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T
he control of molecular assembly on
surfaces provides a very efficient
method for the realization of ordered

arrays of molecular objects,1 an important
issue toward applications in nanotech-
nologies.2,3 Molecular self-assembly on sur-
faces has indeed attracted wide interest in
the last decades. From simple organic
molecules4,5 to more complex phthalocy-
anines,6 porphyrines,7 and bis(phthalocy-
aninato) rare earth complexes8,9 many
beautiful examples of surfaces decorated
with molecules in complex architectures
have been documented.10 In general terms,
the assembly is determined by the interplay
between molecule�substrate and molecu-
le�molecule interactions. For instance, by
introducing selected end-groups, it is pos-
sible to modulate the bonding with the
substrate.7,11 In the limit of molecules free
to diffuse on the surface, they will tend to
self-organize driven by the sole molecu-
le�molecule interaction.
While there is extensive literature on

simple molecules, self-assembly of large
complexes is much less documented, due,
in part, to the fragile nature of large mol-
ecules and to the insufficient control in the
driving mechanism of their assembly on
surfaces. The interest here is especially de-
voted to presynthesized aggregates that
show specific functions at the single-mole-
cule level. Among these, molecular nano-
magnets (MnM) are prominent examples, in
which intriguing classical or quantum ef-
fects occur.12 For instance, genuine quan-
tumphenomena, such asmixing of different
spin states13 and coherent spin dynamics,14

have been experimentally observed on anti-
ferromagnetic rings of Cr7Ni, and this led
to proposing them as molecular qubits for
the implementation of quantum informa-
tion processing.15 Moreover, the possibility

to engineer supramolecular complexes with
linked magnetic states has been demon-
strated, along with spin entanglement at
the supramolecular level.16�18

Initially, the functionalization of either
MnM or the surface with deposition from
the liquid phase was chosen,19,20 and the
successful decoration of gold,21�24 silicon,25

and graphite26 surfaces has been largely
documented. The implicit choice here is to
firmly graft molecules on a substrate. The
integrity of the molecules, as well as the
essential preservation of their magnetic
properties at the surface, has been largely
debated, and finally it was demonstrated for
selected derivatives of Fe4

27 and Cr7Ni
28

nanomagnets. Despite these successes, li-
quid-phase deposition faces intrinsic limita-
tions, due to thepresenceof solvent residuals,
contaminant species, and the difficulty to
control the distribution and coverage of the
adsorbates. Moreover, high-vacuum deposi-
tionmethods are required for preparing clea-
ner and more controlled interfaces suitable
for in-depth investigations of the structural,
electronic, and magnetic properties, such as
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ABSTRACT We show, by complementary spectroscopic and STM analysis, that Cr7Ni derivatives

are suitable to be sublimed in UHV conditions. Cr7Ni-buweakly bonds to gold surface and can diffuse

relatively freely on it, forming monolayers with hexagonal 2D packing. Conversely, by adding a

functional thiol group to the central dibutylamine, a covalent bond between the molecule and

surface gold adatoms is promoted, leading to a strong molecular grafting and the formation of a

disordered monolayer. These two examples demonstrate the possibility to control the assembly of a

large molecular complex, as rationalized by DFT calculations that establish different energy scales in

the deposition processes. Moreover, low-temperature XMCD sprectra show that the magnetic

features of Cr7Ni rings deposited in UHV on gold remain unchanged with respect to those of the

corresponding bulk sample.

KEYWORDS: molecular magnets . self-assembly . thermal deposition . thiol . STM .
XMCD . density functional theory
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valence-band, energy-loss, and X-ray diffraction spec-
troscopies and low-temperature scanning tunneling
microscopy (STM) and spectroscopy (STS). For these
experiments, vapor deposition in ultrahigh vacuum
(UHV) guarantees the cleanest conditions, provided
that molecules are strong enough to withstand the
thermal degradation. Powder samples ofMnMmust be
heated to a fewhundreds of degrees Celsius before the
sublimation occurs. Therefore, so far the thermal de-
position of molecular magnets has been reported only
in a few cases.29�32 A soft deposition method compa-
tible with UHV conditions is electrospray, which can
be successfully applied to soft molecules as well to
MnM.33,34

An alternative approach is to leave nonfunctiona-
lized molecules relatively free to float on a 2D pool.35

