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ABSTRACT 

The combination of electrospray ionization with ion beam deposition in ultra-high vacuum has opened new opportunities to 
research non-sublimable molecules on solid surfaces in recent years. An Fe(II) [2 × 2] grid complex was deposited on Ag(111) 
and investigated by scanning tunneling microscopy. Low landing energies ( < 3 eV z− 1 ) resulted in clusters and single structures 
with potentially intact coordination bonds. Higher landing energies ( > 3 eV z− 1 ) led to coordination bond cleavage and a rich 
variety of self-assembled surface networks formed spontaneously by the grid fragments. Applying established on-surface synthesis 
methodology employing the constituents of these networks (ligands and Fe atoms) reproduced only a part of them. It is thus 
proposed that electrospray ion beam deposition is a different route to on-surface coordination network synthesis. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

1 Introduction 

Electrospray ionization (ESI) is a gentle method used to transfer
molecules from solution into the gas phase, making it an invalu-
able tool for mass spectrometry and other analytical applications
[ 1, 2 ]. In recent years, this technique has been extended to
deposition of ions onto substrates in ultra-high vacuum (UHV)
[ 3–11 ]. Electrospray ion beam deposition (ES-IBD) combines
ESI further with a quadrupole mass filter and control of the
ion–surface collision energy [ 12–20 ]. This combination benefits
This is an open access article under the terms of the Creative Commons Attribution License, which perm
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from the broad applicability including many large and fragile
molecules, UHV compatibility, mass analysis and filtering, and 
energy- and dose-control during landing. This results in clean
and controlled depositions that are not achievable by sublimation
or drop-casting. Control of the landing energy may be achieved
by suitable potentials applied to the to the elements guiding
the ions into high vacuum [ 21 ] or to the sample, as in the
present investigations [ 16 ]. Deceleration of ions enables so-
called soft-landing [ 13, 22–25 ] with low translational energies
allowing for non-destructive depositions, e.g. no bond cleavage or
its use, distribution and reproduction in any medium, provided the original work is properly 
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FIGURE 1 (a) Crystal structure of the Fe(II) [2 × 2] grid complex, 
Fe4 (C34 H36 N10 )4 (F3 CSO3 )8 . The hydrogen atoms and counter ions were 
omitted for clarity. A cartoon representation of the complex is shown next 
to the molecular structure for clarification, with red circles and black 
lines representing Fe(II) ions and ligands L (C34 H36 N10 ), respectively. (b) 
Rotamers of ligand L: LA , LB , LC, and LD . N, C, H, and Fe are represented 
in blue, black, white, and red, respectively. (c) Schematic of the ES-CIBD 

system. 
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conformational changes, of molecules such as transition metal
complexes [ 26 ], non-sublimable nano ribbons precursors [ 27, 28 ]
or larger biomolecules [ 29–31 ]. 

Analysis of configurations and conformations of deposited
molecules by scanning probe microscopy demonstrates one of its
applications, where non-averaging techniques are desired [ 30–
33 ]. Anggara et al. were able to directly observe the positions
of glycan side groups in proteins, which play an important role
in the function and dysfunction of various biomolecules [ 30 ].
In another study, a cyclic glucose oligomer was deposited, and
the positions of hydroxyl groups and intramolecular hydrogen
bonds were observed by atomic force microscopy [ 33 ]. During the
collision with the surface, the molecule’s translational energy is
redistributed among other degrees of freedom, such as molecular
vibrations, on the picosecond timescale [ 34, 35 ]. The successful
deposition of cytochrome C without major changes in confor-
mation was achieved on freestanding graphene, which acts as
a “trampoline” by dissipating the energy away from the protein
molecule within a few picoseconds [ 29 ]. 

A controlled increase of the landing energy opens new oppor-
tunities for the formation of specific surface species, e.g. via
mechanochemistry. The occurrence of these collision-induced
changes at higher landing energies is referred to as reactive
landing [ 13, 24, 34–39 ]. It was shown that non-accessible surface
species were observed through controlled C ─N bond breaking
during landing [ 35 ]. The unfolding of the molecular secondary
structure, and therefore the conformation of the surface species,
is also strongly dependent on the choice of the landing energy [ 25,
34 ]. Moreover, fragmentation of molecules can be purposefully
employed to form new building blocks for 2D and 3D materials
[ 40 ]. Therefore, it is important to further investigate the impact
of the landing energy of molecules on the occurrence of different
surface species or their behaviors. 

