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ABSTRACT: The formation and stabilization of well-
defined transition-metal single sites at surfaces may open
new routes to achieve higher selectivity in heterogeneous
catalysts. Organic ligand coordination to produce a well-
defined oxidation state in weakly reducing metal sites at
surfaces, desirable for selective catalysis, has not been
achieved. Here, we address this using metallic platinum
interacting with a dipyridyl tetrazine ligand on a single
crystal gold surface. X-ray photoelectron spectroscopy
measurements demonstrate the metal−ligand redox
activity and are paired with molecular-resolution scanning
probe microscopy to elucidate the structure of the metal−
organic network. Comparison to the redox-inactive
diphenyl tetrazine ligand as a control experiment illustrates
that the redox activity and molecular-level ordering at the
surface rely on two key elements of the metal complexes:
(i) bidentate binding sites providing a suitable square-
planar coordination geometry when paired around each Pt,
and (ii) redox-active functional groups to enable charge
transfer to a well-defined Pt(II) oxidation state. Ligand-
mediated control over the oxidation state and structure of
single-site metal centers that are in contact with a metal
surface may enable advances in higher selectivity for next
generation heterogeneous catalysts.

Stabilization and chemical control of transition-metal centers
is a critical problem in the advancement of heterogeneous

catalysts to next-generation catalysts that exhibit high levels of
selectivity, while maintaining strong activity and facile catalyst
recycling. Supported metal nanoparticle catalysts typically suffer
from having a wide range of metal sites with different
coordination numbers and varying chemistry. The use of
metal−organic complexes in surface catalysts is therefore of
interest to create well-defined and highly regular single-site
centers.1 Here, we report the formation of single-site Pt(II)
centers within tetrazine-coordinated chains on a reconstructed
Au(100) surface. We demonstrate that these redox-assembled
chains are stable to 150 °C, bringing them into a temperature
range of high interest for moderate temperature reactions,
made feasible by lowering reaction temperatures by better
catalyst control. They also serve as easily tuned model systems
for exploring the chemistry of single-site transition metals that
hold potential for future applications in tandem catalysts and
development into a zeolite or other highly stable support
structure.

On-surface coordination with small organic ligands is an
active field of study that has been primarily devoted to the
structural tuning of 2D metal−organic frameworks2−7 or 1D
chains8−11 at surfaces by synthetic design of the ligands, but
only rarely has insight into the metal oxidation state been
obtained.12−15 Access to new classes of ligands, many of which
are weakly oxidizing,16,17 is needed to develop opportunities for
the catalytic functionalization of surfaces. Most studies of metal
center assembly at surfaces have relied on readily reduced
ligands, e.g., terephthalic acid,14,18 tetracyanoquinodime-
thane,15,19 and porphyrins.20−22 Weakly oxidizing ligands,
frequently utilized in solution-based metal complexes,16,17

have been little studied at surfaces.13,23 Weakly reducing
metals, such as platinum,24 have important applications in
catalysis for carbophilic activation,25−27 oxygen reduction,28 and
other reactions in solution-phase systems but have not been
studied in the on-surface assembly of metal coordination
networks.
We have developed a protocol to create single-site Pt(II)

species (Figure 1) by on-surface, redox-active assembly under
ultrahigh-vacuum conditions using dipyridyltetrazine (1,
Scheme 1) and metallic Pt on the Au(100) surface. Tetrazines
are the most electron-deficient aromatic ligands with room
temperature stability29 and have numerous applications in
solution chemistry due to their coordination capabilities16 and
potential as bridging ligands for electronic coupling.30 The
redox chemistry in this system is not unlike that observed in
metal−porphyrin complexation at surfaces.20−22 Here, we
utilize scanning tunneling microscopy (STM), noncontact
atomic force microscopy (NC-AFM), and X-ray photoelectron
spectroscopy (XPS) to provide insight into the on-surface
redox chemistry leading to a highly organized adsorbate
structure with well-defined single-site Pt(II) centers. We
illustrate that the redox activity and molecular-level ordering
at the surface rely on two key elements of the metal complexes:
(i) binding pockets providing a nearly square-planar coordina-
tion geometry and (ii) redox-active subunits to enable charge
transfer within the adsorbate layer.31

Ligand 1 and Pt were sequentially vapor deposited (in either
order) on the Au(100) surface to form highly regular one-
dimensional (1D) coordination chains of (12−-Pt2+)n. In order
to develop a clear understanding of the molecular structure, we
have imaged the chains by both STM and NC-AFM, which
each provide single molecule resolution of the resulting surface
structures. We note that the Au(100) surface undergoes a

