts as a chain propagating agent
17
with bis ( arene ) metal ( 0 ) cross-links to produce organometal polymers . The MVS
reaction with the phenyl functionalized polysiloxanes is quantitative and yields liquid
16,18
products whose viscosity depends on the metal atom loading ( cross-link density )
.
Characterization of these materials has been achieved with a wide range of
10
spectroscopic methods ( NMR, EPR, IR, RAMAN, SIMS,UV-VIS ABS/EMIS ) . The
kinetics of metal cluster growth process are consistent with a mechanism involving the
initial capture of a metal atom by an arene pair ( exciplex ) to form the bis ( arene )
metal complex according to Scheme VI. The mononuclear sandwich complex
19
subsequently acts as a nucleation centre for cluster growth processes . The binuclear
metal cluster site has been found to involve only arene stabilizing ligands, whereas
higher nuclearity metal cluster sites require the presence of both arene ligands and
solvation from the oligomer or polymer backbone. Uni- bi- and even trimetallic polymers
7,20
have been assembled in this way . The method has recently been extended to oligo10,21
and polysilastyrenes
as illustrated in Scheme VII for M = Ti, V, Cr, Mo.
Materials of this type are expected to display interesting electrical and
photoconductivities, magnetic, photochemical, photophysical and other properties. They

are likely to enjoy numerous applications as supported liquid phase catalysts, magnetic
liquids, photoresists, to name a few.
The functionalization potential of oligomers and polymers is immense, and the
range of new materials that can now be accessed using MVS methods is quite
enormous. One simply has to extend the databank of known MV reactions involving
"simple" ligands, to the more complex "macromolecular" ligand or support. A recent
example in this context concerns the discovery of 16-electron bis
10,22
( trimethylsilylcyclopentadiene ) iron ( 0 ) complexes
of the type shown in Scheme
VIII. The 16-electron complex is "green" and is stable up to about -30° C. above which
temperature it transforms ( in the presence or absence of 02 ) to the corresponding 18electron "orange" ferrocene derivative. It can however, be trapped by CO as the stable
18-electron "orange" monocarbonylbis ( trimethylsilylcyclopentadiene ) iron ( 0 )
22
derivative also shown in Scheme VIII .
A natural extension of this concept is to cyclopentadiene functionalized
polysiloxanes as shown in Scheme IX. This approach leads to "green" polymers which
are "thermally stable" at room temperature. These have been found ( e.g. 57Fe
Mossbauer spectroscopy ) to contain the 16- electron bis- ( cyclopentadiene ) iron ( 0 )
22
moiety appended to the polymer backbone . However, the properties of this iron ( 0 )
site on the polymer are different to those of the aforementioned monomer. For example,
02 yields polymer entrapped iron oxide rather than a polymer anchored ferrocene
22
derivative . In closing, one can expect coordinatively unsaturated organometal
polymers of the above type to display interesting chemical and redox properties and are
therefore intriguing candidates for further study.
SOLVATED METAL ATOM DISPERSED (SMAD) OXIDE SUPPORTED, METAL
CLUSTER CATALYSTS
6

The discovery of solvated metal atoms from the reaction of transition metal
atoms with "lightly stabilizing ligands" in the solid and liquid phase, has led to a new
class of supported metal particle catalysts under the acronym SMAD, solvated metal
23
atom dispersed. Klabunde and coworkers have pioneered this approach using mainly
aromatic, aliphatic and ether solvents with a range of metals. The idea is illustrated for
Ni/pentane in Scheme X. For example, nickel atom/pentane 77K cocondensates are
allowed to melt down in a controlled warm-up procedure onto oxide supports like Mg0,
23
Si02, Al203 . The resulting materials have been fairly well characterized in terms of
their composition, surface area, metal particle distribution and magnetic properties.
They have also been found to be extremely active for hydrogenation, hydrogenolysis
and methanation catalysis. The choice of solvent, metal, support and metal loading as
well as the warm-up/impregnation conditions are critical experimental variables that can
be manipulated in order to exert some control over metal cluster size, dispersion and
23
extent of incorporation of organic fragments into the final product .

