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Abstract
Spin-crossover complexes are attractive for their spin-
switching functionality. However, only few compounds
have been found to remain intact in direct contact to
metal surfaces. For the design of new spin-crossover
complexes, it is important to understand the mecha-
nisms leading to fragmentation. Here, we investigate,
using low-temperature scanning tunneling microscopy
along with density functional theory calculations, two
Fe(terpyridine)2 complexes deposited on Au(111) by
electrospray ionization with in-line mass selection. Only
fragments of the first compound are observed on the sur-
face, while the second compound is strongly flattened.
Based on a detailed analysis of the adsorbates on the
surface, possible mechanisms for the fragmentation and
molecular distortion are proposed.

Introduction
Spin-crossover (SCO) complexes are particularly inter-
esting for applications because of their intrinsic spin
switching functionality.1–11 Considerable effort has been
made to prepare such complexes on surfaces, e. g.
for electrical contacting.12–28 To enable physical va-
por deposition, which is the most common technique
for obtaining high-quality films, compounds with in-
creased thermal stability have been synthesized.12–37
However, even for such robust compounds, fragmen-

tation issues have been reported. For instance, while
the intactness of [Fe(H2B(pz)2)2(phenme4)] (phemne4
= 3,4,7,8-tetramethyl-1,10-phenanthroline) has been
demonstrated on Bi(111), the molecules fragment on
Au(111).26 For the design of new robust SCO com-
pounds, it therefore appears essential to not only con-
sider the gas-phase stability but also to further under-
stand fragmentation processes of complexes deposited
on surfaces.
In the present study, we investigate the depo-

sition of two Fe(terpyridine)2 complexes 1 and 2
with terpyridine-based ligands on Au(111) using low-
temperature scanning tunneling microscopy (STM),
density functional theory (DFT) and molecular dyna-
mics calculations. We used electrospray ionization
(ESI) deposition with in-line mass selection, from which
the integrity of the molecules in the gas phase is ensured.
However, on the Au(111) surface, only terpyridine (tpy)
ligands and Fe adatoms, i.e. fragments of complex 1,
are observed. By a statistical analysis of the adsorption
conformers (in the following referred to just as conform-
ers) of the tpy ligands compared to the energies at play
as inferred from DFT calculations, the conformational
change of the tpy ligand as well as the fragmentation
of the complex is found to occur at the early instants
of the adsorption, presumably due to the population of
high-energy vibrational modes in the molecules. These
considerations were taken into account for the design of
complex 2, whose ligand system indeed does not disso-
ciate upon adsorption. However, presumably due to the
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large van der Waals forces, the complex is strongly flat-
tened and the octahedral cage of the Fe ion is deformed.
While the integrity of these two complexes is lost upon
adsorption, the detailed analysis presented in this study
allows to identify important ingredients for the design
of new SCO complexes with increased robustness.

Experimental details
Synthesis
Complexes 1 and 2 (Fig. 1) were synthesized following
Refs. 38,39, based on the synthesis described in Refs.
40,41.

Sample preparation
Clean Au(111) surfaces were prepared by cycles of
Ar+ sputtering at 1.3 kV and annealing to 500 ◦C. The
molecules were deposited using a home-built mass-
selective electrospray ionization deposition setup de-
scribed in Ref. 42 and previously successfully employed
for other complexes.22,43–45 Stable spray conditions
were achieved with the molecules dissolved in acetoni-
trile. The deposition of the Fe(tpy)2 complexes 1 (2)
was performed by selecting a mass-to-charge ratio of
515 u/e (459 u/e) at a relative kinetic energy of approx-
imately 3 eV (10 eV). The spray voltage was 3.8 kV. Dur-
ing deposition, the pressure in the preparation chamber
stayed below 2×10−9 mbar and the substrates were kept
at room temperature.

Figure 1: Structures of the two Fe-tpy complexes 1
and 2.

