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ABSTRACT: We describe the formation of lanthanide—organic coordination
networks and complexes under ultra-high-vacuum conditions on a clean Ag(100)
surface. The structures comprise single Ho atoms as coordination centers and 1,4-
benzenedicarboxylate (from terephtalic acid, TPA) as molecular linkers. Using low-
temperature scanning tunneling microscopy, we find two different chiral phases of
surface-supported metal—organic structures incorporating Ho atoms. Density
functional theory calculations can explain the structure of both binding motifs and
give possible reasons for their varying formation under the respective Ho/TPA ratios,
as well as deposition and annealing temperatures. Metal—ligand interactions drive the

formation of cloverleaf-shaped mononuclear Ho—TPA, complexes establishing

supramolecular arrays stabilized through hydrogen bonding. A 2D lanthanide—organic reticulation is observed when
changing the stoichiometry between the two building blocks. The combined insights from scanning tunneling microscopy
and density functional theory reveal the relative stability, charge transfer, and bonding environment of both motifs.

KEYWORDS: metal—organic coordination, self-assembly, lanthanides, holmium, carboxylates, terephthalic acid,

scanning tunneling microscopy, density functional theory

architectures has been a burgeoning field of research,
exploiting the high coordination numbers lanthanides offer
in comparison to other metals. Inspired by the potential
revealed in three-dimensional compounds and networks,' ™’
recent studies focus on the development and control of
interfacial nanosystems® "' and architectures.'”~'® Addition-
ally, their magnetic properties are of high interest to the
scientific community, and major steps were done in the
fabrication of lanthanide-based ma§netic devices including
single-molecule magnetic complexes.”’~** Recent experiments
reveal prospects toward single-atom memory for single Ho
atoms on a surface.”¥”® They offer the ultimate smallest
memory unit of magnetic storage devices, but are so far
unstable in their confinement on the surface and exhibit loss of
their magnetic hysteresis above 50 K.*°
In order to stabilize single Ho atoms against diffusion on the
surface, we utilize on-surface metal—organic self-assembly. As
previously shown, the formation of coordination superlattices
and networks permits creating and preserving stable magnetic
quantum states, whereby the embedding of metal atoms in
specific coordination configurations with organic ligands can

In recent years the use of lanthanides in molecular
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greatly influence the electronic structure of the metal centers
and hence their spin states.”””"*>*” Moreover, through
changing the environment by such measures, the lifetime of
the spin states can be greatly increased.”

In this work, we explore the potential of organic linker
molecules combined with Ho atoms at a well-defined metal
surface toward the formation of robust metal—organic
nanostructures. We employ a simple, prototypical linker
species, namely, 1,4-benzenedicarboxylic acid (terephtalic
acid - TPA). It is a versatile building block for the creation
of supramolecular architectures on noble metal surfaces and
*731 and has also been employed for
lanthanide-based metal—organic coordination.”> On reactive
surfaces, thermal excitation can transform the functional
groups into carboxylate species whereby the deprotonation
can drive phase transformations® and enable the formation of
metal—organic coordination motifs.”® Utilizing scanning
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tunneling microscopy (STM), we investigate the self-assembly
behavior on Ag(100), i.e, a weakly reactive surface with square
symmetry. Although there is a relatively high activation barrier
for deprotonation on this substrate, it was chosen because it
provides the possibility to afford magnesium oxide layers, thus
creating interfaces with exceptional properties regarding
lanthanide-based nanomagnetism.”***

Through first characterizing purely organic adlayers we show
that heating-induced deprotonation generates a carboxylate
precursor phase before significant loss of molecules through
desorption sets in. This enables the subsequent creation of Ho-
directed nanostructures. Via controlling the preparation
conditions (i.e., Ho-molecule ratio, deposition, and annealing
temperatures), we can steer the formation of two distinct Ho—
TPA phases consisting of metal—organic complexes and
coordination networks, respectively. By means of density
functional theory (DFT) calculations we develop structural
models for the supramolecular assemblies explaining the
experimental findings in great detail. Furthermore, through
the DFT analysis we gain insight into the Ho coordination
chemistry including the charge redistribution of the coordina-
tion nodes and the influence of the surface. We give an
explanation for the chirality of the structures and a detailed
analysis of strain effects, which are of general relevance in the
field of surface-confined metallosupramolecular engineering.
Our work highlights the potential of Ho for the construction of
surface-supported large-scale nanoarchitectures that bear
prospects for nanomagnetism. Simultaneously, we lay a
foundation to further exploit the exceptional magnetic
properties of Ho on surfaces that arise from the occurrence
as single confined entities.

RESULTS AND DISCUSSION

Before we investigated Ho-directed structure formation we
characterized samples with purely organic adlayers aiming at
the preparation of a reactive precursor layer featuring
functional groups in the carboxylate state, thus ready to
coordinate to lanthanide atoms. In a first attempt, TPA
molecules were deposited onto a freshly cleaned Ag(100)
surface held at room temperature via organic molecular beam
epitaxy (OMBE, Toygg = 160 °C).

