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Successful grafting of isolated molecular Cr;Ni rings on Au(111) surface
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We deeply investigated the properties of submonolayer distributions of isolated molecular Cr;Ni rings
deposited on Au(111) by liquid phase. X-ray absorption spectra measured at the Cr and Ni L, ; edges show that
the grafting of the Cr;Ni rings onto the gold surface does not affect the oxidation state and the local symmetry
of the Cr and Ni sites. The circular dichroism shows a change in sign of the Ni magnetic moment. This is due
to a reduction in the exchange coupling constants that, however, preserves the structure of the low-energy
levels of the grafted rings, as corroborated by spin-Hamiltonian simulations and comparison with measure-
ments on bulk sample. Density-functional theory calculations show that the Ni-Cr bond gets weaker with slight
ring distortion suggesting possible explanation for the observed magnetic behavior. These results show that
complex magnetic molecules can be grafted onto surfaces, and that changes in their magnetic behavior must be

examined in individual cases.
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I. INTRODUCTION

Molecular nanomagnets (MNM) are molecules or nano-
particles comprising clusters of magnetic metal ions tightly
coupled to each other by exchange interactions. Magnetic
molecules have a discrete spectrum of energy levels that can
be resolved at sufficiently low temperatures and eventually
lead to the occurrence of quantum phenomena.! Mn,,ac is
probably the most popular example of high spin molecular
magnets but, recently, antiferromagnetic molecules with low
spin have also attracted much interest. So far, most of the
studies have been performed on bulk samples comprising
collections of molecules packed in crystalline structures and
generally weakly interacting to each other. Yet, this fact
alone does not guarantee that the behavior observed on bulk
crystals can be observed in all circumstances and one may
wonder to which extent the environment may change, di-
rectly (chemically, electronically) or indirectly (structurally,
magnetically, thermally) the molecular properties on differ-
ent energy scales. This is a crucial issue in view of ultimate
applications of single molecular units. The situation of iso-
lated molecules on a surface is particularly intriguing and
one may think to exploit the substrate to eventually tune the
properties of the molecules.?

Much effort has been devoted so far to graft and study
Mn,, on a surface using direct’> and indirect grafting
procedures.” While the thick films (TFs) behavior still re-
sembles that of the bulk, recent results show that the influ-
ence of the substrate, together with a high chemical reactiv-
ity and sensitivity to the x-rays, induces heavy changes in a
submonolayer (sSML) of isolated Mn;, molecules on gold and
Si, thus compromising their magnetic behavior.*>® Such
drastic modifications, however, cannot be generalized to all
MNM since molecules have different chemical reactivity and
physical features.

Here we focus on molecular antiferromagnetic Cr;Ni
rings which are a new class of MNM on which interesting
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quantum phenomena have been observed”!? and that have
been recently proposed as candidates for the implementation
of quantum gates.'"'> Cr;Ni contains seven Cr’* and one
Ni?* ions and the antiferromagnetic coupling leads to a mo-
lecular S=1/2 spin ground state at low field.'>!'* The pres-
ence of one isolated divalent ion (Ni**) in the Cr’* wheel is
particularly relevant since it allows the local magnetization
to be probed, an essential aspect to study antiferromagnetic
correlations. We recently reported the design of sulfur func-
tionalized derivatives and the procedure to obtain, from so-
lution, sML distributions of such Cr;Ni rings grafted on
Au(111).'*15 The next, crucial step is to ensure that the
chemical, electronic, and magnetic properties of grafted mol-
ecules remain equivalent to those observed in bulk. Only
very few works have been published so far on the magnetic
characterization of sML of such complex molecular
systems>> due to difficulties in defining deposition protocols
and in finding suitable experimental techniques. Here we
show that x-ray Absorption Spectroscopy (XAS) and mag-
netic circular dichroism (XMCD) are very powerful tech-
niques to study molecular antiferromagnets because of their
high sensitivity and to their element and shell selectivity.