STM measurements
Experiments were performed with a STM operating in
ultrahigh vacuum at 5K. STM tips were electrochemi-
cally etched from a tungsten wire and further prepared
in situ by indentation into the substrate. All STM to-
pographs were acquired in the constant-current mode.
Differential conductance spectra were acquired using a
lock-in amplifier (modulation amplitude of 20mV at fre-
quencies close to 1 kHz) while the STM feedback loop
was open. The images were processed with WSxM.46

DFT and molecular-dynamics calcula-
tions
DFT calculations were carried out with the localized-
orbital molecular-dynamics package Fireball.47 This ap-
proach has already proven to yield good results on
molecular systems.48 Standard optimized basis sets for
H, C, N, F and Au were used, as already considered in
reported studies.49
First, structural optimizations were performed for tpy

ligands in gas phase until forces reached values lower
than 0.1 eVÅ−1 to obtain the total energy of each lig-
and as well as their equilibrium configurations. Then
energies of the tpy ligand conformers on a Au(111) sur-
face were calculated using the LCAO-S2+vdW formal-
ism which takes into account van der Waals interac-
tions.50 Each ligand has been calculated on a 10×10
slab of gold atoms in the xy plane, made of three atomic
layers in the z direction. From the obtained adsorbed
configurations, we calculated the corresponding STM
images using a Keldysh-Green formalism.51 Finally, in
order to test the stability of the different ligands in the
gas phase, we performed molecular dynamics calcula-
tions using the Fireball code at 300 and 600K.

Results & discussion
The molecular structure of complex 1 is presented
in Figure 1. Two 2,2’:6’,2”-terpyridine ligands are
connected to a central iron atom. The ligands are
asymmetric with two different substituents, namely
4-(trifluoromethyl)phenyl and 4-N,N-dimethylaniline.
The intention was to profit from the dipolar tpy ligands
in the complex as potential E-field sensitive SCO switch-
ing mechanism. Similar complexes have been investi-
gated in controlled break-junction experiments.41,52
Complex 1 was deposited on Au(111) using ESI. Prior

to deposition, the molecular ion beam was analyzed
by an in-line quadrupole mass spectrometer. The in-
set to Figure 2 shows a typical mass spectrum. A
well-pronounced peak is observed corresponding to the
doubly charged, intact compound 1 (calculated m/z of
524 u/e). An additional small peak, may be assigned to
single, singly charged tpy ligands attached to Fe (cal-
culated m/z of 552 u/e). This indicates that a small
fraction (< 10%) of the complexes dissociates during
spraying. The quadrupole was then configured to only
transmit the intact 1 ions.
Figure 2 shows a typical large-scale STM topograph of

a Au(111) surface upon ESI deposition of the Fe(tpy)2
complex 1. The herringbone reconstruction of the clean
Au(111) surface is clearly discernible as bright lines on
a blue background. Disordered clusters consisting of
different molecular structures are observed. The most
common structure has an elongated shape with a length
of ≈ 3 nm and an apparent height of ≈ 150 pm. These
structures correspond to tpy ligands, indicating that the
molecules are fragmented on the Au(111) surface.
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Figure 2: Large-scale STM topograph (V = 0.1V,
I = 75pA, 50 nm wide) upon deposition of complex 1 on
Au(111). The color scale ranges from 0 to 230 pm. The
inset shows a typical mass spectrum of electrosprayed
complex 1. Two peaks centered at m/z = 505 and
555 u/e are resolved. To maximize ion transmission,
the mass spectrometer was operated at a low resolu-
tion. This leads to a large peak width (approximately
40 u/e) and a deviation of the measured and calculated
charge-to-mass ratios. The first peak corresponds to in-
tact, doubly charged 1 (calculated charge-to-mass ratio
of 524 u/e).

