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The achievement of systems with unique tailor-made
properties is the primary target in fields as nanotechnology,
nanoelectronics or chemical/biological sensing.! The break-
through of “bottom up” methods directly associates with the
development of molecules with specific traits, provided with
advanced features that will be applicable in favor of faster,
more affordable and convenient technologies.”’ A coordina-
tion chemistry approach uses the synergy between metallic
centers and well-thought-out organic arrays that may lead to
stable and multifunctional molecular systems. Among the
extensive library of organic binders that can be attached to
metallic centers, curcuminoid systems (CCMoids) rise as
very attractive molecules. The family of CCMoids includes
natural and synthetic organic species structurally related to
curcumin, CCM (Scheme 1, top).”! In general, they are de-
scribed as diarylheptanoid chains with central p-diketone
moieties and aromatic groups binding both extremes of the
chains.®! Even though CCM/CCMoids are extensively stud-
ied because of their biomedical applications,™ they are
being successfully introduced in other research subjects, in-
cluding molecular logics.™

Lately, our research group has gained great deal of expe-
rience working with this family of molecules and in particu-
lar with a CCMoid called 9 Accm, 1,7-di-9-anthracene-1,6-
heptadiene-3,5-dione.”! This organic ligand maintains the
general traits expected for a CCMoid but with anthracene
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Scheme 1. Drawings of curcumin (top) and 9 Accm (bottom).

groups in the sides of the conjugated chain (Scheme 1,
bottom). Initial research focused on the in vitro activity of
the free and coordinated ligand 9 Accm with Cu'® and
more recently, on the fluorescence and deposition of a Zn'-
CCMoid system.”! Also, an innovative method toward the
fabrication of gateable room temperature molecular junc-
tions has been tested using free 9 Accm as a nanowire capa-
ble of anchoring and communicating two graphite surfaces
(nanoelectrodes).”™ The inherent properties of this molecule
(chelating ligand, fluorescent material, easy m—st interacting
system capable of electronic transport at the nanoscale
level) makes it the perfect candidate for the creation of co-
ordination compounds where the attachment of appropriate
metallic centers will introduce additional features as well.

From the perspective of the metal, lanthanide-based ma-
terials have attracted great interest owing to their unique ar-
chitectures and potential applications spanning from molec-
ular based magnets and superconductors to light emitting
devices and luminescent probes.”] In particular, a limited
but promising family of mononuclear Ln'™ species acts as
single-ion magnets (SIMs).!'” SIMs display slow magnetic
relaxation in the absence of dc fields (similar to single-mo-
lecular magnets, SMMs), where now the magnetic features
are led by the single-ion anisotropy of the Ln under study
when it is submitted to a ligand-field (LF).'"""? Great ex-
pectations are risen since their discovery owing to the possi-
bility of high anisotropy barriers with several works carried
on such characteristic as well as on additional treats, like
prominent quantum effects and strong response to internal
and external magnetic fields."""? Besides, Ln""ions can
emit either in the UV or in the NIR region depending on
their nature and coordination environment.[’*"13!
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Our approach involves the specific combination of the
aforementioned molecule, 9 Accm and Ln metals, to achieve
magnetic/luminescent compounds with affinity for graphite
surfaces. Herein, we introduce the synthesis and characteri-
zation of two Ln-CCMoid compounds: 1, [Dy(9 Accm),-
(NO;)(dmf),] and 2, [Yb(9 Accm);(py)], respectively, ana-
lyzed by X-ray diffraction, SQUID magnetic measurements
and luminescent spectroscopy. Preliminary data on their
deposition on graphite surfaces are described as well.

Both compounds are obtained similarly (see the Support-
ing Information) by precipitation in dimethylformamide
(DMF), although poorer solubility/faster precipitation was
observed systematically for the Yb™ compound. Small but
suitable crystals were obtained for 1-0.7SDMF after several
days in the concentrated mother liquid; while needle crys-
tals of 2-py-MeOH were isolated by layering with MeOH
a pyridinic solution of the precipitate. Owing to the crystals
size and shape, diffraction data for both compounds were
collected from synchrotron radiation sources (Table S1 in
the Supporting Information depicts the most relevant distan-
ces and angles for 1 and 2).