The organization of molecules deposited onto surfaces
is governed by the interplay between deposition flux
and diffusion rate.1 Typically, the van der Waals (vdW)
interaction is always present and sufficient to stick
molecules on a surface while they are still free to pack
in ordered arrays. This approach is certainly preferable
to obtain a large (and complete) coverage of MnM on
surfaces.
Here we report on the vapor deposition of two

derivatives of Cr7Ni rings, namely, {[(CH3)2CHCH2]2-
NH2}{Cr7NiF8[O2CC(CH3)3]16}, in short Cr7Ni-bu, and

{HSCH2CH2NH2CH2CH2CH2CH3}{Cr7NiF8[O2CC(CH3)3]16},
in short Cr7Ni-thiobu, and their assembly on the Au(111)
surface. Both clusters have identical magnetic cores and
peripheral pivalic groups, while Cr7Ni-thiobu rings differ
from the pristine Cr7Ni-bu derivative solely in the substitu-
tionof thecentraldiisobutylaminewith the2-(butylamino-
)ethanethiol. By exploiting thehigh affinity betweenS and
Au, the thiol functional group establishes a covalent bond
between the molecule and the gold surface.36 This sub-
stitution gives significant differences in the assembly of
Cr7Ni-bu and Cr7Ni-thiobu on Au(111). We start by show-
ing that both derivatives are stable uponheating and thus
suitable for deposition by sublimation; then we report on
their organization on the gold surface, andwe discuss this
within the framework of first-principles calculations. Final-
ly, by means of X-ray adsorption spectroscopy (XAS) and
X-ray magnetic circular dichrosim (XMCD) we show the
full retention of the molecule electronic and magnetic
properties in the case of the Cr7Ni-bu derivative.

RESULTS

Ultrahigh Vacuum Sublimation of Cr7Ni Rings. The deposi-
tion of Cr7Ni-bu and Cr7Ni-thiobu rings on a Au(111)
surface was carried out by sublimation of dry micro-
crystalline powders in ultrahigh vacuum (see Methods
section for details). A preliminary test of the stability of
Cr7Nimolecules was performed by thermal gravimetric

Figure 1. (a) Crystallographic structure of the Cr7Ni-bumolecule (top view). Colors: C, black; H,white; O, red; F, yellow;N, cyan;
Cr andNi, green. (b) STM image and (c) profile of an isolatedCr7Ni-buonAu(111) (tunneling conditions: 2 V and 20pA). (d) STM
image of Cr7Ni-thiobu on Cu(110) (tunneling conditions: 2 V and 500 pA).
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analysis (TGA). From the measured thermograms
(heating rate 5 �C/min in N2 flow 100 cm3/min) we
observed that Cr7Ni-bu and Cr7Ni-thiobu start to sub-
limate at about 180 �C, and a negligible weight loss
(<0.3%) is detectable up to 295 �C. This result is in line
with what was already obtained for other volatile
clusters comprising pivalic groups.29,37 To further
check the thermal stability of these Cr7Ni derivatives,
we measured the infrared spectra of baked powders
(230 �C) and thick films sublimated on KBr pellets at
230 �C and compared the results with those of the
pristine powders (see Supporting Information (SI)). The
remarkable correspondence of peak positions and re-
lative intensity clearly shows that the vibrational proper-
ties of themolecules are preserved after the sublimation
process. The sublimates were also checked by electro-
spray mass spectrometry. Both Cr7Ni-bu and Cr7Ni-thio-
bu compounds show the samemass spectrumas before
sublimation.

The intact vacuum sublimation of the MnM has also
been confirmed by the formation of single crystals
used for diffraction measurements (see SI). The result-
ing diffraction patterns can be solved and yield struc-
tures with complete wheels and central amine groups,
indicating that the molecules are stable with respect
to sublimation (Figure 1a). A systematic investigation
of a range of wheels and horseshoes and their sub-
limation capability will be described in a forthcoming
publication that demonstrates the general validity of the
results reported here. In nearly all cases the bare eight-
metal wheels have been found to sublime intact, while
the presence of terminal groups replacing the pivalate
or the central amine group can significantly affect the
sublimation capability. Trimethylacetic acid (pivalic acid
(HPiv)) ismore suitable for obtaining volatile compounds.