As detailed below, different conformations of the tpy
ligands are observed. The asymmetry of the tpy ligands
is essential for an accurate identification of the different
conformers. Figures 3a and b show two tpy ligands ly-
ing flat on the Au(111) surface. Additional protrusions
are observed at the side of each tpy ligand (black dots in
Figure 3a). They are attributed to single Fe atoms re-
sulting from the fragmentation of 1. This is motivated
by (i) the apparent height of the protrusion (between
130 and 160 pm at V = 100mV) similar to that reported
for Fe adatom on Au(111) (≈ 130 pm)53 and (ii) a sta-
tistical evaluation of the densities of Fe atoms and tpy
ligands (discussed below), from which a stochiometry of
1:2.04 is extracted. This is very close to the expected
stochiometry (1:2) of the Fe(tpy)2 molecules in the gas
phase. The Fe atoms lie close to the coordination site
of the three nitrogen atoms of the tpy ligand. The sep-
aration of the central N atom and the Fe atom is of the
order of 0.5 nm , i.e. larger than the Fe–N bond length
in the gas phase (≈ 190 pm).
Before further characterizing the protrusion inter-

preted as Fe atoms, we focus on the tpy ligands. At
a sample voltage of −1.4V (Fig. 3a), the extremities of
the tpy ligands exhibit different apparent heights. This
asymmetry in the topograph is due to the electronic
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Figure 3: Identification of substituents. STM to-
pographs (width: 5.5 nm) of two tpy ligands acquired
with sample voltages of (a) −1.4V and (b) 1.0V. A
molecular model is superimposed on the image. Black
disks indicate Fe adatoms. (c) dI/dV spectra acquired
over Au(111) and the two extremities of a single tpy lig-
and as indicated in the inset. The spectra are vertically
shifted for clarity. (d) HOMO and (e) LUMO of a sin-
gle tpy ligand as obtained from gas-phase calculations.
STM simulated images at (f) −1.5V and (g) 1.0V.

structure as it is no more visible at a sample voltage
of +1.0V (Fig. 3b). Spectra of the differential conduc-
tance (dI/dV ) were acquired over the Au(111) substrate
(blue curve in Fig. 3c) and over the two extremities
of a single tpy ligand (black and gray curves). The
Au(111) surface state onset is clearly visible in all spec-
tra. The onset of a highest occupied molecular orbital
(HOMO) is observed only in the spectrum acquired over
the higher lobe of the tpy ligand. The apparent height
difference may therefore be attributed to the HOMO
of the ligand. Gas-phase DFT calculations reveal that
the HOMO extends over half of the tpy ligand with the
dimethylaniline substituents (Fig. 3d) while the LUMO

3



is located on the other half (Fig. 3e). Simulated STM
topographs of tpy/Au(111) reproduce that the dimethy-
laniline substituted extremity appears higher (Fig. 3f)
and that the contrast between the two extremities al-
most vanishes at +1.0V. From additional STM mea-
surements and simulations, we determined that the
height asymmetry is discernible up to V ≈ 0.5V.
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Figure 4: (a–b) STM images of tpy ligands along with
Fe atoms on Au(111). Molecular models are overlaid.
The color scale ranges over 200 pm. Image widths: (a)
6.6 nm and (b) 3.3 nm. Tunneling parameters: (a) I =
50 pA, V = 50mV and (b) I = 20 pA, V = 100mV. (c)
Low-pass filtered scanning tunneling spectra acquired
atop the positions marked in (a) and (b) with dots in
matching colors. The upper and lower curves exhibit
zero-bias features compatible with a Kondo resonance.
The zero-bias features are broadened by the modulation
voltage used (amplitude Vm = 5.7mV for the top curve,
7mV for the others).54 The green curve is vertically
shifted by +0.3 nS for clarity.

Figures 4a–b show that the Fe atoms next to the tpy
ligands exhibit different apparent heights and widths.
Accordingly, different spectroscopic features are ob-
served (Fig. 4c). While the green and violet spectra are
relatively featureless, the red and blue spectra exhibit
a peak and a dip close to the Fermi level, compatible
with a Kondo resonance. We recall that no such feature
has been observed from single Fe adatoms on Au(111)
at 5 K (Ref. 55), while Fe atoms embedded in a coordi-
nation cage may lead to a Kondo resonance on Au(111)
(Refs. 21,56). We hint that different Fe atoms are sub-
ject to different ligand fields with different degrees of
bonding to the neighboring N, for instance because of
varying Fe–N separations. This is consistent with the
presence/absence of a Kondo resonance as well as the
change of its line shape as (i) the ligand field dictates
the occupancy of the Fe orbitals and (ii) the strength of
the Fe–N bonding may influence the electronic coupling