We have studied four different Cr;Ni derivatives depos-
ited in the form of both microcrystalline thick films, repre-
sentative of the bulk, and submonolayer distributions of
isolated molecules (sML) deposited on Au(111). The inves-
tigated derivatives are: (1) Cr;Ni-piv, i.e., the pristine com-
pound; (2) Cr;Ni-3tpc, with 16 thiophene ligands; (3)
Cr;Ni-4mtpp, with one peripheric 3-(4-methylthiophenyl)
propionate ligand; (4) Cr;Ni-phenoxy, with 16 phenoxyben-
zoate ligands (no sulfur). The four structures are shown in
Fig. 1 and the synthetic procedures are described in the Ap-
pendix.

II. EXPERIMENTAL TECHNIQUES

The sML samples were obtained by immersing the
Au(111) or Au/mica flamed-annealed surface in a mM solu-
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FIG. 1. (Color online) The structure of the four derivatives stud-
ied: (a) the not functionalized CrsNi-piv ring, (b) the Cr;Ni-3tpc
with 16 TP ligands, (c) the Cr;Ni-4mtpp with one 3-(4-methyl-
thiophenyl) propionate (S-protected ligand), (d) the CrsNi-
phenoxy with 16 Phenoxybenzoate ligands (without S).

tion of the specific derivative. After the adsorption process
the samples were rinsed with proper solvent in order to re-
move the excess of molecular layers, and quickly introduced
in the experimental chamber. All the deposition parameters
were optimized in order to get homogeneous submonolayers
of spatially isolated molecules. Concentration of 5 mM and
incubation time of 10 min were used for all the compounds
while a tetrahydrofuran solvent was used for Cr;Ni-piv,
Cr;Ni-3tpc, Cr;Ni-4mtpp and a nonpolar solvent, dichlo-
romethane, was used for Cr;Ni-phenoxy. Scanning tunneling
microscopy (STM) (see Fig. 2) and x-ray photoemission
spectroscopy (XPS) were used to check that the desired two-
dimensional distribution of nanometric entities was actually
obtained. TFs were drop cast on a substrate starting from the
saturated solution on highly oriented pyrolytic graphite
(HOPG) substrate.

The XMCD experiments were carried out at the ID8
beamline of the European Synchrotron Radiation Facility
(ESRF) in Grenoble (France). The lowest sample tempera-
ture reached was about 10 K and the base pressure of the

FIG. 2. (Color online) (c) STM image (50X 25 nm?) and (b)
3D view (13X 13 nm?) of a single Cr7Ni-3tpc cluster grafted on
Au(111) surface. (a) Structure of the Cr7Ni-3tpc ring viewed per-
pendicularly to the CryNi plane.
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experimental chamber 1.0 107! mbar. The photon source
was an Apple II undulator that delivers a high flux of polar-
ized light. We paid much attention to avoid any sample deg-
radation induced by radiation exposure, working with very
low flux (below 10'? photons/s) and by strictly monitoring
XAS spectra throughout all the experiments for detecting
even the smallest traces of sample damaging.

XMCD measurements at the Cr and Ni L, ; edges were
performed in total electron yield mode using circularly po-
larized light with about 100% polarization rate and with ex-
ternal magnetic field uoH up to 5 T applied perpendicularly
to the sample surface and parallel to the incident photon
beam. The dichroic spectrum is the difference between the
XAS spectra taken with the helicity of the incident photon
(P) antiparallel (o!!) and parallel (¢'") to the sample mag-
netization (M). In order to minimize the effects of field in-
homogeneity, we first fixed the field and switched the polar-
ization parallel and antiparallel, then we made the same with
the field in opposite direction. The ¢! (¢'}) absorption spec-
tra are the mean value of the spectra collected with the he-
licity parallel (antiparallel) to the sample magnetization.