The preparation resulted in long-range ordered domains
where all molecules exhibited the same apparent height (Figure
la, inset, note that all presented STM images were recorded at
4.5 K). The intermolecular distance along the molecular
chains, d, = 9.7 A, is consistent with previous reports on
hydrogen-bonded assemblies of intact TPA, as suggested by
the superimposed molecular models. Subsequent annealing of
the sample resulted in strong desorption losses, disqualifying
this approach as a starting point for Ho-carboxylate
architectures. The comparison to previous results on
Cu(100)***7%7 and Ag(111)** indicates that the adhesion
of TPA to the Ag(100) surface is quite limited and more
similar to the close-packed Ag(111) than to the Cu(100).

Then, we developed a so-called hot deposition approach,
where TPA is deposited onto a hot substrate; that is, the
sample is held at 450 K during the 10 min deposition time.
STM data obtained on that sample reveal that this preparation
protocol results in a purely organic phase with a coverage near
to one monolayer (ML). The molecules form a regular
adsorption pattern (Figure 1a), in which they appear as oval
protrusions exhibiting either one of two relative brightness
levels. A brighter species is surrounded by six darker ones,
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Figure 1. Precursor phase (a) STM image of an organic layer
consisting of TPA molecules with deprotonated end groups on the
Ag(100) surface obtained upon adsorption at 450 K. A regular
pattern of molecules appearing to be higher in topography is
visible, Inset: TPA deposited at RT on Ag(100). Tunneling current
Iy = 1.1 nA, bias voltage Vi = 3 mV. (b) Tentative model of the
organic precursor layer. The heterogeneous topography distribu-
tion of the molecules is due to higher lying TPA molecules on the
bridge sites of the silver substrate. The unit cell of the organic
network is marked as a black rectangle, identifying it as a p(10 X
4) structure with respect to the underlying lattice.

while each darker species is surrounded by three brighter and
three darker ones. Thus, the unit cell outlined in the figure now
contains six molecules. The prominent differences regarding
relative brightness, unit cell size, and orientation of the
molecules in comparison to the previous phase of intact TPA
(Figure 1la, inset) indicate that the adsorbates should now
exhibit a different substrate registry and chemical nature.

The small overlay in the top right corner of Figure 1a depicts
the orientation of the molecules, and a tentative adsorption
model is presented in Figure 1b. Following previous NEXAFS
studies of TPA on Cu(100),” we assume a flat adsorption
geometry of the phenyl ring on the surface. The model
describes the adlayer as a p(10 X 4) superstructure with a
density of 0.15 molecule per Ag atom and consists of doubly
deprotonated TPA, i.e., where both functional groups are in the
carboxylate state and the phenyl ring still contains its four H
atoms. It rationalizes the relative brightness pattern through
associating the dimmer and brighter species with molecules
adsorbed with their phenyl ring centered on hollow and bridge
sites of the Ag lattice, respectively. Additionally, the model
shows a slight rotation of the hollow site molecules around the
normal vector of the phenyl ring plane. This results in a
distorted T-shaped binding motif, where the carboxylates do
not face the hydrogen atoms of the phenyl rings in an exactly
perpendicular fashion, but rather at an angle of ¢ = 73°, as
depicted in Figure 1b. We suggest that the center positions of
the molecules are determined by molecule—substrate inter-
action, whereas weak, noncovalent lateral interactions between
the molecules, presumably dominated by proton acceptor ring
interaction,”” induce the rotation of the molecules. The
occurring intermolecular distances of nearby atoms are situated
between a minimum of a; = 2.1 A and a maximum of a, = 3.5
A (blue circle in Figure 1b), thus exhibiting typical values for
noncovalent interaction.

By a detailed analysis of the distances between molecules, we
obtain indirect evidence on their chemical state. The two
nearest neighbor distances of the precursor phase are labeled as
d, and d, in Figure 1b. Considering the substrate registry, the
distances between bridge and hollow site molecules (d,) are
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7.2 A and between two hollow site molecules (d,) 8.2 A,
respectively. The layer is denser than the previous assembly of
intact TPA (¢f. Figure la inset), where the corresponding
distances amount to 7.2 and 9.7 A (d,). Previous studies
revealed consistent values. Assemblies of doubly deprotonated
TPA on Cu(100) exhibited d, = d, = 7.65 A.*® Similar
distances (d, = d, = 7.4 A) were also found on Pd(111).*" By
contrast, packing schemes of intact TPA on Au(111)** showed
d, =85 A and d, = 9.9 A, consistent with our values for the
intact phase and with the case of intact TPA on Cu(100),
where d; = 8.1 A and d, = 12.8 A.** This comparison strongly
indicates that the precursor phase on Ag(100) contains
predominantly doubly deprotonated TPA.

We thus conclude that the described hot deposition method
enables us to obtain a full ML of ditopic carboxylate linkers
with very few impurities and defects. This is a favorable
outcome, since later annealing steps for the preparation of
metal—organic coordination networks (MOCNS) always result
in a slight loss of molecules due to thermal desorption.

