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Real-time single-molecule imaging
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interface
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Many chemical reactions are catalysed by metal complexes, and
insight into their mechanisms is essential for the design of
future catalysts. A variety of conventional spectroscopic
techniques are available for the study of reaction mechanisms
at the ensemble level, and, only recently, fluorescence
microscopy techniques have been applied to monitor single
chemical reactions carried out on crystal faces1 and by
enzymes2–4. With scanning tunnelling microscopy (STM) it has
become possible to obtain, during chemical reactions, spatial
information at the atomic level5–9. The majority of these STM
studies have been carried out under ultrahigh vacuum, far
removed from conditions encountered in laboratory processes.
Here we report the single-molecule imaging of oxidation
catalysis by monitoring, with STM, individual manganese
porphyrin catalysts, in real time, at a liquid– solid interface. It
is found that the oxygen atoms from an O2 molecule are
bound to adjacent porphyrin catalysts on the surface before
their incorporation into an alkene substrate.

Metal-porphyrins are dyes that occur in nature, where they are
involved in processes such as light harvesting in plants and oxygen
binding in haem. Synthetic Mn(III) porphyrins are often used as
catalysts for the chemical transformation of alkenes into
epoxides, in which an oxygen atom is added across a carbon–
carbon double bond to form a three-membered ring10.
Generally, the porphyrins activate an external oxidant, such as a
peroxide or hypochlorite, by binding its oxygen atom to their
metal centre, allowing its subsequent transfer to an alkene to
yield an epoxide or other oxidized product. As in the case of the
naturally occurring mono-oxygenase enzyme cytochrome P450
(refs 11 and 12), molecular oxygen can be used as an oxidant,
although in this case additional electrons are required to facilitate
oxygen–oxygen bond cleavage in a process known as reductive
activation. We reason that a metal surface could also function
to activate a catalyst to react with molecular oxygen, and have
used the flat manganese porphyrin Mn1 as an epoxidation
catalyst (Fig. 1a).

Initially, the ability of Mn1 to form self-assembled monolayers
at the interface of a Au(111) surface and an argon-saturated
n-tetradecane liquid phase13 was investigated in a liquid-cell STM
equipped with a bell jar containing an argon atmosphere. Upon
the addition of Mn1 to the solution ([Mn1] ¼ 1028 M), the
formation of extended monolayer domains at the liquid–solid
interface, with the porphyrins adsorbed face-on to the surface in
regular patterns, was observed (Fig. 1b, c). Ultraviolet-visible
(UV-vis) reflection measurements of this monolayer suggested a
direct interaction between the porphyrins and the Au(111)
surface, because of an observed 10-nm blue shift from 480 nm to
470 nm of the porphyrin Soret band (a strong absorption band
that can provide valuable information about metal-porphyrin
redox states) with respect to Mn1 in tetradecane solution
(Fig. 2d). The interaction probably involves a coordination
of the metal surface to the manganese centre, because the
metal-free derivative of Mn1 was found not to adsorb to the
same interface14.

The clean and highly defined STM images indicate a nearly
uncontaminated interface; however, occasionally, a porphyrin
with a much higher apparent height was observed (Fig. 1b).
Realizing that manganese porphyrins can react with molecular
oxygen15, a small contamination of the liquid with this gas was
suspected. In order to test this hypothesis, the setup was
purposely contaminated by flushing the bell jar with O2. This led
to a gradual increase in the number of bright-appearing
porphyrins (Fig. 2a), suggesting that these are adsorbed Mn1
species interacting with oxygen. Concomitant with this change in
topography, UV-vis reflection measurements of the interface
revealed a red shift of the Soret band from 470 nm to 478 nm
(Fig. 2d). The presence or absence of O2 had no influence on the
position of the Soret band of Mn1 at 480 nm in the UV-vis
spectrum in tetradecane solution in the absence of a Au(111)
surface. Hence, it is proposed that this surface activates Mn1 to
react with O2, in a way comparable to an electron-donating
axially coordinating ligand15.
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To study the nature of the interaction between adsorbed Mn1
and oxygen in more detail, an investigation was carried out on
the distribution of bright-appearing porphyrins in a monolayer
of Mn1 in contact with oxygen. By analysing many locations on
the monolayer, it became apparent that the oxygen-containing
species primarily occurred in pairs. To quantify this observation,
a statistical analysis was carried out on a 75 � 75 nm area
(�2,000 molecules) of a typical STM image (see Supplementary
Information). For a completely random distribution with
coverage p, the fraction of oxygen-bound molecules with
i oxygen-bound neighbours is expected to follow the equation

