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The creation of single-site metal centers (SSMCs) through the formation of metal-organic coordination networks
is an area of interest due to the proven ability of SSMCs to improve selectivity for heterogeneous catalysts. In
order to better understand the reactivity potential for the SSMCs it is necessary to study the ligand-metal
interaction in the metal-organic coordination networks. In the work reported here, we demonstrate the ability
to tune the oxidation state of vanadium from II to IV through the tailoring of redox-active ligands. Using the N-
heterocyclic ligands of bipyrimidine (BP), bispyrimidinyltetrazine (BMTZ), and biimidazole (BIM) complexed
with metallic V, we have shown that the oxidation state of the V metal centers can be tuned to V(II) for BP, V(III)
for BMTZ, and V(IV) for BIM. These redox-active ligands provide similar coordination environments when

complexed into one dimensional chains but result in different oxidation states for the single-site metal center.

1. Introduction

Catalytic processes represent a vital and growing portion of the in-
dustrial processes responsible for the global economy and as such the
continued development of cheaper, more efficient and selective catalysts
are essential for the continued growth of these processes. One method
for increasing the catalytic efficiency is through the use of single atom
catalysts (SACs). SACs have been shown to have increased active-site
density and higher recyclability compared to traditional metal nano-
particles [1-5] and have demonstrated enhanced selectivity and reac-
tivity in a variety of reactions compared to traditional bulk catalysts
with the use of metals such as Pt and Pd [6-8].

Our group has developed methods of forming single-site metal cen-
ters through the use of a redox-active organic ligand to form metal-
organic coordination networks (MOCNs) [9-13]. MOCNs allow for
higher loading of the SAC, readily accessible tuning of the metal
oxidation state, and provide uniformity in the SACs of the systems
studied. Analogous to molecular homogeneous catalysts, MOCNs allow
for careful tuning of the electronic and steric properties of the metal
active site through rational ligand choice. The ability to deposit a
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zero-valent atomic metal allows enhanced oxidation state control
through the degree of redox activity in the co-deposited organic ligand
as well as the presence of reducible protons, making the ligand an
essential part of the overall system.

Nitrogen heterocycles composed entirely of imine functionality
broaden this potential for redox chemistry considerably because every
sp nitrogen lowers the energy of the ring n* orbital and thus increases
its ease of reduction. N-heterocyclic ligands with nitrogen lone pairs
diametrically opposed, have the potential for chain formation through
surface assembled complexes with equimolar stoichiometry. By con-
trolling the electronic structure, particularly the oxidation state, of the
active metal site, specific chemical transformations can be targeted
[14-16].

In the work reported here, we demonstrate the ability to tune the
oxidation state of vanadium from II to IV through the tailoring of the
redox-active ligands. We examine three such redox-active ligands
(Scheme 1), which provide similar coordination environments when
assembled into one dimensional chains but result in different oxidation
states of the single-site metal center upon complexation. All three li-
gands are two-fold symmetric, comprised of four nitrogen-donors
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providing diametric binding sites for incoming metals to give repeating
units of four-coordinate square-planar metal sites, a geometry explored
in our previous work [9-12]. While providing assemblies of similar
structure, the three ligands differ drastically in terms of their potential
for oxidizing an incoming zero-valent metal. In each experiment,
zero-valent metal is deposited to the surface by vapor deposition from a
pure metal rod.

The least oxidizing ligand, bipyrimidine (BP), is comprised of two
pyrimidine moieties bonded in the 2-position to give a 1,4-azabutadiene
and two equivalent binding pockets. The 1,4-azabutadiene unit is an
extensively studied ligand functionality which is well-known for its
redox-activity [17]. The presence of this functionality is due to the
extended n-system of the aromatic scaffold. We propose that this should
lead to the storage of two electrons within the ligand backbone resulting
in an assembly composed of divalent metal sites. Biimidazole (BIM),
contains the same redox-active 1,4-azabutadiene functionality expected
to allow for two-electron transfer from metal to ligand, but also in-
corporates two acidic protons. When reacted with zero-valent atomic
metal, these acidic protons can lead to irreversible dihydrogen loss
(proton reduction) and subsequent metalation [18]. The incorporation
of this bi-functionality is expected to allow for access to the tetravalent
oxidation state without losing availability of the apical binding site
(retention of coordination environment) or necessitating an additional
oxidant. We also report new results for bispyrimidinyltetrazine (BMTZ),
a ligand which has been studied previously in our group and was shown
to oxidize an incoming metal by greater than two electrons, resulting in
assemblies of trivalent metal centers when reacted with vanadium [10].
As with the closely related dipyridyltetrazine (DPTZ), the defining
feature of BMTZ is the ability for initial two-electron transfer to the low
energy n* orbital of the tetrazine linker, but by replacing the pyridyl
arms with pyrimidine units the overall scaffold is able to accept another
electron from the reducing metal partner.

