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Herein, we report a fine-tuning of the two-dimensional alkali—pyridyl coordination assemblies facilely
realized by surface reaction between tetrapyridyl-porphyrin molecules and alkali halides on Ag(111) under
a solventless ultrahigh vacuum condition. High-resolution scanning tunneling topography and X-ray

photoelectron spectra reveal the formation of alkali-pyridyl coordination and the induced
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1 Introduction

Bottom-up engineering two-dimensional (2D) metal-organic
nanostructures on surfaces has attracted intensive attention,
due to the resulting nanostructures promising various
chemical/physical novelties customizable at the single-
molecule level."® A variety of metal species, including alkali,
transition and even lanthanide metals, have been employed to
direct the metal-organic assembly.”® In particular, alkali metals
have unique functions when binding with organic ligands.”**
The low ionization energy of alkali metals introduces a long-
range electrostatic interaction, which can be employed to
steer ionic self-assembly with organic ligands.**"*' The resulting
structures present large-scale ordering and high thermal
stability.>**** For instance, alkali-carboxylate bonded Na-
terephthalic acid (TPA) networks on the Cu(100) surface
exhibited excellent thermal stability up to 165 °C."* Moreover,
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structure, manifesting a functionalization of the metal-organic interfaces.

the well-defined periodic trend of alkali metals offers opportu-
nities for precisely manipulating the metal-organic interac-
tions, the structures, and the interface work function for the 2D
nanomaterials.**>** For instance, the interfacial dipoles were
induced by interactions between alkali metals and TCNQ
molecules, demonstrating a fine-tuning of the work-function
shift of the metal-organic interface.”* In addition, various
alkali metals or salts are widely available and inexpensive,
attractive for practical applications.

However, the organic ligands explored in the 2D alkali
organic salt systems (on metal surfaces) to date are limited to
a few species that have been often chosen due to intrinsic
electronic negativity (i.e., hard bases) or molecular polarity.**®
Assemblies of a large library of organic ligands have not been
well investigated in such systems. This hinders a comprehen-
sive understanding of such nanostructures, especially when
considering that their functionalities are highly associated with
the conformational, chemical and electronic characteristics of
the organic constituents.

Herein, we describe a self-assembled nanostructure driven
by coordination between the alkali ion and a borderline/soft
base ligand, pyridyl (py), resulting from the codeposition of
py-functionalized porphyrin ligands TPyP (5,10,15,20-tetra(4-
pyridyl)-porphyrin) with alkali halides on metal surfaces
under a solventless ultrahigh vacuum condition. The well-
known intramolecular conformational adaptability and the
macrocyclic core of porphyrin-based molecules readily acces-
sible for chemical modifications allow for fine tuning the
structures and properties of the resulting assembly.”’
Employing high-resolution scanning tunneling microscopy
(STM) and X-ray photoelectron spectra (XPS), we demonstrate
that the alkali-py coordination steers the assemblies of the

This journal is © The Royal Society of Chemistry 2020
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porphyrin-based molecules. By choosing three other different
alkali halide substitutes, we further utilize the alkali-py coor-
dination as a facile protocol to precisely tune the topology of
metal-organic assemblies at a sub-A scale. In addition,
following the postdeposition of Fe onto the Na-porphyrin
precursor layer, we demonstrate the functionalization of the
metal-organic interfaces, as manifested by the Na-Fe bimetallic
frameworks resulting from the metalation of porphyrins.

2 Results and discussion

2.1 Determination of the assembly structure and Na-py
coordination

TPyP forms a monolayer of close-packed (CP) structures on the
pristine Ag(111) surface (Fig. 1a). In the CP domains, molecules
appear in a twofold symmetric saddle-shape and thus exhibit
two orientations. The same oriented molecules are arranged in
linear rows, and every two rows are packed alternatively,
constituting an extended monolayer. The unit cell measures a =
1.40 £ 0.02 nm, b = 2.75 £+ 0.02 nm and y = 93 + 2° (Fig. 1b).
This CP structure was previously reported by W. Auwirter
et al.,” where the structure was demonstrated to be stabilized by
the intermolecular N---H hydrogen bonds.

