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(n8-Cyclooctatetraene)(n>-fluorenyl)titanium:
a processable molecular spin qubit with optimized
control of the molecule—substrate interfacet
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Depositing single paramagnetic molecules on surfaces for sensing and quantum computing applications
requires subtle topological control. To overcome issues that are often encountered with sandwich metal
complexes, we exploit here the low symmetry architecture and suitable vaporability of mixed-sandwich
[FluTi(cot)l, Flu = fluorenyl, cot = cyclooctatetraene, to drive submonolayer coverage and select an
adsorption configuration that preserves the spin of molecules deposited on Au(11l). Electron
paramagnetic resonance spectroscopy and ab initio quantum computation evidence a d,2 ground state
that protects the spin from phonon-induced relaxation. Additionally, computed and measured spin
coherence times exceed 10 ps despite the molecules being rich in hydrogen. A thorough submonolayer
investigation by scanning tunneling microscopy, X-ray photoelectron and absorption spectrocopies and
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Open Access Article. Published on 09 d'agost 2024. Downloaded on 30/1/2026 6:33:53.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

rsc.li/chemical-science addressing on surfaces.

Introduction

Organometallic sandwich complexes featuring paramagnetic
metal ions have garnered significant interest due to their
potential in the design of highly efficient single-molecule
magnets. This is attributed to the distinct axial symmetry
observed in the metal environment."* In addition, the poly-
hapticity of the planar ligands reduces the efficiency of low-
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energy molecular vibrations in promoting magnetic relaxa-
tion.>* If we consider quantum applications, remarkable elec-
tron spin coherence times (above 30 ps at 4.5 K) have been
observed for [CpTi(cot)] (Cp~ = m>-CsHs; and cot®” = n°
CgHg*"), despite the abundant hydrogen environment,® which
is a significant source of decoherence. Titanium(m) sandwich
complexes have also been inserted in two-qubit molecular
architectures, enabling spectral addressability.® Neutral sand-
wich complexes are very volatile, allowing the realization of
ultra-clean interfaces by sublimation under ultra-high vacuum
(UHV) that can be deeply investigated by scanning tunnel
microscopy (STM).” They can be used to functionalize STM tips,
imparting spin sensitivity at the atomic scale.®’

We successfully deposited [CpTi(cot)] molecules on Au(111)
but have also evidenced the difficulty in controlling this inter-
face. Two primary deposition geometries of the molecule were
observed due to very similar adsorption energies. More impor-
tantly, for the configuration where the cot>” ligand is in contact
with the gold, electron transfer occurs from the titanium with
a loss of spin density to the surface.® These observations
sparked interest in exploring structurally related organometallic
complexes endowed with other cyclic polyene ligands that could
influence molecule-surface interaction. To achieve improved
control of the spin functionalities on the surface, we replaced

© 2024 The Author(s). Published by the Royal Society of Chemistry
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the cyclopentadienyl with the larger fluorenyl ligand (Flu~ =
C13Hy ) to obtain [FluTi(cot)]. In this case, the more extensive
contact area exposed by Flu™ to the surface increased adsorp-
tion energy without incurring the electronic hybridization,
observed for [CpTi(cot)], mediated by the cot® ligand. In
addition, the [FluTi(cot)] higher molecular weight and lower
vapor pressure enabled better control over sublimation kinetics.

The synthesis of the complex was performed through a new
and accessible methodology that allowed for the isolation of
single crystals whose X-ray molecular and crystal structure is
described here for the first time. Pulsed electron paramagnetic
resonance (EPR) spectroscopy revealed that [FluTi(cot)] retains
remarkable coherence times despite the increased number of
hydrogen atoms in the pentahapto Flu™ ligand. Ultra-thin films
down to the monolayer were deposited on Au(111) and inves-
tigated in situ by STM and X-ray photoelectron spectroscopy.
DFT calculations indicated that the adsorption occurs through
the fluorenyl ligand and preserves the spin of the titanium ion,
which was experimentally confirmed by synchrotron-based
investigation.

Results and discussion
Synthesis and crystal structure

Fluorene (C;3H;,) was deprotonated with n-butyllithium, and
the orange fluorenyl lithium (LiFlu) suspension was used in situ
without filtration. The reduction of cyclooctatetraene to cot*~
was performed separately with an excess of n-butyllithium and
the resulting solution was added to the bright yellow suspen-
sion of the titanium(wv) precursor, [TiCl,(thf),]. Only after this
step, the LiFlu suspension was added; this strategy prevented
the unwanted oxidation of Flu™ by titanium(wv), forming 9,9’
bifluorenyl (Fig. S1t) and a titanium(u)-thf adduct. See ESIT for
more details.

