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A new spin-crossover complex based on a heteroscorpionate ligand was synthesized and characterized.
Thin films were grown by sublimation in an ultra-high vacuum on highly oriented pyrolytic graphite
(HOPG) and on single crystal Au (111), and spectroscopically characterized using X-ray absorption and
X-ray photoemission. Temperature-dependent experiments on sub-nanometric deposits demonstrated
that the thermally induced spin-crossover is preserved at a sub-monolayer (0.7 ML) coverage on HOPG,
while films with similar thickness lose the switching behaviour when deposited on a Au(111) surface. The
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1. Introduction

Spin crossover (SCO) compounds are a class of magnetic
molecules’ in which the electronic configuration of a metal
ion can be changed by external stimuli.>” In particular, Fe(u)
based SCO complexes showing a diamagnetic and a paramag-
netic state have been proposed to be employed in molecular
electronic and multifunctional spintronic devices. Indeed,
SCO complexes have enormous potential in this field because
of the possibility to obtain active materials capable of interact-
ing with charges (or spin) and not merely transporting them.®®
Furthermore, using synthetic strategies it is possible to intro-
duce new functionalities tailoring the properties of molecular
materials.""" The assembly of SCO molecules on a solid
support is the fundamental prerequisite for molecular-device
fabrication, and high-vacuum sublimation deposition in parti-
cular is the cleanest method to obtain high-quality nanometric
films suitable for this purpose, with good control of the final
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system was unresponsive to light stimuli at low temperatures independently of the used substrate.

thickness."” Unfortunately, only a few SCO complexes can be
heated up to their sublimation temperature without thermal
degradation.”>** Among them are the scorpionate’®'® com-
plexes [FeTp,] and [FeTp*,] (Tp = HB(pz)s, pz = 1H-pyrazol-1-
yl, Tp* = HB(dmpz);, dmpz = 3,5-dimethyl-1H-pyrazol-1-yl).
Both compounds show hysteretic SCO behaviour, with a con-
version at high temperature for the former (300-460 K)'” and
below room temperature (240-150 K)'®* for the latter. Following
the work of Buchen and Giitlich on this scorpionate family,>
our goal has been focused on tuning the ligand structure to
obtain a SCO complex with a room temperature conversion.
Here, we report the synthesis, structural and magnetic charac-
terization, and nanostructuration of a heteroscorpionate SCO
complex [Fe(HB(pz),(dmpz)),]">*° (hereafter called 1), the
deposition of which has been attempted on highly ordered
pyrolytic graphite (HOPG) and single crystal gold (Au(111)).
Deposition of the complex was performed via ultra-high
vacuum (UHV) sublimation and a full spectroscopic characteri-
zation has been performed: X-ray photoelectron spectroscopy
(XPS) to confirm the integrity of the sublimated films of 1 (on
HOPG and Au(111)) and X-ray absorption spectroscopy (XAS) to
study the magnetic properties at the nanoscale (on both sub-
strates). Indeed, literature reports already suggested that small
changes in the structure of SCO complexes affect their switch-
ing properties® and a full characterization of their magnetic
behaviour in nanostructures is mandatory. In nanostructured
SCO complexes, the interaction with the surface can cause a
total or a partial loss of the SCO properties of the system, due to
a strong interaction with the substrate®” or due to a partial
degradation of the molecular structure.>® However, the surface
does not always have a negative role: an interesting modulation

This journal is © The Royal Society of Chemistry 2023


https://orcid.org/0000-0002-1788-8232
https://orcid.org/0000-0001-7953-7780
https://orcid.org/0000-0002-0362-0366
https://orcid.org/0000-0002-6120-8716
https://orcid.org/0000-0002-0187-1305
https://orcid.org/0000-0001-5670-2624
https://orcid.org/0000-0001-7549-2124
https://orcid.org/0000-0002-1931-5841
http://crossmark.crossref.org/dialog/?doi=10.1039/d3tc01620j&domain=pdf&date_stamp=2023-08-08
https://doi.org/10.1039/d3tc01620j
https://rsc.li/materials-c
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d3tc01620j
https://pubs.rsc.org/en/journals/journal/TC
https://pubs.rsc.org/en/journals/journal/TC?issueid=TC011034

Open Access Article. Published on 24 July 2023. Downloaded on 4/2/2026 6:21:17 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Paper

of the SCO properties, mediated by the interaction with the
surface, has been observed>* for [Fe(H,B(pz),),bipy] (bipy = 2,2/
bipyridine) deposited on dielectric surfaces such as SiO, and
Al,O;. Indeed, on these surfaces, a pinning of the LS state well
above the bulk transition temperature has been observed for
the nanostructures of these molecules. Unlocking of the spin
state, giving rise to a HS state, has been detected utilizing X-ray
irradiation or mild heating as a transition stimulus. In order to
avoid such surface-induced pinning effects, the use of non-
metallic, weakly interacting substrates like HOPG might be a
winning strategy, and indeed SCO complexes in direct contact
with carbon-based substrates such as HOPG or graphene have
been reported to retain switching properties.>>>° We have thus
studied the deposition of a submonolayer of 1 on Au(111) and
HOPG, which are expected to promote different interactions
with this molecule. We evaluated the substrate effect on the
thermally induced spin crossover through the analysis of XPS
and XAS spectra recorded as a function of temperature.