In constrast, the deposition of NaCl onto the sample led to
a drastic change in the assembly pattern. Fig. 1c provides
a typical STM overview displaying a chessboard (CB) structure
established by a quasi-square tessellation out of TPyP mole-
cules. The fast Fourier transformation (FFT) of the CB mono-
layer reveals an orthorhombic pattern; see the inset in Fig. 1c.

Fig. 1 (a) STM overview of the TPyP close-packed (CP) monolayer on
a pristine Ag(111) surface and (b) high-resolution image of the unit cell
(@=140+0.02nm,b=2.75+0.02nm, y =93 £ 2°). Inset in (a), the
chemical structure of TPyP. (c) Na—TPyP chessboard (CB) structure.
Inset, the fast Fourier transformation (FFT) spectra. (d) High-resolution
STM topograph of the CB structure. The unit cell (@ = 1.40 + 0.02 nm,
b = 145 + 0.02 nm) is illustrated by four TPyP molecular models (C,
gray; N, blue; H, white) interlinked with Na (purple).
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The islands of the CB structure extend in three different
orientations, in alignment with, or +15° separated from the
Ag(111) surface vectors <112(—)>. Similar to the CP structure,
the alignment of CB domains with the substrate reflects the
weak adsorption of the molecules.*

Similar CB structures were also observed when we reversed
the deposition sequence of the assembly constituents; see
Fig. S1 in the ESI.{ In both deposition sequences, postannealing
treatments (293-433 K) promoted the growth of CB islands and
increased the coverage of CB structures (given the extra pres-
ence of TPyP or NaCl) as well. The resulting CB domains as large
as ~300 nm were visible. These results indicate that the CB
structure is a thermodynamically favorable phase when both
TPyP and NaCl coexist on Ag(111).

A close inspection of the CB structure (Fig. 1d) reveals
twofold symmetric molecular units, similar to those in CP
structures, which however exhibit much pronounced intra-
molecular features (vide infra). The molecules assemble in
a side-to-side manner, while each molecule is rotated by 90°
with respect to its four nearest neighbors, leading to the
formation of a chessboard pattern. Considering that the CB
structure emerges exclusively in the presence of NacCl,
combining with the well-known repulsion between py
endgroups and the coordinative nature of the py terminals, we
propose that the CB structure is stabilized by Na-py
coordination.

Accordingly, we propose a structural model (Fig. 1d) for the
CB structure, in which Na is positioned in between four adja-
cent TPyP molecules. Based on our high-resolution images, the
parameters of a unit cell are determined to be: a = 1.40 +
0.02 nm, b = 1.45 £+ 0.02 nm and y = 90°. This leads to a pro-
jected length of 2.2 + 0.1 A for the Na-N bond. Considering that
the Na ion may lie out of the molecular plane due to its
adsorption on the substrate, a longer bond length is feasible
and may fall in the typical Na-N length range (2.4-2.8 A) derived
in bulk.**** The alternative rotation of the molecular units can
be ascribed to the steric repulsive force between the peripheral
H atoms of the four py terminals which are linked at a single Na
center.’”%*

To reveal the nature of the Na—py interaction, we have con-
ducted XPS experiments, and examined Na 2p and N 1s spectra.
In the top panel of Fig. 2a, we show Na 2p spectra of NaCl
submonolayers on a Ag(111) surface, which indicate two Na
species on the surface. This can be interpreted by the growth
mechanism of the NaCl on the Ag(111). NaCl grows with the first
adlayer composed of two atomic layers, in which half the Na
atoms adsorb on the surface in the 1st layer close to the surface,
while the other half of Na atoms reside in the 2nd upper layer.*
Therefore, the smaller peak at 31.9 eV can be assigned to the Na
in the 1st layer (labeled Na1) due to the damping effect, and the
peak at 31.3 eV (labeled Na2) corresponds to the Na in the other
layers on top of the 1st layer.