Compound 1-0.7SDMF crystallizes in the monoclinic
space group P,. A perspective view of the molecular struc-
ture is shown in Figure 1 A. Each molecule of 1 contains an
eight-coordinated Dy™ ion bounded to two 9 Accm ligands,
one chelating nitrato group, and two DMF molecules. Dy—
O distances are in the range of 2.260-2.540 A, being the lon-

(A)

Figure 1. Coordination diagrams and central atoms numbering schemes
of A) 1 and B) 2. Both representations are shown at the 25% ellipsoid
probability.
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gest related to one of the Dy—Oyo; distances. Values of
70.85 and 74.09° were found for the two Ogpcc-DY-Oogacem
angles while a value of 50.87° was obtained for the Oyos-
Dy-Oyos angle. The shortest Dy-Dy distance is 9.283 A.
Opverall, compound 1 displays an ideal D,, symmetry around
the Dy atom in which the two 9Accm ligands would be
equivalent and the nitrato group together with the two
DMF molecules contained in the same plane. Compound
2-py-MeOH crystallizes in the monoclinic space group P2,/c.
The total coordination of the Yb™ion is now seven as
a result of the binding with three 9 Accm ligands and a mole-
cule of pyridine (Figure 1B). Extra molecules of pyridine
and MeOH participate in the outer sphere (Figure S1 in the
Supporting Information). Yb—Oy,.., distances are between
2.222 and 2.281 A with a value of 2.523 A for the Yb—N dis-
tance. Angles Ogpcen-Yb-Ogacem are in the range of 75.20-
77.38°, similar to those found for 1. The odd coordination
number provides a highly distorted surrounding for the
Yb™ion, better described as a trigonal prism with a face
(Figure S2 in the Supporting Information). Each [Yb-
(9 Accm);(py)] complex remains well isolated from its neigh-
bors; the anthracene groups of the 9 Accm ligands protects
almost completely the lanthanide ions, where the shortest
Yb-Yb distance has a value of 9.835 A. These structures
are the first reported for 4f compounds of CCMoids, those
with transition metal ions being also limited to one Ru™-
CCM,™ two Cu"-9 Accm and one Zn"-9 Accm compounds,
the last three prepared by us.[>”!

Magnetic studies were performed for 1 and 2 and the tem-
perature dependence of their magnetic properties are shown
as x,T versus T in Figure S3 and S4 in the Supporting Infor-
mation, respectively. The values of y,7 were found to be
14.23 and 2.95 cm’mol™'K at 300K for the Dy™ (§=5/2)
and the Yb™ (S='/) compounds, in that order, in good
agreement with expected values (14.17 cm*mol 'K for
a free Dy™ ion with J=15/2, g=4/3 and 2.57 cm*mol 'K for
a free Yb'" ion with a J=7/2, g=8/7).' Upon cooling,
the x,T value for the two compounds decreases gradually,
down to respectively 9.94 and 1.33 cm*mol 'K at 2 K, which
is mostly due to crystal-field effects (thermal depopulation
of the Ln' Stark sublevels).'” Magnetization versus dc field
at 2 K for the two compounds (inset in Figure S3 and S4 in
the Supporting Information) are also in agreement with
magnetically isolated Dy™ and Yb™ ions.

Studies of the magnetization dynamics showed that com-
pound 1 exhibits slow magnetization relaxation. Figure 2
(left) shows the zero-field alternating-current (ac) suscepti-
bility of 1 at various frequencies from 12 to 1.8 K. The out
of phase (") susceptibilities of compound 1 show strong
frequency dependence although no maximum was reached
at 1.8 K. However, applying a small applied dc field (0.1 T,
right) allows observing peaks in ", versus 7, plots between
2 and 6 K. The characteristic relaxation time t derived from
these latter data (using the optimal dc field of 0.1 T) were
fit to the Arrhenius relation (z(7) =1,(U./kgT)) resulting in
a barrier height (U.y/ky) of 23 K with 7,=1.3x10"%s (Fig-
ure S5 in the Supporting Information).'”! The extrapolation
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Figure 2. In-phase (top) and out-of-phase susceptibilities (bottom) of 1 at
different frequencies (from 10 to 1488 Hz) at zero applied field (left) and
0.1 T (right).

of the data to zero dc field™ provided a value of U, /kg
close to 15 K (Figure S5 in the Supporting Information). As
indicated structurally, the bulky nature of 9 Accm ligands
ensures good separation among Dy™ ions and therefore the
single-molecule nature of the slow relaxation process of 1.
Cole—Cole diagrams (Figure S6 in the Supporting Informa-
tion) in the form of y,." versus y,” show nearly semi-circular
shapes, and have been fit to the generalized Debye
model,"%" where the a coefficient shows values in the
range of 0.3-0.4 (between 3.0-4.5 K), thus indicating that
the tunneling mechanism may be susceptible to local
strain.'”! These results are in the range of previously re-
ported SMMs and SCMs and excludes the possibility of spin
glass.

