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Engineering Chemisorption of Fe, Single-Molecule Magnets

on Gold

Lorenzo Poggini, Erik Tancini, Chiara Danieli, Andrea Luigi Sorrentino, Giulia Serrano,
Alessandro Lunghi, Luigi Malavolti, Giuseppe Cucinotta, Anne-Laure Barra, Amélie Juhin,
Marie-Anne Arrio, Weibin Li, Edwige Otero, Philippe Ohresser, Loic Joly, Jean Paul Kappler,
Federico Totti, Philippe Sainctavit, Andrea Caneschi, Roberta Sessoli, Andrea Cornia,*

and Matteo Mannini*

Gaining control over the grafting geometry is critically important for any
application of surface-supported single-molecule magnets (SMMs) in data
storage, spintronics, and quantum information science. Here, tetrairon(lll)
SMMs with a propeller-like structure are functionalized with thioacetyl-
terminated alkyl chains to promote chemisorption on gold surfaces from
solution and to evaluate differences in adsorption geometry and magnetic
properties as a function of chain length. The prepared monolayers are
investigated using X-ray absorption techniques with linearly and circularly
polarized light to extract geometrical and magnetic information, respectively.
All derivatives remain intact and form partially oriented monolayers on the
gold surface. A ligand-field analysis of the observed X-ray natural linear
dichroism shows that the threefold molecular axis is invariably biased

toward the surface normal, in agreement with ab initio calculations. This
preferential orientation is most pronounced in monolayers of the shortest-
chain derivative, which are further studied with an ultralow temperature X-ray
magnetic circular dichroism setup operating down to 350 mK. The isothermal
field sweeps with the magnetic field at normal incidence show an open
hysteresis loop below 1 K, while measurements at different incidence angles

1. Introduction

Molecules exhibiting a directionally
bistable magnetic moment, also known
as single-molecule magnets (SMMs),!1
have been the target of intense research
aimed at exploring their potential use
to store information at the molecular
level.l>-1%f SMMs are mono- or polynuclear
coordination compounds of paramag-
netic metal ions held together by suitable
ligands, which often provide an effective
shielding between adjacent molecules in
the solid. Most of them feature a combi-
nation of a large spin and an easy-axis
magnetic anisotropy, which results in a
dramatic slowing down of magnetization
fluctuations at low temperature and the
appearance of magnetic hysteresis.>!"12
The temperature values at which the hys-
teresis is normally observed remain a
limit for technological applications,>%!

prove the magnetic anisotropy of the monolayers.

but working temperatures above 77 K, the
normal boiling point of liquid nitrogen,
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Figure 1. a) General procedure for the synthesis of the tripodal proligands used in this work; AIBN = 2,2"-azobis (2-methylpropionitrile). b,c) Structure
of the investigated Fe, derivatives, omitting hydrogen atoms; in c) the R groups are not shown and the yellow arrows represent the arrangement of

the iron(l11) spins in the S=5 ground state.

have been recently achieved in organometallic complexes con-
taining single dysprosium(Ill) ions.! Other technological
applications of SMMs have been proposed based on their rich
physics, like exploiting the degrees of freedom of mole-
cular spins in spintronic devices!™ " and quantum computa-
tion.[29-22 To approach these technological targets a crucial step
is making SMMs individually accessible while ensuring that
they remain structurally and functionally intact. Seminal studies
in this direction were performed on propeller-like tetrairon(III)
complexes (Fe,), which possess an S =5 ground state and show
SMM behavior at sub-kelvin temperatures.?3] Complexes of this
family with the general formula [Fe,(L®),(dpm)s] are chemi-
cally robust and withstand a variety of processing methods,
like solution chemistry and thermal sublimation in ultrahigh
vacuum (UHV). In the above formula, Hdpm is dipivaloyl-
methane and H;LR is tripodal proligand 2-R-2-(hydroxymethyl)
propane-1,3-diol, which holds the tetrairon(III) core together
and carries an R side group.’?¥l Solution chemistry was used
to capture individual Fe, molecules in gated metal nanogaps
and study the interplay between electron transport and mag-
netic properties.??’l In an alternative approach to single-mol-
ecule addressing, Fe, complexes were deposited on atomically
flat surfaces suitable for scanning probe studies, including
Au(111),01025-32 Cy(100),3% Cu,N/Cu(100),5233 BN/Rh(111),3*
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graphene/Ir(111),553¢ and Pb(111).7! In particular, the investi-
gation of sulfur-functionalized Fe, derivatives chemisorbed on
Au(111) surface by a wet chemistry approach marked a turning
point in the field, as it provided the first sound demonstra-
tion that molecule-surface interactions may not critically affect
SMM properties.*% These results were subsequently con-
firmed working on Fe, adducts with gold nanoparticles®®! and
on physisorbed monolayers prepared by thermal evaporation in
UHV.[2837]