III. RESULTS AND DISCUSSION
A. XAS and XMCD

In Fig. 3 the Cr (left) and Ni (right) L, 3 XAS and XMCD
spectra, measured at 5 T and 10 K for the three sMLs and for
the Cr;Ni-3tpc TF, are compared with that of the nonfunc-
tionalized Cr;Ni-piv TE.' In all sMLs and TFs, the XAS and
XMCD spectral line shape are very similar (apart from the
sign of the Ni dichroism that will be discussed below). The
Cr absorption spectra present eight features characteristic of
Cr** in o, environment,'” whereas the Ni XAS presents two
peaks at the L; edge and a partially resolved doublet struc-
ture at the L, edge, characteristic of a high-spin Ni** ion in
0,, environment.'® Since the spectra of all the TFs perfectly
reproduce those of the Cr7Ni-3tpc presented in Fig. 3, it is
evident that the different functionalizations do not affect the
core electronic structure of the ring. In addition, we empha-
size that Cr and Ni L, 5 absorption spectra for all the sMLs
closely resemble those of the TFs. This shows that, within
the (high) sensitivity of the technique and independently of
the ligand type, the grafting onto the gold surface does not
affects the valence electronic structure of the Cr and Ni ions:
oxidation state, local environment, and crystal-field intensity
at the Cr and Ni sites are not altered.

B. Ligand field multiplet calculations

XAS and XMCD spectra are simulated by using the
ligand field multiplet model implemented by Thole.!*?° The
calculation takes into account spin-orbit coupling and treats
the environment of the absorbing atom through the crystal-
field parameters (10Dg, Ds, and Dr). The Slater integrals and
the 2p and 3d spin-orbit interactions in the initial
(Fﬁd,Fj‘,d,gw) as well as in the final states (Ff,d,Fﬁd,
Fid,Gll,d,G;d,gzp,Qd) are calculated. Then the solid is simu-
lated by adding a crystal-field Hamiltonian as a perturbation
of the atomic result and projecting the SO3 into any desired
point-group symmetry. In O;, symmetry, the 3d level is split
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FIG. 3. (Color online) Cr (Left panel) and Ni (right panel) L, ;
XAS and XMCD spectra for the Cr;Ni-piv TF, Cr;Ni-3tpc TF and
SML, Cr;Ni-4mtpp and Cr;Ni-phenoxy sMLs at 10 K and 5 T,
compared with the ligand field multiplet calculations: 10Dgq
=2.1 eV for Cr** and 10Dg=1.5 eV for Ni**, Lorentzian (W4
=0.2 eV and 0.4 eV, W ,=0.6 eV and 0.4 eV for Cr and Ni, re-
spectively) and Gaussian (Wg=150 meV) broadening.
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into e, and 1,, orbitals with separation energy of 10Dq. A
further lowering of the symmetry to Dy, splits the orbitals by
the additional Ds and Dt parameters.

We calculate the L, 5 absorption edges for the Ni** and
Cr* ions. The transitions involved in the atomic calculation
are: 2p°3d®—2p33d° and 2p°®3d® — 2p33d* for the Ni** and
Cr’*, respectively. The Slater integrals were reduced of the
20% of the Hartree-Fock values to include the hybridization
effects. In the crystal-field approach we describe the local
symmetry of both Ni** and Cr** ions by tetragonal D,;, sym-
metry. Scanning through the ligand field parameters, (as-
sumed equals for initial and final states) we find a good
agreement between the experimental and theoretical spectra
by considering the ions in O; symmetry: Ds=Dt=0, 10Dg
=2.1 eV for Cr** and Ds=Dt=0, 10Dg=1.5 eV for Ni**.
This means that in all the Cr;Ni systems the slightly distorted
octahedral environment around the Cr and Ni ions can be
safely approximated to an almost perfect octahedron. Table I
summarizes the parameters used in the calculations.