2. Results and discussion

2.1. Synthesis and properties in bulk

Complex 1 may be compared to its two homoscorpionate
analogues, [FeTp*,] and [FeTp,].>° [FeTp*,] is a classic example
of an Fe(u) SCO complex showing HS to LS conversion upon
cooling. It has regained attention since the 2010s as one of the
few sublimable SCO molecules, and it was studied in bulk and
thin films on various substrates. This complex has an asym-
metric and hysteretic conversion®' and shows both soft X-ray-
induced spin state trapping (SOXIESST)**** and remarkable
light-induced spin state trapping (LIESST)*?*"° effects. An epi-
taxial relationship with Au(111) and Cu(111) was also demon-
strated for submonolayers deposited on single crystals.*>>®
[FeTp,] has also attracted attention because it is sublimable
and shows an LS to HS conversion above room temperature.
In contrast to its methylated analogue that crystallizes in the P1
space group,'® [FeTp,] exhibits a rich polymorphism that leads
to unconventional SCO behaviour.

Despite their similar structures at the molecular scale, steric
hindrance and packing effects lead to very different properties
of these two complexes. Hence, the idea is to modulate the
properties by synthesizing a complex with intermediate com-
position, the heteroscorpionate 1. The preparation of scorpio-
nate ligands with a boron centre bearing different azole
moieties is not a new idea in itself."® However, the very small
number (<20) of publications about these specific heteroscor-
pionates from 1967 to date, is an indication of the difficulty of
such syntheses. The first attempt, reported in 1995, is the
preparation of 1 and its analogue, [Fe(HB(pz)(dmpz),),], by
Buchen and Giitlich.”® Their work is based on the Trofimenko’s
classical procedure, a condensation of excess azole with sodium
or potassium borohydride. The reaction takes place in molten
azole, and the degree of substitution can be controlled by
varying the reaction temperature. Thus, a stepwise condensa-
tion with different azoles had been realized (see Fig. 1a), with

This journal is © The Royal Society of Chemistry 2023
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Fig. 1 Known reaction paths towards heteroscorpionate ligands. (a) Neat
stepwise condensation, (b) stoichiometric condensation in solution, (c)
heterocycle metathesis.

hardly any characterization of the obtained ligand. Wolowiec
et al.®” had shown later that this approach always leads to a
mixture of ligands with the general formula HB(pz).(pz');3_x~
with x = 0-3. In the 2000s, they published a series of articles
presenting different heteroscorpionate ligands**™** and devel-
oped a new one-pot synthesis in solution (Fig. 1b). While still
leading to a mixture of ligands, this approach allowed for
higher yields of the targeted heteroscorpionate. Purification
was achieved after the conversion of the crude salts to their
Co(u) complexes. The preparation of pure heteroscorpionate
ligands was reported around the same time by Connelly
et al.*** and Desrochers et al.*® Both teams adopted a similar
procedure called heterocycle metathesis (Fig. 1c). The reaction
proceeds by heating a homoleptic tris(pyrazolyl)borate and the
other heterocycle (in their cases, triazole derivatives) under
vacuum and is driven by the sublimation of the released
pyrazole. This procedure was used for the quantitative substitu-
tion of pyrazole by one or two nitropyrazoles,” and the key
parameters to control the reaction outcomes were rationalized
only recently.*®

In our case, attempts at heterocycle metathesis proved
unsuccessful (see further details in the ESIf). This is likely
due to the similarity between pyrazole and dimethylpyrazole,
both in terms of steric hindrance and hard-soft acid-base
properties (pK, values: dmpz = 4.06, pz = 2.49, 4-nitropyrazole =
—2.0).%°

Consequently, we turned our attention to the other pathways
and as expected obtained mixtures of homo- and heteroscor-
pionate salts from paths A and B (Fig. 1). The presence of
HB(pz),(dmpz)~ was evidenced by mass spectrometry (MS) on
the crude products, with HB(pz);~ as the main component of
each mixture, and a higher fraction of the desired heteroscor-
pionate from path B (Fig. S2 and S3, ESIt). When using ligand B
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for complexation without further purification, Fe(u) complexes
could be isolated as a microcrystalline violet powder composed
of aggregated tiny needles.

