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ABSTRACT: Organometallic sandwich complexes are versatile molecular systems
that have been recently employed for single-molecule manipulation and spin sensing
experiments. Among related organometallic compounds, the mixed-sandwich S = 1/2
complex (η8-cyclooctatetraene)(η5-cyclopentadienyl)titanium, here [CpTi(cot)], has
attracted interest as a spin qubit because of the long coherence time. Here the
structural and chemical properties of [CpTi(cot)] on Au(111) are investigated at the
monolayer level by experimental and computational methods. Scanning tunneling
microscopy suggests that adsorption occurs in two molecular orientations, lying and
standing, with a 3:1 ratio. XPS data evidence that a fraction of the molecules undergo
partial electron transfer to gold, while our computational analysis suggests that only the
standing molecules experience charge delocalization toward the surface. Such a
phenomenon depends on intermolecular interactions that stabilize the molecular packing in the monolayer. This orientation-
dependent molecule−surface hybridization opens exciting perspectives for selective control of the molecule−substrate spin
delocalization in hybrid interfaces.
KEYWORDS: scanning tunneling microscopy, X-ray photoelectron spectroscopy, density functional theory, molecular packing,
organometallic sandwich compounds, molecule/surface interactions

Organometallic sandwich complexes hosting a transition
metal (TM) or lanthanide ion show magnetic properties

of great interest for spintronics and quantum computing.1−5

Metallocene derivatives containing dysprosium(III), for
example, present single molecule magnet (SMM) behavior,
i.e., magnetic memory at the molecular level up to record
temperatures in the liquid nitrogen range.6−8 Cyclopentadienyl
(Cp) ligands have also been employed to stabilize mixed
valence LnII−LnIII dimeric SMMs exhibiting strong intra-
molecular ferromagnetic interaction and giant magnetic
coercivity.9 Organometallic sandwich complexes are also an
exciting playground for the on-surface realization of magnetic
nanowires, which hold potential for spintronics applica-
tions.10−12 The easy manipulation of TM sandwich complexes
by local probes has been used to localize spins on surfaces with
atomic precision; this has been achieved by functionalizing a
scanning tunneling microscope (STM) tip with a molecular
unit.13−15 Inelastic electron tunneling microscopy measure-
ments performed on nickelocene showed the signature of
vibronic spin excitations, opening a route for manipulating the
magnetic properties of individual molecules.16

Furthermore, the noticeable spin coherence time of some 3d
metal sandwich complexes makes them appealing for realizing
molecular qubits.17,18 The confinement of these highly
coherent systems on the surface is particularly attractive due

to the most recent advances in STM experiments, where
microwave fields coupled to the tunneling junction permitted
both the resolution of electron spin resonance (ESR)
signatures of magnetic atoms and molecules19,20 and control
of their spin coherent properties.21,22

Recently, an S = 1/2 organometallic sandwich, the (η8-
cyclooctatetraene)(η5-cyclopentadienyl)titanium, hereafter
[CpTi(cot)] (Figures 1a and S1), revealed a noticeable
coherence time of about 34 μs in a frozen toluene solution.17

This value is remarkably high considering the number of
hydrogen atoms near the paramagnetic center, a well-known
source of spin decoherence through the nuclear spin diffusion
mechanism.17,23 The rich chemistry of these sandwich
compounds also opens the possibility of realizing multiqubit
systems to implement quantum gates.18 At variance with other
molecular spin qubits such as copper or vanadyl porphyrins
and phthalocyanine,24−28 the unpaired electron is located in a
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nonbonding dz2 orbital that is more prone to hybridization with
the substrate and therefore highly interesting for local spin
sensing experiments.14,29−31 To the best of our knowledge, no
reports on the surface deposition of d1 sandwich complexes are
available in the literature.
Here we studied monolayer deposits of [CpTi(cot)]

molecules on Au(111) surface by employing STM, X-ray and
ultraviolet photoelectron spectroscopies (XPS and UPS), and
density functional theory (DFT). The experimental STM
images and the simulated adsorption geometry evidence that
when these molecules pack on Au(111), they adopt two
orientations to form a complex molecular packing. The
adsorption potential energy surface (PES) was investigated
theoretically to resolve the nontrivial and bias-dependent STM
contrast. Calculations reveal that molecular packing governs
the electron and spin delocalization of the molecular units,
causing a variable extent of electron transfer from the molecule
to the surface. An almost complete transfer of the TiIII
unpaired electron is computed for one specific adsorption
conformation inside the complex pattern, in agreement with
spectroscopic results. In this respect, the behavior of
[CpTi(cot)] is significantly different from that of already
investigated metallocenes such as ferrocene or nickel-
ocene.13,14,16,32,33