After the deposition of TPyP molecules, we observed that in
the XPS spectra (Fig. 2a, middle) a new species (labeled Na3)
rises at a lower BE (30.9 eV) at the cost of Nal and Na2 species.
The new Na3 at the lower BE indicates a less positively charged
state compared to Nal and Na2 in NaCl, implying a dissociation

Nanoscale Adv., 2020, 2, 2170-2176 | 2171
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Fig.2 (a) XPS spectra of Na 2p of pure NaCl submonolayers on Ag(111)
(top), the spectra after deposition of TPyP (middle) and after the
subsequent thermal annealing at 420 K (bottom). (b) XPS spectra of N
1s of pure TPyP submonolayer on Ag(11l) (top) and the spectra
acquired after stepwise deposition of NaCl (middle and bottom).

of the NaCl compound induced by TPyP molecules. The disso-
ciated Na ions coordinate with N in the py ligands, as the model
shows in Fig. 1d. The less electronegative affinity of N compared
to Cl allows the Na in the Na-N coordination bond to be less
positively charged than the Na in Na-Cl ionic bonds, and thus
Na3 in Na-N appears at a lower BE. Further annealing (420 K) of
this sample resulted in more Na3 species (Fig. 2a, bottom), i.e.
more CB assemblies, in agreement with our STM observation.

Our XPS experiments about the N 1s signals have also
confirmed the coordination of N with Na. First, we have
collected the N 1s spectra for the TPyP submonolayers on
Ag(111) in the absence of NaCl. As shown in Fig. 2b (top panel),
three peaks at 400.1, 399.0 and 398.0 eV are visible, which are
assigned to the pyrrolic, pyridylic, and iminic N atoms,
respectively.**® After the deposition of NaCl onto the sample,
an additional peak at 399.3 eV (labeled N_y,) emerges at the cost
of the pyridylic-N (Fig. 2b, middle). Such an observation indi-
cates that the py end groups induce the dissociation of NaCl on
Ag(111) and coordinate with Na ions. A deposition of more NaCl
further increased the intensity of the N_y, species (Fig. 2b,
bottom), in agreement with the evolutions of Na 2p spectra and
our STM observations.

The evolution of Cl 2p spectra is shown in Fig. S2 in the ESL.{
It is suggested that in the presence of TPyP molecules, Cl ions
dissociate from NaCl, adsorb on the Ag(111) surface, and then
desorb or diffuse into the substrate during annealing at elevated
temperatures later, similar to the phenomena reported previ-
ously.” Our high-resolution XPS data unambiguously demon-
strate the dissociation of NaCl on Ag(111) induced by py ligands
and the formation of Na-N coordination bonds. Previously, S.
Tait et al.** found the dissociation of NaCl on Cu(100) and the
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formation of Na-carboxylate ionic bonds. However, what we
observed here, ie., the dissociation of NaCl on metal surfaces
under a solventless ultrahigh vacuum condition induced by the
coordination bond, has not been reported elsewhere yet. More
interestingly, an intramolecular conformational change
induced by a Na-N coordination bond has been observed in this
work, see the details as given below.