Among other relevant aspects, the relationship between
the Ligand Field geometry around octacoordinated mononu-
clear Dy"" species and their single-ion magnet behavior has
been highlighted.!*! Related to this matter, we analyzed the
geometries for a number of Dy™ species from the literature
using SHAPE v2.0 (Continuous Shape Measures Calculation
Program).”! Using this method, it was observed that the
most common polyhedron is the square antiprism (D,;).?!!
However, the structural comparison among SIM
Dy™ species (four including compound 1) shows that three
of them display D,, geometry'®®! (1 appears as a distorted
square antiprism) and only one is better described using
a D,, polyhedron™ (Table lists S2 and S3 in the Supporting
Information). At this point, the results do not support one
geometry over the other (being both indicative of SIM be-
havior) but rise the big question about the potential magnet-
ic behavior of most of eight-coordinated mononuclear
Dy™ compounds not yet analyzed. It should be also men-
tioned that additional factors (from ligand-field theory),
apart from the shape, are involved in the final magnetic be-
havior of the systems.?>!%
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In solution, the electronic absorption spectra of the two
systems, 1 and 2, were recorded in THF (concentrations
107°m); the results are summarized in Table S4 and Fig-
ure S7 in the Supporting Information. Both compounds dis-
play a very similar behavior presenting an absorption band
around 260 nm (assigned to m—m* transitions™), a well-re-
solved vibrational band in the range of 340-385 nm (related
to the anthracene groups), and a third band at approximate-
ly 435 nm (typically found in curcumin and derivates).” The
latter presents slight red shifts compared with the free
9 Accm that may be attributed to small differences in the s-
electron conjugation upon coordination.” Similar variations
have been observed in analogous 3dcompounds with
9 Accm, accompanied by changes in color in the final solids,
from bright red (free 9 Accm) to orange (1 and 2).17

Electronic extinction coefficients are the double (for 1)
and the triple (2) of that recorded for free 9 Accm, agreeing
with the number of coordinated 9 Accm ligands."” Upon ex-
citation at 365 or 435nm, 1-2 present a broad emission
band centered at 577 and 578 nm, respectively, with almost
identical intensity, (Figure 3) that was associated to 9 Accm.
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Figure 3. Emission spectra of compound 1 (black line) and 2 (gray line)
in 1x10~°m THF solutions (4., =435 nm) in the UV/Vis region (left) and
NIR-region (right).

This is similar to the emission band observed for the free
ligand but slightly shifted to the red.’’” On the other hand, at
the same excitation wavelengths, compound 2 exhibits an
additional luminescence emission in the near-infrared region
with a narrow signal at 974 nm that corresponds to the
?Fs,—F,;, electronic transition. This band is accompanied
by broad and weaker bands of lower energy already ob-
served in Yb™ chelate compounds.’>*! We should note the
importance of solvent for the NIR-emission spectrum since
similar experiments recorded in CH,Cl, only show the emis-
sion of Yb at low temperature (very low intensity was ob-
served at room temperature, see Figure S8 in the Supporting
Information). Therefore, deactivation mechanisms are fa-
vored in CH,Cl, in comparison with THF and they are pre-
vented at 77 K. The spectrum of 2 resembles well a related
Yb" system described by Seltzer et al.’! Previous works
have implied the use of CCMoids as sensitizers in a number
of reactions and also shown that the triplet state energy ex-
pected for CCM and related species is approximately
14000 cm™'. On the other hand, it is well known that the
principal emitting level of the Yb™ ion (*Fsy,) is in the range
of 10500 cm™".””) Thus, it is reasonable to expect a favorable
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intramolecular energy transfer from 9Accm to the Yb™
center.”*!

AFM experiments were performed with deposits of 1 and
2 on highly oriented pyrolitic graphite (HOPG) surfaces.
The interest on these studies resides in the potential applica-
tion of this type of support in the construction of nanodevi-
ces.®! It has been proved that the anthracene groups of
9Accm easily provide m—m interactions with the substrate
using simple techniques at room temperature.”®! Here, spin-
coating experiments were performed using dilute solutions
of 1 and 2 in CH,Cl, resulting in evident arrays in both
cases (Figure S9B and S9C for 1; and 4A and S10 for 2).