It contains the tert-butyl group, which has a large
volume and creates steric hindrances that reduce the
intermolecular interaction in the solid state. In our
opinion this might be the reason for the relatively high
volatilities of metal pivalates.37

Magnetic susceptibility measurements on baked
powders show the usual behavior of the pristine
derivative. We just mention that isolated Cr7Ni-
bu molecules deposited from liquid phase show a
weak interaction with the gold surface that only
slightly alters their low-energy pattern of magnetic
states.24,28

Further evidence of the integrity of themolecules is
given by STM and X-ray photoemission spectroscopy
(XPS) analysis. For short deposition times, regular spots
are visible on the gold surface by STM (Figure 1b andd),
and they can be reasonably attributed to isolated Cr7Ni
molecules. Line profiles (Figure 1c) of these spots give
indeed a lateral size of 1.9 ( 0.2 nm, a value that
perfectly matches the crystallographic diameter of the
Cr7Ni-bu molecule (1.9 nm) estimated by X-ray
diffraction38 (Figure 1a). The apparent height of the
Cr7Ni-bu molecules (0.20 ( 0.05 nm) is lower than the
hard sphere dimension (1.1 nm), but this is due to a lower
local density of states associated with the molecules as
compared with the metallic Au surface, as discussed in
the literature.33 These results further corroborate the
integrity of the molecules after sublimation and de-
position. Moreover, the ratio between height and
lateral size measured by STM indicates that molecular
Cr7Ni rings lay flat on the gold (or copper) surface. This
is the most favorable configuration that maximizes the
contact surface between such flat Cr7Ni molecules and
the substrate, as confirmed by calculations presented
in the following.

Figure 2. XPS core level spectra of the Cr7Ni-bu deposited on a Au(111) surface by sublimation at 200 �C for the different
coverages.
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By means of XPS, we have investigated in detail the
chemical composition of the Cr7Ni-bu molecules de-
posited on a Au(111) surface in UHV conditions. In
Figure 2 the core levels of the Cr7Ni-bu/Au(111) inter-
face deposited by sublimation at 200 �C are shown for
the different coverages. Core level intensities have
been analyzed taking into account the atomic sensi-
tivity and the attenuation of the electronic signals.
The Cr 2p, F 1s, Ni 2p, and N 1s core level line shapes
measured for all the depositions fit well with the corre-
sponding data obtained on a Cr7Ni-bu thick film de-
posited from the liquid phase.24,39 The stoichiometric
ratios are well reproducible and close to the expected
ones (see Table 1), clearly indicating that the overall
molecular stoichiometry is preserved during the heat-
ing and deposition processes. More in detail, in the
C-1s core level spectra two components are evident, C1
at 284.5 eV (typical of hydrocarbons) and C2 at 288.3 eV
(due to carboxylates). In the Cr7Ni-bu rings under study,
there are 16 carbons in the carboxylates and 72 in the
diisobutylamine and methyl groups. The fact that the
C1 component is 4.5 ( 1.0 times higher than C2
(in agreement with the expected ratio of 4.5) indicates

not only that the stoichiometry is preserved but also
that the carboxylate bridges are unaffected. The pre-
servation of the N-1s/7Cr-2p ratio confirms that the
amine placed at the center of each Cr7Ni ring is stable
too.

From the Au-4f/Cr-2p ratio and by taking into
account the Au signal attenuation due to the overlayer,
we obtained the average area occupied by one Cr7Ni
ring for the different deposition times. Assuming that
the complete coverage is made by molecules lying flat
on the surface and considering an area of 2.8 nm2 for
each molecule, we derived the thickness of the Cr7Ni-
bu film for the different deposition times (see Figure S3
in SI). Just to fix some numbers, it turns out that in
our setup when powders are heated at Th = 200 �C
(230 �C), the time required to obtain one monolayer is
about 120 min (20 min).

Assembly of Monolayers. The organization of Cr7Ni-bu
on Au(111) was first investigated bymeans of STM. As a
preliminary step, we prepared a clean Au(111) surface
onwhich the 22�√

3 “herringbone” reconstructionwas
clearly visible (Figure 3a). For a crucible temperature of
Th = 200 �C, STM images show the beginning of

TABLE 1. Stoichiometric Values Derived from the Core Level Intensities of the Cr7Ni-bu and Cr7Ni-thiobu Rings Deposited

by Sublimation on the Au(111) Surfacea

derivative Cr-2p/Ni-2p [7.0] F-1s/Cr-2p [1.14] N-1s/7Cr-2p [1] S-2p/7Cr-2p [1] O-1s/7Cr-2p [32] C-1s/7Cr-2p

Cr7Ni-bu 7.2( 0.5 1.17( 0.05 1.10( 0.15 29( 5 90( 15 [88]
Cr7Ni-thiobu 6.8 ( 0.5 1.13( 0.05 0.90( 0.15 1.00( 0.15 30( 5 95( 15 [86]

a The expected stoichiometric values are reported in brackets.