For coverages below a full ML (again obtained by hot
deposition) two organic phases are present. Besides the
precursor phase discussed above, small islands of a less dense
phase form between the big islands of the precursor phase.
Details on this “transition phase” are given in the Supporting
Information (cf. S1(a)).

Ho-Directed Assembly. For investigating the potential of
surface-supported Ho as coordination centers we prepared a
series of samples systematically varying the preparation
parameters. We obtained the best results for dosing Ho at
room temperature onto a full monolayer of the precursor phase
followed by annealing the sample at 450 K for 10 min.
Depending on the Ho dosage, two different types of metal—
organic structures were observed. Ho dosages refer to fractions
of monolayers of the close-packed Ho(0001) surface (hcp
crystal lattice, see Supporting Information).

Cloverleaf Phase. An STM image of a TPA/Ag(100)-p(10
X 4) precursor sample exposed to a low dosage of Ho (~0.015
ML) is depicted in Figure 2a.

The essential binding motif is composed of four bright
features pointing toward a medium bright center interpreted as
a cloverleaf shape (red outline). Similar cloverleaf phases have
been reported on Cu(100), involving iron or gadolinium15 as
coordination centers and multitopic carboxylate linkers***
including TPA.*® Analogously, we suggest that here four linker
species coordinate to one Ho atom, as depicted by the model
overlay, making it an 8-fold coordination to the surrounding
oxygens. According to STM data, the unit cell vectors of this
metal—organic superstructure enclose an angle of 22.2 + 1.8°
with respect to the primitive lattice vectors of the Ag(100)
surface (shown in the bottom left corner of Figure 2a). This
corresponds to a quadratic unit cell of 15.6 + 0.08 A.

With our DFT-based geometry optimization we obtained
the adsorption model shown in Figure 2b, where the unit cell is
highlighted by a black rectangle. It confirms that four carboxyl
groups are coordinated to one Ho atom. More specifically, the
involved carboxylates are concertedly rotated by an angle of
53° around the C—C axis connecting them to the phenyl rings,
thus rendering a chiral coordination scheme. This behavior of
the linker groups was weakly implied in a previous study'” and
can now be confirmed by our calculations. The chirality is
better visualized in Figure 4a and b, depicting the two
enantiomers side-by-side. It has been shown that the
adsorption of achiral molecules can entail surface-induced

Figure 2. (a) High-resolution constant-current STM image of the
Ho(TPA),/Ag(100)-p(~/29 X /29)R21.8° cloverleaf phase,
superimposed by a simulated STM image rendered from the
DFT model. Molecules and Ho atoms are superimposed to mark
their positions (It = 500 pA,V; = —2 mV). (b) DFT model for the
cloverleaf phase. The unit cell is marked by the dashed square. (c)
200 nm X 200 nm STM image showing the extent of islands on the
silver surface. There are some clusters and molecules in the
organic transition phase present, partly decorated by Ho adatoms
(example area indicated by white ellipsoid). (d) 100 nm X 100 nm
excerpt from (c) showing the quality of the islands.

chirality along with chiral recognition on the formation of
extended islands, greatly influencing the electronic structure.*’
This could be utilized to steer the systems nanomagnetic
properties. The arrangement of the metal—organic complexes
is forming a fully commensurate pattern. The top-left part of
Figure 2a depicts an overlay of a simulated STM image
calculated from the model and demonstrates the excellent
agreement with the observed features in the STM data.

In our DFT calculations Ho atoms preferentially reside at
the energetically favorable® hollow positions of the silver
lattice and the lower O atoms of the carboxylates assume
positions close to the Ag top sites. With respect to the
primitive crystal directions the unit cell constitutes a square
(329 X [29)R21.8° superstructure with a size of 15.56 A X
15.56 A, agreeing nicely with the experimental value of 15.6 A
for the side length. The molecule density is 0.14 molecule per
silver atom. Moreover, the cloverleaf phase exhibits organiza-
tional chirality, and both enantiomorphic arrangements have
been observed on the same sample (see Supporting
Information Figure S2).

The TPA molecules appear as bright oval protrusions in the
STM image, whereas the Ho atoms appear transparent. The
fact that the metal centers are not producing visible features in
STM data is commonly observed for metal—organic
coordination motifs.">*”** Through translating the theoretical
model with respect to the STM data, it can be inferred that the
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Figure 3. (a) High-resolution constant-current STM image of the
Ho(TPA),/Ag(100)-p(~/17 X /17 )R14.04° checkerboard phase.
Molecules and Ho atoms are superimposed to mark their
positions. (b) DFT model for the checkerboard phase. (c) 200
nm X 200 nm STM image showing the extent of islands on the
silver surface. The islands are rather small and decorated on the
edges by excess Ho atoms. The yellow lines indicate the two
domain orientations. (d) Simulated STM signature of the
checkerboard structure.