Elemental analysis seemed to be in reasonable agreement
with the composition of complex 1, but MS analysis revealed a
mixture of complexes with the general formula [FeH,B,(pz)s_»-
(dmpz),], with n = 1-5 (Fig. S7, ESIt), the statistical distribution
of which happens to present the same elemental analysis as the
pure targeted complex. It is worth noting that, even though KTp
predominates in the mixture of ligands, [FeTp,] is not observed
in the crystals, due to higher solubility of this complex in
methanol. Much improved results are obtained by simply
washing the ligand mixture with diethyl ether, which signifi-
cantly increases the relative amount of the target ligand to the
point of making it the main component of the mix (Fig. S3,
ESIt). Then, crystals of pure complex 1 can be successfully
obtained by slow diffusion crystallization in methanol, as seen by
MS (Fig. S6, ESIt). The product obtained is often contaminated by
inorganic salts (complexation by-products) that precipitate in
methanol and are easily purified by some manual triage followed
by sublimation on a cold finger (5 x 10~° mbar, 140 °C).

A single crystal of good quality was selected and allowed us
to determine the structure of the complex with excellent
accuracy. At 120 K, we found that the compound crystallizes
in the triclinic P1 space group, with two half-molecules of
complex 1 in the asymmetric unit, with the iron atoms lying
on special positions (see all relevant details in Table S3 (ESIt)
and the inset in Fig. 2). No significant residual peaks in the
Fourier electron density difference map are seen that could
suggest any situational disorder of the methyl groups on the
pyrazole rings, a situation that we observed in a previous
crystallization batch starting from an impure ligand (see Table S3,
ESIt). The structure thus confirmed that we had obtained the
desired heteroscorpionate homoleptic complex. It is noteworthy
that only the trans configuration for the two scorpionate ligands is

w >
1 L

xwT / 10°m*Kmol™!

N
!

200 300 T/K 400

Fig. 2 Variation of the product of molar susceptibility y with temperature
for complex 1 in the 180-480 K range (two cycles are represented). Inset:
Representations of the molecular structure (right) and one unit of complex
1 in the crystal structure at 120 K (left).
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obtained, when both cis and trans configurations are theoretically
permitted, but only the trans configuration is compatible with
the symmetry requirement induced by the special position of
the iron atom at an inversion centre. The presence of two
independent Fe(u) complexes in the asymmetric unit differs
from the unique molecule observed for the parent compounds
[FeTp*,]"® and [FeTp,] (for what is considered to be the most
stable polymorph in the monoclinic P2,/n space group).*
Nevertheless, a similar case can be found in the first described
polymorph of [Fe(HB(pz)3),] (in the monoclinic P2,/c space
group)® and in the closely related [Fe(HB(3-methyl-1H-
pyrazole);),].” Accordingly, the crystal packings are very differ-
ent between complex 1, [Fe(HB(dmpz);),] and [Fe(HB(pz)s),]
(Fig. S16 to S18, ESIY).

The average bond length between Fe(u) and the pyrazole
ligands, at 1.984 and 1.979 A for the two independent com-
plexes, supports a fully low-spin (LS) state for both molecules.
This is also supported by considering the distortion parameters
calculated using the OCTADIST software®® (see Table S4, ESIY)
and the Continuous Symmetry**>* and Shape®® Measures calcu-
lated using the online CoSym tool (see Table S5, ESIT). Indeed,
the calculated values show that at 120 K, the two molecules of
complex 1 are overall very close to C2 symmetry, with the FeNg
coordination sphere very slightly distorted with respect to a
perfect octahedron. These values are intermediate between the
strongly symmetric LS structure of [Fe(HB(dmpz);),] at 100 K and
the slightly more distorted LS structure of [Fe(HB(pz)s),] at 180 K
(see Tables S4 and S5, ESIt).

We collected data sets while increasing the temperature up
to 380 K and then decreasing this to 300 K. Throughout these
measurements, the crystalline symmetry did not change, with
the triclinic P1 space group (see Table S3, ESI{), and the crystal
diffraction quality was preserved. The evolution of the cell
volume V (Table S3 and Fig. S19, ESIt), the average Fe-N bond
length, the distortion parameters X and © (Table S4 and
Fig. S20, ESIt) and the Continuous Shape Measure (Table S5
and Fig. S20, ESIt) clearly support that gradual spin crossover
occurs, but starting only between 250 and 300 K. The values of
these parameters at 380 K were found to be intermediate
between those for fully high-spin (HS) [Fe(HB(dmpz);),] at rt
and partially HS [Fe(HB(pz);),] at 420 K, thus supporting that
the spin crossover is incomplete at the highest temperature
reached. Cooling down, full reversibility was observed. No
difference was observed between the two independent com-
plexes in the unit cell.