between the Fe and the substrate. A quantitative anal-
ysis of the interplay between Fe–N distance and spec-
troscopic feature is challenging because (i) the precise
position of the Fe atom is difficult to determine when its
apparent size is large (e.g. Fig. 4b) and (ii) the environ-
ment of the Fe atom varies (e.g. the three Fe atoms in
Fig. 4 have different environments). It is worth mention-
ing that hydrogenation may also affect the topographic
and spectroscopic properties of Fe adatoms.57
Now that the two extremities of the tpy ligands can

be distinguished and identified, we discuss different con-
formers found on the surface. Figure 5a shows the most
common conformer. As sown in Figure 5d, the two arms
of the tpy ligand are in a cis conformation relative to
the central pyridine. The second most common confor-
mation is shown in Figure 5b. The arm with the triflu-
oromethyl (CF3) substituent is in a trans conformation
(Fig. 5e). Finally, we observed the conformation of Fig-
ure 5c, where the two arms adopt a trans conformation
(Fig. 5e). The conformations shown in Figures 5a–c are
hereafter denoted CC, CMTF and TT, respectively. Sur-
prisingly, the CFTM conformation, where the arm with
the trifluoromethyl (dimethylaniline) substituent is in a
cis (trans) conformational form, was not observed.
We identified the conformation of 1021 ligands out of

which 49% have an Fe adatom in the vicinity. These
ligands are exclusively in the CC form and we there-
fore assume that the proximity of the Fe adatom sta-
bilizes the CC conformation. The remaining 51% of
the ligands are found in the CC (32%), CMTF (15%),
TT (4%) conformations. The stochiometry of Fe atoms
relative to tpy ligands (1:2.04) independently evidences
that Fe(tpy)2 molecules are deposited on the surface
and that the fragmentation takes place on or close to
the Au(111) surface.
We performed DFT calculations for the different tpy

conformers using the Fireball code and the LCAO-
S2+vdW formalism (Tab. 1). In the gas phase, CC
is the energetically least favorable conformation, fol-
lowed by TMCF, CMTF and TT. Upon adsorption on
Au(111), TMCF is the conformation with the highest
energy, i.e., the least favorable. This is in agreement
with the absence of the TMCF conformer from STM im-
ages. In view of the apparent resemblance of the CMTF
and TMCF conformers in the vicinity of the pyridine,
it nonetheless is surprising that the calculated energy
difference between the two conformers on Au(111) is
as high as 102meV. This difference has two contri-
butions. (i) The energies of the conformers differ by
40meV in the gas phase. This is most probably re-
lated to the HOMO being located on the arm with
the dimethylaniline substituent (for all conformers).
The conformational change of the first or second arm
of the ligand have different (marginal) impact on the
HOMO, notably revealed by the different HOMO ener-
gies (EHOMO

CMTF
= −0.174 eV and EHOMO

TMCF
= −0.218 eV).

This in turn affects the total energy of the respective
conformers. (ii) The adsorption energies of the two
conformers differ by 62meV, meaning that one rotated
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CC 32 % CMTF 15 % TT 4 %

(a) (b) (c)

(d) (e) (f)

Figure 5: (a–c) Constant-current images (width: 4.5 nm) of three distinct conformers of the tpy ligand on Au(111).
Relative abundances of the conformers evaluated from 1021 ligands (isolated or within clusters) are indicated in the
lower right of the images. 49% of the ligands are in the CC form with an Fe adatom in the vicinity (not shown).
Tunneling parameters: I = 20pA, (a, b) V = 0.1V, (c) V = 0.3V. (d–f) Structural models of tpy conformers.

Table 1: Total energies of the tpy ligand in different conformations on a Au(111) slab calculated
using Fireball and the LCAO-S2+vdW formalism. In the present case, gas phase refers to calculations
on the isolated molecules (see methods). Erel is the energy relative to the energy of the CC system.
Etot and Eads refer to the total and adsorption energies, respectively.