Figure 4. (a, b) Bonding environment in the mononuclear
cloverleaf structure with the carboxylate linkers tilted by
approximately 53° with respect to the molecular plane. As can
be seen, the complex is chiral due to the concerted rotation of the
carboxyl groups.

linkers reside with their phenyl rings on the hollow site of the
Ag(100) surface and their long axis parallel to the (011)
directions. This positioning is equivalent to that of TPA
coordinated by Fe on Cu(100).”* Assuming the hollow site for
the phenyl ring is in accordance with previous findings of
aromatic molecules on metal surfaces.”” >> We substantiate
this with our DFT calculations, as shown in Figure 2b.

The Ho atoms in the cloverleaf phase are 8-fold coordinated
to the carboxylate ligands. This is a key difference with respect
to the cloverleaf phase of TPA-Fe on Cu(100), where the iron
is 4-fold coordinated. We assign this behavior to the rather
ionic character of lanthanide—organic compounds featuring
higher coordination numbers™ and the increased surface area

available for coordination in the case of Ho with significantly
larger atomic diameter as compared to iron. A similar 8-fold
coordination motif was reported for Gd atoms and TPA on
Cu(111)." The rare earth atoms do not differ significantly in
their chemical properties since the 4f-shell is located below the
6s* orbitals. The TPA molecules face the Ho atoms with one of
their carboxylate groups, which must rotate out of the substrate
plane for steric reasons. Studies of Dy-TPA architectures not
involving DFT calculations were presented in terms of a
coplanar orientation of the carboxylates.”> However, our DFT
calculations clearly reveal a concerted rotation of the functional
groups in those structures, in agreement with Urgel et al."
DFT simulations of the proposed bonding model (more details
for DFT calculations given below) yield a Ho—O distance of
2.3—2.4 A and a Ho—C distance of 2.7 A. These distances are
in accordance with previous findings for gadolinium—
carboxylate molecular assemblies, where the Gd—O distance
was found to be 2.6 and 2.4—2.7 A, as deduced from the
experimental analysis and DFT calculations, respectively.'”

As mentioned above, we propose an adsorption of the
molecules at the hollow positions of the silver lattice and along
the (011) directions. This results in a distance of 3.0—-3.2 A
between the oxygen atoms of the uncoordinated carboxylate
group and the hydrogen atoms of the molecule facing each
other in a T-shape fashion. This distance suggests comparably
weak lateral bonding. Thus, molecule—substrate interaction
should dominate the forces on the uncoordinated functional
group. Consistently, our DFT calculations demonstrate that
the uncoordinated carboxylate groups act as anchors to the
surface, as evident from the charge transfer analysis below.

More interesting are the possibilities for binding between
neighboring molecules arranged next to each other in the same
orientation and slightly shifted along their axis. Here, two
hydrogen atoms are very close to each other (2.1 A) and cause
a repulsive force between the molecules. On the other hand,
one of the free carboxylate oxygen atoms is close to one of the
ortho-hydrogen atoms, and their distance of 3.0 A would result
in an attractive force caused by hydrogen bonding. These
effects seem to balance each other out, leading to a
configuration of the molecules as described above. Nonethe-
less, a slight shift and turn of the molecules would be
compatible with our STM observations and would increase the
H—H distance. In fact, the DFT calculations show a slight shift
of the phenyl ring away from the hollow position, and thereby
the H—H distance is increased to 2.2 A.

When examining islands on a larger scale, we observed that
the cloverleaf phase forms extended regular domains up to 200
nm in diameter. The limitation is presumably imposed by the
size of the substrate terraces. Figure 2c depicts an overview
image of a typical sample with an island of the cloverleaf phase
highlighted by the yellow ellipsoid. We were able to get up to
~70% of the silver surface covered with the cloverleaf phase.
This filling factor refers to the area fraction of the substrate
covered with the cloverleaf phase, determined by STM
topography images and averaged over several frames. Although
the molecule density is lower than in the precursor phase, it
was not possible to obtain a saturated monolayer. We associate
this behavior with the desorption of molecules during the
annealing step. The islands show a high regularity and nearly
no defects. This indicates an effective self-correcting
mechanism during the assembly of the metal—organic
structure. Also after annealing the sample again to 450 K the
islands persist and no significant desorption took place.

DOI: 10.1021/acsnano.8b06704
ACS Nano 2018, 12, 11552—11560


http://dx.doi.org/10.1021/acsnano.8b06704

ACS Nano

However, since all measurements were done at low temper-
atures, it is not possible to determine whether the islands are
stable up to that temperature or whether they dissolve and re-
form upon cooldown. The rest of the surface is bare silver or
covered by a small amount of molecules (~2.5% of the entire
surface), partly decorated by Ho clusters. In Figure 2c, the
white ellipsoid indicates an area of the surface where these
molecules can be seen. The molecules not participating in the
cloverleaf phase are arranged in the purely organic transition
phase described in the Supporting Information (darker
protrusions in the white ellipsoid in Figure 2c). Some of
these molecules have a Ho adatom adsorbed on their center
(bright protrusions), presumably on the phenyl ring. Upon
higher Ho dosage all additional molecules can be incoporated
in Ho—adatom complexes, mostly consisting of four TPA
molecules in a quadratic arrangement with four Ho atoms on
top.