Figure 3. (a�c) STM images showing sequential steps of the vapor deposition of Cr7Ni-bu: (a) clean Au(111) surface; (b) half a
monolayer of Cr7Ni-bumolecules; (c) complete self-assembled monolayer. (d) Fourier transform of the STM image showing
hexagonal symmetry. (e�g) STM images showing sequential steps of the vapor deposition of Cr7Ni-thiobu: (e) clean Au(111)
surface; (f) half a monolayer of Cr7Ni-thiobu molecules that follow the underlying herringbone modulation of the Au(111)
surface; (g) completemonolayer of Cr7Ni-thiobumolecules with some 3D aggregates. (h) Fourier transform of the STM image
showing no particular ordering. Tunneling conditions: 2 V and 20 pA. Scan area 76 � 76 nm2.
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deposition after a few minutes, in agreement with
the XPS results (Figure 2). The coverage progressively
increases with deposition time. Figure 3b shows the
surface covered by about half a monolayer of mol-
ecules, which start to assemble in planar layers with no
indication of 3D aggregation. Molecular assemblies
nucleatewith hexagonal symmetry and regular separa-
tion between spots (pitch) of 2.1 ( 0.2 nm. By increas-
ing the exposure time, the formation of a complete
self-assembled monolayer was observed (Figure 3c).
Here, the Cr7Ni-bu molecules clearly give shape to an
extended ordered lattice. Fourier transform of the STM
image gives the hexagonal-centered pattern shown in
Figure 3d. Careful analysis of the STM images also
shows the presence of a texture with different domains
slightly misaligned from each other. They are exten-
ded over hundreds of nanometers, covering the whole
surface of the gold single crystal. Interestingly, the
hexagonal lattice of nonfunctionalized Cr7Ni-bu mol-
ecules is incommensurate with the underlying Au(111)
surface, and, more specifically, no particular matching
with the herringbone reconstruction was found.

Scanning parameters of the STM measurements
give qualitative information on the molecule�surface
interaction as discussed in detail in the SI. Briefly, our
findings indicate that Cr7Ni-bumolecules are relatively
free to move on the gold surface while they tend to
closely pack together.

To control the interaction between molecules
and the gold surface, trying to anchor the molecular
Cr7Ni rings more tightly to the surface, the (buty-
lamino)ethanethiol group was added to the molecule,
giving the Cr7Ni-thiobu derivative. The integrity of this
functionalized derivative upon sublimation, as pre-
viously described, was preliminarily checked. Briefly,
the core levels of the Cr7Ni-thiobu (see SI) deposited on
the Au(111) surface by sublimation (Th = 185 �C)
perfectly match those of the Cr7Ni-bu reported in
Figure 2. We chose Th = 185 �C in order to have, for
the two derivatives, the same growth rate of 1 mono-
layer (ML) in 120 min of exposure. Also for Cr7Ni-thiobu
the stoichiometric ratios are well reproducible and
close to the expected ones (Table 1), clearly indicating
that the ring stoichiometry is preserved also in this
case. In particular, the N-1s/7Cr-2p and S-2p/7Cr-2p
ratios are retained, confirming the stability of the
2-(butylamino)ethanethiol ligand.

Figure 3e�g shows STM images of the Cr7Ni-
thiobu deposited on the Au(111) surface. For low
coverages, the molecules form flat 2D aggregates
and somehow tend to follow the herringbone pat-
tern on the Au(111) surface (Figure 3f). The first
layer is formedwith no evidence of large-scale order-
ing, and few random 3D aggregates are visible
(Figure 3g). The Fourier transform of such an image
is indeed a circular halo (Figure 3h), confirming the
lack of ordering.