While rational ligand choice is often the most important consider-
ation, and the primary focus of the work reported here, careful selection
of the metal is important for determining the electronic structure of the
resulting assemblies and any subsequent reactivity observed. In this
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work, we focus on the first-row transition metal vanadium. Vanadium
serves as an ideal metal for exploring the tunability of these MOCNs due
to its ability to exist in multiple oxidation states (II-V) as well as the
drastically different reactivity observed between the oxidation states. As
an early transition metal, vanadium in its low oxidation states has a
propensity to facilitate reductive processes [19] due to its inherent
electron richness, whereas vanadium in its high oxidation states has
been found to catalyze a number of oxidative transformations [20-26].
These features make vanadium an enticing target for the development of
MOCN systems with selectivity controlled through ligand design, high-
lighting the tunability of these systems

2. Experimental methods

All experiments were conducted in an ultra-high vacuum (UHV)
system (< 5 x 10710 Torr) comprised of three interconnected chambers
which allowed physical and chemical measurements to be made free of
external contamination during the stages of sample preparation. Local
topographical information was obtained from a SPM UHV 750, RHK
Technologies scanning probe microscope (SPM) while chemical identi-
fication was obtained using a SPECS GmBH dual anode XPS system
(electron energy analyzer PHOIBOS 150, XR-50 Mg/Al dual anode X-ray
source).

The Au(111) single crystal surface (Princeton Scientific) was pre-
pared by repeated cycles of argon ion sputtering at a sample temperature
of 200 C and thermal annealing at temperatures 500 C. All molecules
were deposited from a quartz crucible from a Knudsen-type evaporator
in UHV at temperatures between 120-130C and surface cleanliness was
verified with XPS. The ligands BIM (96%, Matrix Scientific) and BP
(97%, Ambeed) were commercially purchased while the synthesis of
BMTZ has previously been reported [10]. Vanadium (99.7% pure rod,
Goodfellow) was vapor deposited onto the surface using an electron
beam evaporator (QUAD-EV-S Mini e-beam Evaporator, Mantis Depo-
sition Ltd.).

All STM images were acquired at room temperature using tunneling
currents between 0.1 and 0.5 nA and bias voltages of 0.9 to 1.5 V unless
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Scheme 1. Proposed metal-organic coordination networks comprised of vanadium complexed with three different nitrogen heterocycle based ligands: Bipyrimidine
(BP) Bispyrinidinyltetrazine (BMTZ), and Biimidazole (BIM). These complexes have the potential to tune the oxidation state of vanadium from V(II) to V(IV).
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otherwise stated using electrochemically etched tungsten tips [27, 28].
STM images were analyzed using global plane subtractions and/or
line-by-line linear flattening with no filtering using WSxM [29], and
calibrated using the well-studied structure of terephthalic acid on a Cu
(100) surface [30, 31]. All XPS data were calibrated in energy to the Au
4f7 /5 peak (84.0 eV) and normalized to the height of that peak to account
for variation in the photon intensity and analyzer sensitivity.

3. Computational methods

Spin-polarized density functional theory (DFT) simulations were
performed for gas phase V-BP chains and for V-BP on an Au(111) sur-
face using the Vienna Ab-initio Simulation Package (VASP) [32]
employing the projector-augmented wave (PAW) [33] and plane wave
basis set methods. The generalized gradient approximation (GGA) pro-
posed by Perdew, Burke, and Ernzerhof (PBE) [34] together with the
DFT-D3 correction [35] were used to describe the exchange-correlation
of electrons and to account for van der Waals interaction. The energy
cutoff for plane wave expansion was set to 500 eV.