The structure of [FluTi(cot)] was confirmed by single-crystal
X-ray diffraction analysis at 100(2) K (Fig. 1, Tables S1 and
S27), which also provided accurate geometrical parameters for
the electronic and vibrational theoretical analysis. Data were
also collected at room temperature, and the structure was
solved (see Tables S1 and S3t). No evidence of the structural
transition observed in [CpTi(cot)] was detected,** and the results
are not further discussed here as all other investigations were

;fa
v
s
0@4
8.
< C z725(4)éé
o ciz CIT e

(a) (b) s

Fig. 1 (a) Structural representation of [FluTi(cot)], with the atom
numbering scheme. Thermal ellipsoids encompass 50% of the elec-
tron density probability. (b) Unit cell representation down the crystal-
lographic b axis. Symmetry code (i): x, —y + 1/2, z.

© 2024 The Author(s). Published by the Royal Society of Chemistry

View Article Online

Chemical Science

performed at cryogenic temperatures. The complex crystallizes
in the orthorhombic Pnma space group, with four molecules in
the unit cell. Crystallographic ac mirror planes pass through Ti,
C1, C8, C12, and the middle point of the C7-C7' bond, similar to
what happens in [CpTi(cot)]. The two ligand rings are closer to
parallel in [FluTi(cot)] (dihedral angle 1.71°) than in [CpTi(cot)]
(2.93°) and [CpTi(cht)] (cht = -cycloheptatrienyl, 2.55°)
measured at the same temperature.® The planar cot®” ring is
closer to the titanium(ui) center than the 5-membered ring in
the Flu~ moiety, consistent with the higher-negative-charge
ligand interacting more strongly with the metal. This Ti---
cot’” distance is marginally smaller in [FluTi(cot)] than in
[CpTi(cot)] (1.420 versus 1.442 A), while the distance to the Flu~
plane increases slightly compared to the Ti---Cp~ separation in
[CpTi(cot)] (2.056 and 2.028 A, respectively). In the crystal, the
molecules show the typical T-packing of homo- and heteroleptic
sandwich complexes (Fig. 1b), though with a larger deviation
from orthogonality (79.07° vs. 84.38° for [CpTi(cot)] at 100 K).?

Electronic structure

DFT calculations were performed (see Experimental section) to
better understand the electronic structure and reactivity of
[FluTi(cot)], especially the differences as compared to [CpTi(-
cot)].® Similar to the latter, [FluTi(cot)] exhibits the non-bonding
d,> as the magnetic orbital (SOMO), as shown in Fig. 2. More-
over, in [FluTi(cot)], the metal d,=_,» and d,, orbitals selectively
interact with the cyclooctatetraene (cot> ) ring for &-bond
formation, while the d., and d,, orbitals participate in 7-
bonding with the fluorenyl ligand. As expected, two bonding
combinations (ligand-based) and two antibonding ones (metal-
based) result from the interaction. However, the anionic fluo-
renyl ligand has C,, point group symmetry, with non-
degenerate 7 orbitals (Fig. S2t). For this reason, the two

LUMO+9 «

+1.425eV g % g % “’& ﬁ LUMO+5

" * »%%@K \%czsaa%

LUMO+3‘§ e &\Q ?“\
. -0.188 eV LUMO2
d dxy ; -0.250 eV
FoR  FEE
SOMO
Non-bonding -4.822 eV
'»%0%053 d2
Homo-2 © W& @9"9@ &«
_ -6038eV .
o 4 4 HOMO-3
xy -6.210eV
. d‘z_yz
HOMO-4 % § @ g
-6. 713 eV é&
.4
d, HOMO-6
» 0 e -8.467 eV
e 2 el d,,

Fig. 2 Energies and contour surfaces (50%) of frontier molecular
orbitals in [FluTi(cot)] (spin o).
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molecular orbitals of each combination (7, 8, t*, and 8*) shown
in Fig. 2 are also non-degenerate.

