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ABSTRACT: Rational, systematic tuning of single-site metal
centers on surfaces offers a new approach to increase
selectivity in heterogeneous catalysis reactions. Although
such metal centers of uniform oxidation states have been
achieved, the ability to control their oxidation states through
the use of carefully designed ligands had not been shown. To
this end, tetrazine ligands functionalized by two pyridinyl or
pyrimidinyl substituents were deposited, along with vanadium

metal, on the Au(100) surface. The greater oxidizing power of the bis-pyrimidinyltetrazine facilitates the on-surface redox
formation of V**, compared to V?>' when paired with the bis-pyridinyltetrazine, as determined by X-ray photoelectron
spectroscopy. This demonstrates the ability to control metal oxidation states in surface coordination architectures by altering the
redox properties of organic ligands. The metal—ligand complexes take the form of one-dimensional polymeric chains, resolved by
scanning tunneling microscopy. The chain structures in the first layer are very uniform and are based on the same quasi-square-
planar coordination geometry around single-site V with either ligand. Formation of a different, dimer structure is observed in the
early stages of the second layer formation. These systems offer new opportunities in controlling the oxidation state of single-site
transition metal atoms at a surface for new advances in heterogeneous catalysts.

B INTRODUCTION

High selectivity in next-generation catalysts requires structural
as well as chemical control of single-site metal centers at
surfaces in order to maintain uniform and specific chemistry at
all active sites. On-surface metal—ligand coordination is a
promising strategy to achieve structurally and chemically well-
defined metal centers," while also providing an opportunity for
bifunctional character through intimate contact with a surface.
A key challenge in the on-surface assembly of metal—ligand
coordination networks is to develop a ligand library to access
and program any one of a variety of metal oxidation states,
which is important for tuning chemical selectivity in
heterogeneous catalysis.>> Several prior examples of on-surface
metal—ligand coordination involved diatomic elimination (e.g,,
H,), as in porphyrin®® and terephthalic acid® metalation with
surface-supported elemental metal, such that the resultant
complexed metals adopted a +2 oxidation state. In our recent
studies of direct donation of electrons into a redox-active
tetrazine” or ketone-functionalized phenanthroline® a +2 metal
oxidation state was achieved without diatomic elimination for
platinum, chromium, and iron. This demonstrated on-surface
redox chemistry to produce structurally uniform single site
metal(2+) centers which are also uniform in oxidation state.
Here, we demonstrate the implementation of redox non-
innocent ligands to achieve the essential ability to change the
metal oxidation state by rational molecular design of redox-
active subunits and thus achieve higher oxidation states than
+2.
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We were interested in demonstrating a controlled variation
in the ligand field to access a +2 or a +3 oxidation state in
related metal species, while leaving the axial site of the metal
unoccupied and thereby available for subsequent binding. Here,
we present examples of the oxidation of metallic (ie., charge-
neutral) vanadium to the +2 or +3 oxidation state by
coordination to bis-pyridinyltetrazine or bis-pyrimidinyltetra-
zine, respectively, on the reconstructed Au(100) surface.

Tetrazines, which possess a low-lying 7* orbital due to their
heavy sp” nitrogen loading, are known to act as an oxidant to an
electron rich metal.” We previously illustrated the utility of bis-
pyridinyltetrazine (1, Scheme 1) to ligate and oxidize Pt metal
atoms to the +2 oxidation state on a gold surface.” Oxidation to
the common Pt +4 oxidation state was not observed. To
achieve higher oxidation states, we thus considered V, which
has applications in heterogeneous catalysis,”'* including for
selective alkane oxidation,"" and in homogeneous catalysis'>'?
and is a stronger reducing agent than Pt. Also, V is known to be
able to access a greater variety of oxidation states (—3 to +5)"
although none of these have been previously characterized in an
on-surface environment for metal—ligand systems; only various
VO, surfaces have been characterized in surface studies.'®
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Scheme 1. Bis-pyridinyltetrazine (1) and Bis-
pyrimidinyltetrazine (2) Ligands Used in This Study and the
(1*~-v**), and (2*~-V**), Polymers That Result from Their
Redox Assembly on the Au(100) Surface”

“One repeat unit is shown in red for each polymer. One of the three
electrons transferred in forming V** is shown in one pyrimidinyl ring,
but is in fact delocalized equally (second resonance form) into the
second pyrimidinyl in each monomer unit.