Bulk properties of the purified powder of complex 1 were
assessed using *’Fe Mossbauer spectroscopy at room tempera-
ture and a vibrating sample magnetometer (VSM) up to 450 K
(Fig. 2). At 295 K, in agreement with the behaviour observed for
single crystals, the Mdssbauer spectrum shows the occurrence
of two quadrupole doublets (Fig. S21, ESIt). The first is char-
acterized by an isomer shift § of 0.41(2) mm s~ " and a quadru-
pole splitting 4 of 0.15(5) mm s~ *. These values are typical for
LS Fe(u), and well in line with the values obtained for LS [FeTp,]
(0.41/0.22 mm s~ at 295 K) and [FeTp*,] (0.55/0.11 mm s~ *
at 78 K).*” The *>’Fe hyperfine parameters of the second doublet

This journal is © The Royal Society of Chemistry 2023
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(6 =1.07(4) mm s~ and 4 = 3.20(9) mm s~ ') are characteristic
of HS Fe(u) and absolutely comparable to the values obtained
for HS [FeTp*,] (1.03/3.67 mm s " at 300 K), or the small HS
fraction surprisingly induced on [FeTp,] by very high pressure
(0.86/3.23 mm s~ ' at rt under 7.8 GPa).>’ The usual approxi-
mation is to assume a similar Lamb-Md&ssbauer factor for the
HS and LS chromophores, which leads to an HS fraction (7ys)
of 25 & 5% extracted from the ratio of the resonance areas. The
significantly high error in this value is mainly due to the poor
signal-to-noise ratio of the collected spectrum, which is related
to low values of the Lamb-Mossbauer factor at room tempera-
ture for both Fe(u) states. Moreover one can note very different
linewidths for the two signals (0.53(4) and 0.82(9) mm s *
respectively), which is in line with a more disordered coordina-
tion sphere for HS Fe(u) as evidenced by the crystal structures.

Magnetic susceptibility y shows the expected behaviour for a
spin-crossover complex (Fig. 2). The yT product at 180 K is 1.5 x
107® m® Kmol™, indicating an almost fully LS complex.
It increases very gradually up to 40.6 x 10~ ° m® Kmol ' at
480 K, just above the 37.7 x 10~® m® Kmol ' spin-only value
for a fully HS S = 2 Fe(u) complex. Considering that we have a
fully HS state at this temperature, we calculated the nyg(7)
curve and obtained a Ty, of 312(2) K. Fitting with a simple
Boltzmann dependence®® gives AH = 19.5(5) k] mol * and AS =
60.8(2) JK ' mol " (Fig. S22, ESI{). The latter values are in line
with the usual values for SCO complexes.>®

2.2. Characterization of thin films

As reported in the synthesis section for complex 1, it is easy to
sublimate. In order to chemically characterise sublimated
deposits, a sub-monolayer on both types of surfaces has been
studied by variable temperature XPS (VI-XPS) and structurally
studied using STM at 25 K. It is worth noting that a low sticking
coefficient has been revealed for 1 by XPS and XAS data after the
first layer was deposited. Even if the initial deposition rate
estimated in our apparatus was 2 nm h™, it was not possible to
grow more than 1 ML, even when the surfaces were exposed for
a very long time (4 hours) to the molecular flux (see Table S6,
ESIT). Using STM at 25 K reveals coverage of a monolayer on
both HOPG and Au(111). Using STV, it was possible to observe

Au(111) (b) x 10°
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a molecular lattice on both surfaces (Fig. 523, ESIY), revealing
the presence of an almost spherical object with a dimension of
ca. 0.5 nm, in agreement with the average molecular dimen-
sions taken from the crystal structure.

The stoichiometry of these deposits has been estimated by
semiquantitative analysis of the XPS data and compared with
the one detected for the powder sample. This elemental analy-
sis (see Table S7, ESIt) has been performed in order to evaluate
the molecular integrity of the sublimated films. For the bulk
powder and for all monolayers, the N1s region features one
main component at 399.9 eV (Fig. S24, ESIt) attributable to the
nitrogen atoms bonded with boron and to the nitrogen atoms
involved in iron coordination,*® plus a small shake-up located
at 401.4 eV. The C1s for the powder and for the monolayer on
Au(111) has been fitted using three components: one related to
sp® and sp® carbon at 284.4 eV (ca 42%, theoretical 45.5%), the
second is given by C-N placed at 285.2 eV (58%, theoretical
54.5%) plus its shake-up placed at 286.6 eV.** Comprehension
of the Fe2p region is a bit more difficult, due to the presence of
a fine structure indicative of the valence and spin state of the
iron as has been already reported by some of us for other SCO
systems."®™'* The Fe2p region has been deconvoluted with five
components for both the 2p;,, and 2p3/, peaks (Fig. 3), and the
peak labelled 4 (708.1 eV) and its satellite A’ (720.7 eV) are
indicative of the Fe(u) LS state. Their energy and the presence of
some shake-up features are typical of a paramagnetic Fe(u)
ion®! and they have been found in both the bulk powder and
the nanometric films, coherent with mixed spin states of the
complex at room temperature.

The N/Fe ratio has been identified as the best parameter to
evaluate molecular integrity, since iron and nitrogen signals do
not overlap with other elements (e.g. C1s of 1 is totally covered
by the contribution from HOPG crystal). The N/Fe ratio thus
obtained is 12.9 for the bulk powder, 11.9 for the film on HOPG
and 12.1 for Au(111), all in agreement with the theoretical value
of 12.0. From this ratio, it is possible to assume that the
stoichiometry of the SCO complex is retained after sublimation,
both on HOPG and on Au (111). In Table S7 (ESIt), we report
the complete stoichiometric analysis of the bulk and sub-
monolayer coverages on HOPG and Au(111).