The simulation of the supercell for gas phase calculations consists of
two BP molecules and two V atoms corresponding to M:BP ratio of 1:1. A
3 x 1 x 1mesh is used in performing integration over the Brillouin zone
for both gas phase as well as on support calculations, which is sufficient
for the convergence of formation energy. For the system consisting of the
BP ligands and V adatoms on the Au(111) surface, the supercell consists
of two V atoms, two BP ligands, and a five-layer Au(111) slab, all
together, thus having 198 atoms in the supercell. A vacuum layer of
about 15 A was used to minimize unwanted interactions between peri-
odical images. During ionic relaxation, the bottom three Au layers are
held fixed at their bulk position. All structures are relaxed until all force
components acting on each ion reach a threshold of 0.01 eV/A.

4. Results and discussion

In the results reported here, V metal was used to explore the redox
capabilities of the organic ligands primarily because of its ability to exist
in multiple adjacent oxidation states. Additionally, metal-ligand com-
plexes utilizing V metal centers have been widely studied for applica-
tions in heterogeneous catalysis [19, 24] while vanadium oxides are also
commonly used in homogenous catalysis [26, 36-40]. Fig. 1 shows XP
spectra of the V 2p region upon complexation with the different organic
ligands utilized in this study. As discussed below, these ligands allow the
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Fig.1. XP spectra of the V 2p region showing the shift of V metal upon
complexation with different redox-active ligands. The increasing redox ability
of the ligands is demonstrated by the sequential shift of the V peak to higher
binding energy.
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V to adopt oxidation states of V(II), V(III), or V(IV). These are each
compared to zero-valent V (top curve of Fig. 1), which is obtained when
no ligand is present on the surface. Note that V is vapor deposited to the
surface from a pure V rod, so in the absence of an oxidizing ligand, it
remains as V(0). Binding energies are referenced in each experiment to
the position of the Au 4f peak. We also note that the full-width at
half-maximum (FWHM) for the first four spectra in Fig. 1 are similar and
each consistent with the vanadium having a single predominant oxida-
tion state. The last spectrum, V-BIM, has a larger width indicating more
than one V species, which is discussed below.

The relative binding energy positions of the spectra in Fig. 1 clearly
indicates a difference in the local chemical state of the V species in these
samples. In this work, we will primarily interpret these as oxidation state
differences due to variation of the electron acceptor character of the
ligands studied. Final state effects, charge transfer between the support
surface and the metal center, and other effects could also impact the
measured binding energy, however, since the immediate environment
around the V center in each case (N atoms from ligands and underlying
Au surface) is quite similar, we think it is reasonable to consider the
observed differences in the context of oxidation changes in the redox
assembly of V with the ligands studied, as has been discussed previously
[9-13].

The aromatic core of BP allows for a potential of two electrons to be
stored in the ligand, making it the least oxidizing of the ligands studied
here. The diverging binding pockets shown in Scheme 1 allow for the
formation of a square-planar geometry for the V metal upon complex-
ation with BP. Upon exposure of V to BP, and subsequent annealing to
150 °C, the V 2p3,2 peak is observed to shift at a higher binding energy
(BE) of 513.8 eV when compared to that of metallic V which is observed
at 512.9 eV (Fig. 1). This shift to higher BE compared to metallic V is
consistent with oxidation of the metal center to a V(II) species, which
agrees with our previously reported results for V(II) species in V-DPTZ
(di-pyridyl-tetrazine) [10, 41]. DPTZ contains a central tetrazine ring,
which makes it significantly larger than BP, but the experiments here
demonstrate that the more compact BP is capable of comparable
oxidizing potential. Due to the smaller size of BP, it is noticeably more
mobile than DPTZ; when DPTZ is deposited on the surface without
metal, we are able to observe islands of pure DPTZ [10], but BP does not
form similar islands without a coordinating metal to stabilize it.