EPR spectroscopy

The X-band CW EPR spectra of a 1.0 mmol L solution of
[FluTi(cot)] in toluene at 77 K and room temperature are shown
in Fig. 3, while intermediate temperatures are available in
Fig. S3.1 In the frozen solution spectrum recorded at 77 K
(Fig. 3b), the g tensor components agree with literature values
(1.966/1.975/2.000 respectively)> and evidence a rhombic
species, differently from the axial [CpTi(cot)]. This comes from
the lower symmetry of the fluorenyl ligand compared to the
Cp . The g, component, very close to the free electron g. value
(2.0023), is clear evidence for the unpaired electron occupying
a dp orbital, in line with the results of molecular orbital
calculations. The weak lines generated by the hyperfine inter-
actions with *’Ti (I = 5/2) and *°Ti (I = 7/2) were simulated
considering the low natural abundances of 7.44% and 5.41%,
respectively. The A values obtained both at 77 K and room
temperature reported in Table 1 also comply with an earlier
literature report (Ajso(ri) = 39.5 MHz vs. 41.0 MHz)."?

The room temperature spectrum, Fig. 3a, evidences the
unpaired electron super-hyperfine interactions with the
hydrogen nuclear spins in the cot*” and fluorenyl rings. Unlike

the reported spectra of [CpTi(cot)],> where distinct
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Fig. 3 (aand b) X-band CW EPR spectra recorded for a 1.0 mmol L™*
solution of [FluTi(cot)] in toluene at two temperatures (298 K and 77 K);
(c) Q-band echo-detected spectrum of a 0.5 mmol L™ solution in
toluene-dg at T = 15 K. Simulated spectra are shown as thin black or
grey lines. A common g scale is reported on the top to facilitate the
comparison.
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Table 1 Experimental and computed spin Hamiltonian parameters.
The former were obtained from simulation of CW X-band spectra.
Hyperfine couplings are in MHz

298 K 77 K Calculated

I 1.9635 1.9639
2 1.9740 1.9724
Ia 2.0005 2.0019
Siso 1.9788 1.9794
AT 56.15 58.17
A 53.54 55.16
Al 13.89 4.05
AT 39.49 39.126
(Ao 8.62 7.54
AHFIuL 5.35 4.1961
<AHF]u2> _ 0.64

superhyperfine lines were only observed at ca. —30 °C," spectral
hyperfine and superhyperfine features were resolved for [Flu-
Ti(cot)] at room temperature. This is assigned to the consider-
ably slower rotation of the heavier fluorenyl ring compared to
the cyclopentadienyl ligand in [CpTi(cot)].>** The super-
hyperfine couplings extracted from the simulation are a;s,-
Hieon) = 8.62 MHz, aisoH{H,) = 5.35 MHz, see Table 1, compa-
rable to those found in the literature.” No clear evidence of the
coupling to the hydrogen atoms of the two benzo-substituents
of the fluorenyl ligand was observed, in agreement with the
longer Ti---H distances: in the Cs ring, 2.979 A (1H), and in Cg,
average 3.882 A (2 x 2H) and 4.876 A (2 x 2H).

To better rationalize the EPR results, we computed the spin
Hamiltonian parameters by DFT, and the most relevant results
are listed in Table 1. The g-tensor, the *’Ti hyperfine, and Hicoy
super-hyperfine couplings are in very nice agreement with the
simulated values, which are also like those of [CpTi(cot)], con-
firming the negligible effect of the two benzo-substituents on
the electronic and magnetic properties of the metal ion. The
large coupling found for H.qy, as in [CpTi(cot)], arises from the
small o interaction between the d,> orbital and the 7 system of
the cot>” ligand. The nine H(piy) nuclei, in turn, can instead be
divided into two different classes: (i) the strongly coupled
proton of the central Cs ring, whose hyperfine coupling has
a large Fermi-contact contribution and is comparable to the
Cp's H nuclei in [CpTi(cot)]; (ii) the other eight protons of the
fused benzene rings, whose isotropic coupling is one order of
magnitude lower (see Table S471 for individual couplings). The
computed super-hyperfine couplings indicate that the contact
contribution dominates over the dipolar one for the hydrogen
atoms of the benzo groups. In fact, one of the largest interaction
is found with one of the most distant H atoms (bound to C4 in
Fig. 1) and its symmetry-related analog.

Pulsed EPR techniques were used to investigate the spin
dynamics of [FluTi(cot)] in a 0.5 mmol L™ solution in toluene-
ds. Fig. 3c shows the echo-detected Q-band spectrum at 15 K
with its simulation. The g parameters used in the simulation (g,
=1.964, g, = 1.974, g, = 2.0018) nicely match those employed to
simulate the CW spectrum (Table 1). Both T; and T, measure-
ments were performed at a magnetic field corresponding to the