Conformation Gas phase Adsorbed
Eads(eV)

Etot(eV) Erel(eV) Etot(eV) Erel(eV)
CC −7979.591 0 −7981.138 0 −1.547
TMCF −7979.699 −0.108 −7981.121 0.017 −1.422
CMTF −7979.739 −0.148 −7981.224 −0.085 −1.484
TT −7979.861 −0.270 −7981.467 −0.330 −1.606

arm contributes slightly more to the adsoprtion energy,
probably due to small steric effects.
Next, we consider the statistics of 1021 tpy ligands

investigated on the Au(111) surface (Fig. 5). The cal-
culated energies of the adsorbed tpy conformers do not
reflect the experimentally observed occurrence. Indeed,
by considering Boltzmann statistics at 300K, more than
99.9% of the ligands should be in the TT conformation.
This suggests that thermodynamic equilibrium is not
reached during sample preparation and therefore the
energy barriers between the conformers play a role. To
estimate the energy barrier for CC to CMTF conforma-
tional change on Au(111) we calculated the total energy
of a geometry with the trifluoromethyl substituted arm
oriented normal to the surface (−7980.019 eV). The es-
timated barrier is of the order to 1.2 eV, i.e. of same
order as the adsorption energy of the ligand. This im-
plies that the conformational change is unlikely to occur
at room temperature for the ligand relaxed on Au(111).
Furthermore, no conformational change was observed
in molecular-dynamics simulation (25 ps time span, not
shown) of the CC, CMTF and TT conformers in the
gas phase at 300K. As the energy barrier for tpy con-
formational change most likely is larger on the surface

than in the gas phase, these simulations separately in-
dicate that a relaxed tpy ligand on Au(111) is unlikely
to undergo conformational changes. We therefore pro-
pose that the conformational change takes place before
the kinetic energy of the ligand (≈ 3 eV for the entire
molecule) is transferred to the Au(111) substrate. To
check the validity of this hypothesis, we estimate the
time scale required for the conformational change us-
ing molecular dynamics. Little is know about the state
of the ligand before adsorption. We therefore simpli-
fied the system and solely considered a tpy ligand at
a temperature of 600K. It is worth mentioning that
molecular dynamics at reduced temperatures (300 and
450K) did not lead to a conformational change of the
CC conformer. At 600K, conformational change oc-
curs within 1.5 to 10 ps (data not shown). A simi-
lar timescale was reported for vibrational lifetimes of
molecular adsorbates on metal substrates.58,59 The sim-
ilarity of the timescales for conformational change and
energy relaxation to the substrate suggests that they
are effectively competing channels of energy relaxation.
In turn, this is consistent with the observation of con-
former abundances that do not correlate with their cal-
culated energies. We emphasize that the DFT calcula-
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tions did not include intermolecular interactions, which
may affect the conformer distribution. For complete-
ness, similar molecular dynamics calculations were per-
formed for complex 1. No conformational changes of the
ligands were observed. This independently supports the
assumption that the proximity of an Fe atom stabilizes
CC conformers.
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Figure 6: (a) STM topographs (width: 15.4 nm,
V = 100mV, I = 100pA) of complex 2 on Au(111).
The inset is a detailed view of a single adsorbate
with a superimposed molecular structure (width: 3 nm,
V = 100mV, I = 200 pA). (b) STM topograph (width:
3.9 nm, V = 100mV, I = 20pA) of a single adsorbate
with a central protrusion. (c) Differential-conductance
spectrum, acquired atop the protrusion center in (b),
exhibiting a zero-bias feature (dip). (d) STM topo-
graph (width: 3.9 nm, V = 100mV, I = 20pA) of the
same adsorbate as in (b) after having increased the sam-
ple voltage to 0.5V with a current set point of 100 pA.
The position of the central protrusion relative to the
molecule changed.