In this respect, it is important to realize that deposition on a
native metal substrate is the simplest approach to arrays of indi-
vidually addressable molecules. However, direct contact with a
metal surface was found highly detrimental to the properties
of other families of SMMs, like lanthanide double-deckers.?*#1l
By contrast, the magnetic bistability of these materials is
retained on graphenel* and on TiO, thin layers,*}! and is even
enhanced on an Ag(100) surface covered by an ultrathin decou-
pling layer of MgO."# The bulky ligand shell of Fe, complexes,
as the carbon cage of endohedral fullerenes,’ plays a similar
role by effectively shielding the magnetic core from the metallic
substrate.

As compared with deposition methods in UHV, chemisorp-
tion from solution is operationally simpler and more cost-
effective, and produces monolayers of higher stability, though
more prone to contamination. Additionally, since chemisorp-
tion relies on the formation of specific chemical bonds with the
surface, it can be largely controlled by the proper design of the
molecular structure.

Chemisorption of Fe, complexes on gold was promoted
using an R = (CH,),SAc side group,?1%29-3L4I consisting of a
linear alkyl chain terminated by an acetyl-protected thiol func-
tion (Figure 1).3%%] As experimentally observed*#! and theo-
retically rationalized,**! these sulfur-containing tethers are
expected to undergo spontaneous homolytic cleavage upon
adsorption, leading to radical thiols that chemisorb on the sur-
face. The length of the alkyl spacer, as given by the number n
of methylene groups, was found to influence the anchoring
geometry: while for n = 9 the adsorbate is structurally disor-
dered, n =5 results in a partially oriented layer. This last feature

© 2021 The Authors. Advanced Materials Interfaces published by Wiley-VCH GmbH
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shows up clearly in the hysteresis loops, which are strongly ani-
sotropic and contain the signature of resonant quantum tun-
neling processes, one of the key properties of SMMs.[1%!

Since SMMs are magnetically anisotropic systems, control-
ling their orientation on the surface is critically important for
applications. In this work, we have explored further shortening
of the alkyl spacer’s length as a plausible route to enhance pref-
erential orientation. To this aim, we compared the chemisorption
geometry and on-surface magnetism of three Fe, derivatives with
n =3, 4, and 5, hereafter indicated as Fe,C,SAc, on Au(111).

Cutting-edge experimental work was based on X-ray absorp-
tion spectroscopy (XAS) with circular and linear polarization
techniques and included ultralow temperature (ULT) measure-
ments. Data interpretation was aided by ligand field multiplet
(LEM) calculations and ab initio theoretical modeling, which
provided insight into the role played by the spacer’s length in
the structural and magnetic properties of the monolayers.

2. Results and Discussion

2.1. Synthesis and Bulk Characterization

The tripodal proligands H;LR used in this work differ in the
number (n = 3, 4, and 5) of methylene groups in the thioacetyl-
terminated alkyl chain R (Figure la,b; and Scheme S1, Sup-
porting Information). The derivatives with R = (CH,);SAc and
(CH,)4,SAc were synthesized as previously described for the
longer chain congeners with n = 55% and n = 9.%! Such an
approach remains in principle feasible for any spacer’s length,
as long as n > 2.1 Tollens condensation®>>3 of the appro-
priate terminally unsaturated aldehyde with formaldehyde and
CaO in ethanol is the key step that affords the metal-chelating
trimethylol unit in a one-pot reaction (Figure la). The yield
of Tollens condensation is limited by the concomitant forma-
tion of partially-hydroxylated species along with hemiformals
and dehydration byproducts whose separation can be rather
difficult.>*5% The thioacetyl unit is then introduced by the
addition of thioacetic acid to the double bond in the presence
of a radical initiator like 2,2’-azobis(2-methylpropionitrile)
(AIBN) in toluene (Figure 1a).’”8 In this step, careful con-
trol over temperature and reaction time is crucial to achieving
high conversions while minimizing the formation of mono-
or di-O-acetylated by products. Compounds Fe,C;SAc,>%%
Fe,C,SAc, and Fe,CsSAc!'” were then synthesized by reacting
[Fe4(OMe)g(dpm)]®Y with an excess (2.8-3.1 equivalents) of the
appropriate tripodal proligand in Et,0. Although the solubility
of the proligands in Et,0 gradually decreases with decreasing
spacer’s length, the reaction proceeds smoothly with all pro-
ligands used. The solid material obtained by complete evapo-
ration of the solvent was thoroughly washed with methanol
to remove unreacted proligand and recrystallized from anhy-
drous 1,2-dimethoxyethane to give crystalline tetrairon(IIl)
complexes in 50-60% yield.