B EXPERIMENTAL SECTION

The experiments were conducted in a pristine ultrahigh vacuum
(UHV) system (<5 x 107" Torr). The system is equipped with both
scanning tunneling microscopy (STM) and non-contact atomic force
microscopy (NC-AFM) (SPM UHV 750, RHK Technologies) as well
as X-ray photoelectron spectroscopy (XPS) (electron energy analyzer
PHOIBOS 150 and Mg/Al dual anode X-ray source XR-50, SPECS
GmbH). The interconnected vacuum chambers allow for STM, NC-
AFM, and XPS on the same samples.

STM imaging and XPS acquisition were conducted at room
temperature. The well-characterized, (3X3) structure of terephthalic
acid on the copper (100) surface®'®'” was used to calibrate the SPM
instrument. Sharp tungsten STM tips were fabricated with electro-
chemical etching. Bias voltages of 1.0—1.2 V and set point currents
from 0.2 to 0.4 nA were generally used for the STM imaging. SPM
image analysis was conducted using the WSxM software."®

The reconstructed gold (100) single-crystal surface was cleaned
before each experiment by 3—4 cycles of argon ion sputtering, with the
sample held at 200 °C, and thermal annealing to 550 °C. Under these
conditions, the Au(100) surface spontaneously reconstructs to a quasi-
hexagonal ¢(26X68) reconstruction.'”*® Bis-pyridinyltetrazine (1,
96%) was purchased from Sigma-Aldrich. Bis-pyrimidyltetrazine (2)
was synthesized by a coupling reaction between 2-pyrimidinecarboni-
trile and hydrazine in acidic media followed by oxidation of the
dihydrotetrazine intermediate, in a procedure adapted from Kaim and
Fees.”" Ligands 1 and 2 were degassed for 18 and 2 h, respectively, in a
quartz crucible in UHV at temperatures of 90—100 and 105 °C,
respectively. They were vapor deposited from a Knudsen-type
evaporator in UHV at sublimation temperatures of 115 and 125 °C,
respectively. Vanadium (99.8% pure rod, Goodfellow) was vapor
deposited using an electron beam evaporator (QUAD-EV-S Mini e-
beam Evaporator, Mantis Deposition Ltd.).

B RESULTS AND DISCUSSION

The surface structures are studied here with STM and XPS in
UHV to gain insight into the on-surface redox chemistry
leading to formation of the adsorbate structure. The redox
assembly occurs regardless of the deposition order of the metal
and the ligand. Control experiments conducted with deposition
of only V or with deposition of only ligand were conducted and
are reported in the Supporting Information (SI). In either case,
no evidence for redox activity is observed unless both
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components are present. Further control studies that vary the
relative ratio of V to 1 or 2 show that the redox reaction is
nearly quantitative if the surface coverage is below ~0.5 ML to
allow sufficient room for mixing.

XPS measurements of the V 2p;,, photoelectron peak allow
direct characterization of the core level electron binding
energies, which will vary with the oxidation state of V and
can thus be used to probe the effect of the redox reaction with
ligands 1 or 2 on the V charge state. The V 2p,, peak is not
shown in Figure la—c for clarity of presentation, but it is shown
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Figure 1. (a—c) Vanadium 2p;/, XP spectra and (d—f) STM images
for (a,d) V, (be) 1-V, and (c,f) 2-V on the reconstructed Au(100)
surface after annealing at 170—200 °C. In each of 1-V and 2-V, the
V:ligand ratio is 1, and the ligand was deposited first and V metal
second with sub-monolayer quantities of each. (b) Oxidation of V by
ligand 1 is evidenced by the 1.1 eV shift to higher binding energy,
consistent with V(II)-phthalocyanine on Ag(lll)24 and V(II) oxide."®
(c) Oxidation of V by ligand 2 is evidenced by the 1.9 eV shift to
higher binding energy and referenced to V(III)-N complexes.zs’26 (d)
Wide-scan STM image of the V islands (bright nanoparticles) which
are elongated along the rows of the Au reconstruction. (ef) The
metal—ligand chains are predominantly oriented at a 45° angle from
the direction of the Au reconstruction. The entire V 2p spectra
(including the 2p,,, photoelectron peak) are shown in Figure S6.