fi ¼
8
i

� �
pið1� pÞ8�i

leading to the left-hand bar diagram in Fig. 2c. Clearly, the
experimentally observed distribution of oxygen-containing Mn1
molecules is not random (see Fig. 2a); in fact, there is a
significant preference for pairs of adjacent porphyrins at the cost
of monomeric species, suggesting that each molecule of O2

preferably dissociates upon or after its reaction with Mn1 at the
surface, and forms two identical mono-oxygen-coordinated
species. To verify whether this hypothesis can explain the
observed distribution of oxygen-containing porphyrins
quantitatively, a simulation was carried out, which showed that
the calculated distribution of nearest neighbours meets the
experimentally observed distribution and not the random one
(Fig. 2c; see also Supplementary Information).

The reaction of molecular oxygen with a metallo-porphyrin is
well-known from the natural enzyme cytochrome P450 (ref. 11),
which contains an Fe(III) protoporphyrin to which an axial
ligand is coordinated. After a stepwise two-electron reduction,
this complex binds O2 and cleaves it reductively, leaving one
oxygen atom at the porphyrin to produce a reactive high-valent
iron-oxo intermediate, and the other one to combine with two

protons to produce a molecule of water. In the presence of axially
binding ligands, Mn(III) porphyrins in solution can bind and
cleave O2 in a similar manner, after first being reduced by
electrons from an added co-reductor15.

In the liquid-cell STM experiment, however, neither an axial
ligand, nor protons, nor an added co-reductor are present.
Because binding of O2 requires reduction of the manganese
centre, we propose that the Au(111) surface is responsible for this
step, which occurs on adsorption of Mn1 and is accompanied with
the observed blue shift of the Soret band in the UV-vis reflectance
spectrum. The Au(111) surface can induce this reduction following
two possible mechanisms. The most likely one, and the one
proposed here, is that a surface gold atom coordinates to Mn1 in
an axial ligand fashion, allowing a chlorine radical to dissociate16,
thereby reducing the Mn(III) centre to Mn(II) (Fig. 3). A second
possibility is that the surface actively reduces Mn1 through
donation of an electron, followed by dissociation of a chloride
anion. This mechanism, however, is less likely, because it requires
the unfavourable solvation of anions by the apolar solvent, or a
reaction of these ions with the negatively biased Au(111) surface.

Because the STM measurements indicate that each reaction
with oxygen generates two identical oxidized Mn1–oxygen
species, we tentatively propose a homolytic dissociation of O2

and the distribution of both oxygen atoms over two Mn1
neighbours to generate two reactive Mn(IV)¼O species
(Fig. 3)17. Such a homolytic dissociation has been reported for
the oxidation of cyclohexane with a manganese porphyrin
catalyst in bulk solution, albeit only under high pressure and at
high temperatures18. The observed shifts in the UV-vis reflection
spectra for both the surface-induced reduction and subsequent
oxygen binding of Mn1 are similar in nature to those observed
for analogous reduction and subsequent oxidation of manganese
porphyrins in solution, although in the latter case the shifts in
wavelength are generally somewhat larger19.

The oxidized surface can in principle act as a heterogeneous
catalyst for epoxidation reactions. To investigate this possibility,
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Figure 1 STM studies of manganese porphyrin catalysts. a, Molecular structure of Mn1, the porphyrin catalyst, which, for solubility reasons, contains four greasy

alkyl chains (C11H23). b, Liquid-cell STM constant current image (I ¼ 3 pA, V ¼ 200 mV) of a monolayer of Mn1 self-assembled at an interface of Au(111) and an

argon-saturated n-tetradecane liquid phase. Several domains of molecules of Mn1 are visible. The white arrow indicates a molecule with much higher apparent

height. c, Correlation averaged enlargement with the suggested molecular orientation drawn in.
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Figure 2 Oxidation of manganese porphyrins at a liquid–solid interface. a, Liquid-cell STM constant current image (I ¼ 10 pA, V ¼ 200 mV) of a monolayer of

Mn1 self-assembled at an interface of Au(111) and n-tetradecane, 4 h after flushing the bell jar with O2 (overall population of bright spots is �8%). b, Cross-section

analyses of the corresponding lines A and B in a. c, Bar diagrams of nearest-neighbour distributions of oxygen-binding Mn1 molecules: left, random distribution;

middle, distribution as measured in the STM images; right, simulation of a model system (see the text and the Supplementary Information for details). d, UV-vis

reflectance spectra of a monolayer of Mn1 at an interface of Au(111) and argon-saturated n-tetradecane (red trace), of a monolayer of Mn1 after oxidation with O2