Quantitative XPS analysis of sulfur (S) core levels
allowed us to monitor the effectiveness of the anchor-
ing of the thiol group on the gold surface. Two S-2p
components are observed at 162.0 eV (S1) and 163.1 eV
(S2) (Figure 4). S1 can be assigned to S atoms bonded to
gold, while S2 to unbound S atoms,40�42 due to the
presence of a second layer of Cr7Ni-thiobu molecules.
To clarify this point, the spectrum of the Cr7Ni-thiobu
deposited in the same way on the HOPG surface (on
which only unbound S is expected) is also plotted in
Figure 4: actually only peak S2 at 163.1 eV is present in
this case. From the Au-4f/S1 and Au-4f/S2 ratios, we
derived the thickness of the Cr7Ni-thiobu layers with
(i) the thiol bound to gold (grafted Cr7Ni), (ii) unbound
thiol (unbound Cr7Ni), and (iii) the overall Cr7Ni-thiobu
coverage (Figure 4 bottom panel) assuming that the
complete coverage is made by molecules lying flat on
the surface (area of 2.8 nm2). At low coverage, 4/5 of
the deposited rings are grafted. This means that after
120 min, when 1 ML of molecules has been deposited,
80% of the surface is covered by a first layer of grafted

Figure 4. S-2p core level fits for the different coverages of
the Cr7Ni-thiobu deposited by sublimation on the Au(111)
andHOPG surfaces. The best-fit parameters for the S1 and S2
components are reported in the text. Bottom panel: thick-
ness vs deposition times for the Cr7Ni-thiobu with the thiol
bound to gold (open squares) derived by the S1 component,
the Cr7Ni-thiobu with an unbound thiol (open circles) de-
rived by S2, and their sum (filled circles). The coverage of the
grafted-Cr7Ni saturates at about 1 ML.
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Cr7Ni and 20% by a second layer of unbound Cr7Ni,
in agreement with STM images in Figure 3g. The S1
component saturates (i.e., the first layer of grafted Cr7Ni
has been completed) after 240 min (1.7 ML), while
for longer deposition time only the S2 signal still
increases (Figure 4). It is interesting to note that the
ratio Au-4f/S1 does not show any excess of thiols, in
contrast to the liquid-phase deposition of Cr7Ni-thiobu/
Au(111), where the partial instability of the (butylamino)-
ethanethiol group was observed.24,39 These results
clearly demonstrate the effectiveness of the S�Au bond
and, consequently, the different mechanism of grafting
and assembly of functionalized Cr7Ni-thiobu rings.

As a complementary experiment we also investi-
gated by STM the organization of Cr7Ni-thiobu mol-
ecules sublimated onto Cu(110). The bonding of sulfur
on copper is expected to be strong, too, and to give
results similar to the ones obtained onAu(111). Here the
molecules show no ordering, as the molecule�surface
interaction dominates the much weaker molecule�
molecule interaction. The high stability of the mol-
ecules on the copper surface is further proved by the
ability to image the molecules at high tunneling
currents of up to 0.5 nA, with a range of voltages up
to 2 V. This causes no change to the molecules on the
surface. The increased tunneling current that can be
employed allowed imaging the molecules with higher
spatial resolution, a result really difficult to achievewith
the low currents needed for the gold surface. This is
clearly evident in Figure 1d, in which lobes around the
center of the molecule are seen and there is clear
topographical structure associated with the molecule.
This can in simplistic termsbe interpretedby overlaying
the scaled structure of the molecule on the STM image.

Modeling. The different behavior of Cr7Ni-bu vs Cr7Ni
-thiobu rings can be explained by the following ratio-
nale. The Cr7Ni-bu�Au(111) interaction energy is smal-
ler than the Cr7Ni-thiobu�Au(111) one. Moreover,
Cr7Ni-bumolecules can move;relatively free of lateral
constraints;on theAu(111) surface,while Cr7Ni-thiobu
experiences some kind of corrugation potential from
the Au(111) (and Cu(110)) surface and is less mobile.

The interaction among Cr7Ni-bu molecules is rather
isotropic, so that they minimize the energy of the
system by assembling themselves with the densest
possible packing, i.e., the hexagonal one. In order to
endorse the above assertions, a density functional first-
principles characterization of the molecule�surface
and molecule�molecule interactions was undertaken.