Checkerboard Phase. Increasing the Ho dosage applied
to a precursor sample by a factor of 10 (~0.15 ML) leads to
the formation of a different metal—organic phase. An
exemplary STM image is shown in Figure 3a. The TPA
molecules now interlink Ho centers, making the phase a
MOCN, which we henceforth call checkerboard phase.
Opposing molecules adsorb collinearly and exhibit uniform
contrast, so an 8-fold coordination is present, with all oxygen
atoms orientated toward the Ho atoms. This results in a
stoichiometry of 1:2 of Ho:TPA. The close-up STM
topography in Figure 3a clearly resolves the orientation of
the molecules, as indicated by the overlaid TPA models. The
phenyl ring appears as a round protrusion in the middle of two
oval protrusions marking the positions of the carboxylate
groups. Again, the Ho atoms do not produce visible features in
STM, for the same reasons as discussed above for the
cloverleaf phase. However, the positioning of the molecules
can only be reconciled by the presence of Ho coordination
centers.

A model of the checkerboard phase is reproduced in Figure
3b. Similar to the cloverleaf phase, the vectors of the unit cell
are rotated with respect to those of the substrate. An analysis of
the model reveals a p(1/17 X /17 )R14.04° superstructure
with a local molecule density of 0.12 molecule per silver atom.
Its domains can be rotated both clockwise and counter-
clockwise with respect to the silver substrate. The end groups
of the carboxylates are concertedly rotated in both network
directions, similar to the cloverleaf phase, as evident from the
DFT calculations. The latter also reveal that for Ho at hollow
positions appreciable strain exists, which is understood as the
reason that the Ho atoms are now moved to bridge sites. Also,
the phenyl rings of the TPA molecules reside on the bridge
positions of the Ag(100) surface. Figure 3c shows the expected
two enantiomorphic structures in the bottom part of the image,
where the two domain orientations are indicated by yellow
lines.

It can also be seen in the figure that the island size is very
small (strips of ~5 nm width) compared to the cloverleaf
phase. A possible explanation is that due to the larger unit cell
the silver substrate enforces upon the MOCN, the bond
formation capability with the interconnecting nodes is
impaired. This hypothesis is strongly corroborated by the
DFT simulation as discussed later. We were not able to obtain
coverages beyond approximately 15% of the surface with this
phase, although we started off with a full monolayer of the
precursor phase. The small islands always come with additional

Ho atoms adsorbed on some of the molecules and show an
anisotropic, ribbon-like growth. Again, the networks remain
after reheating the sample to 450 K and subsequent cooldown.

A simulated STM image is shown in Figure 3d. The
anisotropic differences in contrast could not be resolved via
STM, probably due to unknown tip effects at such low bias
voltages.

It has to be noted here that although the Ho dosage on the
surface is 10 times higher than with the cloverleaf phase, the
amount of anticipated Ho on the surface inferred from STM
data (cf. Figure 3c) does not match the preparation
stoichiometry. We propose a higher desorption of Ho—
carboxylate complexes and clusters with Ho acting as an
enhancing agent in the mechanism, although this is just a
hypothesis and we cannot support this by other experiments or
calculations. Decoration of step edges could also interfere.

DFT Analysis of Ho—TPA Networks. Dispersion-
corrected DFT calculations were performed for periodic
supercells of both structures. A free-standing overlayer of the
checkerboard phase was allowed to freely adsorb on the metal
slab to find the equilibrium adsorption geometry. This
approach is similar to previous calculations on metal—
carboxylate architectures on metal surfaces.””** The calcu-
lations reveal a severe strain of the checkerboard structure,
when stacked commensurably onto the Ag(100) surface. The
silver lattice then imposes a Ho—Ho distance of 11.9 A on the
entire structure, while a free-standing layer of the structure
would have a lattice periodicity of 11.4 A. If the initial C,-
symmetric geometry with the Ho atom centered on the
Ag(100)-hollow site is optimized toward an equilibrium
structure, the geometry relaxation will always break the
linker—Ho bond on one end of the TPA molecule (cf. Figures
4 and S4 in the Supporting Information). Figure S shows an

Figure S. Forces (green vectors) acting on the linker molecules in
the unrelaxed checkerboard structure where the Ho is still
positioned in the hollow place (cf. Figure S4, H2). Magnitude of
vectors not to scale.

intermediate 8-fold-coordinated MOCN structure with the Ho
atom adsorbed on the hollow site and the directions of the
forces acting on the respective atoms. The structure does not
represent a global minimum of the potential energy surface,
and the forces acting on the molecule would require to break
open one or both carboxyl-Ho bonds to relieve the strain.
A fully reticulated two-dimensional metal—organic frame-
work could only be stabilized by allowing this symmetry
breaking from the initially assumed C, to a C, symmetry axis
centered on the Ho atom. The reduction in symmetry is
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Table 1. Mulliken Charges of the Cloverleaf and
Checkerboard Structures per Atom and per Unit Cell”

cloverleaf checkerboard
charge O ofe Ho Ag (@) Ho Ag
e/atom  —0.32 —-0.37 +1.17 +0.05 -0.36 +1.12 +0.01
e/cell —-2.54 =295 +1.17 +1.47 —-2.90 +1.12 +0.46