The deposition of [CpTi(cot)] on the Au(111) surface,
from here on [CpTi(cot)]@Au, results in a uniform and
compact molecular monolayer shown in the large scale STM
image of Figure 1b. Figure 1c,d shows the STM images at +2
and +1 V (empty states) of the area marked with a square in
panel b. The molecular layer is characterized by round-shaped
features organized in alternating bright and dark rows parallel
to the Au(111) step edges. The STM contrast changes with
the bias voltage (an even stronger bias dependence is observed
at filled states and will be discussed afterward). The round
features of the bright rows, labeled A and B, show a periodicity
of 1.40 ±0.05 and 0.65 ± 0.05 nm, respectively (see height
profiles in Figure S2). The dimension of round bright spots in
the rows approximately matches the molecular dimensions,
being 3.7 Å high and 5.5 Å wide (see Figure S1 and line
profiles in Figure S2).
Similarly to literature results on other sandwich complexes

such as nickelocene, molecular packing could not be directly
deduced from the STM data.32,33 STM images and DFT
calculations of nickelocene on copper and lead single
crystals32,33 showed that bright and dark areas correspond to
molecules adopting standing and lying orientations. We found
that the less symmetric structure of [CpTi(cot)] as compared
to bis(cyclopentadienyl) analogues, with different radial sizes

Figure 1. (a) Structure of the [CpTi(cot)] complex (white, hydrogen; light brown, carbon; gray, titanium) with the plot of the computed SOMO
dz2 orbital. The orbital surfaces are drawn for a value of 0.05 e bohr−3. (b) STM image of a monolayer of [CpTi(cot)] on Au(111), Vb= +2 V, It =
20pA. (c, d) Close-up view of the area marked in panel b. Empty state STM images recorded in constant current mode, It = 20 pA, with a bias
voltage, Vb, of +2 V (c) and +1 V (d). Dotted lines mark the step edge as a guide to the eye; black triangles indicate two bright rows (A and B)
showing different STM height contrasts and periodicity.

Figure 2. (a) Optimized structures and adsorption energies of isolated [CpTi(cot)] molecules on Au(111). (b) Simulated STM images (Vb = −2
V) for three distinct molecular orientations. Color code: white, hydrogen; light brown, carbon; gray, titanium; yellow, gold.
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of the cot and Cp ligands (Figures 1a and S1), further
complicates the molecular arrangement and interpretation of
the STM images. A comprehensive DFT characterization was
performed to shed light on the molecular adsorption profile
and properties of [CpTi(cot)]@Au. Several single-molecule
optimizations were run at the periodic DFT level with periodic
boundary conditions and Hubbard’s U correction on the 3d
orbitals (pDFT+U; see the Methods section in the Supporting
Information) to scan the PES of the adsorption process. For
the standing orientation, geometries with the cot (standingcot)
and Cp (standingCp) ligands in contact with the substrate were
tested (see Figure 2). Different absorption sites, such as on-
top, bridge, and fcc (Figure S3), were tested for all molecular
orientations. For all orientations, the computed adsorption
PES is essentially flat, with adsorption energies differing less
than 2 kcal/mol and the fcc as the most favored site (Table
S1). Concerning the overall PES for the three conformations,
the standingcot was the most stable, while the lyingCp and
standingCp were 5.5 and 5.9 kcal/mol higher in energy,
respectively (see Figure 2). These energy differences cannot
inhibit orientation changes, making it hard to establish a priori
the preferential conformation. These considerations and the
uneven pattern of bright features in the STM images (Figures 1
and 3) indicate that the unit cell describing the molecular
pattern should include both standing and lying molecules.
The simulated STM images of the three [CpTi(cot)]@Au