Nitrogen 1s data, shown in Fig. 2 provides additional evidence of the
reduction of BP before and after complexation with metallic V. Depo-
sition of free ligand BP on Au(111) shows a single species of nitrogen

Nitrogen 1s
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Fig. 2. N 1s XP spectra of BP and V-BP on Au(111) showing the peak shift to
higher BE, and an increase in the FWHM is observed following complexation
with vanadium. Coverage of BP on Au(111) is 1.5 ML and of V-BP on Au(111) is
0.5 ML, as determined by XPS.
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with a BE of 399.2 eV and a FWHM of 1.6 eV. This measured binding
energy value is higher than previous studies looking at a pyrimidine
based ligand [10], and is attributed to charge transfer from the ligand to
the underlying Au substrate [42].

Upon complexation with V and subsequent annealing at 150 °C the N
1s peak shifts to higher BE (399.9 eV) and the FWHM of the N 1s peak
increases to 2.6 eV (Fig. 2). The increase in the FWHM of the N 1s may be
due to delocalization of charge across the pyrimidine rings, as reported
previously for BMTZ [10], or to multiple chemical states of N in this
system. The observed shift to higher BE of the N 1s peak is indication of
charge transfer from V-BP to the underlying Au(111) surface. This
charge transfer from the ligand to the substrate upon complexation with
V is also evident in the DFT model shown in Fig. 3a.

As discussed previously, one advantage of MOCNs is the uniform
surface structure that is observed using scanning probe microscopy.
Examinations of the surface using STM were not able to provide any
insight into the V-BP structure, as shown in Fig. 3c. The classic Au(111)
herringbone reconstruction is visible in the image suggesting good tip
quality, but no structure is observed. XPS measurements of the surface
indicate a coverage of 0.5 ML, so the lack of an observed surface
structure suggests the V-BP complex is mobile at room temperature. We
therefore turned to DFT calculations to provide rationale into the
mobility of the complex and lack of surface structure. DFT investigations
of the orientation of the BP molecule shows significant twisting of 32°
for the gas-phase V-BP complex (Fig. 3d) and a slightly less, but still non-
negligible, twisting of 20° for the V-BP complex on Au(111) (Fig. 3a and
b). This twisting of the ligand when complexed with V will cause the
molecule to no longer be parallel with the underlying surface. It has been
shown previously that a parallel molecular adsorbate orientation can
optimize intermolecular and adsorbate-surface interactions and thus
increase long range order [43]. It is therefore likely that the non-parallel
orientation of BP in V-BP complexes limits long-range ordering of the
complexes and leads to small, mobile units on the surface, preventing
observation with STM. We note that this mobility was not observed in
the case of V complexation with the larger DPTZ ligand.

Implementing simple changes in the design of the redox-active
ligand can allow for higher oxidation of the single-site metal center. In
the case of BMTZ, the addition of a tetrazine core with adjacent py-
rimidine rings increases the electron storage of the ligand. BMTZ was
used as a control ligand in these studies, as the redox-capabilities of the
ligand have previously been published [10]. In those studies, upon
exposure of BMTZ to metallic V and annealing to 170 °C, the V 2p3/2
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peak position shifts to a higher BE (514.7 eV) consistent with a V(III)
species.

The odd number oxidation state of V is attributed to a two-electron
reduction of the tetrazine core and a delocalizing of an additional
electron in the pyrimidine rings. Studies presented here looking at V-
BMTZ on Au(111) demonstrate that the redox character observed is
based on the organic ligand and target metal. As with the V-BMTZ on Au
(100), the same shift in V 2p3,» BE (514.8 V) is observed upon vana-
dium’s complexation with BMTZ and subsequent annealing to 170 °C on
Au(111), shown in Fig. 1. Nitrogen 1s data is also consistent with pre-
viously reported studies where the 1:2:1 area ratio is observed [10],
shown in Fig. 4. STM results of the V-BMTZ chains on Au(111)
(Figure S3) do not show the characteristic chain growth at 45 + 5° as
observed on the Au(100) surface.

The coordination environment of the metal atom can further be
modified to increase the single-site oxidation through the addition of
two acidic protons, yielding BIM (Scheme 1), which has the highest

Nitrogen 1s

Photoemission Intensity
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Fig. 4. XP Spectra of N 1s of V-BMTZ on Au(111). The observed 1:2:1 fitting of
the N 1s curve matches previously reported studies.[10] The three features can
be attributed to the reduction of the tetrazine core and partial reduction of the
pyrimidine rings.