2.2 Intramolecular conformational change due to Na-py
coordination

As depicted in a close inspection provided in Fig. 3a, the
appearance of TPyP molecules in CB domains distinctly differs
from that in CP structures. Under a typical STM tunneling
condition (U= —0.9 Vand I = 0.1 nA), the molecular unit within
CP domains (TPyPe CP) bears four bright lobes corresponding
to its four py end groups (Fig. 3b) that are rotated with a dihe-
dral angle from the molecular macrocycle plane. The macro-
cycle core appears as a circular ring, reflecting an almost planar
shape, in agreement with the STM topographs of native TPyP
resolved at the molecular occupied orbitals.” In contrast, the
molecular unit within CB domains (TPyPeCB) presents two
extra bright protrusions (Fig. 3c), each on the two opposite
pyrrole rings, respectively, while the other two rings appear in
dark depressions. The difference of the macrocycles is clearly
manifested by the line profiles (Fig. 3d) along the short axis
(defined by the rectangular unit* represented by the four
“bright” py lobes) of the two types of molecular units,
respectively.
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Fig. 3 (a) STM topograph (U= —0.9 V and / = 0.1 nA) displaying both
CP and CB structures. Molecules show different appearances: (b)
TPyPe CP, (c) TPyPe CB. (d) The line profiles along the molecular short
axes highlighted by the dash lines in (b) and (c) respectively. TPyPe CP,
red; TPyPeCB, black. (e) XPS spectra of C 1s for the TPyP sub-
monolayer on Ag(111) (top), and for the sample with stepwise depo-
sition of NaCl (middle and bottom).

This journal is © The Royal Society of Chemistry 2020
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Because of the physisorption for the TPyP on Ag(111) and of
the topograph of both types of TPyP obtained at the same bias
voltage (near the molecular HOMO levels),> we ascribe the
change of the molecular appearances to the conformational
change of the macrocycles. Thereby, the extra bright protru-
sions on the macrocycle in the TPyPe CB are assigned to the two
opposite pyrroles whose outer parts tilt upwards from the
substrate. Notably, this interpretation agrees with the analysis
of the intramolecular conformation of the TPyP molecule: the
dihedral rotation of py end groups is inherently coupled with
the tilt of pyrroles via an intramolecular steric repulsion
between the hydrogen atoms belonging to py terminals and
pyrrole rings respectively;*** as a result, the tilting-upward
pyrrole rings must lie at the short axis of a TPyP molecule,
and the other two pyrroles tilt downwards correspondingly.

Such a conformational change induced by alkali-py coordi-
nation has also been revealed by our XPS measurements. The C
1s spectra were monitored during the stepwise deposition of
NacCl to Ag(111) preadsorbed with TPyP. In the absence of NaCl,
the spectra (Fig. 3e, top) show two peaks at 285.4 eV and
284.6 eV, which can be fairly ascribed to the C at py (labeled C,,,)
and macrocycle (labeled Cp,cro) moieties, respectively. After the
deposition of NaCl, the two peaks do not shift, while the
intensity of Cpaero increases with respect to that of Cpy, and
becomes apparently higher than the latter after the second
deposition of NaCl (Fig. 3e, bottom). Since no new peak
emerges, such an increment of the intensity of the Cyacro peak
suggests a conformational change of the TPyP molecule.
According to the previous study by Diller et al.,** the peaks at
284.6 eV and 285.4 eV can be assigned to the carbon atoms in
the macrocycle and the py rings, respectively. This assignment
gives the intensity ratio of the two peaks to be approximate 1 : 1,
as shown in the C 1s spectrum of TPyP/Ag(111) (Fig. 3e, top).
Upon the subsequent deposition of NaCl, NaCl is dissociated
and connected with the N atoms in py rings steered by metal-
organic coordination interaction. Meanwhile, the py endgroups
of the TPyP molecules rotate along the axis of the N-Na bond,
and the plane of the py ring becomes more perpendicular to
Ag(111) surface, as shown in STM images from Fig. 3b and c.
Interestingly, the two opposite pyrrole rings in the macrocycle
also become brighter as two new protrusions appear in Fig. 3c.
It is proposed that two opposite pyrrole rings are tilted as the N
atoms bind to the Ag surface and the other carbon atoms point
out of surface.” Therefore in C 1s spectra, the intensity of Cyacro
increases because the lifted up carbon atoms in pyrrole rings get
closer to X-ray photons. However, the average vertical height of
carbon atoms in py rings stays almost the same relative to the Ag
surface when the py rings rotate along the axis of the N-Na
bond. Thus the intensity of C,, remains almost the same, but
the intensity of Cpacro increases. We have also checked all other
possible interpretations but find that only the conformational
change explained above agrees with our STM and XPS data well.