arrangements for the isolated molecule adsorbed on Au(111)
sites appear as single rounded features in the two standing
geometries and as a trilobed structure for the lying one (Figure
2b). Only slight differences were observed by varying the bias
voltages at the filled or empty states (see Figures S4−S6). This
contrasts with the experimental bias dependence, which further
evolves when the filled states are sampled at a negative bias
(Figure 3). In addition, no significant charge transfer from the
isolated molecule to the surface is computed within either
periodic slab (pDFT+U) or cluster (DFT) modeling (see the
Methods section in the Supporting Information).
Because we could not reproduce the pronounced exper-

imental bias dependence, we modeled the adsorbed monolayer
of [CpTi(cot)] on Au(111) by considering unit cells with
eight molecules having different combinations of adsorption
orientations (see the Methods section in the Supporting
Information). The comparison between the simulated STM
images and the STM bias dependence (Figures 3 and S7) was
taken as a benchmark to discriminate among the different
simulated STM images.
The best match between the simulated and experimental

STM data was obtained by considering unit cell dimensions of
31.2 and 15.0 Å, in agreement with the intermolecular
distances observed in the crystal,17 and an angle of 76.1°
between the unit lattice vectors. The unit cell consists of two
standingcot and six lying molecules (see Figure 3a). Molecules
are arranged in two distinct types of rows: row 1 contains only
lying molecules, while row 2 comprises alternating lying and
standingcot molecules. In the model, two nonequivalent rows of
the second type, differing in the order of the alternating
standing and lying molecules, were also included. They are
labeled 2A and 2B to recall the two distinct bright rows of the
STM image in Figure 1.
STM images on the fully optimized array (see the Methods

section in the Supporting Information) were calculated by
periodic DFT with Hubbard’s U correction (pDFT+U) at
different biases. An excellent agreement with experimental

STM images was observed (see Figure 3b−e). At −2 V, the
bright features (Figure 3b) correspond to lying molecules in
rows 1 and 2, while dark areas correspond to the standingcot
molecules in rows 2. At −1 V (Figure 3c), the lying molecule
in row 2B completely and selectively loses its brightness,

Figure 3. (a) Cell employed in the [CpTi(cot)]@Au optimization
having six lying and two standingcot molecules. Rows of molecules in
the lying disposition are labeled 1, while rows presenting alternating
standing and lying arrangements on the surface are labeled 2A and 2B.
Panels b−e depict the simulated, left, and experimental STM images,
right, of the [CpTi(cot)]@Au layer as a function of the bias voltage,
Vb. Simulations: 4.5 × 4.5 nm2, Vb = −2 V (b), −1 V (c), +2 V (d),
+3 V (e). Experiment: 5.3 × 3.9 nm2, It = 20pA, Vb = −2 V (b), −1 V
(c), +1 V (d), +2 V (e). Negative biases represent the sample’s filled
states, and positive biases represent the empty ones. The unit cell and
row labeling shown in (a) are marked as a guide to the eye.
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leading to a completely dark row. At positive biases, the STM
contrast is almost completely reversed: at +1 V, lying molecules
in row 1 appear as dark areas, while in rows 2 they appear as
bright spots, the brightest being the lying molecules in row 2A
(Figure 3d). This trend further enhances at +2 V, in agreement
with the large-scale images in Figure 1. An energy shift of 1 V
between the experimental and computed bias voltages was
detected at positive biases (see caption in Figure 3); this
difference probably comes from upward energy shifts of the
virtual/empty orbitals resulting from the employed DFT
method.34 Additionally, a mismatch in the cell dimensions of
about 12% is within the experimental error and can be due to
the enforced commensurability between substrate and
adsorbate lattices.35 Interestingly, all attempts to reproduce
the STM images using the alternating standing-lying arrange-
ment typical of metallocenes32,36 produced a bias dependence
incompatible with our experimental results, as shown in Figure
S7.
A molecular layer superstructure similar to that shown in