Here, we investigated a spin-crossover (SCO) active Fe(II) [2 ×
2] grid complex (Figure 1a ) composed of four ligand L molecules
(Figure 1b ) connected by four Fe(II) ion centers as described by
Suryadevara and coworkers [ 41 ]. Spin-crossover complexes can
undergo a reversible transition between low-spin and high-spin
states, a phenomenon governed by factors like temperature, pres-
sure, light exposure, or electric fields making these interesting
as molecular electronic/spintronic architectures for applications
like data storage, sensors, and actuators [ 42–49 ]. The Fe(II) [2
× 2] grid complex is saturated by eight triflate anions (CF3 SO3 

− 

(OTf− )). 

We deposited the Fe(II) [2 × 2] grid molecules onto an Ag(111)
single crystal with different landing energies using a specific
ES-IBD system, designated as electrospray controlled ion beam
deposition (ES-CIBD, Figure 1c ) apparatus [ 16 ], and imaged the
surfaces by scanning tunneling microscopy (STM). At lower
landing energies, we observed unordered structures with features
of varying sizes. Interestingly, increasing the landing energy
resulted in a high variety of well-ordered self-assemblies, which
are ascribed to be formed by subunits of the complex (intact ligand
L and Fe ions) of the Fe(II) [2 × 2] grid complex. Notably, not all
well-ordered structures were accessible through the deposition of
fragmented Fe(II) [2 × 2] grid complexes or sequential deposition
of the L and Fe ions, indicating an unexpected influence of ES-
2 of 8
CIBD on the formation of different self-assemblies on the Ag(111)
surface. 

2 Results and Discussion 

The analysis of the mass spectrum prior deposition of the Fe(II)
[2 × 2] grid complex revealed noteworthy peaks at m/z values
of 475, 584, 601, 611, 789, 1102, and 1728 (Figure 2a ). Among
these, five peaks can be (at least partially) attributed to the
intact [Fe4 L4 (OTf)8-x ]x + molecule with the charge states from 

2 + to 6 + (Figure 2c ). They differ by the number of lost triflate
counter anions and consequently by the amount of positive
charge of the entire complex and its total mass. The even
charge states may also result from fragmentation of the intact
complex to [Fe2 L2 (OTf)4-x ]x + . In contrast, the peaks of odd-
numbered charge states can be attributed unambiguously to 
intact complexes. The peak at m/z 611 is ascribed to the molecular
fragment [FeL2 ]2 + , whereas the peak with m/z 584 is assigned
to the protonated ligand L H+ , which is also observable by ES-
CIBD of the ligand alone (Figure 2b ). For the deposition of an
intact complex, the peak at m/z 1102 was chosen due to the
unambiguity of its composition of solely intact Fe(II) [2 × 2]
grid complex ions ([Fe4 L4 (OTf)5 ]3 + ) and its low total charge of
3 + . For control experiments, L H+ (Figure 2b ) and the fragment
of the Fe(II) [2 × 2] grid complex at m/z 611 (Figure 2a ),
exemplifying an already broken complex, were deposited on 
Ag(111). 
Small Methods, 2026
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FIGURE 2 (a) Mass spectra of the Fe(II) [2 × 2] grid complex, with 
the corresponding charge state of an intact molecule indicated above 
the respective peaks. The m/z values are given in blue italics. The inset 
provides a zoom-in view with peaks corresponding to L H+ , the intact 
complex with a charge of 5 + , and a fragment of the complex [FeL2 ] (* ). (b) 
Mass spectra of protonated ligands L . The m/z regions used for deposition 
are indicated in blue in the mass spectra (a) and (b). (c) Summary of all 
potential species corresponding to the m/z peaks in the mass spectrum of 
the Fe(II) [2 × 2] grid shown in (a). Cartoons illustrate the corresponding 
intact/molecular fragments of the Fe(II) [2 × 2] grid complex with Fe as 
red circles and the ligand as black lines. (d) STM image of the deposition 
of the intact complex ( m/z 1102) with a mean landing energy of 3 eV z− 1 