At the lowest concentration, AFM images show roughly
homogeneous heights, with values between 0.6 nm and
1.3 nm for 1 and 2 (Figure S11 in the Supporting Informa-
tion). The values are smaller than the ones found by strict
comparison with their molecular structures (eg., highest dis-
tances of about 1.6 nm for 2). This could be explained by
the interaction of anthracene groups with the graphite sur-
face and therefore, rearrangement of these anthracene moi-
eties with respect to their attached diarylheptanoid chains;
also changes in the conformations of the double bonds of
the same chains (Z/E isomerism) may provide folding ef-
fects decreasing the total height. Figure S12 in the Support-
ing Information shows some examples of distances for 2
taking into account such considerations. Based on both
statements, distances agree well with the ones found by
AFM (e.g., between 0.65 and 0.95 nm for 2). In addition,
more concentrated solutions of 2 (10~*m) provided multilay-
er aggregates Figure 4B). AFM images heights were now

Figure 4. AFM images of HOPG surfaces after adding A) a solution
10~°m of 2 in CH,Cl, and B) a solution 10~*m of 2 in CH,Cl,.

between 2.0 and 2.7 nm (Figure S13 in the Supporting Infor-
mation), that compared with the lowest concentration sug-
gest the formation of approximately 3-5 layers of stacked
molecules. This fact was also observed in the past for similar
molecules.®! These experiments evidence interactions be-
tween molecules of 1 and 2, and HOPG. Molecular disposi-
tion relates to molecule-surface interactions but also to ad-
ditional parameters such as applied methods, supramolec-
ular interactions among molecules and therefore concentra-
tion.[*” Nevertheless, further studies using STM will follow
to fully discuss such factors; STM-electroluminescence will
also be of great interest due to the number of chromo-
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phores, making compounds 1 and 2 promising as potential
fluorescent systems at the nanoscale level.”*’)

In summary, this work reports the first two crystallograph-
ically characterized 4fcompounds with CCMoid ligands.
The Dy™ compound (1) presents single-ion magnet proper-
ties and constitutes a new addition to the still limited family
of mononuclear Ln systems that exhibit SIM behavior.
Moreover, 1 displays luminescence in the visible region
showing a broad emission band at 577 nm (due to the fluo-
rescent nature of 9 Accm). In that respect, the Yb™ com-
pound (2) exhibits two emission bands, one similar to 1 in
the visible, and another in the near-infrared region at
974 nm. Both systems have been successfully deposited on
graphite surfaces.

Experimental Section

Starting materials were purchased from Aldrich and all manipulations
were performed using materials as received. Ligand 9 Accm was synthe-
sized as reported elsewhere.!!)

Preparation of [Dy(9Accm),(NO;)(dmf),] (1): Dy(NO,);-6H,0
(191.0 mg, 0.4 mmol) was dissolved in dimethylformamide (DMF, 20 mL)
while 9 Accm (200 mg, 0.4 mmol) was dissolved in DMF (35 mL) and de-
protonated with 0.8 mL of an aqueous solution of KOH (22.0 mg,
0.4 mmol). Following that, the ligand solution was added dropwise under
continuous stirring to the metal solution, resulting in a rapid color
change to orange. The reaction mixture was stirred for two days and the
final volume decreased to nearly 5 mL under reduced pressure. After
several days, an orange crystalline solid appeared. The dry solid was
washed with water, methanol, and ether and dried in air. Yield: 55%; IR
(KBr): ¥=1651 (s), 1564 (w), 1508 (s), 1427 (s), 1384 (w), 1307 (w), 1156
(w), 973 (w), 885 (w), 735 cm™" (m); MS (ESI): m/z (%): 1141 [M]*; ele-
mental analysis caled (%) for 1-.0.75DMF (C;Hs,DyN;Oy): C 70.53,
H 420, N 1.99; found: C 70.82, H 4.49, N 1.91.

Preparation of [Yb(9Accm);(py)] (2): Yb(NO;);6H,O (188.5 mg,
0.4 mmol) was dissolved in dimethylformamide (DMF, 20 mL) while
9 Accm (200.0 mg, 0.4 mmol) was dissolved in DMF (35 mL) and depro-
tonated with 0.8 mL of an aqueous solution of KOH (22.0 mg, 0.4 mmol).
In addition, the ligand solution was added dropwise under continuous
stirring to the metal solution, resulting in a rapid color change to orange.
The reaction mixture was stirred until an orange solid resulted after sev-
eral hours. The powder was washed several times with water, methanol,
and diethyl ether and dissolved in pyridine. Finally, crystals of 2 were
achieved from layering of the solution with MeOH. Yield: 40%; IR
(KBr): ¥=1661 (m), 1630 (m), 1550 (m), 1508 (s), 1418 (s), 1353 (w),
1157 (m), 999 (w), 976 (w), 881 (w), 732cm™" (m); MS (ESI): m/z (%):
11243 [M]*, 6491 [M+MeCN]*; elemental analysis caled for
2-1.5DMF-0.5 MeOH (C;;sHg;YBN,O;): C76.57, H4.76, N 1.22; found:
C76.44, H 4.66, N 1.25.

CCDC-870041 (2) and CCDC-870042 (1) contain the supplementary crys-
tallographic data for this paper. These data can be obtained free of
charge from The Cambridge Crystallographic Data Centre via
www.ccde.cam.ac.uk/data_request/cif.
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