The calculated spectra at the L, 5 edges, shown in Fig. 3
of the paper, are convoluted with Lorentzian (W;3=0.2 eV
and 0.4 eV, W;,=0.6 eV and 0.4 eV for Cr’* and Ni?*, re-
spectively) and Gaussian (W;=150 meV) broadening to
simulate the core hole lifetime and the experimental reso-
lution. The random orientation of the molecules requires to
perform angular averages of the absorption cross section for
all possible orientations of the magnetic field with respect to
the molecular axes. This procedure makes the calculations
complicated. However, van Elp et al?! found that, at least in
case of Ni** and Cr** in 0, symmetry, the discrepancy be-
tween the XAS taken at different orientations was small or
even absent. In a first approximation we performed the cal-
culations with the magnetic field along the crystallographic
axes [001] (or C,) assuming that this orientation well repro-
duces the isotropic XAS and XMCD spectra. The strength of
the magnetic field is set to 0.3 meV corresponding approxi-
mately to the experimental magnetic field of 5 T.

TABLE I. Slater integrals and spin-orbit interactions used for the ligand field multiplet simulations of the
Ni** and Cr** L, 3 XAS edges. The Slater integrals are reduced of the 20% of the Hartree-Fock values to
include the hybridization effects. All values are given in eV.

Ni2+ Cr3+
Initial state Final state Initial state Final state

2p03d8 2p°3d° 2p%3d3 2p°3d*

Ligand field parameters 10Dq 1.5 1.5 2.1 2.1

Ds 0 0 0 0

Dt 0 0 0 0
Slater integrals F, 9.787 8.622 9.277
Fiy 6.078 5.404 5.816

2

F, 6.177 5.221
Gy 4.630 3.830
Gy 2.633 2.178
5-0 &y 12.607 5.667
Gra 0.083 0.102 0.035 0.047
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FIG. 4. (Color online) Upper panels: Cr (a) and Ni (b) L, 3 XAS
spectra taken with o1 (black lines) and o' (red/gray lines) circu-
larly polarized light and the XAS integral (dashed line) at 5 T and
10 K for CryNi-3tpc ML. Lower panels: XMCD spectra (dotted
lines) and their integrals (continuous lines). The parameters p, ¢,
and r are the values of the integrals used for the sum rules analysis.

C. Sum rules

Information on the nature of the intramolecular exchange
interactions can be extracted from the study of the sign of the
dichroic signal. Indeed, as an external magnetic field is ap-
plied we expect an interplay between the antiferromagnetic
coupling between nearest-neighboring ions—favoring a
staggered configuration of magnetic moments at low
temperature—and the Zeeman interaction, that tends to align
all magnetic moments along the field direction. The XMCD
spectra, (Fig. 3) provide information on this interplay. The
negative dichroic signal at the Cr L; edge and the positive
one at the L, edge ([L;(-),L,(+)] in short) imply that the
total magnetic moment of Cr ions is parallel to H. This oc-
curs for all TF and sML samples for all the monitored 7" and
H. The opposite behavior [i.e., L3(+), L,(=)] has been ob-
served for Ni in all TFs, implying that the expected magnetic
moment is antiparallel to H at 10 K, whereas for all sMLs
the Ni magnetic moment is, in this case, parallel to H. While
the sign of the Ni XMCD is the same in all the studied sMLs
and opposite to that observed in bulk (TFs) samples, the
intensity of the dichroic signal changes from one derivative
to another (Fig. 3).