“In the cloverleaf structure, two distinct species of oxygen atoms are
present, the Ho-bonded O™ and the surface-anchored o™,

accompanied by the Ho atom leaving the Ag(100) hollow
sites. This removes part of the strain in the structure, since the
TPA molecule does not need to bend from one hollow site
toward the next one. We assign this observed strain as the
primary reason that the checkerboard pattern could only be
observed in small band-shaped islands of less than 10
observable subunits in the shorter dimension, as opposed to
MOCNSs with commensurable registry.'>**® A symmetry
reduction is also discernible in the STM data, in the shape of
the framework hollow sites, where either cushion-shaped C,-,
C,-, or C;-symmetric squares with concave arched edges are
observed. This symmetry breaking due to substrate-induced
stress is also reflected in the simulation. A Mulliken population
analysis (as listed in Table 1 for Ho, Ag, and O) suggests
charge transfer from the Ho atom toward the carboxylate
linker atoms. Further electron density is depleted from the
surface in the vicinity of the bonding node (cf. Figure 6).

0.00 0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08/e

Figure 6. Hotspots of the charge transfer between the substrate
and the adsorbate. Highlighted in blue are the areas of high
electron depletion compared to white (no electron charge
depletion) in fractions of e. Adsorbate shown without color
coding for reference purposes.

The C,-symmetric arrangement of the cloverleaf deduced
from the experimental data is fully consistent with our
calculations. The optimized geometries obtained for both the
high-symmetry cloverleaf and the broken-symmetry checker-
board phase are stable minima of the potential energy surface
with relaxed bond distances fully consistent with those derived
from the STM measurements, thereby strongly supporting the
structural models derived from the experimental data. The
simulated STM images in Figures 2a and 3d indicate that the
Ho site is transparent at the employed tunneling conditions,
since the 4f eigenstates in both bonding environments lie at far
too high and low energies with respect to Eg. Indeed, there is a
local minimum seen at the interconnecting Ho nodes in the

experimental data. Similar observations for different lanthanide
atoms have already been reported elsewhere.'> The smaller, yet
bright protrusions around the central depression (Ho center)
are clearly unoccupied states of the neighboring carboxylic
oxygens, in our simulations presumably overdelocalized by the
employed semilocal DFT functional.”> To a much smaller
extent the same signatures are also visible in some of the
experimentally recorded images as shown in Figures 2a and 3a.
The Mulliken population analysis shown in Table 1 for Ho, Ag,
and two species of nonequivalent oxygen atoms suggests very
similar values for the charge transfer from both the Ho and the
substrate toward the carboxylate linkers. The charge transfer
from the substrate occurs primarily at two points: the anchor
points of the dangling carboxylate linkers and at the Ho node
(¢f. Figure 6). In contrast to the cloverleaf structure, all
carboxylate groups in the checkerboard pattern are rotated out
of plane to accommodate the bonding environment and
effectively reduce the charge transfer. The charges do not add
up to zero, because only atoms with charge transfer to the
surface are listed here.

CONCLUSIONS

In conclusion, two different types of thermally robust
molecular architectures of TPA and Ho on the Ag(100)
surface were fabricated by finely tuning the deposition
parameters. We were able to build up enantiomorphic islands
of mononuclear lanthanide—carboxylate compounds with

Ho(TPA),/Ag(100)-p(v/29 x \/E)RZI.SO structure, high

lateral extent, surface coverage, and low defect density.
Reticulated MOCNs have a Ho(TPA),/Ag(100)-
p(J17 X J17)R14.04° structure and feature reduced island
sizes due to interfacial strain effects. The two observed metal—
organic architectures are both chiral, due to a rotation of the
superstructure with respect to the silver lattice and a concerted
rotation of the carboxylates. In the case of the cloverleaf phase
conformational chirality is also present. These structural
models receive further support by DFT calculations, which
identified high strain as a potential reason for the limited extent
to which the checkerboard phase could be grown exper-
imentally. The chiral signature of the Ho coordination sphere
could afford intriguing new magnetic features. Additionally,
our DFT calculations give insight into the charge redistribution
within the molecular architectures. Stabilization of single Ho
atoms with 8-fold coordination in the cloverleaf structure is a
particularly promising approach to exploit the recently found
magnetic properties of Ho atoms on surfaces without being
hampered by the onset of Ho diffusion at low temperatures.
This work shows that Ho can be stably deployed as single
atoms on surfaces, which opens up the possibility to investigate
the nanomagnetic properties of Ho in a well-defined molecular
environment, e.g, by means of X-ray magnetic circular
dichroism. The possibility to grow insulating decoupling layers
such as NaCl or MgO on Ag(100) provides prospects to tune
their magnetic properties via supramolecular on-surface
engineering, and a comparison of Ho—carboxylates on both
MgO and Ag will give further insight into this intriguing field
of research.