© 2024 The Author(s). Published by the Royal Society of Chemistry
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highest echo intensity (B = 1223.2 mT). Coherent spin manip-
ulation was confirmed by nutation experiments, where the
extracted frequency scales linearly with the B; amplitude (see
Fig. S41). T; measurements were performed using the inversion
recovery pulse sequence; the experimental traces were fit with
stretched exponential functions, and the stretching parameter
ranged from 0.70 to 0.90. The temperature dependence of the
extracted T, values is shown in Fig. 4, and the best-fit curve was
obtained assuming that low-energy optical vibrations are
responsible for the Raman-like process:'***

exp Eopl
kgT
2

(0(&7) )

The best-fit parameters are a = 4.01 & 0.02 s~ %, b = 7600 +
600 s ', and E,pe = 29.5 £ 0.5 cm™ . These values do not differ
significantly from those of [CpTi(cot)] obtained in the same
conditions, e.g., Eqpe 32 cm™! for the latter, in agreement with
the very similar behavior of the two compounds (see Fig. 4).

To better understand this somehow unexpected similarity,
the vibrational properties of [FluTi(cot)] were computed in the
gas phase considering the interaction with the solvent through
the implicit model.*® The results are reported in Table S5.1 The
lowest optical mode is computed at 31.5 cm ™, thus in agree-
ment with the estimation from the T; fitting. This vibration
corresponds to an opposite rotation of the two planar ligands
(see Table S67 for a pictorial view of the normal modes), weakly
affecting the overlap of the metal and ligand orbitals. Interest-
ingly, at variance with [CpTi(cot)], the solvent does not alter the
energy of this vibration. The next vibrations are significantly
higher in energy, above 80 cm™', and do not impact the
experimental data in the investigated temperature range.

Experimental T, values were extracted by fitting the experi-
mental decay traces using a stretched exponential function. For
[FluTi(cot)], T;, levels off at low temperatures and reaches ca. 11 ps
at 5 K, a value three times shorter than the observed for [CpTi(cot)]

T'=aT +b

1)

100000 5
[FluTi(cot)]  [CpTi(cot)]
10000, ® 7 o T
m-T, vV Tn
@ 10004
2
S
=~ 1004
~
10
14

0O 20 40 60 80 100

Temperature (K)
Fig. 4 Temperature dependence of the T; and T, of a 0.5 mmol L™*
solution of [FluTi(cot)] in toluene-dg, superimposed to those of

[CpTi(cot)] we reported in ref. 5. The black solid line corresponds to the
computed (T;) values (see text).
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(Fig. 4). Differences in phonon-induced decoherence can be safely
excluded, given the two molecules’ similar low-energy vibrational
spectrum. Indeed, the T, values of the two compounds tend to
converge at increasing temperatures, where phonons have
a greater influence.

To rationalize the origin of this difference, we estimated the
coherence time, assuming that instantaneous diffusion is the
primary decoherence process (see ESI, page S8f).'” This
approach provided Ty, values of 58 ps and 44 ps for [CpTi(cot)]®
and [FluTi(cot)], respectively. For the latter, the experimental
value is four times lower than the computed one. The more
pronounced decrease in T, can be safely ascribed to the pres-
ence of eight weakly coupled hydrogen atoms from the benzo
groups (in the fluorenyl ligand) compared to the five equally and
strongly-coupled hydrogen atoms of the Cp ligand in [CpTi(-
cot)]. The increased distance between the benzo hydrogen
atoms and the paramagnetic center places them on the edge of
the frozen sphere, decreasing the protection of the Ti unpaired
electron from spin diffusion decoherence mechanisms.*

Surface deposition and characterization

[FluTi(cot)] was deposited by sublimation at 385 K in UHV (with
a base pressure of 10~® mbar) on a Au(111) single crystal. A sub-
monolayer (ML) amount was deposited by exposing Au(111) to
the molecular flux for 20 min, and the surface coverage was
checked in situ by Scanning Tunnel Microscopy (STM), see
Fig. 5a-c. Coverage of about 50% of the surface (0.5 ML) was
observed by STM images at a large scale, as reported in Fig. 5a. In
panel Fig. 5b, the herringbone reconstruction typical of the
Au(111) surface is fairly visible within the molecular layer,
though the high mobility of the molecules hinders a good reso-
lution of the underlying substrate even at low temperatures (35
K). Such mobility indicates a weak interaction with the substrate,
in agreement with the DFT calculations (see below). At higher
magnifications (Fig. 5c), single molecules appear as round,
bright features on the gold surface without a preferential order.