BIMETALLIC SMAD CATALYSTS
23

Klabunde and coworkers have very recently extended the SMAD method to the
preparation of unsupported and supported bimetallic clusters, for example, Fe/Mn,
Fe/Co, Ni/Mn, Co/Mn and other combinations. Significantly, the catalytic properties of
these bimetallic materials are quite distinct from those of their respective unimetallic
counterparts. In particular, small dopings of Mn were found to dramatically modify the
selectivity and activity patterns for Fe, Co and Ni supported clusters for
butadienehydrogenation catalysis. Noteworthy also was the effect of Mn to
decrease the tendency of these metals to incorporate carbon from the carrier solvent
( C-h and C-C activation ). These are pivotal observations for the SMAD catalyst
designer.
PHOTOHETEROGENEOUS SMAD CATALYSTS
Recently the SMAD approach has been adapted to the production of
photoheterogeneous catalysts. Materials of this type, particularly n-type Ti02
semiconductor materials and related oxide and metal cluster/oxide composites, are
attracting increasing attention for solar energy splitting of water and synthetic
24
chemistry . An interesting MVS application in this context stems from the preliminary
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report of Francis and coworkers who dispersed toluene solvent iron atoms onto finely
dispersed Ti02 powders. The resulting Fen/Ti02 composites were found to be active
catalysts for the photoconversion of nitrogen to ammonia. This involved simply exposing
aqueous Fen/Ti02 suspensions flushed with N2 to visible light. Materials of this type
from MVS are expected to find applications as microphotoelectrochemical devices for
H2 production from water, C-H band activation, nitrogen fixation and other light driven
processes.
ZEOLITE ENCAPSULATED METAL CLUSTERS
An adaptation of the solvated metal atom technique to the preparation of zeolite
26
entrapped metal clusters has also recently been demonstrated . The method involves
the solution phase impregnation of, for example, metal atom generated bis ( toluene )
iron ( 0 ) or bis ( toluene ) cobalt ( 0 ) into the large pore faujasite zeolite Y at about -80
to 100° C, well below the respective decomposition temperatures, -30° C. and -50° C. of
the complexes. The zeolite is then washed with -80° C. toluene under anerobic
conditions to remove any bis ( toluene ) metal complex adhering to the external surface
of the zeolite microcrystals. A cold filtration followed by controlled warming to room
temperature under a dynamic vacuum, allows the zeolite entrapped bis ( toluene ) metal
( 0 ) complex to decompose to toluene and a "naked" metal atom, whereupon the
majority of the toluene solvent is removed as illustrated in Scheme XI.

The idea behind the method is to provide an exceedingly "mild" preparative route
for impregnating the supercages of zeolite Y with small well defined zerovalent metal
clusters. By selecting a "metal atom solvate" whose molecular dimensions are such that
it can access the channel structure of the zeolite Y (~< 8 Å) and enter the α-cage (
~12.5 Å ) under conditions that also maintain the integrity of the solvate, one has the
opportunity for the first time to enquire into the fate of a "single" zerovalent metal atom
when placed into the supercage of zeolite Y under extremely gentle conditions
( contrast the rather severe methods traditionally used for synthesizing metal clusterzeolite composites ).
A study of this type has recently been reported for Fe and Co utilizing
Mossbauer, magnitization and ferromagnetic resonance methods for metal particle size
characterization, and CO hydrogenation as a structure sensitive catalytic probe
27
reaction . In brief, the Mossbauer and FMR measurements demonstrated for 57Fen/ZY
that the iron clusters were superparamagnetic, which for zerovalent iron translates into
a particle size below about 30 Å . A low and high field Langevin analysis of the magnetic
field ( 0 - 50KOe ) and temperature dependence ( 4.2-300K ) of the magnetization
curves for Fen/ZY ( Figure 6 ) confirmed that samples could be prepared
containing as much as 90% superparamagnetic iron clusters with diameters ( assuming
spherical symmetry ) in the range 4-12 Å. It was significant that for all Fen/ZY samples
generated from toluene solvated iron atoms, the maximum cluster size "never"
exceeded the diameter of the α-cage ( 12.5 Å ). This observation provides fairly strong
support for the idea that the majority of superparamagnetic iron clusters be within the
pore structure of the zeolite Y rather than trapped on the external surface. These results
imply that when a single, neutral iron atom finds itself in the α-cage of zeolite Y around
room temperature, it readily diffuses and agglomerates with other iron atoms in ajoining
α-cages, growing up to a maximum cluster dimension controlled by the initial iron atom
loading and the physical size of the α-cage.
Further evidence for the existence of very small metal clusters entrapped in the
α-cages of zeolite Y for the Fen/ZY and Con/ZY compositions, comes from the
hydrocarbon product distribution formed when these materials are contacted with C0/H2
27