METHODS

Experimental Details. Measurements were performed under
ultra-high-vacuum conditions (base pressure below 2.0 X 10™"! mbar)
with a commercial Joule-Thomson-STM from SPECS. For this work
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experiments were carried out at 4.5 K. All shown images were taken in
constant current mode using electrochemically etched tungsten tips
that were cleaned by Ar-ion sputtering and field emission on a clean
silver surface. The bias voltage was applied to the sample.

Samples were prepared by repeated cycles of Ar-ion (U = 0.9 kV)
sputtering and annealing at S00 °C. We used a Ag(100) crystal from
Surface Preparation Laboratory. The TPA molecules were purchased
from Fluka (purity >99%) and evaporated from a home-built quartz
crucible Knudsen cell at a temperature of 160 °C. Prior to preparation
the molecules were degassed for purification extensively. The Ho
atoms were evaporated via a home-built foil evaporator (see
Supporting Information). The sample temperatures were measured
via a thermocouple directly on the crystal.

Computational Details. Dispersion-corrected DFT calculations
were performed for periodic supercells with the FHI-aims°
computing package. Geometry optimizations for the smallest possible
surface unit cell comprising two (four for cloverleaf) TPA molecules
and one atom of Ho were performed with FHI-aims at “tight”
computational settings (“light” for Ag), 3 X 3 X 1 k-point sampling,
and using a 30 A vacuum region. In these calculations electronic
exchange and correlation was treated on the generalized-gradient
approximation level with the PBE®® functional, augmented by
dispersive interactions through the Tkatchenko—Scheffler TS*™*
method.”” In order to improve the description of the strong local
coulomb interaction of the 4f electrons, a Hubbard-type correction
(DFT+U) was employed. The value of U = 5.8 eV for the Ho 4f states
was chosen to reproduce the energetic splitting of occupied and
unoccupied states of a model Ho[OAc]; complex treated on the
HSE06°® level (details given in the Supporting Information). The
metal—organic compound was fully relaxed until residual forces were
below 2.5 X 1073 eV/A. The cell size was chosen to match integer
multiples of the optimal lattice constant for bulk silver as obtained by
a fit to the Birch—Murnaghan equation of state. The experimental
results suggest a /17 X /17 R14.0° conformation for the checker-
board pattern and a /29 X 29R21.8° conformation for the
cloverleaf pattern. The Ho—Ho distance thus determines the
repetition unit, and the required metal surface unit cell was adapted
to form a closed surface (4 X 4 for checkerboard and 5 X 5 for
cloverleaf, respectively). In the geometry optimizations of the
checkerboard structure the first metal slab layer was allowed to
relax. For the larger cloverleaf pattern only one fixed layer of Ag was
used to mimic a metal support. For the optimized geometries, the
Tersoff—~Hamann approach®” was employed to simulate STM images,
providing a means of directly comparing the electronic structure of
the obtained geometry to the experimental signature. Integration over
all electronic density of states within 20 meV around the metallic
Fermi level produced the final image. The obtained images were
smoothened using the rolling ball algorithm® with a ball radius of 0.5
A.
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Organic transition phase

Figure S1(a). shows the organic transition phase, that is formed by deprotonated TPA for
low coverages. The phase exhibits a nearly quadratic unit cell of 8.4(1) A x8.2(2) A, measured
along the slow and fast scanning axis, respectively. The error is calculated from the standard

deviation. The islands have no fixed angle in orientation with respect to the lattice and the

S-1



distances measured do not show any obvious connection to the lattice vectors. Whilst the
difference in the two directions could be drift, it it also likely that the unit cell is indeed
not perfectly quadratic. One reason for this is the orientation of the carboxylates, whereby
depressions on the edges indicate the deprotonated carboxyl groups (Figure S1(b)). Hence,
the molecules are all aligned in the same direction as integral TPA does on metal surfaces>!.
Since the deprotonated molecule is shorter compared to pristine TPA, it is more difficult
to determine if the unit cell is quadratic or rhombohedral. Secondly, the distances between
the molecules differ from case to case (even when measured in the same frame). Thirdly,
the phase is growing in chains with a width of two to three molecules rather than extended
islands. They also can have slight bends. A strictly defined unit cell would not allow this
behavior. The fact, that the phase only occurs in these small islands and smoothly connects
to the precursor phase (c.f. Figure 1 in the manuscript) indicates it as being a transition
phase between single molecules on the surface and extended islands of the precursor phase.
Compared to inter-molecular interactions, the molecule-substrate interaction plays a more
significant role for the formation of the full monolayer precursor phase, where in every other
row the molecules turn by roughly 90° forming the T-facing structure of the precursor phase.

Hence, the term transition phase is used.