(2500 mV, 90 pA, 150 K). 
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The translational energy distribution of the ions in the beam was
acquired by measuring the deposition ion current as a function of
the potential applied to the sample [ 16, 50 ]. A Gaussian function
can be used to describe the distribution (see Figure S1 ). Adjusting
the potential applied to the sample enables controlling the mean
landing energy of the deposited species. For this study, mean
landing energies per charge (total mean landing energies are
given in brackets) of the intact Fe(II) [2 × 2] grid molecule of
1.3 eV z− 1 (3.9 eV), 3 eV z− 1 (9 eV), and 24 eV z− 1 (72 eV) were
employed. 

Initially, intact Fe(II) [2 × 2] grid ions ( m/z 1102) were deposited
on Ag(111) in the soft-landing regime [ 13, 22–25 ] with an aver-
age landing energy of 1.3 eV z− 1 . At 150 K agglomerations of
protrusions ranging from 2 to 5 nm in diameter were observed
in STM on the Ag(111) surface with submonolayer coverage (see
Figure S2 ). In a second experiment, a higher landing energy of
3 eV z− 1 was chosen, which also increased the deposition rate. The
analysis partially gave rise to similar protrusions already observed
for the deposition with lower mean landing energy (see Figure 2d ;
Small Methods, 2026
Figure S2 ). Astonishingly, additional, well-ordered structures ( α-
ζ, see SI for lattice parameters) were found in STM at a sample
temperature of 150 K (Figure 3 ; Table S1 ). These structures formed
islands with dimensions extending well beyond 100 × 100 nm2 

(see Figure S3 ). With an even higher mean landing energy of
24 eV z− 1 , which is attributed to reactive landing [ 13, 24, 36 ], the
round protrusions as shown in Figure 2 were no longer observed.
However, the six structures already present with the medium
range landing energy were also found after this deposition. 

As a control experiment, the protonated ligand L H+ was
deposited by ES-CIBD with an average landing energy of 3 eV z − 1 

(Figure 2b ). Protons are assumed to spillover to the Ag(111) surface
at room temperature, recombine, and desorb as gaseous H2 [ 51–
53 ]. Therefore, it is reasonable to deduce that both the ligand from
the complex and the protonated ligand exhibit similar behavior
on the surface. The networks δ, ε, and ζ were recorded by STM
at 140 K sample temperature. However, even after adding Fe
and annealing the sample to 343 K, structures α, β, and γ were
not observed. Spraying a fragment of the complex ( m/z 611,
[FeL2 ]2 + ) with a mean landing energy of 1.6 eV z− 1 also led only to
structures δ, ε, ζ, and unordered areas (see Figure S4 ). Thus, the
structures α, β, and γ could not be obtained by either of these two
experiments. The results of the depositions are summarized in
Table 1 . 

When considering the dimensions of the intact Fe(II) [2 × 2]
grid complex, it becomes obvious that α- ζ cannot be substantiated
by intact grid molecules. It is therefore essential to consider the
single parts of the complex—the ligand L , the triflate, and the Fe
ions. The triflate anions are most likely too mobile to be participat-
ing in the observed structure, and contaminants can be excluded
due to the mass selection prior deposition. A fragmentation of the
Fe(II) [2 × 2] grid complex can be rationalized, on the one hand,
by higher landing energies. For instance, C ≡ N bond cleavage
was reported at 6 eV z− 1 [ 35 ]. Thus, cleavage of the coordination
bonds in the Fe(II) [2 × 2] grid complex molecules should be
feasible at moderate landing energies. However, even in the soft-
landing regime, loss of ligands can be observed due to structural
distortions of the metal complexes on the surfaces and charge
transfers between substrate and molecules [ 26 ]. 

Importantly, the smallest building blocks of structures δ, ε, and ζ
consist of two neighboring protrusions. Similarly, the structural
motifs of α, β, and γ are based on an even number of protrusions.
Moreover, the repeating circular structural element of α (marked 
by an orange circle in Figure 3a ) can be observed free standing
(see Figure S5 ). The two neighboring protrusions of δ- ζ are spaced
0.75 ± 0.1 nm apart, a distance comparable to that of neighboring
protrusions in structures α to γ. The average distance between
the centers of neighboring protrusions aligns with the distance
between the centers of two upright isopentanyl side chains of the
ligand L . This strongly indicates that the two adjacent protrusions
correspond to L . 