Fig. 3. V-BP on Au(111). (a) Side view showing
calculated charge transfer of V-BP chains into the Au
surface (charge accumulation and depletion are indi-
cated in red and green, respectively), as well as a
similar twist of the ligand when complexed with V. (b)
Top view of the DFT-calculated structure. (c) STM
image of V-BP on Au(111). The lack of surface structure
is indicative of no long-range ordering of the V-BP on
Au(111). (d) DFT structure of gaseous V-BP demon-
strating the 32° twist of the BP ligand when complexed
with V.
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oxidizing capabilities of the ligands reported here. The addition of two
acidic protons allows the ligand to undergo a non-reversible two elec-
tron reduction. An additional two electrons are able to be stored in the
aromatic core of the ligand. These additional ligand design modifica-
tions give BIM a superior oxidizing capability over BP, even though the
two ligands are similar in size.

Nitrogen 1s XP spectra of the free ligand on Au(111) shows that upon
deposition onto the surface two distinct regions are observed corre-
sponding to the pyrrolic and iminic nitrogen species at binding energies
of 400.1 and 398.5 eV, respectively [44], as shown in Fig. 5. At ratios of
1:1 V:BIM, a decrease of the higher binding energy pyrrolic peak is
observed suggesting that upon complexation with metallic V, some of
the acidic protons are lost and would likely combine with other free
protons and leave as gaseous Hy. The existence of a smaller pyrrolic peak
indicates that some of the BIM remains protonated upon complexation
with V. See Supporting Information, Figure S1, for additional fitting
models with different ratios of pryollic to iminic nitrogen species for the
1:1 V-BIM complex. When increasing the ratio of V:BIM to 2:1 the N 1s
FWHM decreases to 1.6 eV and becomes consistent with one type of
nitrogen species. This single component N 1s XP spectra is fit with a
binding energy of 398.8 eV, which is attributed to the iminic nitrogen.
The complete loss of the pyrrolic component is evidence that BIM has
been completely deprotonated (bottom right of Scheme 1). The removal
of the two acidic protons upon complexation with a metal has been
demonstrated with a variety of on-surface tetraphenylporphyrin com-
plexes on a variety of surfaces [45-48]. The iminic nitrogen peak also
shifts to a higher BE (399.0 eV) after loss of the acidic protons; similar
observations have been observed with porphyrin species [44, 49-51].

STM imaging reveals a significant difference in V-BIM structure on
Au(111) for the low (Fig. 6a and b) and high (Fig. 6c and d) metal:ligand
ratios, which provides additional evidence for a change in the
complexation of V-BIM at the different metal to ligand ratios, consistent
with the deprotonation of BIM. The free ligand BIM is shown to form
dense islands with molecules ordered in chains, as shown in Fig. S4. The
observed chain structure for the 1:1 V:BIM system is shown for two
surface coverages of 0.4 ML (Fig. 6a) and 0.9 ML (Fig. 6b). One signif-
icant difference between the free ligand and the 1:1 complexed ligand is
the molecule-molecule spacing after complexation increases to 0.95 +
0.05 nm. Interestingly, at the lower coverage (0.4 ML), the chains form

Nitrogen 1s

BIM on Au(111)

1:1V-BIM on Au(111) o2,
2:1V-BIM on Au(112/'-\—
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404 402 400 398 396

Photoemission Intensity
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Fig. 5. XP spectra of N 1s of BIM on Au(111) before and after complexation
with V metal. N 1s spectra of BIM (top) shows two different nitrogen species,
attributed to pyrrolic (400.1 eV) and iminic (398.5 eV) nitrogen. At ratios of 1:1
V:BIM (middle) the pyrrolic feature diminishes due to the partial deprotonation
of the acidic protons. At ratios of 2:1 V:BIM (bottom) the N 1s peak is consistent
with a single species of nitrogen present, indicating complete deprotonation of
the BIM molecule.
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in pairs which can be attributed to an intermolecular interaction be-
tween the chains, and the measured distance between chains is 1.26 +
0.03 nm (Fig. 6a). The lower coverage 1:1 V-BIM (Fig. 6e) pairs also are
heavily influenced by the electronic reconstruction of the Au(111)
substrate, with the distance between pairs measuring 6.3 + 0.2 nm
which is in good agreement with the reported spacing of the periodic
parallel lines of the Au(111) reconstruction of 6.3 nm [52].