We have refined the above analysis by extracting the
mean value of the spin (mg) and orbital (m,) moments
(along the surface normal) for each kind of magnetic ion as a
function of 7 by using XMCD sum rules.'®? In the follow-
ing we focus on the Cr;Ni-3tpc system which presents the
largest differences between sML and TF, as representative of
all the three derivatives. Figure 4 shows the Cr-L,; and
Ni-L, 5 absorption spectra taken using both photon helicities
(upper panel), the relative dichroic signal and its integral
(lower panel) measured on the Cr;Ni-3tpc sML at 10 K and
5 T. We used the same analysis successfully applied to thick
films of Crg and Cr;Ni-piv,'¢ and to which we refer for more
details. The orbital (m,) and spin (mg) moment can be cal-
culated by the following expressions:?>
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FIG. 5. (Color online) Cr;Ni-3tpc TF (left panel) and sML (right
panel). Cr and Ni total magnetic moments, experimentally derived
by the sum rules, vs applied magnetic field at 10, 15, and 25 K
compared with the results of the spin-Hamiltonian calculations. The
magnetic moments uncertainty takes into account the signal-to-
noise ratio of the spectrum from which it was derived.
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where N, the number of holes in the 3d shell, is equal to 7
and 2 for Cr’* and Ni**, respectively. For Cr we derived a
spin correction (SC) factor of 1.75.'® Figure 4 shows the
vanishing of the dichroic signal integral at the Cr-L, 5 edges
(g=0), that is m,, of the Cr** ions is completely quenched by
the crystal field.”> On the contrary m,, of Ni** ions is only
partially quenched. This occurs for all TFs and sMLs inves-
tigated. For all systems the m, value derived by the sum
rules is of about 10% of myg, for all spanned T and H. Thus
Cr ions have a nearly spin-only gyromagnetic factor (g¢,
=2.0), whereas for Ni gn;j=2.2%0.1, very close to the one
derived for the Cr7Ni-piv system.!® We may thus conclude
that neither the functionalization nor the grafting onto the Au
surface affects the degree of quenching of the orbital mo-
mentum.

Figure 5 displays the Cr and Ni total magnetic moments
of the Cr7Ni-3tpc TF and sML, determined by the sum rules,
as a function of uoH (up to 5 T) at different temperatures.
The Cr total magnetic moment is larger in the sML than in
the TF and it is always parallel to H, for all the T spanned.
The opposite behavior is observed for Ni in TF: negative
values, i.e., moment antiparallel to H, are observed at the
lowest temperatures (10 and 15 K). The temperature in-
crease, however, leads to an inversion of the sign of the Ni
dichroism at 25 K, which is due to the alignment of the Ni
magnetization to the external field, in analogy to what ob-
served in Cr7Ni-piv TE.!® Conversely, for the sML samples,
the Ni magnetization is always positive (Fig. 5 lower right
panel), i.e., the Ni total magnetic moment is aligned to H
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already at T=10 K. This occurs for all three functionaliza-
tions studied here.

D. Comparison with the bulk and description
by spin Hamiltonian

The behavior of the magnetic moments can be compared
with that derived from bulk measurements. To do this we
evaluated the mean value of the local magnetization for the
Cr and the Ni ions by calculating the eigenvalues and eigen-
states of the microscopic spin Hamiltonian describing each
Cr;Ni ring,