HOPG (c) bulk

x 10°

24 T :
521150k A
20

1.8 A

1.6 m.n@ :
14 - >

Counts (CPS)
) Cdunts ('CPS).
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Fig. 3
component are highlighted in blue (red) respectively.
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(a) Thermal evolution of Fe2p XPS region spectra for 0.7 ML films on Au(111), (b) on HOPG and (c) in the bulk. Peaks linked to the LS (HS)

J. Mater. Chem. C, 2023, 11, 1151811528 | 11521


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d3tc01620j

Open Access Article. Published on 24 July 2023. Downloaded on 4/2/2026 6:21:17 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Journal of Materials Chemistry C

The spectral variations with temperature reported in Fig. 3
qualitatively reveal that spin crossover occurs for complex 1
in the bulk - as expected - but also for the sub-monolayer
coverages. Nevertheless, significant deviations respective to the
bulk are observed depending on the substrate. The temperature
dependence of the Fe2p XPS signal on HOPG follows the trend
for the SCO expected from the yT plot (Fig. 2), as seen by
plotting the ratio n = (Fe2p total area minus A + A’ component
area)/total area, which is an indication of the HS fraction as a
function of the temperature (Fig. S25, ESIT). For deposition on
Au(111), the temperature variation seems to be less efficient, as
it is possible to see from the evolution of the ratio n vs.
temperature shown in Fig. S25 (ESIt). Moreover, it has been
observed that the reversibility after the heating procedure is not
retained on Au(111), and it presents a pinning of the reversi-
bility as is possible to observe also from Fig. S26 (ESIt), where
we can see that the complex on HOPG retains a perfectly
reproducible switching behaviour after every thermal cycle,
while the sample on Au(111) progressively loses it. This sce-
nario can also be followed by ultraviolet photoelectron spectro-
scopy (UPS),”'*? that reveals an incomplete reversibility of the
molecular layer once adsorbed on Au(111) in contrast to what
was observed on HOPG (see Fig. S27, ESIT).

To shed some light on this behaviour, we performed a
temperature-dependent XAS experiment at the ESRF ID32
beamline® (Fig. 4). Variable temperature spectra are related
to a sub-monolayer deposition on HOPG (Fig. 4a, bottom) and
on an Au(111) single crystal (Fig. 4a, top). To verify the trend
obtained by XPS, the XAS spectra were acquired by cooling
down starting from 320 K for both samples. For comparison,
Fig. 4a shows XAS spectra at the lowest and the highest
temperature for 0.7 ML of 1 on HOPG and on Au(111).
To obtain a quantitative HS fraction of the two systems,
experimental Fe L; edge spectra have been linearly interpolated
employing a weighted sum of reference spectra, as described in
the method section (see details in Fig. S28, ESIt). From the
results of the interpolation, we have extracted the HS fraction
nys for each temperature and for each sample, obtaining the

View Article Online

Paper

plot reported in Fig. 4b. Thanks to this approach, it is possible
to compare the SCO behaviour of the two nanostructured
systems and the bulk material.

The line shape of the spectra recorded on the 0.7 ML nm
deposit on HOPG in the range of temperature from 2 K to 320 K
appears compatible with an Fe(u) system in an octahedral
environment.** From 2 K to 200 K, complex 1 appears to be
in the LS configuration, as expected from magnetometry and
crystallography results on the bulk material (Fig. 2 and Fig. S20,
ESIY). Increasing the temperature above 200 K, the line shape of
the Fe L; edge evolves in line with an increase in the HS
contribution, up to 320 K (maximum operating temperature
of the set-up available on ID32). This is in line with our
hypothesis that HOPG is an “innocent” surface for this com-
pound and does not significantly influence the thermally
driven spin conversion, as seen from VT-XPS spectra of other
compounds on HOPG already reported by some of us®®* and
Others‘14,25,65—67

On the other hand, the XAS characterization experiments
carried out on a similar deposit of 0.7 ML on Au (111) (Fig. 4a),
from 2 K up to 320 K, reveal a different scenario: the sample
already seems to show a high contribution of the HS species
even at cryogenic temperature, where only LS species should be
present. As can be seen in Fig. 4(a) for 1/Au(111), we observed
the presence of other features, especially at low temperature,
and this may be correlated to possible hybridization between
surface states and molecular leading to a broadening and shift
of the Fe edge, as reported in ref. 65, giving a lower agreement
of the fits with the measured experimental data. This is a
further indication of the more complex interaction of the
molecule with this surface. To simplify the comparison, the
high spin fraction for the bulk material is also reported in
Fig. 4b, evaluated directly from the magnetic susceptibility
data.®® This comparison shows that the magnetic behaviour
of molecules of 1 on HOPG is comparable with the bulk, even in
the case of 0.7 ML, where the investigated molecules are in
direct contact with the surface. As mentioned above, the spectra
of complex 1 on Au(111) show the coexistence of HS and LS
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+ Experimental data
Deconvolution
—— Weighted HS reference
Weighted LS reference