The stability of the complexes in dichloromethane was
checked by room-temperature 'H-NMR up to 44 h from
dissolution (i.e., a timeframe far exceeding that required
for the self-assembly process on gold, ie., 18-20 h). The
'H-NMR spectra show broad signals arising from paramag-
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netically shifted tBu (10.3 ppm), Ac (2.4-2.5 ppm), and SCH,
(5.0-3.2 ppm) groups.”! Peaks from the latter are strongly
influenced by the chain length, the most downfield-shifted and
broadest signal being observed for the shortest-chain derivative,
Fe,C3SAc. The remaining methylene groups of the ligands are
undetectable due to the strong paramagnetism.

All compounds were isolated as air-stable crystalline phases
containing no crystallization solvent and suitable for single-
crystal X-ray diffraction studies. Careful examination of several
crystallization batches revealed the existence of polymorphs
of all compounds except Fe,C,SAc. Overall, six crystalline
phases were characterized (o~Fe,C3SAc, -Fe,C3SAc, Fe,C,SAc,
o-Fe,CsSAc, [Fe,CsSAc, and ¥Fe,CsSAc) as detailed in
Tables S1 and S2 (Supporting Information). The polymorphs
differ in the crystal packing, in the conformation of SAc-
terminated alkyl chains, and in the ratio between A and A
optical isomers (Figures S1-S3, Supporting Information).
Furthermore, -Fe,C3SAc and Fe,C,SAc undergo a reversible
phase transition around 150-160 K. Except for o~Fe,CsSAc (the
dominant polymorph of Fe,CsSAc) they all crystallize in cen-
trosymmetric space groups, and the crystal is a racemic mixture
of A and A propeller isomers. o~Fe,CsSAc crystallizes in non-
centrosymmetric space group P2 and is not a A/A racemate,
indicating partial spontaneous resolution. More precisely, three
of the four crystallographically distinct molecules in the lattice
have the same absolute configuration, but different from that of
the fourth molecule. A similar case of spontaneous resolution
starting from achiral ligands was reported by Saalfrank et al. /%
while enantiopure tetrairon(III) complexes can be prepared
using chiral ligands.[®¥l All synthesized compounds feature a
common tetrairon(IIl) core displaying either C, or C; crystal-
lographic symmetry. The core is held together by two bridging
(L?)*~ ligands, positioned on either side of the molecular plane,
while dpm™ anions provide terminal coordination to peripheral
iron(I1I) centers (Figure 1b,c).[?3]

The magnetic behavior of the compounds was investigated by
DC and AC magnetic measurements and high-frequency EPR
spectra and gave the results presented in Table S3 (Supporting
Information). Dominant antiferromagnetic super-exchange
interactions between nearest-neighboring high-spin iron(III)
centers (J; = 16-17 cm™ within J§;-§; convention, see the Sup-
porting Information) afford a well-isolated S = 5 ground state
(Figure 1c), which is subject to quasiaxial zero-field splitting
(D = -0.42 to —0.43 cm™). Slow magnetic relaxation is detected
at low temperature, with effective barriers U.g/ks = 14-15 K,
which are typical for this class of compounds.!?*!