2.3 Structural and chemical tuning

In this section, we demonstrate the coordination of py with
other alkali metals. Fig. 4a-c show the CB structures (coexisting

This journal is © The Royal Society of Chemistry 2020
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Fig. 4 CB structures resulting from the codeposition of TPyP with KBr
(a), CsCl (b) and the codeposition of ZnTPyP with NaCl (c). The unit
cells are denoted in the insets, respectively. (d) The structural model of
CB structures. d denotes the bond length of an alkali-N coordination
bond.

with CP structures or NaCl islands) resulting from the codepo-
sition of TPyP (or ZnTPyP) with KBr, CsCl and NaCl, respec-
tively. All three assemblies adopt the same coordination mode
(see Fig. 4d) as that for the Na-TPyP structures. The unit cell
parameters are determined based on the high-resolution STM
images, which exhibit a clear tendency that the size of the lattice
of CB structures increases with the atomic number of alkali
metals (insets in Fig. 4a—c). The derived bond lengths are: d(x_)
=2.5A4, dics—n) = 2.9 A and dnan) = 2.3 A (in the Na-ZnTPyP
structure), respectively. We have summarized these structural
parameters (including that for Na-TPyP structures) in Table 1. It
reveals that both the sizes of the unit cells and the bond lengths
increase as the atomic number of alkali metals increases. This is
due to the well-defined periodic trend of alkali metals, i.e., the
ionic radius of Na, K and Cs shows an increase from 1.02, 1.38
and 1.67 A

In previously reported 2D ionic assemblies, diverse struc-
tural phases coexisted, because the ionic nature of the alkali-

Table 1 Lattice parameters (a and b) and bond lengths (d(alkali—N)) of
the CB structures

Structure Na-TPyP Na-ZnTPyP K-TPyP Cs-TPyP

a (nm) 1.40 £0.02 1.42+0.02 1.44 +0.02 1.48 4 0.02
b (nm) 1.45+£0.02 1.46 £0.02 1.49+0.02 1.56 % 0.02
d(alkali-N) (A) 2.2 + 0.1 2.3 +0.1 2.5+ 0.1 2.9 +£0.1
R(alkali) (A)*  1.02 1.38 1.67

¢ R(alkali) refers to the ionic radius of alkali metals. The data are from
ref. 20 and 21.

Nanoscale Adv., 2020, 2, 2170-2176 | 2173
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ligand bond adds flexibility to the coordination linkages.® In
this work, there exists the CB structure solely, and all structures
from the three different alkali metals can be formed with large
extensive domains, in spite of their different lattice parameters.
The excellent shape persistency presented here can be attrib-
uted to the steric constraint exerted by the square shape of the
porphyrin-based molecular constituents. Notably, these
assemblies reveal no dependence on the type of halogens (Cl or
Br), proving that the latter do not interplay with the assembly,
presumably because of their fast dissociation or diffusion into
the substrate.”'*' In addition, the use of ZnTPyP, whose
assembly with NaCl is similar to that of TPyP, suggests that the
chemical state of the porphyrin macrocycles has little influence
on the alkali-py coordination.

Last, we describe the functionalization of alkali-py CB
monolayers by modifying the chemical state of the porphyrin
macrocycles. To this end, we have deposited the Fe atoms on the
as-formed Na-TPyP CB precursor layers. Fig. 5a shows that the
molecular cores present two distinct features-dark depression
(white/black squares) or bright protrusion (white/black dashed
squares). According to ref. 30, we assign the bright protrusion to
an Fe ion sitting on the porphyrin macrocycle through
substituting with the pyrrolic protons, while the dark depres-
sion indicates a native molecule. At room temperature, such Fe
metalation occurs in both CB and CP structures without per-
turbing the assembled structures, implying a close energy cost
for the metalation reaction of TPyPe CP and € CB, though the
molecules within the two structures adopt different
conformations.