The absence of an ordered molecular layer agrees with the low
symmetry of [FluTi(cot)], which hinders long-range dense packing
in a bidimensional lattice. The line profile of a single and two
adjacent molecular units (dashed lines in Fig. 5c¢) are shown in
panel 5d. The single feature, as seen in line profile 1, shows
a lateral dimension of about 1.3 nm in line with the STM simu-
lation by DFT (see below), while the molecule-molecule distance
estimated by line profile 2 is about 0.8 nm. The latter value is
comparable to the distances between nearest neighbor molecules
in the crystal, which are approximately 0.76-0.83 nm (see Fig. 1b).

Fig. 5e-g show STM images for a 2 ML sample (obtained by
increasing the deposition time to 70 min) at the equivalent
scales of the 0.5 ML sample. In agreement with the sub-
monolayer observations, molecules pack without evidence of
order and with an average molecule-molecule distance of about
0.8 nm.

The submonolayer sample was investigated by X-ray photo-
emission and absorption spectroscopies to characterize the
magnetic and chemical properties of the compound in contact
with the surface. Fig. 6 shows the X-ray photoelectron

Chem. Sci., 2024, 15, 14390-14398 | 14393
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Fig. 5 STM images (T = 35 K) of a submonolayer (a—c) and a 2 ML deposit (e—g) of [FluTi(cot)] on Au(111). (d) Line profiles taken across the red

dashed lines in panel c.

spectroscopy (XPS) spectra of the Ti 2p (a) and C 1s (b) core-level
regions. Clearly, the different noise levels of the C 1s and Ti 2p
XPS regions are due to the low amount of Ti centers in the
[FluTi(cot)] submonolayer and the low Ti/C ratio (1:21) in the
molecular structure. In Fig. 6a, the main Ti 2p;/, peak and the
corresponding Ti 2p;,, spin-orbit (SO) component are visible at
455.4 and 461.4 eV respectively, ie., 6 eV away from one
another.” Related satellite contributions (pink component)
appear at higher energies and are ascribed to the presence of
paramagnetic Ti"" centers in an organometallic environment,

100

50

Intensity (cps)

T T T
470 465 460

x10°

Intensity (cps)

287

286 285 284 283 282

Binding Energy (eV)

Fig. 6 Ti 2p (a) and C 1s (b) XPS spectra of [FluTi(cot)] deposited on
Au(111) as a sub-monolayer. Peak color code: blue, Ti'"" main peaks;
magenta, Ti"" satellite peaks; green, C 1s main component; brown, C 1s
satellite/shake-up component.
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thus excluding any redox alteration of the molecules.”*** The
XPS C 1s core level spectrum (Fig. 6b) comprises one compo-
nent at 284.0 eV and a weak satellite peak, ascribable to the
aromatic carbon atoms of the molecular backbone, with a Ti/C
ratio in agreement with the stoichiometry of the molecule.
Interestingly, in [CpTi(cot)], two distinct features in the C 1s
region were observed,'® which were attributed to an electron
transfer from the molecules lying on the cot®” ligand towards
the surface, triggered by the presence of neighboring molecules
with alternating adsorption geometry.* Thus, the XPS spectra of
[FluTi(cot)] reported above to exclude such a selective oxidation
process.

To support our hypothesis and rationalize the different
behavior of [FluTi(cot)] on the surface, we performed periodic
DFT, pDFT, calculations (see Computational details) to simu-
late the adsorption process of [FluTi(cot)] on Au(111). The
molecule can adsorb in four different configurations: two
standing orientations, with the cot>” or Flu™ rings in contact
with the surface, and two lying ones, where the molecular axes
are almost parallel to the surface (see Fig. 7 for the labeling).
The lying; configuration presents the pentahapto ring of the
Flu™ ligand in closer contact with the surface than lying,. All
configurations were optimized by pDFT. When the molecule
stands on the fluorenyl ligand (standings, orientation), the
adsorption energy is stabilized by more than 7 kcal mol "
compared to the other possibilities, which, in turn, differ by less
than 1 kcal mol . Interestingly, the magnitude of the interac-
tion of the 13 fluorenyl sp” carbons with the Au(111) surface is
increased by 12.8 kcal mol™' compared to the analogous
standingc, orientation in [CpTi(cot)]. To investigate adsorption
energy dependence on the chosen functional, we performed
optimization with two other GGA/meta-GGA density func-
tionals: PBE in its original parametrization® and TPSS.>* The

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 7 Results of the pDFT calculations: optimized geometries,
adsorption energies, Ti spin density, and simulated STM images at =2 V
bias (filled states).

results are reported in Table S8.1 In both cases, we observe that
the standingr;,, geometry is the most stable.