2.2. Deposition, Structural, and Magnetic Characterization
of the Monolayers

All monolayer samples of Fe,C,SAc (n = 3, 4, and 5) were pre-
pared in the same way: an Au(111)/mica substrate was incu-
bated in a 2 X 107 m solution of the appropriate compound
in dichloromethane for 18-20 h and worked out as described
in the Supporting Information. XAS at the Fe-L,; edges was
then used to access the electronic structure of the absorbing
Fe atoms in the monolayer. All the synchrotron-based experi-
ments reported here were performed at the DEIMOS beamline

© 2021 The Authors. Advanced Materials Interfaces published by Wiley-VCH GmbH
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Figure 2. a) Average XAS spectra of Fe,C,SAc (n =3, 4, and 5) recorded at 2.2 K and in an applied field H =5 T directed at 8= 0° from the surface normal.
b) XMCD spectra recorded in the same conditions and normalized to the edge-jump of the average XAS spectrum. A vertical offset was applied for clarity.

at SOLEIL Synchrotron, France.’*®4 XAS is mainly interpreted
in the electric dipole approximation, where the cross-section
depends only on the nature (circular vs linear) of the X-ray
polarization vector and on its orientation with respect to the
symmetry axis of the sample.® Circularly polarized X-rays
allow recording X-ray magnetic circular dichroism (XMCD)
signals that provide information on the spin and orbital mag-
netic moments of the absorbing atom.[°®%”l When using linearly
polarized X-rays, it is possible to record X-ray natural linear
dichroism (XNLD) to get information on structural anisotro-
pies. The average XAS and XMCD spectra of the Fe,C,SAc
monolayers, presented in Figure 2, were recorded at T=2.2 K
by applying an H = 5 T magnetic field at 8 = 0° from the sur-
face normal (z). The XMCD spectra were extracted as the dif-
ference between the XAS spectra taken with photon helicity
polarization antiparallel (07) and parallel (0%) to the applied
magnetic field, while the average XAS spectra were calculated
as (0'+07)/2 (see the Supporting Information, Section Synchro-
tron characterization). The complete series of XMCD spectra at
2.2 and 4.6 K as a function of 0 is reported in Figure S11 (Sup-
porting Information).

In Figure 2a, one can notice that all samples have similar
XAS spectral features. The maximum amplitude of the average
XAS signal is found at 709.2 eV at the L; edge. The ratio of the
two maxima of the L; edge (7076 and 709.2 eV) is =1:2.7, con-
sistent with previous measurements on complexes of the same

class in bulk and monolayer forms.[*10.28-30.35,37.38.68] This indi-
cates that the tetrairon(III) molecules are intact on the surface
and that the “3d” electronic structure of the metal core is sim-
ilar irrespective of the particular tripodal ligand used.

Concerning the XMCD spectra (Figure 2b), the XMCD
amplitude is maximum at 709.2 eV and amounts to =40% of
the average isotropic signal. This value, along with the overall
spectral shape and the vanishing XMCD signal at 708.1 eV, is
a known fingerprint of the “ferrimagnetic-like” spin arrange-
ment in the ground state of Fe, complexes (Figure 1¢).% In
Figure S12 (Supporting Information), we report the normal-
ized, XMCD-detected magnetization curves measured for each
monolayer, and a trend appears: the XMCD amplitude meas-
ured at 6 = 0° is invariably larger than that at 6 = 45°. This is
an indication that the monolayers are magnetically anisotropic
with an easy magnetization axis parallel to the surface normal.
However, quantitative conclusions about the degree of orienta-
tional order in the different samples cannot be inferred from
these measurements.

The formation of partially oriented monolayers is most
directly revealed by XNLD measurements. Figure 3 reports the
experimental spectra recorded on the same samples studied
by XAS and XMCD (Figure 2). The XNLD signal is the differ-
ence between XAS cross-sections measured with X-rays having
two orthogonal linear polarizations (see the Supporting Infor-
mation). While cubic molecules have a cross-section that is

FeaC3SAc FesC4SAc FesCsSAc |3

M 2
WY -

" N [ ) )
i\l E
¥ _20\0

-3

Calculated —— Calculated —— Calculated |_4
Experimental ——Experimental ———Experimental k>