Molecule�Surface Interaction. Cr7Ni-bu interacts
mainly by van der Waals forces acting between the
atoms of the pivalic (piv) groups and the Au ones.
Cr7Ni-thiobu, as demonstrated in the experiments,
interacts also by covalently bonding the S atoms
of the thiol with Au atoms of the substrate, after
dehydrogenation of the S�H bond. In an undistorted
molecule lying on a flat Au(111) surface (see Figure 5a),
due to the protruding pivalic groups, the S�Au dis-
tance would be too large for covalent bonding. Never-
theless, it is well known in the literature that decons-
truction of the compressed herringbone structure of
clean Au(111) often occurs upon molecular adsorption
and determines the presence of adatoms diffusing on
the surface.43,44 Indeed, the role of adatoms on the
structure and formation of a thiol-based self-assembled
monolayer have been recently largely discussed in the
literature.36,45 In the presence of adatoms on the sur-
face the S�Au-adatom distance allows the formation
of a covalent bond. The molecular grafting through
S�Au-adatom bonding has been theoretically investi-
gated, finding that themost likely configuration is with
Au on a fcc stacking position (Figure 5a).

Performing electronic and structural minimization
with the molecules, either grafted on the surface or
placed far away from it (15 Å), the adsorption energy,
Eads, was obtained as the total energy difference
between the two configurations. The Cr7Ni-thiobu ring
is found to firmly graft on the Au substrate, thanks to
the S�Au covalent bond, but it is worth stressing that a
pure vdW interaction is also able to provide robust
grafting of the Cr7Ni-bumolecules, the two adsorption
energies being ΔEabs

thiobu =4.5 eV and ΔEabs
bu = 2.6 eV,

respectively. The calculated equilibrium distances be-
tween the lower H atoms of the piv groups and the Au

Figure 5. (a) Energy barrier felt by the Cr7Ni-thiobu as a function of the displacement across the Au(111) substrate; the
displacement line has been chosen to span different adsorption/symmetry sites for the Au adatom. (b) Interaction energy/
molecule in the case of a square or hexagonal arrangement of the Cr7Ni-bumolecules as a function of themolecule�molecule
distance. (c) High-resolution STM images (zoom of Figure 3c), with, superimposed to it, the DFT-predicted structure.
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surface atoms are 2.3 Å in the case of Cr7Ni-bu and 2.7 Å
in the case of Cr7Ni-thiobu. From the analysis of the
energy curve vsmolecule�surface distance (by impos-
ing a 2.7 Å distance in the Cr7Ni-bu�Au(111) interface)
it turns out that about half of the adsorption energy of
Cr7Ni-thiobu is given by vdW interactions and the rest
by the covalent bond's formation.

Next we focus on the energy barriers that the
molecule faces when diffusing across the Au surface
and investigate how the total energy of the system
is altered when the molecules are rigidly translated
across the surface. In the case of Cr7Ni-thiobu, the
translation line has been chosen such that it spans
the possible symmetry position (fcc, hcp, bridge, and
on-top) of the Au adatom (see insets in Figure 5a). We
further assume that the Au adatom is displaced rigidly
with the molecule (see also SI for a more in-depth
discussion). The result of such calculations is shown in
Figure 5a. The behavior is, as expected, similar to that
of the surface energy of a free Au atom as it spans the
same symmetry points. The Cr7Ni-thiobu molecule is
faced with an energy barrier of around 0.15 eV when
moving its anchoring point from a fcc to a hcp site
crossing a bridge site. In similar numerical simulations,
Cr7Ni-bu is shifted along the same line, although no
clear binding site could be defined in this case. The
total energy shows variations on the order of 0.005 eV
or less (not shown); thus this derivative does not experi-
ence the periodicity of the atomic Au network below and
Cr7Ni-bu are basically free to “float on the Au(111) pool”
(surface). A similar behavior hasbeenalready reported for
the case of planar molecules on Au(111).35

On the contrary, Cr7Ni-thiobumolecules feel also an
in-plane corrugation potential, due to the covalent
interactionwithAu (Cu) adatoms, andhave toovercome
the energy barriers shown in Figure 5a. These findings
well explain our experimental STM observations show-
ing that Cr7Ni-thiobu is more stable than Cr7Ni-bu upon
repeated scanning of Au(111) and further corroborated
by the behavior observed on Cu(110).