The simulated STM images for the different molecular
orientations on Au(111) (Fig. 7) show that the experimentally
detected, regular round spots are only expected for the
standingp;,, orientation, which is also compatible with the
apparent width of 1.3 nm (Fig. 5d). For standing.,, an oval/
elliptical shape should be observed, while an irregular appear-
ance is expected for the lying arrangements. Computed
adsorption energies and simulated STM images allow us to infer
that [FluTi(cot)] adsorbs on Au(111) mainly with the fluorenyl
ligand in contact with the surface.

Notably, the charge and spin densities of the Ti atom on the
Au surface are fully preserved for the most stable standingp,
configuration (Fig. 7), in agreement with the XPS results. On the
other hand, we observe spin delocalization on the Au surface for
the two lying orientations at the level of the isolated molecule.
For lying; the unpaired electron is completely delocalized on the
surface, while it is partially preserved on the Ti atom for lying,.
This effect seems quite robust as it is computed when different
Hubbard's U values and adsorption sites are employed (see
Table S7t for lying; in two sites). The lack of experimental
evidence of titanium oxidation is in line with the less favorable
adsorption energies of the lying molecules.

EPR spectroscopy could detect the persistence of the
unpaired spin on surface, but only very recently have the first
steps toward developing a spectrometer operating in UHV
conditions been reported.>* However, the oxidation state and
spin density of the titanium ion were unambiguously deter-
mined by synchrotron experiments on the [FluTi(cot)] sub-
monolayer. X-ray Absorption Spectroscopy (XAS) was used to
investigate the Ti L, ; edges, as presented in Fig. 8. The observed
lineshape agrees with previous reports for Ti'" in different
materials.”*?® The magnetic properties of the monolayer were
then addressed by measuring the signals with right (6™) and left
(o) circularly-polarized X-rays and evaluating the XMCD (X-ray
Magnetic Circular Dichroism) data as (6~ - ¢'). The XMCD
signal reported in Fig. 8 was measured at normal incidence, § =
0°, under an applied field of 6 T, and reveals a main dichroic
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Fig. 8 XAS (top) and XMCD (bottom) spectra recorded at § = 0°, B=6
T, and T = 2.0 K on a sub-monolayer of [FluTi(cot)] on Au(111) surface.

peak at 458.3 eV. XMCD investigations of organometallic Ti""

systems are unprecedented and do not allow a direct compar-
ison. Still, both the energy and shape of our XMCD spectrum are
comparable to those of photoreduced TiO,.** As a matter of fact,
the evidence of a dichroic signal at the Ti edge confirms the
presence of a significant fraction of molecules whose adsorp-
tion configurations retain the unpaired spin on the early tran-
sition metal ion.

Conclusions

In our search for a highly coherent neutral molecule with S = 1/2,
suitable for surface deposition and single spin addressing by
scanning tunnel microscopy, we first evidenced a complex
adsorption scenario for the heteroleptic sandwich complex
[CpTi(cot)], with partial loss of the spin density on the Ti atom.

In this thorough investigation, we identified [FluTi(cot)] as
a more promising candidate. The replacement of Cp with the
bulkier fluorenyl ligand does not affect the computed low-
energy vibrational properties, and similar spin-lattice relaxa-
tion rates are observed in pulsed EPR experiments. The
increased number of protons and, more importantly, their
weaker coupling with the titanium(m) spin slightly reduce the
spin coherence at low temperatures. This, however, still exceeds
that of other molecular qubits employed for surface deposition,
such as phthalocyanine or porphyrin complexes of copper'” and
vanadyl.**

The deposition of [FluTi(cot)] on a noble metal surface,
studied by STM and photoelectron spectroscopy, shows that the
fluorenyl ligand determines only one adsorption orientation for
the sandwich molecule thanks to the increased interaction of
the fluorenyl with the surface. This disrupts the typical alter-
nating T-shaped packing that characterizes metallocenes®* and
[CpTi(cot)]'* monolayers. Even if DFT spin delocalization
appears unrelated to the adsorption energy, the most stable
configuration preserves the spin of the Ti ions at the molecule-
metal interface, as confirmed by XMCD spectroscopy, making
[FluTi(cot)] a very promising candidate for single spin experi-
ments on the surface. The remarkable progress in single spin
control by combining STM with microwaves®*** has reached the
level of operation of multiqubit atomic platforms,** opening
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promising perspectives for molecular spin qubits in quantum
coherent nanoscience.** The approach to finely tune the
molecule-surface interface while keeping control of the
magnetic features could also be extended to lanthanide organ-
ometallic sandwich molecules that display a wide variety of
interesting magnetic phenomena.*”