Structures α to γ share a common motif characterized by six
ligands arranged in a circular pattern (Figure 4a–c ). In structure
α, this motif exists independently, unconnected to other units
(Figure 4a ). Structure β features a connection to adjacent circular
units, sharing a ligand in one dimension, leading to the formation
3 of 8
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FIGURE 3 STM images of structures α- ζ, which are only observable after depositions of intact Fe grid molecules ( m/z 1102) with mean landing 
energy of 3 eV z− 1 or higher: (a) (2102 mV, 110 pA), (b) (2500 mV, 110 pA), (c) (1768 mV, 90 pA), (d) (2087 mV, 90 pA), (e) (2102 mV, 160 pA) and (f) 
(1767 mV, 90 pA). All images were taken at 150 K and have the same scale. The orange circles emphasis the 0D, 1D, and 2D structure in a, b, and c, 
respectively. 

TABLE 1 Summary of deposited species with their respective landing energy and observed surface species by STM. 

m/z Molecular Structure Mean Landing Energy [eV z− 1 ] Unordered Structures α- γ δ- ζ

1102 [Fe4 L4 (OTf)5 ]3 + < 3 ✓ — —
1102 [Fe4 L4 (OTf)5 ]3 + > 3 — ✓ ✓

611 [FeL2 ]2 + 1.6 ✓ — ✓

584 L H+ 3 — — ✓
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of 1D rows (Figure 4b ). Structure γ undergoes a more extensive
fusion process in two dimensions, resulting in a well-organized
2D network with a minimal number of irregularities (Figure 4c ).
Notably, islands of distorted δ structures border the β chains, and
transitions between β and γ are also evident, further illustrating
the fusion process of a six-ligand circular motif to a 2D network
(see Figure S6 ). 

For the surface structures δ, ε, and ζ, Fe coordination bonds
formed on the surface with the ligand can be ruled out as these
structures are also observed after the deposition of the ligand
without Fe. On the other hand, the presence of α, β, and γ after the
intact Fe grid deposition, but not after solely ligand deposition,
makes the presence of Fe in these structures likely. Notably, even
the deposition of the complex fragment [FeL2 ]2 + ( m/z 611) does
not lead to structures α, β, and γ. Hence, it could be that a specific
ratio of L and Fe is necessary for these structures to form. In
the intact complex ( m/z 1102, 3 + ), the ratio of Fe to ligand is
1:1. However, in the broken complex fragment m/z 611, this ratio
shifts to 1:2. Based on these considerations, molecular models
were derived for the structures α, β and γ consisting of L and Fe
and for δ, ε, and ζ consisting of just L . 
4 of 8
The ligand itself can be found in different surface conformation
arising from a rotation about single bonds (Figure 1b ). Given the
high order and high symmetry of the structures, only symmetric
rotamers were considered for deducing the model structures for
each self-assembly. We selected the rotamer conformation that 
best fits the observed contrast in STM and enhances intermolec-
ular interactions through hydrogen bonds and Fe coordination 
bonds in each network. For the different structures obtained,
we propose the models overlaid in Figure 4 . Reported N-Fe-
coordination bond lengths on Ag(111) range from 1.6 to 2.3 Å
and are thus strongly dependent on the geometry of the involved
molecules [ 54–58 ]. In our models the average distance between N
and Fe is 2.5–3.5 Å. Hence, we cannot exclude that the red dots
in our models consist of more than one Fe atom [ 59 ]. The variety
of only L containing structures could also be a result of different
rotamers on the Ag(111) surfaces. 

The observed surface species present only after low and medium
landing energy deposition (see Figure S2 ) cannot be unambigu-
ously assigned to the intact complex. However, we can deduce
that the coordination bonds of the Fe(II) [2 × 2] grid molecules
are at least partially intact, as none of the structures α- ζ, were
Small Methods, 2026
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FIGURE 4 (a–f) Molecular models overlaid to structures α- ζ. N, C, and H atoms are represented in blue, black, and white, respectively. Red circles 
indicate possible Fe positions. 
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observed. The variety of sizes observed in STM might be attributed
to different landing geometries [ 34, 35 ] and hence different
interactions with the substrate [ 26 ]. 