710 720 730 710 720 730 710 720 730

Energy / eV Energy / eV Energy / eV

Figure 3. a) Experimental geometry of the XNLD measurements. b) XNLD spectra of monolayers of Fe,C,SAc on Au(111) recorded at H =3 T, 6=45°,
and T=4K; XNLD, defined as 6'—c", is normalized to the average isotropic spectrum (not shown); experimental data are compared with the simulated
XNLD spectra based on an angular step distribution at &yax values. ¢) Sketch of the grafting model for Fe,C,SAc complexes.
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independent of the direction of the linear polarization vector,
Fe, molecules are highly anisotropic, with an idealized three-
fold axis perpendicular to the metal plane. For an individual
molecule, the presence of such threefold axis (at least in a
first approximation) implies that electric dipole XAS presents
a 2-parameter angular dependence, i.e., all the XNLD signals
are homothetic.[®) Again, if such molecules with approximate
threefold symmetry were stacked at random with the threefold
axis being spherically distributed, there would be no observable
XNLD signal. Thus, the observation of an XNLD signal indi-
cates that the molecules are dichroic and that they are not fully
orientationally disordered. The two effects cannot be separated
from each other because they have the same angular depend-
ence. In the following, we suppose that the electronic charge
over surface areas with the size of the X-ray beam (i.e., larger
than 100 x 100 um?) has cylindrical symmetry, whatever the
grafting geometry of the molecules, hence with equivalent x
and y directions (Figure 3a).

Thus, a single XNLD measurement with the photon propa-
gation vector k at a nonzero angle (here 6 = 45°) from z can
be used to reveal a preferential orientation along the surface
normal. The sizeable XNLD signal detected for all compounds
(Figure 3b) is clearly indicative of such preferential ordering.
By contrast, monolayers of Fe,CoSAc on Au(l1l) have zero
XNLD, as expected from full orientational disorder.'! Turning
now to the spectral profile, it is strikingly similar in the three
derivatives, suggesting no gross changes in electronic struc-
ture across the series. By analyzing the XNLD signal recorded
on monolayers of Fe,CsSAc with the aid of LFM calculations,
Mannini et al.'% reproduced the observed profile and, from the
XNLD sign, demonstrated that the threefold molecular axis is
biased toward the surface normal. Figure 3b shows that a sim-
ilar situation holds for the whole series, although the magni-
tude of the XNLD signal significantly increases with decreasing
n. In particular, the maximum XNLD amplitude (normalized
to the average isotropic XAS spectrum) amounts to =2% in
Fe,CsSAc, is =2.5% in Fe,C4SAc, and reaches a value as large
as 4% in Fe,C3SAc. One argues that, as the length of the spacer
decreases, preferential orientation is enhanced.

To support this conclusion, we performed LFM calcula-
tions”” of the XNLD spectra of the Fe,C,SAc series, using
the previous analysis of Fe,CsSAc for an initial guess of the
parameters.l% The spectrum is the sum of the contributions
from the central and the peripheral iron(IIl) sites. To avoid
over-parameterization, axial symmetry was assumed for both
ions (see the Supporting Information), as previously adopted

a A b S
) 5 ) Ly
,ﬁ%i >“ '7— '
\’//: .@ /‘\ 40.}1

INTERFACES

www.advmatinterfaces.de

for Fe,CsSAc.' Moreover, the effect of the 3 T magnetic field
applied to improve the S/N ratio was included in the calcula-
tion. The chosen set of crystal field parameters (held constant
throughout the series, see the Supporting Information) provides
a good agreement with the experimental XNLD profile. One can
notice that the Dt parameter of the peripheral ions is different
from the one used previously,! because it was here optimized
to improve the matching with the experimental spectral features.

To estimate the extent of preferential orientation, two dif-
ferent model distributions with cylindrical symmetry along z
were tested: an angular Gaussian distribution with half-width-
at-half-maximum &ywipyy and an angular step distribution with
maximum angle &yax (Figure 3c; and Figure S14, Supporting
Information). With the former distribution, the XNLD ampli-
tudes recorded on Fe,C,SAc monolayers hint at &pwimy =
10 + 5°, 31 £ 2°, and 34 + 2° for n = 3, 4, and 5, respectively.
The use of an angular step distribution, instead, affords &yax =
10 £ 5°, 48 £ 2°, and 51 £ 2° for n = 3, 4, and 5, respectively
(Figure 3b). Thus, a fivefold smaller angle is spanned by the
shortest-chain derivative (n = 3) as compared with its congeners
(n = 4 and 5). Both types of angular distributions consistently
indicate that orientational ordering is largest in the Fe,C3SAc
monolayers, while Fe,C,SAc and Fe,CsSAc behave similarly
and display oriented grafting to a significantly lesser extent.