2K4JW - Ph%

1/Au(111)

Experimental data

-3

woos,
aeeeee
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T T T T T

4 — 1 Bulk powder
_b)‘l'o'ffx/m.um |
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T
c
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Energy / eV
Fig. 4
linear regression) as a function of temperature.
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states even at cryogenic temperature, suggesting a modification
of the coordination environment with respect to intact mole-
cules induced by the gold surface. On the other hand, the
spectra show a small evolution upon increasing the tempera-
ture and this may be attributed to the presence of a fraction of
intact molecules preserving the SCO behaviour. These effects
could be ascribed also to hybridization with surface states,
leading to a broadening and chemical shift of the Fe edge.®
It is noteworthy that similar spin pinning effects are reported in
the literature for sub-monolayers and thin films of [Fe(Tp*),] on
Au(111)**%% and Cu(111).”%""

A relevant parameter that can be extracted from the XAS
spectra is the branching ratio, defined as the ratio between
the integrated intensity of the L; iron edge and the total edges
(Ls + Ly). The dependence of this ratio with temperature can be
used to evaluate the spin transition. The obtained branching
ratio values at 2 K and 320 K are, respectively, 0.63 and 0.74 for
the 0.7 ML film on HOPG, and 0.75 and 0.72 for the sub-
monolayer on Au(111). The two values for HOPG are in line with
the values reported in the literature for another SCO complex”*
(0.77 and 0.67 at room temperature and 6 K respectively). The
gradual decrease in the branching ratio from high to low
temperatures is typical for HS-LS crossover, due to the vanish-
ing of the spin-orbit coupling in the initial state. Under these
conditions, the hole has randomly oriented spin and angular
momenta and the integrated intensities of L; and L, iron edges
depend exclusively on the final state statistics.”>”* Indeed, the
branching ratio values are in good agreement also with calcu-
lated values, obtained elsewhere evaluating both the statistical
term (all the possible final states 2p”3d”-2p" '3d™*") and the
spin-orbit coupling between the core hole and final state. The
calculated values are 0.66 for a 100% LS state and 0.79 for a
100% HS state.”> On the other hand, the branching ratio of
complex 1 on Au(111) changes very little, indicating a small
fraction of the SCO behaviour. The L; main features positions
(together with branching ratio values) are reported in the ESIt
(Table S8).

Recent works report that the Soft X-ray Induced Electron
Spin State Trapping (SOXIESST)**** effect can be activated by
the interaction with SCO molecules and the surface."**””%”” In
the present case, at cryogenic temperatures, SOXIESST cannot
be observed in either sub-monolayer sample. Accordingly, even
under green (516 nm) and red (660 nm) light irradiation,
no Light-Induced Spin State Trapping (LIESST)’® has been
detected in the 0.7 ML film on HOPG (see Fig. S29 in the ESIY).
We checked by performing a photomagnetic experiment on
bulk microcrystalline powder in a SQUID magnetometer
equipped with a dedicated setup.”®*® Some very limited photo-
conversion (a few %, see Fig. S30 in ESIT) was observed using
either 532 or 650 nm laser light, but the relaxation was observed
to be quite fast, with a T(LIESST) of around 14 K. No significant
reverse-LIESST effect was observed when irradiating at 830 nm.
This quite fast relaxation of the photoinduced state could be
expected on the basis of the relatively high SCO T;,, of 312 K,
while the limited photoconversion is certainly due to the strong
purple colour of the complex in the LS state. While absorption
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effects are absent for the submonolayer deposits, the total
absence of photoinduced effect may point to the surface inducing
an even faster relaxation, making it so that the metastable
photoexcited state has a shorter lifetime than the XAS
measurement.

3. Conclusions

Although SCO complexes have been studied in an enormous
variety of nanostructures, only a few examples of molecules
sublimable under high vacuum and retaining their switching
behaviour at the monolayer level have been reported so far. In
light of the very interesting properties shown by [Fe(Tp*)2], with
remarkable SOXIESST,**** LIESST***3* properties and epitaxial
growth on Au(111) and Cu(111) single crystals,**~*® we engineered
the synthesis of a mixed heteroscorpionate ligand which yielded
complex 1. Complex 1 showed gradual spin crossover above room
temperature. Its isolation as a pure species allowed us to show
that it can be thermally sublimated in a high-vacuum environ-
ment into monolayer films.

In this study, we demonstrated that the SCO complex 1 can
be deposited on a surface while conserving its chemical integ-
rity, that the thermally induced SCO is retained and does not
change significantly, at the monolayer level, when compared to
the reference crystalline bulk sample once the SCO has been
sublimated on HOPG.