S-2



Trai:n*siti@ n phase
L -

o..
B
-

(b)

Figure S1: (a) STM image (I = 100pA,Vp = 1V) of the transition phase (left) next to
(10 x 4) precursor phase (right). The yellow square shows the area enlarged in (b). (b)
Enlargement of (a). The depressions on the molecules indicate the position of the carboyxyl
groups, revealing a parallel orientation of the molecules.
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Figure S2: Constant current STM images showing islands of the cloverleaf phase. There are
two directions of growth, indicated by the rectangle arrow pairs in blue or red.

Ho-evaporator

The Ho used in the experiments was evaporated via a foil evaporator. A thin Ho foil (purity=
99.9 %, Merck) is heated up by applying a high current, high frequency RF voltage. Due to
water cooling of the evaporator, only the foil heats up and emits Ho atoms and clusters of

high purity.

Holmium coverage definition

Since Ho is significantly bigger than silver, a full ML of Ho will contain less atoms than
a full ML of silver. Additionally, the Ag(100) surface has a quadratic unit cell whilst Ho
crystallizes in the hexagonal closed packed structure. This gives a density of 0.652 Ho atoms

per silver atom, assuming a full ML. All Ho coverages in this work refer to a full ML of
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Ho in the (0001) surface covering the same silver area with a (100) surface. The deposition
parameters were calibrated via deposition of Ho on a Ag(111) surface fully covered with
Hexakis((trimethylsilyl)ethynyl)benzene (HEB), where Ho adsorbs as single atoms on the

phenyl rings of the molecule and are easily countable.

Drift correction

Since STM data has a slow and a fast scan direction, piezo drift will cause a distortion
of the images with different magnitudes to each direction. It is essential to overcome this
obstacle especially when measuring unit cell sizes of superstructures without having atomic
resolution at the same time. A precise calibration of the piezos is obviously essential for
corrected length scales of STM data, but the drift effect will nevertheless remain present at
all times. A simple and reliable method is to rotate the scan directions by 90° and compare
the distorsions. While the calculation of the correction parameters is quite complicated
manually, we used the MATLAB script from C. Ophus et al. to calculate the corrected

images?.

Determination of the U-value

The U-value was determined by optimizing the geometry of Ho[OAc|; and determining the
energetic difference between the occupied and unoccupied 4f states. Then, the same system
was simulated using DFT+U for different values of U and the optimal value determined via

a linear fit as shown on the right in Figure S3.

Structural relaxation details

As mentioned in the main manuscript, the checkerboard structure exhibits a large strain as

the metal support enforces a cell geometry upon the adsorbate. This is supported by the
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Figure S3: DFT+U screening for a suitable value to reproduce the energetic splitting between
the occupied and unoccupied 4f orbitals in the system. (fltr.: normalized to Fermi-level,
absolute values, and the linear fit)

experimental observation of only small islands and stripes of this particular bonding envi-
ronment. The theoretical modeling of the geometry focused on two different arrangements,
where the Ho-atom is located at the hollow (H1,H2) and bridge (B) site, respectively. Re-
laxation of the first layer of Ag-atoms was permitted. The main features of the experimental
STM signature are reproduced by structural models H2 and B. However, the structural
model H2 does not describe a strain-free structure as the largest forces observed exceed 60
meV /A. Furthermore, although only very small differences are present, the formation energy
of structural model B is higher than the other two, hinting towards increased thermody-
namic stability. The difficulty in assigning a structural model to the checkerboard structure
supports the experimental observation of the preferred formation of the cloverleaf structure

instead.

Node bonding environment

The bonding of the carboxylate linkers to the Ho node follows the same motive as already
reported for similar Gd-complexes.®® Our DFT simulations predict in both observed surface-

networks an eight-fold coordination with the carboxylate linker tilted by 52.4 - 53.9° (clover-
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Figure S4: The different models for the checkerboard structure considered in the DFT sim-
ulations.
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comments

Ho on hollow-site
frmaz < 0.025 eV/A
AFE = 147.7 meV

one TPA is only linked
via one O atom to the
Ho-atom, which leads
to a mnon-checkerboard
pattern observed in the
corresponding  Tersoff-
Haman signatures

Ho on hollow-site
fimaz < 0.060 ¢V/A
AFE = 144.3 meV

In an unstable struc-
ture, both TPA molecules
would link in a C4 sym-
metric fashion to the Ho
linker atom. The system
shown experiences forces
of 60 meV/A.

Ho on bridge-site
frmaz < 0.025 eV/A
AFE = 147.8 meV

both TPA molecules are
linked in a C5 symmetric
fashion to the Ho linker
atom. The system expe-
riences remaining forces
up to 25 meV/A and
the STM signatures cor-
respond to the experi-
mental observation.



leaf) and 40.8 - 105° (checkerboard) out-of-plane with respect to the linker backbone. The
average bond distance of Ho and O is 2.4A (cloverleaf) and 2.6A (checkerboard). A side-view
of the bonding environment is given in Figure 5. Also shown in Figure 5 are the forces acting
on the individual atoms in the non-equilibrium checkerboard-structure H2 from Figure S4.
The arrows point away from the Ho node, suggesting that an equilibrium would only be

reached by detachment from the metal center.
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