Received: May 14, 2014
Published: June 24, 2014

Communication

pubs.acs.org/JACS

© 2014 American Chemical Society 9862 dx.doi.org/10.1021/ja504850f | J. Am. Chem. Soc. 2014, 136, 9862−9865

pubs.acs.org/JACS


spontaneous reconstruction at the conditions used in this study,
which leads to the appearance of straight rows in some of the
scanning probe images. The reconstruction has been
characterized generally as a quasi-hexagonal c(26 × 68),32,33

although other structures may exist.34

The Pt sites are not clearly resolved in the STM images. NC-
AFM images were also acquired in an attempt to resolve the Pt
sites. The absence of single metal atom appearance in scanning
probe images has been observed in other systems35 and is
generally understood to be related to a mismatch in the local
density of electronic states and the small size of the metal
dication. In spite of this, we have several pieces of experimental
evidence that point to the complexation of Pt(II) centers with
the tetrazine ligands through an on-surface redox process.
First, the observed surface morphology of 1D chains (Figure

1) is markedly different from the single component growth of
either Pt or 1. STM images of the Au(100) surface after vapor
deposition of Pt (Figure 2c) show rectangular, nanometer-scale
islands on the surface, which are elongated in the direction of
the Au reconstruction rows, visible in the STM images. The
measured height of the islands relative to the Au surface is only
2.3 ± 0.3 Å (Figure S5), indicating single atomic layer island
height,36 i.e., initial stages of layer-by-layer growth.37 The

dissolution of these 2D Pt islands is observed after 1 addition
and annealing (Figures 2d and S7). With an excess of Pt (Pt:1
ratio >1), both 1D 1-Pt chains and 2D Pt islands are observed
on the surface. The structure of pure 1 also differs significantly
from that of 1-Pt. Pure 1 forms ordered 2D molecular islands
and a minority species of 1D chains (Figure S6); however,
those chains are clearly distinct from the chains observed for 1-
Pt in that they are oriented parallel to the reconstruction rows,
while the chains for 1-Pt are oriented at 45° to the
reconstruction rows (Figure S11). We note that the formation
of the 1-Pt chains does not seem to perturb the Au
reconstruction, in contrast to an example of metal−porphyrin
coupling to a surface reconstruction.22

Second, molecular resolution images of the 1D chains of 1-Pt
on the surface (Figure 1b) reveal a molecule−molecule distance
of 6.5 ± 0.6 Å with the molecule axis at an angle of 55 ± 5° to
the chain direction. The chains are running at 45 ± 5° to the
reconstruction direction. Given this angle and molecule
spacing, a model can be constructed (Figure 1c), which is not
consistent with the chains being a packing of only 1. Rather, a
1-Pt chain provides an excellent match to the STM results,
where tetrazine/pyridyl binding pockets form to provide a
nearly square-planar coordination geometry around the Pt
centers, the favored geometry for Pt(II). The Pt−N bond
lengths in this structure are about 2.0−2.5 Å, consistent with
expected bond lengths from inorganic complexes.39,40

Third, XPS measurements of the Pt 4f core level show a
distinct chemical shift compared to metallic Pt islands on the
same Au(100) surface (Figure 2a,b). This binding energy shift
clearly indicates oxidation of the metal, which is anticipated
upon complexation with the electron accepting tetrazine
ligands.
Fourth, the stability of 1 against thermal desorption is

markedly increased in the presence of Pt. XPS measurements

Figure 1. STM and AFM images of the 1-Pt chains on the
reconstructed Au(100) surface, annealed at 170 °C for 14 h, yielding
a 1:Pt ratio of 1 in the annealed surface structure. (a) STM wide scan
image, with the [011] direction of the Au surface shown by the blue
arrow. (b) NC-AFM molecular-resolution image of part of one chain.
(c) Schematic model of the chains on the hexagonally reconstructed
Au(100).

Scheme 1. Dipyridyl Tetrazine (1) and Diphenyl Tetrazine
(2) Ligands Used in This Study and the (12−-Pt2+)n Polymer

Figure 2. Platinum 4f XPS photoelectron peaks (a, b) and STM/AFM
images (c, d) for Pt and 1-Pt on the reconstructed Au(100) surface
(spectral background subtraction applied). (a) Submonolayer quantity
of Pt, annealed at 170 °C for 20 min. The gold surface does not
oxidize Pt.37 (b) Submonolayer quantity of Pt deposited onto a
submonolayer quantity of 1, followed by annealing at 150 °C for 20
min. Oxidation of Pt by ligand 1 is evidenced by the 2.2 eV chemical
shift to higher binding energy38 and referenced to Pt(II)-
octaethylporphyrin on the same reconstructed gold surface (Pt 4f7/2
72.7 eV, see SI). (c) Wide-scan STM image of the Pt islands after
annealing at 170 °C for 15 min. (d) Wide-scan AFM image of the
sample in (c), after addition of 1 and annealing again at 170 °C for 20
min.
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were made to quantify the coverage of 1 on the Au(100)
surface before and after annealing treatment at 170 °C. When
the 1 molecule is on the surface by itself, complete desorption
is observed after this annealing treatment (Figure 3a,b).