H=E*’i,i+lsi'si+l+lu'BH'Egisi"'Haniv (1)
i i

where the first term represents isotropic nearest-neighbor ex-
change and the second term is the Zeeman coupling to the
external field H. Since XMCD results show that the degree
of orbital momentum quenching is the same as in the original
Cr;Ni-piv molecule, gyromagnetic factors g; have been fixed
to 1.98 (Cr**) and 2.2 (Ni?*).!%!" H_. represents small an-
isotropic terms. Since these play a secondary role in all the
present discussion, they have been omitted for simplicity in
the calculations. In order to assess independently the role of
the functionalization and that of the molecule-to-substrate
interaction we first analyzed the TF and then the sML. We
extracted the exchange constant values from the simulta-
neous analysis of the TF’s magnetic moments determined by
sum rules (left panel of Fig. 5) and the low-temperature spe-
cific heat, ac susceptibility, and magnetization measured on
Cr,Ni-3tpc powders (see Fig. 6). The different data sets were
found to be perfectly compatible and very well reproduced
within the spin-Hamiltonian model using J¢;.c,~ 1.24 meV
and Jo,ni~ 1.69 meV. In particular, the comparison of cal-
culated and XMCD derived magnetic moments is shown in
Fig. 5 (left panel). Thus, the 3tpc functionalization itself in-
duces a reduction by 15% of Jq.c, leaving unchanged the
Jeoni With respect to pristine CryNi-piv.!%!! The larger re-
sponse to the applied field characterizing grafted molecules
points to a significant reduction in the antiferromagnetic ex-
change. Indeed, the sSML experimental data in the right pan-
els of Fig. 5 are well accounted by numerical simulations
with Jopc,~1.05 meV, Joni~0.5 meV. The uncertainty
on the TF and sML parameters is of the order of 10% as
variations within this range keep the fit acceptable. Even if
these parameters lead to a compression of the calculated
energy levels spectrum [e.g., the ground-doublet to first-
excited-quartet gap A,,_3,, becomes 0.7 meV (8 K); see Fig.
7], the low-E multiplet structure remains substantially the
same as in the original Cr;Ni-piv.'® This implies that obser-
vation of quantum phenomena such as quantum oscillations
described in Refs. 9 and 10 is not compromised. Moreover
the energy gap between the S=1/2 and S=3/2, A|5_3,, is
large enough to allow, for instance, efficient qubit encoding
in the ground doublet,'" and the quartet states can still be
used as auxiliary resources for qubit manipulation.'?

E. Discussion on the origin of exchange coupling variations

About the reason of the decrease in the exchange con-
stants, much stronger for the J,.n;, when the molecule is put
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FIG. 6. (Color online) Top panel: ac susceptibility of the
Cr;Ni-3tpc powders compared with those of the Cr;Ni-piv. Bottom
panel: specific heat C, in R=8.314 J/mol K units, of Cr;Ni-3tpc
powders as a function of the temperature (7) and for several values
of the applied magnetic field. Both measurements have been per-
formed by a PPMS-7T system of Quantum Design. Continuous
lines are fitting curves as resulting from the spin Hamiltonian simu-
lations (see text).

on the surface, it is unlikely that is associated with either
breaking one of the two Cr-Ni edges within the ring or to
direct interaction of the metals (Cr, Ni) with the gold surface.
Both these two events should indeed significantly change the
crystal environment of Cr and Ni ions resulting in clear
changes in the absorption spectra, which were not observed
(Fig. 3).

It is worth discussing the relation between the way mol-
ecules actually graft onto the surface, and the origin of the
observed change in the exchange constants. From a quanti-
tative analysis of the different MLs (see Fig. 3) we derived

25-

20+

154

104

Energy (K)

0 1 2 3 4 5
Magnetic Field (T)

FIG. 7. Calculated field-dependence of the low-lying energy
levels of Cr;Ni-3tpc ML, relative to the ground-state energy. Pa-
rameters used in calculations are Jc.c,=1.05 meV and Jc,n;
=0.5 meV.
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that the magnitude of the normalized Ni XMCD signal for
the 3tpc derivative (17%), is twice the value relative to the
van der Waals interacting derivatives (including the single
sulfur one). Let us notice that the entity of the ring distortion
is not necessarily related to the proximity of Ni to the surface
(length of the ligand), hence we do not expect any dispersion
of the J values associated to it. Due to the local nature of the
molecule-substrate bonding, which does not involve any
charge transfer, a direct influence of the ligand-substrate
bond on the metal core properties is not expected. This is
true not only for van der Waals interactions but also for
covalent S-Au bonds.?? A confirmation that the “chemistry
around the ligands” is negligible comes from the small
change (15%) of the exchange constants for the TF when
changing the piv ligand with the 3-tpc.