At the higher molecular coverage (0.9 ML), the spacing between the
pairs disappears. Previous studies have shown that at higher molecule
coverages the Au(111) reconstruction can be lifted [53, 54], which
could potentially explain the disappearance of this spacing between the
pairs. The chain to chain spacing also increases at the higher coverage to
1.49 + 0.25 nm. Despite the lifting of the reconstruction row, the chains
still remain straight and highly influenced by the underlying substrate
and the chain growth direction remains consistent at 120°. At a V:BIM
ratio of 2:1 (Fig. 6f), the observed surface structure is less influenced by
the underlying Au substrate showing a loss of the three-fold symmetry
for chain growth, shown in Fig. 6¢ and d.

XP spectra of the V 2p region indicate a notable oxidation state
change of the V metal center upon complexation with BIM (Fig. 1), as for
the other ligands, however, this spectrum has a significantly wider
FWHM for V than with the other ligands studied. At a 1:1 V-BIM ratio
the main feature of the V 2p3,, peak is at 516.5 eV (Figure S2), which we
assign as V(IV) (see discussion in Supporting information). There is also
a component that is at a lower binding energy and corresponds to a
lower oxidation state of V on the surface. When the V content on the
surface is increased to a 2:1 ratio with BIM, there is a significant growth
of the lower oxidation state peak (Figure S2), which is at a position
consistent with V(0), i.e., there may be excess non-complexed V on the
surface, which would account for the nanoparticles observed in the STM
images (Fig. 6).

5. Conclusion

In the work reported here we have demonstrated the ability to tune
the oxidation state of single-site metal centers through rationale ligand
design. Using the N-heterocyclic ligands of BP, BMTZ, and BIM com-
plexed with metallic V, we have shown through monitoring of the
binding energy of the metal center with XPS that the oxidation state of
the V metal centers can be tuned from V(II) for BP, V(III) for BMTZ, and
V(IV) for BIM. These redox-active ligands provide a similar coordination
environments when complexed into one dimensional chains but result in
different oxidation states for the single-site metal center. The three li-
gands are symmetrically similar and provide similar binding site ge-
ometries. We demonstrate that while providing assemblies of similar
complexation structure, the three ligands differ drastically in terms of
their potential for oxidizing an incoming zero-valent metal. We also
highlight the importance of considering the resulting planarity of the
metal ligand complexation for the development of long-range 2-D
structures, as evidenced by our studies with BP. We see evidence of
charge transfer in both the V 2p and N 1s peaks, but a lack of surface
structure in STM due to a proposed twisting of the ligand. This lack of
long-range order makes it more difficult to determine the uniformity of
each individual metal center.

These studies of different redox-active ligands demonstrate how
subtle changes in ligand design can have a large impact on controlling
the oxidation state of the single-site metal center. Future ligand designs
could incorporate acidic protons as a non-reversible reduction process if
higher oxidation state metal-centers are desired. Studies of this type are
important for developing understanding for next generation, highly
efficient catalysts.
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Fig. 6. (a) STM image of a 0.4 ML coverage of 1:1 V-BIM
on Au(111) showing the formation of 1D chains in pairs
illustrated in (e). The spacing of the pair matches the
spacing of the Au(111) reconstruction, suggesting a strong
surface interaction. (b) STM image of a 0.9 ML coverage of
1:1 V-BIM on Au(111) showing a similar chain structure as
(a, e), but the spacing between pairs is diminished likely
due to the lifting of the Au(111) reconstruction. (¢) STM
image of a 0.4 ML coverage of 2:1 V-BIM on Au(111)
showing the formation of non-directional chains illustrated
in (f) and (d) STM image of 0.8 ML coverage of 2:1 V-BIM
on Au(111) showing a similar chain structure as the lower
coverage species found in (c, f). The illustrations in (e, f)
are based on the intermolecular spacing of the majority
metal-ligand chain species on the surface. XPS indicates a
second V minority species at lower oxidation state, which is
likely related to the nanoparticles visible in the images.
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