mixtures in a microcatalytic flow reactor under atmospheric pressure conditions . For
both metals the pattern of olefinic and paraffinic products in the C1 to C6 range studied
was not typically Schulze-Flory ( i.e. a monotonic decrease in mole percent of products
with increasing carbon number ). In particular, the more stable Con/ZY samples
( compared to Fen/ZY ) at 247° C. displayed a definite propensity towards the formation
of C4 hydrocarbons ( around 70 mole percent but-l-ene, Figure 7 ). Although the
selectivity for C4 products is quite pronounced and the stability on stream is quite
impressive ( unchanged product distribution after 60-hrs. on stream ), the conversion
level was less than 1%. However, the metal loading of these samples was only 1-2
weight percent and so higher loadings could remedy this deficiency. Significantly, these
same Con/ZY samples which are selective towards C4 products under atmospheric flow

conditions, move over to C5 selectivity when the C0/H2 reaction is conducted under
28

similar temperature and flow conditions but at 15 atmospheres pressure . Clearly a
judicious choice of metal, solvent, zeolite type, metal loading and impregnation
conditions can lead to metal cluster-zeolite compositions of a rather novel type. They
are expected to find numerous applications for a range of catalytic transformations of
interest to the oil, gas and petroleum industries.
CONCLUSION
These few examples from the recent literature should serve to illustrate the
potential of the MVS technique in new materials science. It is clear that metal atomic
reagents can be manipulated in the solid and liquid phase in a fairly straight forward
manner. In this way, single metal atoms and low nuclearity metal clusters can be
directed and attached to substrate sites of interest, which may vary in complexity from a
simple solvent molecule, a polymer functional group or backbone, an oxide or carbon
surface site, or the intracrystalline cavities of a zeolite. Novel materials of this type are
of current interest to a multi-disciplinary group of new materials scientists. This is not to
imply that the method is limited to the above mentioned substrates. Obvious candidates
for future MVS research include layered materials ( clays, carbons, sulphides ),
semiconductor surfaces and particles, functionalized metal oxides and others. With the
availability of commercial metal vapour rotary ( Figure 8 ) and static reactor equipment
29
and complete matrix isolation spectroscopy instrumentation ( Figure 9 ) one can look
forward to the discovery of many novel materials from metal vapour chemistry and a
healthy and lively future for the field.
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FIGURE CAPTIONS

Figure 1.

In Situ microsolution and microliquid uv-visible spectroscopic study of the
reaction of Fe atoms with (A) 10% toluene/methylcyclohexane at 150K,
and (B) poly(phenylmethyl-co-dimethyl) siloxane at 230K with subsequent
warming of the latter to 260K and 270K, where T = free toluene
absortions, P = polymer absortion (Ref. 7, 10, 13).

Figure 2.

Silver atom liquid polybutadiene titration monitored by in situ optical
transmission spectroscopy performed and recorded at 294K. The insert
shows a graphical representation of the silver atom concentration
dependence of the plasma resonance absorption and respective band
width. Note the unchanging A max and AV 1/2 (bwhh) of the plasma
resonance absorption with increasing silver atom concentration
(Ref. 10, 14).