Figure 3 was observed in the STM conductance maps of
nickelocene on Pb(111) and ascribed to different magnetic
anisotropy energies (MAE) of the molecules induced by the
adsorption site.33 In that case, however, the applied STM bias
voltages were up to a few millivolts; consequently, tiny
variations of the orbital energy ladders could be monitored. In
[CpTi(cot)], the superstructure’s bias dependence is observed
at 3 orders of magnitude larger energies, leading to more
pronounced electronic effects. Indeed, according to our
calculations, lying molecules in the array show negligible to
weak charge transfer to the substrate: the computed unpaired
electron populations in the Ti 3d orbitals are 1.18, 1.08, and
0.85 for the lying molecules in rows 1, 2A, and 2B, respectively.
The different degree of charge and spin delocalization to the
surface between the last two cases comes from the adsorption
site: in row 2A, the cot ligand sits on top of a gold atom leading
to a larger Ti−surface distance and, consequently, a more
significant charge preservation. In row 2B, in turn, the cot ring
is placed between two gold atoms, shortening the Ti−Au
distance.
At variance with the isolated molecule calculations, a strong

electron delocalization to the surface is computed for the
standingcot molecules in the array (type 2 rows). This
phenomenon is shown in Figure S11, where a selective transfer
of spin density from the standing molecules to the surface takes
place. The DFT population analysis shows complete draining
of the unpaired electron (0.01 unpaired electron on the Ti)
toward the surface, leading to a formal +IV oxidation state (3d0
configuration) for the metal atom.
To support the hypothesis of selective oxidation of the

standing molecules, the Ti 3d and C 2p projected density of
states (PDOS) are reported in Figure S12. From their analysis,
the peculiar bias dependence of the STM images can also be
rationalized: (i) both the Ti 3d and C 2p orbitals contribute to
the on/off bias dependence shown by the lying molecules; (ii)
only the C 2p orbitals contribute to the bias dependence of the
standing molecules because the carbon electron density of the
ligand shields the 3d orbitals from the STM tip.
To gain further insight into the charge transfer occurring at

the molecule−metal interface, the [CpTi(cot)]@Au layer was
investigated by XPS and UPS photoelectron spectroscopies.
The XPS core-level Ti 2p and C 1s spectra are reported in
Figure 4. The semiquantitative elemental analysis (Table S2)
shows that the total amount of carbon and titanium detected

by XPS is in good agreement with the elemental composition
of [CpTi(cot)], thus confirming that only intact molecules are
assembled on the surface. Noticeably, the Ti 2p3/2 XPS region
shows two distinct contributions at 455.2 eV (I) and 457.3 eV
(II), with the respective Ti 2p1/2 spin−orbit (SO) components
6.1 eV away from the main Ti 2p3/2 peaks.

37 According to the
literature, the feature at the lowest binding energy, 455.2 eV,
with a related shakeup feature at 457.0 eV, could be assigned to
the TiIII centers in the [CpTi(cot)] molecules.38−40 The
presence of TiIII is also supported by UPS results compared
with the calculated DOS (see details in the Supporting
Information and Figure S8). However, the XPS intensity of the
feature at 457.0 eV exceeds that expected for a TiIII shakeup
feature. By fixing this intensity in the simulation procedure
(cyano component) to that expected from the literature,39 we
can evidence an additional contribution (peak II) centered at
457.3 eV and shown in orange, with its respective SO and
shakeup satellites (Figure 4).
The area ratio of the different contributions provides further

clues on the assignment of the XPS peaks. For the Ti 2p
region, the ratio between the blue and the orange areas is
about 2.7 ± 0.1, which is in reasonable agreement with the
ratio of the lying and standing molecules in the computed unit
cell (Figure 3). This experimental result supports our
hypothesis that only molecules in the standing orientation
undergo a significant charge transfer to the surface, giving rise
to the higher binding energy of peaks II and II(SO) for the Ti
2p electrons.
Interestingly, the XPS C 1s core level spectrum (Figure 4)

also shows an asymmetric signal centered around 285.0 eV, in
agreement with the characteristic carbon signal for a Cp ring in
similar organometallic species deposited on metals.37,41,42 The
asymmetry of this signal indicates two components, I and II,
that are fitted respectively at 284.8 and 285.7 eV with a 2.4 ±
0.1 ratio. This proportion is intermediate between the fraction
of carbon atoms in the cot and Cp rings, 1.6, and the ratio of
the Ti 2p components (see the Supporting Information for
further details, Figure S10 and Table S4). This finding further
supports the presence of two types of deposited molecules,
with and without significant charge transfer to the surface.
Given the scarce literature reports about XPS signals from

metallocenes and even less about mixed-sandwich complexes, a
clear attribution of the observed XPS signals is not
straightforward. Different environments and oxidation states