Interestingly, apart from the variation of the contrast at the
molecular cores (circles in Fig. 5b and d), the topographic
features of the molecule Fe-TPyPeCB have less noticeable
change in comparison with those of TPye CB, while the case
drastically changes for the molecules in CP (dash lines in Fig. 5¢
and e). The molecule Fe-TPyPe CP appears with two extra bright
protrusions (i.e. the two pyrrolic rings tilting upwards), reflect-
ing a geometric deformation due to the ligand field effects
caused by Fe metalation.**** The fact that Fe-TPyPe CP and € CB
have similar topographic features corroborate our

Fig. 5 (a) STM topograph (U = —-1.0V, | = 0.07 nA) of the sample with
a dosage of Fe. In both CP and CB domains, Fe—TPyPs are marked by
white/black dashed squares; TPyPs are marked with white/black
squares. (b—e) High-resolution STM images of TPyP and Fe—-TPyP in
both domains. Circles in (b and d) mark the molecular cores. Dash lines
in (c and e) highlight the deformation of macrocycles upon Fe-
metalation.
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interpretation on the macrocycle deformation of the Na-TPyP
CB structures. Last, in terms of the metallic species, the Na-Fe-
TPyP CB structure includes both alkali and transition metals,
that afford distinct chemical and charge states, representing
a bimetallic nano-lattice.** The catalytic or spintronic properties
of this bimetallic framework are important for further
investigations.

3 Conclusions

In conclusion, we have described the self-assembly, the intra-
molecular deformation, the shape persistency and the func-
tionalization of the 2D alkali-py coordination structures that
are facilely realized via the solventless surface reaction of alkali
halides with porphyrin-based ligands on Ag(111). Considering
the previous reports on similar ionic/coordinative systems
mostly based on hard base ligands, the use of borderline/soft py
ligands largely increases the understanding of the solventless
ionic assembly in vacuum-solid interfaces. The shape persis-
tency realized by porphyrin-based ligands and the structural/
chemical modification tailorable at the sub-A level provide
new opportunities for the fine-tuning of electronic, catalytic and
spintronic properties of the 2D metal-organic nanomaterials.

4 Experimental
41 ST™

Sample preparation processes were carried out in an ultrahigh
vacuum (UHV) system (SPECS GmbH) at a base pressure of ~3.0
x 107'° mbar. The single-crystal Ag(111) substrate (MaTeck,
99.999%) was cleaned by cycles of Ar" ion sputtering at an
energy of 900 eV and annealing at 800 K. The molecules (TPyP,
TCI, purity>97%; ZnTPyP (zinc 5,10,15,20-tetra(4-pyridyl)-
porphyrin), Sigma-Aldrich, purity ~90%) and the alkali
halides (NaCl, Sigma-Aldrich, 99.999%; KBr, Strem Chemicals,
99.999%; CsCl, Sigma-Aldrich, 99.999%) were evaporated
separately by organic molecular beam epitaxy (DODECON
Nanotechnology GmbH). The sublimation temperatures are
400 °C, 360 °C, 350 °C, 500 °C and 500 °C, respectively. Fe atoms
were evaporated from an iron rod (Puratronic, 99.995%) by an
electron-beam evaporator.

All STM experiments were performed using an Aarhus SPM
apparatus controlled by Nanonis electronics. Topographic data
were acquired in the constant current mode with the bias
voltage applied to the sample. All STM images were taken at
room temperature (298 K), and analysed using WSxM.

4.2 XPS

The XPS experiments were performed in situ at the catalysis and
surface science endstation at the BL11U beamline in the
National Synchrotron Radiation Laboratory (NSRL) (Hefei,
China). The Na 2p, N 1s, C 1s and Cl 2p spectra were measured
with a photon energy of 150, 480, 350 and 350 eV, respectively.
The spectra deconvolution was carried out by using the XPS
Peak 41 program with Gaussian Functions after subtraction of
a Shirley background.

This journal is © The Royal Society of Chemistry 2020
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