Molecule�Molecule Interaction. The explanation of
the hexagonal packing should thus not be sought in a
surface-driven assembly, but derives from the type of
intermolecular interactions acting between the mol-
ecules within the monolayer plane. We considered
the vdW interaction between two Cr7Ni molecules in
the absence of the Au substrate as a function of
the distance and relative orientations, representative
of the situation where one (or two) piv group of
one molecule is facing either one or two piv groups
of the neighbor molecule, and as a function of the
distance between the two ring centers. The optimal
intermolecular distance, dinter, is found to vary between
around 2.0 and 2.1 nm, in excellent agreement with
experiments, as the number of piv groups facing each
other decreases (see SI). The size of the vdW interaction
between the molecules is found to be 1 order of

magnitude smaller than the molecule�surface one,
while it is the same size as the corrugation energy felt
during lateral displacements of the Cr7Ni-thiobumole-
cule depicted in Figure 5a. Then the interaction energy
of an array ofmolecules supposing either a two-dimen-
sional square or hexagonal periodic packing was cal-
culated (again without considering the Au substrate
below). Figure 5b shows the attractive energy/mole-
cule (the zero energy is relative to the molecules set
at a large distance from each other, ∼30 Å). Although
square packing would allow the molecules to be closer
to each other, it is evident that hexagonal packing is
energetically favored (0.04 eV/molecule). These results
are summarized in Figure 5c, where the theoretical
packing predicted by density functional theory (DFT)
calculations is superimposed on a high-resolution STM
image obtained for the Cr7Ni-bu molecule: the agree-
ment between model and experiments is excellent.

Low-Temperature XAS and XMCD Measurements. To check
the chemical, electronic, and magnetic properties of the
Cr7Ni rings deposited in UHV, data from low-temperature
spectroscopic techniques are reported and discussed in
this section. In Figure 6 the Cr and Ni L2,3 XAS and XMCD
spectra (measured at 5 T and 7 K) of one ML of Cr7Ni-bu
sublimated on the Au(111) surface are comparedwith the
corresponding powders. The XAS and XMCD spectral line
shapes practically overlap each other. The Cr absorption
spectra present eight features characteristic of Cr3þ in an
Oh environment, whereas Ni presents two peaks at the L3
edge and a partially resolved doublet structure at the L2
edge, characteristic of a high-spin Ni2þ ion in Oh

symmetry, as expected for such a Cr7Ni-bu ring.46,47

Since the spectra of the powders perfectly reproduce
those of the ML, we conclude that the deposition by
sublimation onto the gold surface does not affect the

Figure 6. Upperpanel: Cr andNi L2,3 XAS spectra takenwithσ
vv

(thick lines) and σvV (thin lines) circularly polarized light at 5 T
and 7 K for one ML of Cr7Ni-bu deposited by sublimation on
Au(111) and the Cr7Ni-bu powders. Lower panel: Comparison
between the corresponding XMCD (σvV�σvv) spectra.
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valence electronic structure of the Cr and Ni ions:
namely, oxidation state, local environment, and crys-
tal-field intensity at the Cr and Ni sites.

Information on the intramolecular interactions can
be extracted from the study of the sign of the dichroic
signal. Indeed, when an external magnetic field is
applied, a competition arises between the antiferromag-
netic coupling between nearest-neighboring ions and
the Zeeman interaction tending to align the magnetic
moments along the field direction. The sign and inten-
sities of the XMCD spectra of the ML (Figure 6, bottom
panel) overlap those of the powders. The negative
dichroic signal at the Cr L3 edge and the positive one
at the L2 edge imply that the total magnetic moment of
Cr ions is parallel to the applied magnetic field (H). The
opposite behaviorwas observed forNi for both powders
and MLs at 7 K, implying that the magnetic moment is
antiparallel to H, as expected. These results show that
the deposition of Cr7Ni by sublimation preserves the
magnetic properties of these molecular rings.

CONCLUSIONS

Molecular Cr7Ni derivatives are shown to be
suitable for sublimation in UHV conditions. The

different assembling of pristine Cr7Ni-bu, as com-
pared to that of Cr7Ni-thibu functionalized with
thiol, evidences the interplay between the intermo-
lecular interaction and that with the gold substrate
(Cu(110) and HOPG were also considered for com-
parison). The experimental observations are fully
supported by DFT calculations in terms of a signifi-
cantly different diffusion energy barrier between
sulfured and pristine molecules. These finding are
corroborated by XMCD spectra taken at low tem-
perature that demonstrate that the magnetic
properties of UHV deposited rings are unchanged
with respect to those of the same molecules on
bulk.
The capability of assembling complex functional

MnM opens the way to study and exploit ordered
2D ensembles, which is a fundamental step for
the realization of high-density memories, scalable
devices for information processing, or hybrid archi-
tectures for qubit encoding or storage. More-
over, metamaterials made of ordered monolayers
of functional MnM can also be envisaged, a path
not yet explored but certainly with interesting
potentialities.

METHODS

Chemical Synthesis. All reagents were from Aldrich and were
used as received.