To rationalize the observed behavior for the series, the
structure of Fe,C,SAc complexes on Au(111) (hereafter indi-
cated as Fe,C,SAc@Au(111)) was investigated by ab initio
molecular dynamics (AIMD). Following the computational
protocol developed previously for Fe,CsSAc@Au(111),72 we
performed =4 ps of AIMD at 200 K for Fe,C3SAc@Au(111) and
Fe,C,SAc@Au(111). The substrate consisted of a four layers
slab. Starting from the configuration obtained for n = 5,72
where one aliphatic chain adheres to the surface, the whole
system (excluding the bottom layer of the substrate) was let to
fully relax. A final geometry optimization on top of a thermal
annealing run down to T = 0 in =1 ps was then performed.
Comparable geometries to the one computed for Fe,CsSAc@
Au(111) were obtained."? Indeed, for both n = 3 and 4 the alkyl
chain engaged in the S—Au bond firmly adheres to the gold
surface along the entire trajectory (Figure 4). The alkyl spacer
is then sandwiched between the surface and the disk-like mole-
cular core, which lies roughly parallel to the surface. By conse-
quence, according to AIMD the Fe, molecules in the monolayer
are partially oriented.

The angle between the surface and the average plane
through the metals () is 24.1° for n = 3 and 14.5° for n = 4.

c)

7 f&é

/.} 4h

%%%

Figure 4. Fe,C,SAc@Au(111) model structures for n =3 ( ), and 5 (
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c); hydrogen atoms are not shown for clarity.
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Table 1. Isotropic super-exchange couplings (cm™) in Fe,C,SAc@
Au(111).

n=3 n=4 n=52
I 10.5 7.2 12.6 (7.8;17.5)
s 25.0 226 27.1 (16.7; 39.0)
Jra 13.5 16.1 23.1(15.2;29.7)
b 16.3 15.3 21.0 (17.4; 26.9)
50 0.1 0.1 02 (01;0.2)

?Average and extreme values (in parenthesis) computed from the eight AIMD
trajectories in ref. [72]; YAverage n.n. interaction, i.e., (izthst)s)/3; Next-n.n.
interaction (see the Supporting Information for a definition of the super-exchange
Hamiltonian used).

Thus, the computed trend for these two derivatives does not
match the one extracted from the intensity of the XNLD signal.
This is however not surprising, because single trajectory com-
putations provide only partial information on accessible adsorp-
tion geometries. A more extensive AIMD study on 8 different
trajectories of Fe,CsSAc@Au(111) evidenced a wide distribution
of conformers spanning a range of geometrical parameters and
& values (13.9°-18.5°),72 in agreement with Synchrotron Méss-
bauer experiments.*! Therefore, the strong XNLD found for
n =3 can be attributed to a reduced possibility for molecules to
explore large & values in the distribution.

To check the influence of n on the electronic and magnetic
properties of adsorbed molecules we computed the most rel-
evant magnetic parameters starting from the optimized geom-
etries. Adsorbed molecules always exhibit C; super-exchange
symmetry (see Table 1 and the Supporting Information).”3!
The strongest interaction, and the one that is less influenced
by the spacer’s length, is J;; and describes the super-exchange
coupling between the central Fe** ion and the metal center
lying approximately above the surface-bound alkyl chain. The
other two nearest-neighbor (n.n.) interactions, J;, and Jy4, show
more pronounced changes in magnitude and decrease when
passing from n =5 to n = 3. The average n.n. interaction (Jy)
also decreases slightly from n = 5 to n = 3, whereas J,, the
super-exchange interaction between the peripheral Fe’" ionms,
is always very small and antiferromagnetic regardless of the
spacer’s length (Table 1).

The single-ion anisotropy tensors and the overall anisotropy
parameters D and E in the S = 5 ground state were calculated
on the optimized Fe,C,SAc@Au(111) structures after removing
the substrate. The results are gathered in Table 2 along with the
inclination of the easy magnetic axis in the S = 5 ground state
with respect to the surface normal (&eqy_axis). Notice that Eepgy axis
does not necessarily coincide with ¢, since the easy magnetic
axis may deviate from the normal to the average plane through
the metals. As suggested previously,*72l molecule-surface inter-
actions modulate the single-ion anisotropy tensors in magnitude
(D; and E;) and/or orientation. However, these modifications
only marginally influence the ground state D value, which is pri-
marily responsible for the height of the anisotropy barrier and is
similar in the three derivatives (Table 2). Although for n =3 and
4 the analysis was based on single trajectory calculations, our
theoretical data indicate that the magnetic features of Fe, SMMs
are very robust toward surface-induced deformations even for
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Table 2. Magnetic anisotropies (cm™) and & s values (°) obtained
for the optimized Fe,C,SAc@Au(111) structures after removing the
substrate.