in Figure S6 in the SI. Each of the V 2p fit components
discussed here is a pair of components for the 2p,,, and 2p;/,
with constrained relative peak separation, ABE, and area ratios,
as discussed in the SI. The V 2p;,, BE for a sub-monolayer
quantity of pure V (no ligand) on the reconstructed Au(100)
surface (Figure la; 512.7 eV) matches the value reported for
bulk V metal (charge-neutral) (512.7 eV**) showing that final
state effects in the V/Au surface environment are comparable
those at the V surface, as expected.”® Ligand 1 induces a 1.1 eV
chemical shift of V 2p to higher BE (Figure 1b, 513.8 eV),
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consistent with oxidation of V. This shift is comparable to that
expected from comparison to V(II)-phthalocyanine on
Ag(111)** or vanadium(II) oxide."” Ligand 2 induces a 1.9
eV chemical shift to higher BE (Figure 1c, 514.7 eV) indicating
still greater oxidation than by 1. Each of these data sets is fit
well by a single component, indicating a quantitative yield of
the on-surface oxidation of the V metal; i.e., XPS does not
resolve residual charge-neutral V (experimental details for
achieving complete oxidation are provided in the SI). The V
binding energy in 2-V matches the +3 oxidation state in V(III)-
N complexes, such as VN** and V-hydrazide®® (514.4—515.0
eV). Since pyrimidinyl is an electron-withdrawing group on the
tetrazine (lowers the 7* energy) 2 is more easily reduced than
1, and 2 will delocalize electrons from the tetrazine into both
pyrimidinyl rings creating amide nitrogen atoms there (see
Scheme 1). Consequently, the pyrimidinyl nitrogen atoms also
become stronger donors in coordinate covalent bonds to the
oxidized vanadium in the 1D polymer structure. The pyridinyl
substituents in 1 are less effective electron acceptors than the
pyrimidinyls in 2; thus, the V 2p binding energy of 1-V falls
between the charge-neutral V metal and 2-V and is assigned to
the +2 chemical state.'">*” The model presented in Scheme 1
assumes that all charge is maintained in the 2D plane, but there
is certainly some charge transfer to/from the surface and the
induced charge in the metallic surface may play a significant
role in stabilizing the polymer chains.”®

XPS analysis of the N 1s core levels of the ligands in the
metal—ligand complexes shows a significant spectroscopic
change (Figure 2), indicating an alteration in chemical state
upon redox assembly. Corresponding C 1s spectra are
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Figure 2. Nitrogen 1s XPS photoelectron peaks for 1 and 2 on the
reconstructed Au(100) surface, in their pure form and after addition of
V, before and after annealing at 170—200 °C for 10 min. (a,e) Each
ligand in its pure form (no V present) exhibits two N 1s features,
corresponding to the two species of N in each molecule at the
anticipated area ratios. (b,f) Each of these desorbs from the surface by
thermal annealing in the absence of V. (cg) After on-surface
complexation with V, an additional component is observed in each
spectrum consistent with distinct N states in the polymer complexes.
(d,h) The bonding within the complexes resists thermal desorption.
The broad features at high BE (colored gray in parts a—d) are shake-
up peaks.
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presented in the SI (Figure S7). Quantitative analysis of the
XPS intensities for V and N yield a 1:1 V:ligand stoichiometry,
as depicted in Scheme 1. A monolayer of 1 (no V present,
Figure 2a) shows two N Is features at energies of 399.8 and
398.3 eV, which correspond to the tetrazine and pyridinyl N,
respectively, and appear in the XP spectra in the 2:1 area ratio
anticipated from the molecular structure. Upon redox reaction
with V, we anticipate three distinct N chemical states in a 1:1:1
ratio (see Scheme 1, 1-V). Indeed, the resulting XP spectrum
(Figure 2c) appears as a broad feature (significantly larger
width indicates a convolution of multiple components), which
is fit very well with three components of the same peak width as
for neutral 1 (400.0, 399.1, and 398.3 €V), and is also
consistent with the previously studied divalent Pt surface
complex.” While metal-free ligand 1 thermally desorbs from the
surface at 170 °C (Figure 2b), the 1-V polymer is stable against
thermal desorption up to at least 200 °C (Figure 2d), indicating
a relatively strong metal—ligand coordination bond.