Figure 3.

Schematic representation of an alkaline H2/O2 fuel cell with a Pt / carbon
hydrogen electrode and a solvated silver atom / carbon generated oxygen
electrode (Ref. 10, 14).

Figure 4.

Current density - voltage output curves for the H2/O2 fuel cell shown in
figure 3 for solvated metal atom / carbon generated oxygen electrodes
(Pdn/C, Agn/C) compared to a commercial state of the art Ptn/C electrode
(Ref. 10, 14).

Figure 5.

Mo atom concentration study with poly(phenylmethyl-co-dimethyl) siloxane
at 250K, UV-visible investigation, (A) neat liquid polymer film, (B-F)
increasing concentration of Mo atoms, showing the evolution of polymer
stabilized Mon clusters, (n = 1,2,3,4,5; Ref. 13, 20).

Figure 6.

(A) Magnetization of solvated metal atom generated Fen/NaY zeolite at
4.2K (magnetic moment in arbitrary units) as a function of applied field (B)
Saturation magnetization of Fen/NaY zeolite at 4.2K (Ref. 26, 27).

Figure 7.

Hydrocarbon product distribution for solvated metal atom generated
Con/NaY catalysts (mole %) (A) 247° C, CO/H2 = 1/2, 0.02% conversion;
1-C4H8, 33%; iso-C4H8, 3%; 2t-C4H8, 18.5%; 2c-C4H8, 15.5% (B) 290°
C, CO/H2 = 1/2, 0.04% conversion (Ref. 26, 27).
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Figure 1.

In situ microsolution and microliquid uv-visible spectroscopic study of the
reaction of Fe atoms with (A) 10% toluene / methylcyclohexene at 150K,
and (B) poly (ohenylmethyl-co-dimethyl) siloxane at 230K with subsequent
warming of the latter to 260 and 270, where T = free toluene absorptions,
P = polymer absorption (Ref. 7, 10, 13).

Figure 2.

Silver atom liquid polybutadiene titration monitored by in situ optical
transmission spectroscopy performed and recorded at 294K. The insert
shows a graphical representation of the silver atom concentration
dependence of the plasma resonance absorption and respective band
width. Note the unchanging λmax and Δv1/2 (bwhh) of the plasma
resonance absorption with increasing silver atom concentration (Ref. 10,
14).

Figure 3.

Schematic representation of an alkaline H2/O2 fuel cell with a Pt/carbon
hydrogen electrode and a solvated silver atom / carbon generated oxygen
electrode (Ref. 10, 14).

Figure 4.

Current density-voltage output curves for the H2/O2 fuel cell shown in
Figure 3 for solvated metal atom/carbon generated oxygen electrodes
(Pdn/C, Agn/C) compared to a commercial state of the art Ptn/C electrode
(Ref. 10, 14).

Figure 5.

Mo atom concentration study with poly(phenylnethyl-co-dimethyl) siloxane
at 250K, UV-visible investigation, (A) neat liquid polymer film, (B-F)
increasing concentration of Mo atoms, showing evolution of polymer
stabilized Mon clusters, (n = 1, 2, 3, 4, 5; Ref. 13, 20).

Figure 6.

(A) Magnetization ofsolvated metal atom generated Fen/NaY zeolite at
4.2K (magnetic moment in arbitrary units) as a function of applied field (B)
Saturation magnetization of Fen/NaY zeolite at 4.2K (Ref. 26, 27).

Figure 7.

Hydrocarbon product distribution for solvated metal atom generated
ConNaY catalysts (mole %) (A) 247°C, Co/H2 = 1/2, 0.02% converison; 1C4H8, 33%; iso-C4H8, 3%: 2t-C4H8, 18.5%: 2c-C4H8, 15.5% (B) 290°C,
CO/H2 = 1/2, 0.04% conversion (Ref. 26, 27).

Figure 8.

Commercial metal vapour rotary reactor instrumentation (Ref. 29).

Figure 9.

Commercial matrix isolation spectroscopy equipment (Ref. 29).
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