However, in the presence of Pt, no significant desorption
occurs (Figure 3c,d), indicating a strong interaction between Pt
and 1. The annealed 1-Pt structure contains a 1:1 ratio of 1:Pt,
as confirmed by XPS. High-temperature STM experiments
were conducted at 150 °C, and it was found that the chains
could be clearly imaged at this elevated temperature,
demonstrating excellent thermal stability (Figure 4). This
stability is an indication of the strong redox coupling in the
system and may be of interest in future applications of this and
related transition-metal single site systems.
Fifth, XPS analysis of 1 in the 1-Pt complexes shows a

significant spectroscopic change (Figures 3a-3d), indicating an
alteration in the chemical state of the ligand corresponding to
the redox assembly. A monolayer of 1 on the Au(100) surface
(Figure 3a) shows two N 1s features at energies of 399.8 and
398.3 eV, which correspond to the tetrazine and pyridyl N,
respectively, and appear in the XP spectra in the 2:1 area ratio
anticipated from the molecule structure. The N 1s features are
the same as for 1 in its neutral, bulk form (Figure S1). Upon
redox assembly with Pt, XPS measurement of N 1s features
shows a significant change (Figure 3a−d), which can be
interpreted by considering the two electrons acquired by the
tetrazine, as expected from other examples of metal oxidation
by tetrazine.16 The degeneracy of the N 1s binding energy for
the four tetrazine N atoms is lost; two of these N atoms are in
close contact with the Pt, i.e., directly involved in the bidentate
binding. It is expected that in such a binding geometry, the
charge accepted by the tetrazine ligand would be concentrated

around the two N atoms closest to the Pt(II) site, which would
thus exhibit a strong affinity for the Pt dication. Thus, we fit the
resulting N 1s spectrum (Figure 3c,d) with three components
locked in a 1:1:1 ratio (see Supporting Information). XPS and
STM did not resolve distinct features for the chain-terminating
ligands, but one electron reduction is possible.16

The N 1s chemical shifts with Pt complexation, relative to
the uncomplexed ligand, could thus be interpreted as either the
tetrazine splitting into peaks at lower and higher BE and an
unshifted pyridyl feature or the tetrazine splitting into two
peaks that are each shifted to lower BE relative to the
uncomplexed peak and the pyridyl component shifting to
higher BE. The second interpretation agrees best with the
bidentate arrangement observed by STM and NC-AFM and
with prior XPS studies. N 1s chemical shifts to higher BE (>1
eV) are expected for the binding of neutral pyridines to
transition-metal dications,41,42 while the tetrazine is expected to
shift to lower N 1s BE upon reduction.43

The importance of the square-planar coordination geometry
in these single site Pt(II) complexes at a metal surface is
confirmed by experiments combining Pt with ligand 2, which
contains the electron-accepting tetrazine group but lacks the
pyridyl nitrogen atoms that are required for bidentate binding.
In this case we do not observe any ordered assembly in the
STM images (Figure S15), the Pt remains in a metallic (charge
neutral) state (Figure S3), and the ligand desorbs with
annealing (Figure 3h). The lack of a stable binding site and a
clear square-planar coordination geometry seems to negate the
potential for oxidation by the tetrazine in this case.
Based on the evidence in these experiments, we conclude

that 1 is able to bind and stabilize the Pt as a +2 cationic species
in 1D coordination chains of (12−-Pt2+)n. This behavior for a
weakly oxidizing ligand and weakly reducing metal requires a
well-designed combination of binding geometry and electron
accepting character in the ligand. Ligand 1 provides a bidentate
attachment to the Pt center; with two ligands attached to each
Pt, a nearly square-planar coordination geometry is achieved,
the geometry favored by Pt(II).44 The tetrazine groups, which

Figure 3. Nitrogen 1s XPS photoelectron peaks for 1 and 2 on the
reconstructed Au(100) surface, in their pure form and after addition of
Pt, before and after annealing. For each ligand species XP spectra are
shown for the pure ligand before annealing (a, e) and after annealing
at 170 °C for 10 min (b, f). Both 1 and 2 desorb after the annealing
treatment in the absence of Pt. Spectra are also shown for the ligands
after Pt addition, before annealing (c, g) and after annealing at 170 °C
for 10 min (d, h). The (12−-Pt2+)n polymer is stable against desorption
with annealing, while 2 desorbs even with Pt.

Figure 4. High-temperature STM image, acquired at a sample
temperature of 150 °C, of the thermally stable 1D (12−-Pt2+)n chains
on the reconstructed Au(100) surface. The structure does not change
over long time periods (see Figure S13).
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are known to be better electron acceptors than pyridines,17,29

aid the redox assembly.
These experiments indicate the need for a clear coordination

geometry compatible with the desired metal oxidation state as
well as an electron-accepting character of the ligands in order to
achieve well-defined single-site transition-metal centers in
nonzero oxidation states. These results are the starting point
of many interesting questions related to the exploration of
other metal ligand systems that may provide the ability to tune
oxidation state and surface catalysis in a way that is familiar to
inorganic chemists but has long been desired in surface
heterogeneous catalysis.
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1984, 87, 159.
(40) Kircher, P.; Huttner, G.; Heinze, K.; Schiemenz, B.; Zsolnai, L.;
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