Based on the fragmentation problems identified for
complex 1, we designed and synthesized the reinforced
complex 2 (Fig. 1) with symmetric phenyl-substituted
ligands. Two 1,4-(diphenyl-2’-yl)-buta-1,3-diyne moi-
eties (linker) attached to the terpyridine at the 4 and 4”
position rigidly link the two tpy ligands while preserv-
ing the octahedral ligand sphere of the Fe center and
the N atoms. The reinforced complex 2 was deposited
on Au(111) using ESI. Typical mass spectra of the ion

beam (not shown) display a clear peak due to intact 2,
which was used for deposition. STM topographs of the
deposited complex 2 exhibit two adsorbate structures
(Figure 6), namely the macrocyclic ligand with and
without the central Fe ion. Each adsorbate is comprised
of two ligands in a cis-cis configuration. In contrast to
the observations on complex 1, the ligand is symmetric
as expected. Similar to complex 1, tpy ligands adopt a
flat geometry on the Au(111) surface, incompatible with
the gas-phase model of the molecule. We therefore infer
that adsorption onto Au(111) deforms the Fe(tpy)2 sys-
tem 2 to a flat geometry (inset to Fig. 6a). Adsorbates
with (upper adsorbates in Fig. 6a) and without (lower
adsorbate in Fig. 6a) central protrusion are observed on
the surface. Figure 6c shows a differential-conductance
spectrum measured at the center of an adsorbate with a
central protrusion (Fig. 6b). A clear zero-bias feature is
discernible. Similar to complex 1, this feature could be
the signature of a Kondo resonance. Although previous
studies12,13,21 relied on Kondo resonances to address the
spin states of adsorbed spin-crossover complexes, we re-
frain from doing so in the present case for two reasons.
First, the flat adsorption of the tpy ligands significantly
changes the symmetry and presumably the ligand field
such that different spin states relative to the bulk com-
pound may be expected. Second, the coordination of
the Fe to the tpy ligand appears to be weak and unsta-
ble. Indeed, the position of the central Fe relative to
the molecule was observed to easily change at moderate
tunneling conditions (V = 0.5V and I = 100pA) as
shown in Figures 6b and d.
It may be worth mentioning that only the molecu-

lar adsorbates shown in Figure 6 were observed on the
Au(111) surface. In particular, all tpy ligands exhibit
the cis-cis conformation. In the present case, the linker
appears to have a double function: they prevent (i) con-
formational change of the tpy ligands, and (ii) a frag-
mentation of the dimer structure. Nonetheless, the in-
tended preservation of the Fe(tpy)2 complex as SCO
system is not achieved on the surface, presumably due
to the influence of significant dispersion forces, which
strongly flatten the molecules.
For the design of new robust SCO complexes, it ap-

pears essential to consider two aspects. (i) Reinforce-
ment of the ligand structure to avoid fragmentation.
This can notably be realized by effectively decreasing
the number of ligands. For instance, complex 2 has ef-
fectively only one ligand whereas complex 1 is composed
of two ligands. (ii) Reduce the planarity and size of the
ligands to diminish van der Waals forces.

Conclusions
We investigated two Fe(tpy)2 SCO complexes deposited
on Au(111) using electrospray ionization. In both cases,
the integrity of the molecule in the gas phase, before de-
position, was verified by mass spectrometry. The first
compound fragments upon deposition. All fragments
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on the surface could be identified as being due to Fe
adatoms and conformers of the tpy ligands. From the
abundances of different tpy conformers and the energet-
ics inferred from DFT calculations, we conclude that the
conformational change takes place early on during the
adsorption process before the ligands have thermalized
with the substrate. Conformational change of the tpy
ligands is found to be unlikely when coordinated to the
Fe ion. Consequently the fragmentation of the com-
plex occurs before thermalization with the substrate. A
complex stabilized by the linkers between the tpy lig-
ands remains intact as desired. Combining two triden-
tate ligands to a single hexadentate shell turned out to
be successful. However, the new complex is distorted
compared to its gas-phase structure, presumably due
to van der Waals forces. Taken together, the observa-
tions indicate that future molecular designs should aim
at polydentate ligands while minimizing van der Waals
forces.
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