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Adsorbate-induced restructuring of transition metal surfaces and those of transition metal clusters embedded in metalloproteins has
been shown to be a dominant phenomenon by LEED surface crystallography and X-ray crystallography studies, respectively. The
restructuring is thermodynamically driven and is more facile for low-coordination metal sites (surface defects, steps and kinks, and
nanoclusters). Dynamic restructuring of catalytically active transition metal sites may occur on the time scale of catalytic turnover or
faster. The structural flexibility of transition metal surfaces and clusters embedded in enzymes could provide for seamless evolutionary
changes of catalytic chemistry from inorganic to more complex and selective bio-organic systems.
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Enzyme catalyst selectivity under mild conditions of re-
actions are a challenge for the heterogeneous catalytic com-
munity. The remarkable fact is that heterogeneous catalysts
share a number of traits with one-substrate enzyme reac-
tions. Among them the adsorbate-induced restructuring of
active metal sites for both heterogeneous [1] and enzyme
catalyst [2] systems is perhaps the most significant. A great
body of data shows that conformational flexibility of het-
erogeneous catalytic and enzyme active sites are important
ingredients of catalytic selectivity and activity.

The restructuring of transition metal crystal surfaces in-
duced by the adsorption of atoms and molecules was de-
termined by quantitative low-energy electron diffraction
(LEED) surface crystallography studies [3]. One example,
the surface structure of ethylene on the (111) crystal face
of rhodium and platinum at 300 K, is shown in figure 1
(A) and (B) [4]. The development of Tensor LEED [5]
provided the accuracy of measurements of changing bond
distances and bond angles to show that metal atoms move
to new equilibrium positions around the adsorption site in
order to optimize the strength of the chemisorption bonds.
Adsorbate-induced restructuring of transition metal surfaces
has been determined by more than 100 LEED crystallogra-
phy studies [6]. Scanning tunneling microscopy (STM) [7]
and field ion microscopy (FIM) [8] investigations have
shown massive restructuring of the metal crystal faces upon
chemisorption, providing more qualitative but additional
proof of this pervasive phenomenon that occurs rapidly at
high adsorbate pressures.

Adsorbate-induced restructuring is thermodynamically
driven to optimize the strength of the chemisorption bond.
The exothermic heat of adsorption compensates for the relo-
cation of metal atoms around the adsorption site that weak-
ens metal–metal bonds, an endothermic process. For this

reason, adsorbate-induced restructuring is more facile at
low-coordination adsorption sites such as more open lower
atomic density crystal faces (for example, the (110) vs.
the (111) crystal face of rhodium [9]), at atomic steps
and kinks at the surface, because there are fewer neigh-
boring metal atoms that would relocate when adsorption
occurs. Metal nanoclusters, which are the usual form of
most transition metal catalysts, have more of their atoms
at the surface and may have several configurations, all of
them thermodynamically stable [10]. Adsorption of mole-
cules of one type would cause restructuring one way, while
a different adsorbate would stabilize another cluster struc-
ture.

Heterogeneous transition metal catalysis then occurs on
metal surfaces that are restructured by the first monolayer
of reactants that chemisorb under reaction conditions. The
adsorbates that turn over to form the products may react on
such a restructured surface that is stabilized by the stagnant,
strongly bound adsorbate layer that forms first (for exam-
ple, the hydrogenation of light olefins on Pt(111) [11–13]).
Or the adsorbates that cause restructuring of the metal sur-
face are the very species that turn over to desorb as prod-
uct molecules (for example, CO oxidation on Pt(111) [14]
or Pt(100) [15]). While adsorbate-induced restructuring of
the transition metal surface is an essential step during het-
erogeneous metal catalysis, for the first case (light olefin
hydrogenation), the turnover rate is not correlated with the
rate of surface restructuring. Since metal surface restruc-
turing occurs much faster than the catalytic turnover rate,
the catalytic rate is “structure insensitive”. In the second
case (CO oxidation), the rate of adsorbate-induced restruc-
turing of the metal surface is equal to the catalytic turnover
rate. In this circumstance, the catalytic reaction is “surface
structure sensitive”.
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Heterogeneous catalytic reactions are, in fact, divided
into “structure-insensitive” and “structure-sensitive” classes
[16,17]. Also, the unique catalytic activity at low-coor-
dination defect sites that restructure most readily upon
chemisorption is well demonstrated by catalytic reaction
studies using single-crystal surfaces [18,19]. Thus, the dy-
namic restructuring of surfaces upon adsorption and during
catalytic reactions is an omnipresent, dominant feature of

(A)

(B)

Figure 1. The 0.25 monolayer p(2×2) fcc-site ethylidyne–Pt(III) (A) and
hcp-site ethylidyne–Rh(III) (B) structures.

chemisorption and catalytic reactions on transition metal
surfaces.