3 Conclusion 

In summary, an Fe(II) [2 × 2] grid complex was deposited onto
the Ag(111) substrate using ES-IBD. Depending on the mean
landing energy, structures of potentially intact Fe(II) [2 × 2] grid
complexes and/or a variety of self-assemblies, resulting from the
complete fragmentation of coordination bonds in the Fe(II) [2
× 2] grid complexes, were observed on the surface. Among the
obtained self-assemblies, three could only be attainable through
medium to high energy deposition of the intact complex. These
featured novel, planar coordination structures of 0D, 1D, and 2D
character. The remaining structures could be consistently repli-
cated by depositing uncoordinated ligands. Even the deposition
of a fragment of the complex ( m/z 611) could not reproduce
all surface structures observed after the deposition of the intact
Fe(II) [2 × 2] grid. This underscores the capability of ES-IBD to
produce structures that are challenging to achieve through the
deposition of individual building blocks alone. Therefore, further
research of landing energy dependent self-assembly structures
seems worthwhile. The present study represents an initial step
and promising insights toward a wider range of tailored surface
Small Methods, 2026
structure formations. Protocols integrating additional parameters 
such as the metal-to-ligand ratio or charge balance, which was
already shown to control surface structure and composition [ 21,
60 ], remains to be explored. 

4 Experimental Methods 

4.1 Electrospray ion beam deposition (ES-IBD) 

The Fe grid was solved in acetonitrile (c = 10− 5 to 10− 4 mol/l). The
ligand was solved in acetonitrile (c = 10− 4 mol/l) with 1% acetic
acid. A fused silica capillary with inner and outer diameters of
0.075 and 0.360 mm, respectively, was used as the ESI emitter.
The ESI source was operated in positive mode with an applied
voltage of 2.5 to 3 kV. to the emitter. In general, lower emitter
voltages and lower molecule charge aid the preservation of the
conformation of electrosprayed molecules and, for proteins and 
nucleic acids, result in conformations closer to their native states
[ 61 ]. In contrast, in our case positive mode was selected due
to the high charge state of the Fe(II) grid (8 + ) and the weakly
bound triflate counterions [ 41, 62 ]. The resulting mass spectra
showed efficient electrospray ionization. The electrospray voltage 
of the emitter was optimized by maximizing and stabilizing the
deposition current at the sample. The inlet to the UHV system is
based on the design by Rauschenbach et al. [ 63 ]. and was heated
5 of 8
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to 350 K during deposition. The exact geometries and a detailed
discussion of the ESI setup and the ion guides along the ion
beam can be found elsewhere [ 16 ]. A digital quadrupole mass
filter was used to analyze the ion beam and ensure the selective
deposition of a single molecular species. Prior to each deposition,
a mass spectrum was acquired to verify the composition of the
ion beam. The translational energy distribution of the ions was
determined by measuring the deposition current as a function
of cut-off energy [ 16 ]. The landing energy was controlled by
suitable potentials applied to the sample [ 16 ]. The deposition
was performed in a UHV chamber with a base pressure of 5 ×
10− 10 mbar. No pressure increase during deposition was observed.

4.2 Scanning tunneling microscopy (STM) 

The ES-CIBD system is connected to a UHV system consisting of
a preparation and an analysis chamber, with a base pressure of
below 2 × 10− 10 mbar in each. The Ag(111) crystal was prepared
in the preparation chamber prior to ES-IBD by a sequence of
rt Ar+ sputtering followed by an anneal to 700 K. The analysis
chamber is equipped with an Aarhus-type STM from Specs
GmbH with a chemically etched tungsten tip. Following the
bakeout of the analysis chamber to achieve UHV conditions,
the tip was sputtered in situ by Ar+ ions. The STM cradle with
the sample was pre-cooled with LN2 , while the STM scanner
was counter heated to 273 K, so as to maintain the calibration
parameters of the piezoelectric elements positioning the tip. The
tunneling bias is applied to the sample. The tunneling conditions
and acquisition temperatures of STM images are reported in the
respective Figure caption. 
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