A monolayer of 2 (Figure 2e) shows two N 1s XP spectral
features, which correspond to tetrazine and pyrimidine N in a
1:1 area ratio (399.9 and 398.5 eV). Molecules of 2 (without V)
desorb from the surface with thermal annealing at 200 °C
(Figure 2f). Upon redox reaction with V, the 2-V spectrum
(Figure 2g) can be described by tetrazine reduction and partial
reduction of the pyrimidinyl rings. The charge accepted by the
tetrazine ligand is concentrated on the two N atoms that bind
V(III), with a resultant degeneracy of the N 1s binding energies
of the tetrazine N atoms that is analogous to the case of 1-V.
The charge accepted by the pyrimidinyl substituents is
delocalized over both rings, but the greatest resonance
contribution is expected from the structure that has charge
concentrated on the N atoms binding V(III), thereby splitting
the pyrimidinyl N 1s signal. While four unique N chemical
states are anticipated from the model in Scheme 1, the data are
well fit by three components with the same peak width as
neutral 2 in a 1:2:1 ratio (400.4, 399.2, and 398.2 eV); i.e., two
of the expected four chemical states have a similar BE. The N
1s XP spectrum of 2-V presents further evidence for the change
in the redox state of the ligand and is consistent with the
analysis of the 1-V spectrum. The resultant 2-V is stable against
thermal annealing (Figure 2h) at 200 °C (the desorption
temperature of metal-free 2 ligand). A complete list of XPS
peak positions from this study and comparison to relevant
reference literature are provided in the SIL

High-resolution STM images indicate the formation of 1D
metal—ligand polymer chains when V is mixed with either 1
(Figures le and 3a,c) or 2 (Figures 1f and 3b) on the Au(100)
surface. The structures of the metal—organic 1D polymers for
each of the two ligands in this study are nearly identical. Each
has a morphology that is markedly different from the
rectangular 2D islands of pure V (without ligand) on the
same surface (Figure 1d) or from either the 2D domains of
metal-free 1 molecules’ or the mobile and unresolved sub-
monolayer phase of metal-free 2 molecules (Figure $4). Zoom-
in STM images of the 1D polymers (Figure 3c) reveal an in-
plane rotation of the long molecular axis relative to the chain
direction, consistent with the formation of a quasi-square-planar
binding pocket around the V centers that consists of two N of
tetrazine units and two N of either pyridinyl or pyrimidinyl
groups. The repeat distance is 6.5 A + 0.4 A with the molecular
axis oriented at a 55 + 5° angle to the chain direction. Based on
the repeat distance within the chain, the molecule orientation,
and the known structure of the molecule, the V=N bond length
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Figure 3. STM images of (ac) 1-V and (b) 2-V chain structures on
the reconstructed Au(100) surface. In (a,b), V metal was deposited to
the sample first, followed by ligand, and then annealed at 200 °C. In
(), ligand 1 was deposited to the surface first, followed by V, and then
annealed at 170 °C. The V:ligand ratio determined from XPS
quantification is 1 in each case. The inset images in (a,b) have
dimensions of 10 nm X 10 nm. (d) Schematic model of 2-V chain
structure. The 1-V chain structure is identical.

in these structures is determined to be 2—2.5 A. The 1-V and 2-
V chains are oriented at a 45 + 5° angle to the Au
reconstruction rows (insets of Figure 3ab). The Au(100)
surface spontaneously reconstructs to a quasi-hexagonal
c(26X68) structure with a slight surface rumpling in rows
that run in the [011] direction;'”*° note that these
reconstruction rows slightly affect the contrast variation along
the chains in Figure 3¢ (compare to model in Figure 3d). The
appearance and spacing of features along the chains are uniform
in the STM measurements, which is consistent with all of the
molecules in a given chain assuming the same orientation. The
redox process is most efficient (less annealing required) if the
ligand is deposited first and the metal second, but the opposite
deposition order produces the same structure; i.e., addition of
either ligand to already-formed V islands yields the same 1D
metal—ligand polymer structure (Figure 3a,b; Figure SS shows
the V metal islands before ligand addition).