Turning to bio-organic systems that contain transition
metal clusters, metalloproteins, and metalloenzymes, recent
structural studies reveal the restructuring of the metal sites
upon adsorption of the substrate [20] (a common name for
the adsorbate in this field of chemistry). The charge transfer
that occurs upon adsorption certainly contributes to changes
of bond length, bond angles, and confirmation around the
metal adsorption sites [21].

Comparison of the X-ray structures of deoxyhemoglobin
and oxyhemoglobin shows the restructuring of the metal-
containing binding sites [22–24]. This was also found for
hemocyanin, another oxygen carrier that contains a copper
binuclear binding site (figure 2) [25].

It has also been suggested [26], based on available data,
that enzymes utilize structural flexibility, induced by the
adsorption of the substrate to maximize reaction rate and
selectivity of enzyme-catalyzed reactions. Single-molecule
enzyme dynamic studies of cholesterol oxidase detect slow
fluctuation of protein conformation that influences the rate
of the reaction [27]. In some enzymes, the active sites
display more conformational flexibility than the enzyme
molecule as a whole [28].

An example of a remarkable facility for restructuring
in both the free and protein-bound conditions is the iron–
sulfur cluster widely utilized in biological systems [29].
When the inactive protein-bound cluster [Fe3S4]+ in aconi-
tase was exposed to urea, its cuboidal structure became
linear [30]. Recent advances in X-ray crystallographic and
spectroscopic studies of nitrogenase show that MoFe cofac-
tor (MoFe7S5), which contains the binding site for dinitro-
gen, is extremely flexible [31–33]. Unlike high-temperature
heterogeneous reduction reactions that use relatively weak
reductants, like H2 in ammonia synthesis (N2 + 3H2 →
2NH3), the biological nitrogen fixation needs a more pow-
erful reducing agent [34,35]. To protect the reduced active
sites in aerobic atmosphere and protic media, the enzyme
utilizes high flexibility of metal active sites and a protein
matrix to shield the reduced metal centers or to open them
for approach of substrate and departure of product.

Thus, just as in the case of transition metal surfaces,
the adsorption-induced restructuring of transition-metal-
containing clusters in metalloproteins and enzymes appears
to be a pervasive and dominant phenomenon. Its time scale,

Figure 2. Initial and substrate-bound structures of hemocyanin adsorption site.



G.A. Somorjai, Y. Borodko / Heterogeneous and enzyme catalyst restructuring 91

however, whether it occurs faster or on the time of catalytic
turnover, has not been well researched as yet for a wide va-
riety of systems to arrive at any firm assessment.

Equipped with solid evidence of adsorption-induced
structural change around the active site both at transi-
tion metal surfaces that are active heterogeneous catalysts
and for metalloproteins and enzymes, we propose that
(1) there is strong similarity on the molecular level of struc-
tural changes that occur at the active sites during catalytic
turnover of the two types of catalytic systems (heteroge-
neous and enzyme); and (2) dynamic restructuring of ac-
tive sites (flexibility) upon adsorption of the reactants (sub-
strates) is a key feature of catalytic turnover.

The similarity of atomic scale restructuring of transition
metal surfaces and transition metal clusters that are embed-
ded in bio-organic systems would permit seamless evolu-
tionary changes of surface and catalytic chemistry from in-
organic to the more complex organic systems. As the planet
cooled, high turnover surface catalytic processes that may
have involved nitrogen, carbon dioxide, carbon monoxide,
and water conversion through ammonia synthesis, steam,
and CO2 reforming to produce hydrogen, methane, and
higher molecular weight hydrocarbons less likely to oc-
cur as many of the elementary reactions are endothermic.
Using light as an external energy source instead of heat,
slower but more selective catalytic systems developed for
nitrogen fixation, hydrocarbon conversion and oxygen pro-
duction using the same or similar transition metal clusters
to carry out the chemical processes that ultimately started
to build the bio-organic complexity we live with today.
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