Experimental
Synthesis

All syntheses were performed in an inert atmosphere (N,
99.999%, Praxair or Air Liquide) employing Schlenk and glove
box techniques. Solvents (Honeywell, Aldrich, or Merck) were
dried by standard techniques®® and freshly distilled under N,
before use. Titanium tetrachloride, TiCl,, was supplied by
Merck and used without further purification. Cyclooctatetraene
(cot), provided by Aldrich, underwent five freeze-vacuum-thaw
cycles, and was stored in the glove box on previously activated 4
A molecular sieves. Fluorene (Aldrich), in turn, was recrystal-
lized by dissolving in dry hexane under reflux, then cooling
down to —20 °C for 24 h. n-Butyllithium (2.5 or 1.6 mol L™*
solutions in hexanes, Aldrich) was used without purification.
The filtering agent Celite (diatomite) was commercially
acquired (Aldrich) and subjected to a drying process at 100 °C
for at least five days prior to use. Elemental analyses were
carried out in argon by Medac Laboratories (Chobham, Surrey,
UK) using a Thermal Scientific Flash EA 1112 Series Elemental
Analyzer. [TiCl,(thf),] was prepared by a literature method.*

Synthesis of [FluTi(cot)]

Fluorene (1.03 g, 6.20 mmol) was dissolved in 60 mL of a toluene/
hexane mixture (1:1) and then cooled to —5 °C before the
addition of n-butyllithium (6.2 mmol, 2.5 mL, 2.5 mol L™* solu-
tion in hexanes). This produced a yellowish solution, which was
allowed to return slowly to room temperature. After stirring for
48 hours, the resulting Li(Flu) orange suspension was used in situ
in the subsequent reaction step, assuming a 90% yield for the
deprotonation. Next, [TiCl,(thf),] (1.86 g, 5.58 mmol) was added
to 40 mL of toluene to give a bright yellow suspension that was
kept stirring at room temperature for one hour. Then, an excess
of cyclooctatetraene (0.87 g, 8.37 mmol) was dissolved in 30 mL of
toluene and cooled to —5 °C to receive the addition of 6.7 mL
(16.7 mmol) of n-butyllithium (2.5 mol L ™" solution in hexanes).
The [TiCly(thf),] suspension was then added to the light yellow
cot’™ solution, which immediately changed to a brown suspen-
sion. Finally, the previously prepared orange suspension of
Li(Flu) was added to the reaction mixture at —5 °C, producing
a reddish-brown mixture left to warm up slowly to room
temperature and then stirred for 18 hours. After this period, the
suspension was filtered to give a purple solid and a dark red
solution. The solution was filtered again through Celite and
cooled to —20 °C, yielding, after 24 hours, 0.33 g of a microcrys-
talline purple solid. The solid from the first filtration was then
extracted with 50 mL of toluene; this produced a purple
suspension filtered through Celite and cooled to —20 °C. After
24 h, this filtrate gave 0.41 g of the product as a microcrystalline
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purple solid. Total yield: 0.74 g, 41.8% based on the expected
C,1H;,Ti formulation. Elemental analysis (w/w%) calculated: C:
79.51; H: 5.40. Found: C: 80.16; H: 5.60.

[FluTi(cot)] deposition

A custom-made sublimating cell equipped with a quartz crucible
was employed for molecular deposition. The air-sensitive
powders were first placed in the crucible of the cell in a glove
box, sealed under argon atmosphere by using a 20 cm UHV
Nipple equipped with an appropriate valve, then directly
installed to the sublimation chamber, and pumped to achieve
107%/107° mbar base pressure. The crucible was heated to 385 K
keeping in the 10~® mbar pressure upon the molecular subli-
mation. The deposition rate was directly estimated using
a quartz crystal microbalance (QCM) exposed to the sublimating
molecular material. Furthermore, surface coverage was validated
by STM and XPS using the Ti 2p/Au 4f ratio, which was consistent
with previous findings on a similar system."

Characterization

The single-crystal X-ray diffraction analysis employed a Bruker
D8 Venture diffractometer equipped with a Photon 100 area
detector, a graphite monochromator, a Mo-Ka. (A = 0.71073 A)
radiation source, and a Kryoflex II device for low-temperature
data collection. The collected data were processed with the
APEX3 program,*® and the structure was determined by direct
methods - SHELXS-97 (ref. 41 and 42) - or intrinsic phasing -
SHELXT-15 - using WinGX.***