At higher coverage, second-layer growth initiates on top of
the ends and defect sites of first-layer chains (Figure 4) for the
1-V system. Second-layer growth already begins before the first
layer is complete (Figure 3a), likely due to kinetic limitations in
completing the first layer. Second-layer structures have an
apparent elevation of 3—4 A above the first-layer chains in the
STM topography; that apparent height difference is consistent
with a 7—7 stacking distance,” but is large compared to the
apparent height of the first layer above the surface (2—2.5 A)
and compared to other STM measurements of stacking of
aromatic species.””*° In the initial stages of second-layer growth
small discrete units that each appear as a pair of lobes are
observed by STM measurements (white circle in Figure 4),
each matching the size of a pair of molecules with a separation
of 6.5 A. (Note that these measurements were repeated in
multiple experiments and the paired lobes are observed in
various orientations to exclude the possibility of tip artifact.)
With a partly filled second layer (Figure 4), XPS indicates a 1:1
ratio of 1:V. In fitting the V peaks, width and position are
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Figure 4. STM image and interpretative model of the second-layer 1-V
structure after annealing at 170 °C for 10 min, with total surface
coverage exceeding one monolayer (XPS V:1 ratio = 1; all V in +2
oxidation state). In the inset model, the red N atoms are amides
(anionic) and the blue N atoms are imines (neutral) donors.

indistinguishable from experiments with only first layer 1-V
complexes, indicating that all V (first and second layer) is in the
+2 oxidation state. If we assume that the pairs contain V atoms,
then the sample in Figure 4 should have 20% of surface V in the
second-layer paired lobes, i.e., a quantity which should have an
observable effect on the XPS spectra if those atoms were charge
neutral. Second-layer growth can occur at any point along a
first-layer chain, but by far most frequently occurs at the chain
ends or defect sites.”" It is possible that preferred growth on top
of the terminal ligand or defect sites of first-layer chains may be
related to a different chemical state of the first-layer ligand or
metal at those positions, e.g,, a —1 charge state of the terminal
ligands compared to a —2 charge state of nonterminal ligands in
the 1-V polymer. The molecular structure drawing in Figure 4,
which is consistent with the tendency toward forming two-
molecule units, uses a feature of the pyridinyl substituent which
is absent in the pyrimidinyl substituent: rotation of the
pyridinyl inward provides an attractive site for a second
metal, and simultaneously changes the reactivity character of
the outside unit to one which does not propagate further
growth. This feature is absent with the pyrimidinyl substituent,
since its rings are two-fold symmetric. A similar structure is
known to form in solution systems.*”

B CONCLUSION

We have shown that the molecular design of aromatic units
pendant to tetrazine can alter the ligand redox character to an
extent that is sufficient to achieve different oxidation states in
coordinated V atoms. We have thus stabilized single-site V
atoms in either a +2 or +3 oxidation state in 1D metal—ligand
assemblies on a surface. The change in the ligand terminal
functional groups from pyridinyl to pyrimidinyl functionaliza-
tion increases the electron withdrawing action from the central
tetrazine. The structures of the 1D polymers for either ligand
have been shown to be virtually identical by high-resolution
STM. In each case the repeat unit consists of a single molecule
and single metal. Two tetrazine nitrogen atoms and two
pyridinyl (in 1-V) or pyrimidinyl (in 2-V) nitrogen atoms are
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bound to the cationic metals in a near-square-planar
coordination geometry. The unbound pyrimidinyl N in 2-V
can accept some of the negative charge attendant to reduction,
thus stabilizing the redox change. These experiments
demonstrate the possibility of programming the oxidation
state of single site transition metals at solid surfaces by
coordinating ligand design. This strategy is common in
homogeneous catalyst design and is very desirable for
developing next-generation heterogeneous catalysts with higher
levels of chemical selectivity, particularly for challenging
problems in alkane oxidation and functionalization.
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