This study confirms that HOPG surfaces are weakly inter-
acting substrates suitable for the deposition of SCO molecules.
On the other hand, Au(111) surfaces modify the SCO behaviour
of the same compound. Therefore, the crucial role played by the
interface between molecular SCO materials and inorganic
materials has been confirmed. This understanding paves the
way towards molecular hybrid, multifunctional electronic and
spintronic devices based on SCO complexes. Thanks to the
temperature range of the investigated SCO enclosing room
temperature, experiments aimed at investigating the electrical
conductance of nanometric films of complex 1 are currently
underway in our laboratories.

4. Methods
Synthesis of KHB(pz),(dmpz)

The procedure was adapted from ref. 42. In a 250 mL round-
bottom flask, 1069 mg (19.8 mmol) of KBH,, 2722 mg (40 mmol)
of pyrazole and 1924 mg (20 mmol) of 3,5-dimethylpyrazole are
suspended in 60 mL of hexadecane. The flask is equipped with
a Vigreux column connected to an argon line and a volume
meter. The experimental setup is purged under a flow of argon
for 30 min prior to the reaction. The reaction mixture is heated
from room temperature to 278 °C over the course of 4 hours,
with constant stirring. At this point, the theoretical amount of
hydrogen (1.47 L, 60 mmol) had evolved from the reaction.
Heating was continued for 30 minutes, then the reaction
mixture was allowed to cool down to 100 °C. 100 mL of heptane
was added and the mixture was left to stand at rt overnight.

J. Mater. Chem. C, 2023, 11, 11518-11528 | 11523


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d3tc01620j

Open Access Article. Published on 24 July 2023. Downloaded on 4/2/2026 6:21:17 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Journal of Materials Chemistry C

Upon cooling, the product formed a compact white mass at the
bottom of the reaction flask and was impossible to recover.
The solvents were then removed, and the solid was rinsed with
3 x 20 mL of heptane. 60 mL of toluene was poured onto the
solid and the product was left to dissolve for 4 days. The
resulting suspension was filtered and the toluene was removed
under reduced pressure. The crude product was obtained
as a white viscous solid. It was then suspended in 81 mL of
Et,O and filtered to obtain a white powder. Mass spectrometry
showed that the product was a mixture containing both
KHB(pz),(dmpz) as the main product, and KHB(pz); as a side
product.

Synthesis of [Fe(HB(pz),(dmpz)),]

The Fe(u) complex was prepared by slow diffusion crystal-
lization in freshly distilled methanol. In two separated Schlenk
tubes, 90.8 mg (0.325 mmol) of FeSO,-7H,0 and 192.9 mg
(0.65 mmol) of the ligand KHB(pz),(dmpz) were weighed. The
starting materials were placed under an argon atmosphere and
dissolved in 3 mL of methanol. A separation layer (4 mL of pure
methanol) was slowly added on top of the iron solution, and
then the ligand solution was slowly added on top of the
separation layer. The solutions were allowed to diffuse for five
days, after which the solution was removed and the product
dried under reduced pressure. In order to separate the com-
pound from the potassium salts precipitated during diffusion,
the reaction products were suspended in ethanol and filtered,
and then washed with small amounts of water until the liquid
phase remained colourless. It was then rinsed with ethanol and
dried in air. The complex was obtained as dark violet micro-
crystals (37.6 mg, 21% yield).

Powder X-ray diffraction

Powder X-ray diffraction patterns were recorded on a PANaly-
tical X’Pert MPD PRO diffractometer with Bragg-Brentano
geometry, Cu Ko radiation (1 = 1.54184 A) and a secondary
graphite 370 monochromator. It was measured on an alumi-
nium sample holder, in the 8-80° 20 angular range over 2096s.
Data were analyzed using the Jana2006 software.®"

Single-crystal X-ray diffraction

Single-crystal X-ray diffraction experiments were performed on
a Bruker-Nonius k-CCD diffractometer with Mo Ko radiation
(0.71073 A). Data collection was performed between 120 and
380 K, using an Oxford CryoSystem 700 installed on the
diffractometer, with the crystal glued to a glass fiber using nail
varnish. Data were collected using sets of w scans at different
¢ or 20 angles, reduced and scaled using the DENZO and
Scalepack softwares.®” The structural determination by intrin-
sic phasing and the refinement of atomic parameters based
on full-matrix least squares on F* were performed using the
SHELXT®* and SHELXL-2018%' programs within the Olex2
package.®> All refinement details are given in Table S3 in the
ESI.f Hydrogen atoms were identified by their respective elec-
tron density peaks in Fourier difference maps, then refined
isotropically using riding constraints.