CW-EPR spectra (X-band, 9.75 GHz) were recorded on
a Bruker EMX Micro spectrometer in toluene solution at room
temperature (293 K) and 77 K. The samples were prepared in
N, inside a Vacuum Atmospheres glove box. Pulsed EPR
measurements at Q band (33.8 GHz) were collected on a Bruker
ElexSys E580 spectrometer equipped with a dielectric ring reso-
nator (EN 5107D2) housed in a Cryogenic Ltd cryogen-free vari-
able temperature cryostat. High-power microwave pulses were
obtained using a 10 W solid-state amplifier. During the
measurements, the resonator was overcoupled to minimize
ringdown following the application of microwave pulses. Elec-
tron spin echo (ESE)-detected EPR spectra were measured at T'=
15 K using a Hahn echo sequence (7/2-t-m-t-echo) while
sweeping the field with © = 200 ns. Coherence times were
measured using the Hahn echo sequence with incremented t.
Spin lattice relaxation times were measured using the inversion-
recovery sequence T-t,~1/2-1-w-1-echo with incremented
waiting time ¢, and t = 200 ns. All spectral simulations were
performed with the EasySpin software package for Matlab.*

Scanning tunneling microscopy was performed using an
Omicron VI-STM with an etched W tip. STM measurements
were carried out at 35 K by fluxing liquid helium to reduce
molecular mobility on the surface.

X-ray photoelectron spectroscopy XPS data were acquired in
situ using monochromatic Al Ko radiation (hv = 1486.6 eV)
generated by a SPECS XR-MS focus 600 source operating at
a power of 100 W (13 kV and 7.7 mA). An electron analyzer, the
SPECS Phoibos 150 1DLD, was mounted at 54.4° to the X-ray

© 2024 The Author(s). Published by the Royal Society of Chemistry
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source, facing the sample surface for normal emission detec-
tion. Spectra were collected under normal emission conditions
with a fixed pass energy set to 40 eV. CasaXPS software was
employed for spectral analysis, and calibration of all XPS
spectra was performed relative to the Au 4f;/, signal at 83.9 eV.*
The deconvolution of the XPS spectra was carried out with
a Hybrid Doniach Sunjic/Gaussian-Lorentzian function.

XAS and XMCD investigations were performed using the
DEIMOS beamline,*” at the SOLEIL synchrotron facility in France.
Circular polarizations were utilized, and surface sensitivity was
achieved through total electron yield (TEY) detection. Samples
underwent in situ preparation using the same sublimating cell of
the in-house preparation in an identical geometric configuration
at the DEIMOS beamline under ultra-high vacuum (UHV)
conditions, with a base pressure of 10~° mbar.

Computational details

The vibrational spectrum of the isolated molecule was calcu-
lated using Density Functional Theory with the ORCA (v. 5.0.4)
program.** Geometry optimizations were conducted in the
vacuum using the PBEO functional and employing the def2-
TZVP basis set.*” Initial coordinates were obtained from the
single-crystal X-ray diffraction data. The presence of the solvent
was mimicked by a conductor-like polarizable continuum
model (CPCM)." Frontier orbitals were calculated using the
same functionals, combined with the RIJCOSX approximation®
and the def2/J auxiliary basis. Chemcraft was employed to draw
the frontier orbitals.>

The g-tensor and the hyperfine couplings were computed on
the final optimized structure in the vacuum, employing the
B2PLYP functional®* and def2-VQZP basis set.

pDFT calculations were performed with CP2K software. An
orthorhombic unit cell containing 4 Au slabs with dimensions
17.310 A x 19.980 A x 40.000 A was employed. The dimensions
were chosen to avoid interactions among [FluTi(cot)] replicas.
The cell parameters were kept fixed throughout the optimiza-
tions. RevPBE functional,®* along with rVV10 empirical
dispersion corrections,* were used in all geometry optimiza-
tions. Norm-conserving Goedecker-Tetter-Hutter pseudopo-
tentials®® and double zeta basis set with polarization functions
DZVP-MOLOPT-SR were employed for all atoms. A Hubbard's U
parameter of 2.2 eV, within the Dudarev implementation,* was
applied to the 3d orbitals of the Ti atom, as already performed
for [CpTi(cot)] on Au(111).* The plane-wave cut-off value was set
to 450 Ry. The wavefunction convergence threshold (EPS_SCF)
was set to 1.0 x 10~ ° hartree, while the max force for the

geometry optimization was set to 4.5 x 10> hartree bohr™".

Data availability

The data supporting this article have been included as part of
the ESI,T including optimized geometries as XYZ files. Crystal-
lographic data collected for [FluTi(cot)] 296 and 269 and 100 K
have been deposited in the CCDC under accession numbers
2355167 and 2355169. Additional data are available from the
authors upon request.
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