A possible explanation comes from a ring distortion with
respect to the bulk conditions, simply due to the lack of the
isotropic interactions with all the surrounding molecules. The
resulting change in the overlap integrals yielding the super-
exchange paths explains the observed decrease in exchange
constants with respect to their TF values. The fact that the
stronger the ligand-substrate bonding, the higher the mea-
sured Ni dichroic signal, suggests that the distortion of the
ring is modulated by the strains due to the ligands-substrate
bonding. Density-functional calculations, reported in the fol-
lowing paragraph, show that for a small stretching of the ring
structure, the J,.c, is weakly perturbed while Jq,n; strongly
decreases, in agreement with the experimental results.

F. Density-functional calculations

In order to elucidate the relationship between the J’s
changes and a possible ring distortion, we have performed
state-of-the-art calculations of chain model system of Crg by
using the WIEN2K package,”* which implements the all-
electron augmented plane-wave method within spin-density
functional theory. We used the generalized-gradient approxi-
mation of the exchange-correlation functional. In recent
papers>>2® we have demonstrated how the electronic and
magnetic properties of the Crg molecular magnet are well
described by a infinite linear-chain model, where the cyclic
structure of the original molecule is straightened, preserving
bond angles and distances in the fluorine and carboxylate
bridges. In Fig. 8 the chain model is sketched, and the pa-
rameters relevant for the discussion below explicitly indi-
cated. The large computational gain achieved by using this
model instead of the original cyclic structure allows us to
perform extensive investigations on the dependence of the
magnetic interactions as a function of the atomic distances
and bond angle in the bridges. We have varied the Cr-Cr
distance (d) above and below the experimental value (d,
=3.39 A), relaxing at each step the atomic positions of all
the atoms in the bridges toward their equilibrium positions.
We have performed this structural minimization for the anti-
ferromagnetically coupled Cr chain. Once the atomic posi-
tions are optimized for a certain Cr-Cr distance, we could
substitute one of the two inequivalent Cr atom with a Ni
atom (neutralizing the negatively e~ charged cell by a posi-
tive jellium charge), characterizing thus an alternating Cr-Ni
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FIG. 8. (Color online) The chain model used in the calculations;
relevant parameters such as Cr-Cr, Cr-F, Cr-O, and O-C distances,
as well as Cr-F-Cr, Cr-O-C, and O-C-O angles characterizing the
bridges and the dilation of the molecule are depicted as well.

chain; keeping the atomic position unaltered upon Ni substi-
tution is consistent with the fact that Cr;Ni molecules are
isostructural to Crg. Finally, by total energy calculations of
the ferromagnetic and antiferromagnetic configuration of the
pure Cr and Cr-Ni alternating chains, we could extract the
Heisenberg exchange parameters Js describing the Cr-Cr and
Cr-Ni magnetic couplings.

In Fig. 9 we present the variation in J¢,. ¢, and J,.y; (nor-
malized to their values for the undilated structure, Jys) as a
function of d (top panel) and we show how the bond dis-
tances (central panel) and angles (bottom panel) varies upon
variation in d. In a range of dilation of the Cr-Cr (Cr-Ni)
distance up to 7% (which is supposed to cover the possible
experimental range of dilation of an isolated molecule as
compared to a molecule packed in a molecular crystal), Jc, i
is found to vary more sensibly compared to J¢. .. For in-
stance, supposing a dilation of 5%, Jcp.c, and Je,.n; assume
values which are, respectively, 29% and 60% smaller as
compared to the Jys of the undilated structure. These varia-
tions are completely consistent with the ones inferred from
experimental data. Since, as evidenced in Fig. 9, distances
between atoms in the bridges remain more or less unvaried
while angles are primarily influenced in a linear way when
stretching or compressing the Cr-Cr distance, a similar para-
boliclike variation in Js could also be obtained when plotting
the Js as a function of the bond angles (not shown). The
different behaviors of the Cr-Cr and Cr-Ni exchange param-
eters as a function of the bond angles, as well as the relative
contribution of the carboxylate and fluorine bridges will de-
serve further analysis and will be the subject of a future
investigation. We note in passing that a parabolic behavior of
the magnetic coupling between two Cr moments as a func-
tion of the bond angles has been already observed in case of
hydroxo doubly bridged Cr dimers.?’