Figure 4. XPS core-level spectra of [CpTi(cot)] on the Au(111)
surface in the Ti 2p and C 1s regions. Labels I and II indicate the main
components of each spectral region, as discussed in the text. The
spin−orbit components are labeled “SO”.
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of the Ti atom were then evaluated by DFT, as explained in the
Supporting Information, to reproduce the XPS features. The
computed binding energies are compared with the available
literature data in Table S3. Changing the formal oxidation state
from [(η5-Cps)2TiII] (this is a “titanocene” complex;43,44 see
theoretical methods in the Supporting Information) to
[CpTiIII(cot)] and then to [CpTiIV(cht)], where cht3− is the
anion of cycloheptatriene, the binding energy increases
stepwise of ca. 1 eV for each electron loss. On the basis of
these results and considering that our average absolute error on
the computed binding energies is ca. 3 eV, the experimental
peak at 455.0 eV (computed at 452.1 eV) can be safely
assigned to a TiIII atom with its 2p1/2 component at 461.3 eV.
While the presence of TiII can be definitively excluded, the
same is not valid for TiIV. The binding energy for
[CpTiIV(cht)] has been determined to be 456.1 eV37 vs
453.1 eV in our calculations, suggesting that the XPS peaks for
a positively charged [CpTiIV(cot)]+ species should shift further
to even higher energies. This allows us to associate the minor
components of the Ti 2p (II and IIso in Figure 4) to an
oxidized form, probably [CpTiIV(cot)]+, in agreement with the
complete electron transfer toward the surface computed for the
standing conformation.
Recalling that pDFT+U performed on isolated [CpTi(cot)]

@Au in different orientations did not reveal any oxidation, the
selective changing from TiIII to TiIV in standingcot can be likely
ascribed to synergic packing/surface effects. To verify this
hypothesis, two scenarios were considered: (i) the Au(111)
surface was removed from the optimized array of the
[CpTi(cot)]@Au monolayer; (ii) only the two standing
molecules from the optimized array structure were left on
the surface, while the six lying molecules were removed. In
both cases, no significant oxidation process occurs: the
complete draining of the unpaired electron from the standing
molecules is found only when the initially modeled monolayer
array of [CpTi(cot)]@Au is computed (see Figure S11). This
finding suggests that the selective oxidation and loss of the
unpaired electron observed for the standingcot molecules can
only occur due to intermolecular interactions inside the
monolayer, which can stabilize the higher titanium oxidation
state. The process results from the synergy with the metallic
surface, which drains the unpaired electrons.
In conclusion, a highly promising S = 1/2 molecular qubit17

has been deposited on Au(111) as the first step toward single-
molecule addressing. The adsorption process, investigated with
a combined experimental and theoretical approach, indicates
that the asymmetric [CpTi(cot)] molecule assembles in a
complex monolayer arrangement with a 3:1 ratio of lying and
standing molecules that is unprecedented for organometallic
sandwich compounds on surfaces. The presence of an unpaired
electron in the dz2 orbital, unusual for d1/d9 molecules, results
in a multifaceted and challenging scenario: a pronounced bias
dependence of the STM contrast and different oxidation states
for titanium, the latter suggested by XPS data. This puzzling
picture was rationalized by multilevel computational analysis
showing that an oxidation process selectively takes place on the
surface only for the standingcot molecules whose unpaired
electron is completely transferred to the surface. Conversely,
the spin density is substantially preserved for the lying
molecules, so rationalizing the experimental evidence for
both TiIV and TiIII in the XPS spectrum. The different
adsorption sites in the periodic supercell provide a nontrivial
variation of the STM images as a function of the applied bias,

in agreement with experimental findings. It is worth stressing
that due to the synergic effect of molecular packing and
molecule−surface interactions, the selective oxidation of the
standingcot molecules only takes place if the dense monolayer is
modeled. These results suggest the possibility of selective
control of spin delocalization in molecular monolayers through
chemically tailored intermolecular interactions. They also
identify [CpTi(cot)] as an interesting molecular system to
probe spin coherence and distribution in densely packed
molecular layers by ESR-STM experiments20 as well as to
realize hybrid molecular/superconductor interfaces where
through-ligand coupled states in molecular networks may
trigger topological quantum properties.45
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