n=3 n=4 n=5%

D, -1.118 -1.126 ~0.789 (~1.177; 1.555)
|E1/ Dy 0.03 0.22 0.17 (0.08; 0.26)
D, 0.518 0.739 0.565 (0.480; 0.651)
|E,/Dy| 0.15 0.13 0.14 (0.13; 0.16)

D, 0.418 -0.375 -0.293 (—0.465; 0.536)
|E3/Ds 0.32 0.19 0.22 (0.14; 0.30)

D, 0.656 0.557 0.433 (-0.384; 0.747)
|E4/ Dy 0.18 0.18 0.22 (0.14; 0.32)

D -0.391 -0.380 —0.403 (~0.583; —0.343)
|E/D] 0.10 0.03 0.09 (0.02; 0.19)

E sy _ais 16.5 15.5 17.6 (12.2; 36.7)

Average and extreme values (in parenthesis) computed from the eight AIMD tra-
jectories in ref. [72]

short tethers. Therefore, considering both isotropic and aniso-
tropic contributions, all three derivatives are expected to exhibit
similar magnetic fingerprints upon adsorption.

Since Fe,C3SAc displays the greatest tendency to oriented
grafting, a monolayer of this derivative was studied in the mK
temperature regime by employing an ULT facility dedicated
to soft XMCD experiments (Dichro50), available at DEIMOS
beamline (SOLEIL Synchrotron). These data also served to
benchmark the end-station.’® In Figure S13 (Supporting
Information), we report the average XAS and XMCD spectra
recorded at temperatures between 350 and 900 mK with a mag-
netic field of 3 T directed along the surface normal.

Figure 5a shows the temperature dependence of the max-
imum XMCD amplitude at the Fe-L; edge as a function of
the magnetic field. These data highlight the typical magnetic
behavior of Fe, systems, whose hysteresis loops are open
below 1 K and become wider with decreasing temperature.[3]
The hysteresis curves are almost temperature independent
below 0.5 K, indicating the onset of a pure quantum tunneling
regime.’”] Magnetization steps due to resonant quantum tun-
neling are observed at 0 and £0.5 T the latter are here clearly
visible because of the preferential orientation of the molecules
with their easy axis close to the surface normal. Consistent
with this, the hysteresis loops are markedly angle-dependent
(Figure 5b). As the incidence angle 6 increases, saturation is
approached more slowly and the magnetization step in nonzero
field broadens and shifts to higher fields.[1%28]

3. Conclusions

Here we described a detailed study on 2D arrays of tetrairon(III)
SMMs with a propeller-like structure and (CH,),SAc tethers
of different length (n = 3, 4, and 5). The molecules were
deposited on Au(111) from solution and the resulting self-
assembled monolayers were probed by highly surface sensi-
tive techniques based on synchrotron radiation, namely XAS,
XMCD, and XNLD. XAS and XMCD provided compelling

© 2021 The Authors. Advanced Materials Interfaces published by Wiley-VCH GmbH
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Figure 5. a) XMCD-detected hysteresis loops of a monolayer of Fe,C3SAc on Au(111) recorded in the 350-900 mK range at 6= 0° and with a field sweep
rate of 0.01 T s™". b) Angular dependence of the hysteresis loops for 6= 0°, 45°, and 60° at the same base temperature (350 mK).

evidences that molecules remain structurally intact and main-
tain their magnetic properties on the surface, consistent with
the results of AIMD calculations. According to XNLD, all mon-
olayers exhibit a significant structural anisotropy which was
analyzed by LFM calculations. The results showed that the ani-
sotropic signal arises from a partially oriented grafting of the
molecules whose idealized threefold axis is biased toward the
surface normal. The derivative with the shortest alkyl spacer
(n = 3) exhibits the most pronounced oriented grafting in the
series; its XMCD-detected hysteresis loops, measured down to
350 mK, are markedly dependent on the magnetic field inci-
dence angle and, for normal incidence, display pronounced
quantum tunneling steps.

These results confirm that Fe, SMMs carrying (CH,),SAc
groups form chemisorbed monolayers of structurally and
functionally intact molecules on Au(111) for a wide range of n
values. However, the structural and magnetic properties of the
monolayers are sensitive to the length of the tethering units,
which influences the grafting geometry and the shape of the
hysteresis loops.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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