1524 | J Mater. Chem. C, 2023, 11, 11518-11528

View Article Online

Paper

Magnetic measurements

Magnetic measurements were performed on a Microsense
EZ-7 Vibrating Sample magnetometer. Samples were accurately
weighed using a Mettler MX5 microbalance, and then enclosed
in Séntis light tin capsules for solids. The diamagnetic con-
tributions of the sample holders were determined separately
and were subtracted accordingly from the measurements,
which were further corrected for the sample diamagnetism
using Pascal constants.*® Photomagnetic measurements were
performed on a Quantum Design MPMS-7XL SQUID magneto-
meter. The bulk sample was weighed by difference using a
Mettler-Toledo MX5 microbalance. 0.505 mg of sample was
fixed on double-faced scotch tape, using some plastic film and
a straw cut in half as support. Irradiation was performed using
a homemade sample rod with an NA0.22 optical fiber. A fibered
optical bench with laser diodes provided 405, 532, 650, 830 and
980 nm irradiation. No effect was observed at 405, 830 and
980 nm, photoconversion was very slow at 650 nm. Fluence at
532 nm was 18 mW cm ™2 on the sample.

Mossbauer spectroscopy

A few milligrams of sample were encapsulated in Mylar and
*’Fe transmission Mossbauer spectra were recorded in trans-
mission geometry using a constant acceleration Halder-type
spectrometer with a room temperature *’Co source (embedded
in Rh matrix). The velocity scale was calibrated according to the
*’Fe Mossbauer spectrum of a pure o-Fe(0) foil recorded at
room temperature. The Mdossbauer hyperfine parameters
(0 isomer shift, 4 quadrupole splitting, I' Lorentzian linewidth
and relative areas) were refined using both homemade pro-
grams and the WinNormos®™ software (Wissenschaftliche
Elektronik GmbH).

Vacuum sublimation

Vacuum sublimation was carried out using a home-made
Knudsen cell, the sublimation temperature was 410 K mea-
sured with a K thermocouple with a base pressure of
10~® mbar. The same Knudsen cell was employed to sublimate
in situ with a base pressure of 10 °/10'° mbar at ID32 beam-
line at ESRF.*® For in-house experiments and for large scale
experiments, the nominal thickness was estimated using a
quartz crystal microbalance (QCM).

XPS

XPS data were acquired using monochromatic Al Ka radiation
(hv = 1486.6 eV, SPECS mod. XR-MS focus 600) operating at a
power of 100 W (13 kV and 7.7 mA) and a SPECS Phoibos 150
1-DLD electron analyser mounted at 54.4° respect to the X-ray
source. The XPS spectra were recorded for normal emission
with the fixed pass energy set to 40 eV. The spectra were
analysed using the CasaXPS software. All the spectra were
calibrated to the Fermi value of the substrate. The background
in the spectra was subtracted using a linear background, and
the deconvolution of the XPS spectra was carried out as a
combination of Gaussian and Lorentzian functions (70/30).
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Calculated cross-sections®” have been used instead of semi-
empirical sensitivity factors for semiquantitative analysis. XPS
spectra related to N1s, Cl1s, Bls and Fe2p have been deconvo-
luted employing the same Voigt components for both bulk
powders and deposited films. The variable temperature experi-
ment was performed by using a liquid nitrogen-based cryostat
connected to the XPS sample holder. Every spectrum repre-
sented herein results from the averaging of 16 spectra collected
after 1 h of thermalisation at a specific temperature.

ST™M

STM measurements were carried out using an Omicron VI-STM
at 25 K for the characterization of molecular deposits. All the
images were acquired using an electrochemically etched W tip.
Images were analysed with the Gwyddion software.®®

HOPG (ZYA grade, purchased from NT-MDT) was freshly
exfoliated and once introduced in UHV warmed up to 420 K
immediately before the deposition that was then performed
when this substrate was back at room temperature. The Au(111)
single crystal was freshly prepared using a standard procedure
involving sputtering and annealing.

XAS

XAS characterization was performed at ID32 at the European
Synchrotron Radiation Facility (ESRF) on a UHV compatible
pumped “He cryo-magnet.®® XAS spectra were measured in total
electron yield (TEY) detection mode to guarantee the optimal
surface detection sensitivity, from 2 K up to 320 K (maximum
reachable temperature). All the characterization experiments
were performed using a low density of photons in order to avoid
radiation damage, which was verified by the absence of evolu-
tion of rt spectra. Estimation of the temperature dependence of
the nys—Fe(u) molar fraction of the submonolayer coverage was
performed through least-squares interpolation of normalized
L; XAS spectra with two reference spectra of 100% LS and 100%
HS, as we have already done previously.’>***® These reference
spectra have been obtained from experimental data acquired
during this experiment: 100% LS reference is the spectrum
related to 0.7 ML film on HOPG measured at 2 K, while 100%
HS reference has been obtained from the spectrum measured
at 320 K, with the hypothesis that it is the sum of the HS and
LS components and thus subtracting as much LS reference
as possible while keeping the resulting spectrum positive.
Irradiation experiments were performed using a ThorLabs
CLD101 compact laser diode controller, and 516 and 660 nm
single mode fiber-pigtailed laser diodes. Laser light was directed
inside the UHV cryo-magnetic chamber through a glass view
port using a fibered reflective collimator, at a distance of
ca. 36 cm of the sample, with a laser spot about 1 cm width
and fluences on the same order of magnitude than our photo-
magnetic experiments.
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