1. {[(CH3)2CHCH2]2NH2}{Cr7NiF8[O2CC(CH3)3]16}, Cr7Ni-bu,
was prepared by adapting the method given in ref 38. Heating
with stirring in a Teflon flask at 160 �C for 16 h of pivalic acid,
(CH3)3CCOOH (20 g, 196 mmol), disobutylamine, [(CH3)2-
CHCH2]2NH (1.5 g, 11.6 mmol), chromium(III) fluoride tetrahy-
drate, CrF3 3 0.4H2O (5.0 g, 27.6 mmol), and nickel(II) carbonate
hydroxide tetrahydrate, 2NiCO3 3 3Ni(OH)2 3 4H2O (0.6 g, 1.0mmol),
resulted in a green microcrystalline product. After this, the flask
was cooled to room temperature, and acetone (30 mL) was then
added with stirring, to complete the precipitation of the final
compound. It was collected by filtration, washed copiously
with acetone, and then dissolved in pentane (60 mL). The
pentane solution was filtered, and the filtrate was diluted with
acetone (60 mL). Concentration of the solution by evaporation
at room temperature produces large green crystals. Yield: 8.5 g
(92.75% based on Cr). Anal. Calcd (%) for C88H164Cr7F8NNiO32:
Cr 15.67; Ni 2.53; C45.50; H 7.12; N 0.60. Found: Cr 15.58; Ni
2.55; C 45.0;H 7.14; N 0.58. Electrospray-MS (THF) m/z: þ2345
[M þ Na]þ.

X-ray quality crystals were obtained by crystallization of
Cr7Ni-bu from ethylacetate.

2. {HSCH2CH2NH2CH2CH2CH2CH3}{Cr7NiF8[O2CC(CH3)3]16},
Cr7Ni-thiobu, was prepared by the method given in ref 39.

UHV Experiments. The surface of Au(111) single crystals was
prepared by repeated sputtering (Arþ) and annealing (430 �C)
cycles until the herringbone 22�

√
3 reconstruction was

observed (by STM or LEED). Powder samples of Cr7Ni-bu and
Cr7Ni-thiobu were deposited, after purification, by sublimation
through resistive heating of a crucible realized by means of a
borosilicate glass vial, positioning the substrate in front of a
crucible at a distance of 10 cm, and using a type K thermocouple
for temperature readout. Depositions were performed in the
temperature range 180�230 �C and pressure of 2� 10�8 mbar,
while the amount of deposited molecules was determined by

XPS. Surface preparation, deposition, and analysis were carried
out in parallel in two ultrahigh vacuum UHV chambers, one for
STM and one for spectroscopic experiments. The calibration of
the evaporator of the STM chamber was performed by ex situ
XPS measurements. The deposition rate used in STM experi-
ments was twice that of the XPS experiments. It follows that
1 ML is obtaind with exposures of 60 and 120 min in the case of
STM and XPS systems, respectively.

STM experiments were carried out at room temperature in
UHV with electrochemically etched W tips by means of an
Omicron VT-SPM microscope working in constant-current
mode.

XPS measurements were performed in UHV using an Omi-
cron hemispherical analyzer (EA125) and a nonmonochroma-
tizedMg KR X-ray source (hν= 1253.6 eV) with an overall energy
resolution of 1.0 eV. The S-2p fitting procedure has been
performed using spin�orbit-split doublet components (Voigt
functions), with the following parameters: spin�orbit splitting
of 1.2 eV, branching ratio of 0.5, Lorentzian width of 574 meV,
and Gaussian width of 2400 meV for all components.

XMCD experiments were carried out at the ID8 beamline of
the European Synchrotron Radiation Facility in Grenoble,
France. The lowest sample temperature was about 7 K, and
the base pressure of the experimental chamber was 1.0� 10�9

mbar during sublimation and 1.0 � 10�10 mbar during mea-
surements. The photon source was an Apple II undulator that
delivers a high flux of polarized light. We paidmuch attention to
avoid any sample degradation induced by radiation exposure,
working with very low flux (below 1012 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 L2,3 edges were per-
formed in total electron yield mode using circularly polarized
light with about 100% polarization rate and with an external
magnetic field μ0H = 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 antiparallel (σvV) and parallel
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(σvv) to the sample magnetization. In order to minimize the
effects of field inhomogeneity, we carried outmeasurements by
switching both the helicity and the applied field.
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