IV. CONCLUSIONS

In summary we found that the electronic properties (high
energy scales) of molecular Cr7Ni rings are the same for
thick films and submonolayer samples, whereas the magnetic
properties (reflecting low-energy scales) are somewhat dif-
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FIG. 9. (Color online) (a) Variation in the exchange parameters
as a function of the Cr-Cr (Cr-Ni) distance d. The J¢,.c, and Jeoppi
have been normalized to the J,, values calculated for the undilated
d, distance. Variation in the bond distances (b) and bond angles (c)
in the fluorine and carboxylate bridges as a function of the Cr-Cr
(Cr-Ni) distance d.

ferent. Unlike the case with the most popular Mn;, single
molecule magnet, we found that molecular Cr;Ni rings are
chemically robust, allowing the low-E multiplet structure to
remain substantially the same as in the original bulk
Cr;Ni-piv. This conclusion is supported by comparison with
spin-Hamiltonian simulations. Density-functional theory

PHYSICAL REVIEW B 79, 144419 (2009)

(DFT) calculations clarify that a small distortion of the rings
is enough to explain the change of the Jq,; exchange cou-
pling, which actually results weaker than the J, ¢, within the
rings. After the submission of this work, we learned about
similar results obtained in submonolayer of molecular Fe,
deposited by liquid phase on gold surface.”® We believe that
these two independent results show that some complex mag-
netic molecules can be safely grafted on surfaces without
drastic chemical changes, while some little changes may oc-
cur in their magnetic features. This conclusion is a funda-
mental step forward in the field and it paves the way to the
addressing of single molecules anchored on surface.
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APPENDIX: SYNTHETIC PROCEDURE

The synthetic procedure of the Cr;Ni-3-thiophenecar-
boxylate [Fig. 1(b)] [NH}Pr,] [ Cr;,NiFg(3-tpc) ] is described
in Ref. 15, while the Cr;Ni-3-phenoxybenzoate [Fig. 1(d)]
[(C3H7)ZNHZ][Cr7NiF8(m-C6H50C6H4C02)16] was ob-
tained in a similar procedure to compound Cr;Ni-3tpc (2) by
using 3-phenoxybenzoic acid instead of the thiophene-3-
carboxylic. The product was crystallized from acetone/
acetonitrile. Yield: 60% (based on Cr). Elemental analysis
calculated for CryNiC,4H0O4NFg: Cr, 8.90; Ni, 1.44;
C, 62.87; H, 3.94; N, 0.34. Found: Cr, 9.04; Ni, 1.48; C,
62.92; H, 3.80; N, 0.31. Synthetic procedure of the
Cr,Ni-4-(methylthiophenyl)propionate  [Fig. 1(c)]. The
[Cr,NiFg (CH;); CCH,COO),5 (CH3;SC¢H,CH,CH,COO)]
[H,N(CH,CH3),]: [Cr;NiFg(CH;);CCH,CO0) 4]
[H,N(CH,CH3;),] (0.298 g, 0.120 mmol) and 3-(4-methyl-
thiophenyl) propionic acid (0.118 g, 0.601 mmol) were com-
bined in acetonitrile (10 mL). The resulting mixture was re-
fluxed for 25 h and stirred at room temperature for a further
56 h. The volume was reduced to dryness, and the resulting
green product was redissolved in hexane. The solution was
purified by column chromatography in 9:1 hexane:ethyl ac-
etate, with the titled product eluting as the second band. The
product was recrystallized using acetonitrile (yield 84
mg, 27%). MS (ES*, m/z) 2594 (M+Na), 2644 [M
+H,N(CH,CH3), ]}
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