(blue trace), and the UV-vis solution spectra of Mn1 in tetradecane saturated with argon (continuous black trace) and saturated with O2 (dotted black trace).
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Figure 3 Proposed catalytic cycle of the epoxidation reaction carried out in the liquid-cell STM. Two Mn(III) porphyrins Mn1 are first attached to the Au(111)

surface, which causes their reduction from Mn(III) to Mn(II) with the loss of chlorine radicals. On addition of O2, two adjacent, identical Mn(IV)-oxo species are formed.

These activated species can subsequently insert their oxygen atoms into the double bond of the alkene cis-stilbene, resulting in the formation of the epoxide cis-stilbeneoxide.
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all the steps of the catalytic epoxidation of cis-stilbene (Fig. 3) were
followed in real time and real space in the STM liquid-cell setup, by
monitoring at a fixed 75 � 75 nm area of the surface (�2,000
porphyrin molecules) the number of oxygen-free and oxygen-
binding molecules of Mn1 (Fig. 4a–d). During the whole
experiment, the topography of the surface and the monolayer of
Mn1 remained very stable. While still under an argon
atmosphere, the number of oxidized Mn1 molecules was
negligible, but on flushing the bell jar with O2, their population
started to increase rapidly. In order to be able to perform reliable
statistical analyses, and because it is known that too high a
number of oxidized manganese porphyrin species can lead to
catalyst autodestruction20, at t ¼ 3 h, 50 ml of cis-stilbene was
added very carefully to the surface of the liquid in the STM cell.
After �2.5 h, a period that can correspond well with the
expected diffusion time required for the additive to reach the
interface (see Supplementary Information), a sudden and
significant drop in the number of oxidized Mn1 molecules was
observed, which is proposed to correspond with the start of the
oxidation reaction of cis-stilbene. In the following four days, the
number of oxidized Mn1 molecules remained at a nearly

constant level, which is an indication of long-lasting activity and
stability of the surface-bound catalysts.

To verify this assumption, the solution in the liquid-cell STM
was analysed by gas chromatography after allowing the reaction
to proceed for some time. Although the amount of formed
products after almost four days is still very low, the measurement
clearly showed a significant increase in concentration of mainly
the cis-isomer of stilbene oxide (Fig. 4e; see also Supplementary
Information, Fig. S5). In the absence of a gold surface, the
reaction appeared not to occur.

In conclusion, we have described the first example of real-time
single-molecule studies of oxidation catalysis under ambient
conditions at a liquid–solid interface. It is evident that the STM
approach to studying chemical reactions in a dynamic
environment can provide valuable information about reaction
mechanisms and rates, as well as catalyst activity and stability.
In the present case, this approach has demonstrated a unique
aspect about the reaction mechanism, that is, the distribution of
both oxygen atoms of O2 over two adjacent catalysts at the
surface, which cannot be measured by conventional ensemble
techniques. In addition, by monitoring the single surface-bound
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Figure 4 Following the separate steps of a chemical reaction with STM. a–c, Liquid-cell STM constant current images (I ¼ 10 pA, V ¼ 200 mV) of a monolayer

of Mn1 self-assembled at an interface of Au(111) and n-tetradecane. a, System under argon. b, Four hours after flushing the bell jar with O2, causing �10% of the

molecules of Mn1 to be oxidized. c, Three hours after the addition of cis-stilbene, which has then reached the liquid–solid interface (see Supplementary

Information). It is evident that the number of oxidized Mn1 molecules has decreased significantly. d, Plot of the number of oxidized molecules of Mn1 in a fixed

75 nm � 75 nm area of the surface ( �2,000 porphyrins) versus time, on addition of O2 to the bell jar (at t ¼ 70 min) and subsequently the addition of cis-stilbene

to the top of the liquid in the liquid cell (at t ¼ 3 h). e, Gas chromatography traces of the tetradecane subphase from the STM cell recorded 19 h (red trace) and 92 h

(blue trace) after the addition of cis-stilbene; the peaks corresponding to cis-stilbene oxide (at time ¼ 7.3 min) and trans-stilbene oxide (at time ¼ 11.5 min) are

indicated (see also Supplementary Information, Fig. S5).
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catalysts in real time, it became clear that they remain active and
stable for several days.

Received 20 November 2006; accepted 19 March 2007; published 22 April 2007.
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