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Abstract: Multifunctional molecular ferroelectrics are exciting
materials synthesized using molecular chemistry concepts,
which may combine a spontaneous electrical polarization,
switched upon applying an electric field, with another physical
property. A high-temperature ferroelectric material is pre-
sented that is based on a chiral Zn*"/Dy*" complex exhibiting
Dy’ luminescence, optical activity, and magnetism. We
investigate the correlations between the electric polarization
and the crystal structure as well as between the low-temperature
magnetic slow relaxation and the optical properties.

One of the recent developments of molecular chemistry
which emerged in the last decade concerns the rational design
of multifunctional molecule-based materials in which the
targeted compounds may exhibit different physical features
when subjected to various external stimuli.l'! The reason for
the interest in such materials is driven not only from a strictly
fundamental aspect, but also by potential technological
applications in various areas such as information storage,
sensors, spintronics, and biology.”! In the scope of molecular
magnetic materials, various bifunctional systems combining
for example magnetic properties with optical activity,” non-
linear optical properties,” porosity,”! chirality,’” conductiv-
ity,”) luminescence,® or ferroelectricity”” have been reported.
Such properties can simply coexist in the same crystal lattice,
but cross- or synergetic effects can also be expected. Recently,

breakthroughs in this field have been made by the discovery
of a correlation between magnetic and luminescent properties
in magneto-optical systems incorporating lanthanide ions.!'")

Molecular ferroelectrics are compounds in which the
spontaneous electrical polarization may be switched upon
applying an electrical field."Y! Such materials are inherently
multifunctional, as they also exhibit second-harmonic gen-
eration (SHG), piezoelectricity, and pyroelectricity. Molec-
ular ferroelectrics are an alternative and emerging class of
ferroelectrics, because they exhibit flexible molecular struc-
tures, optical transparency, low density, tunable physical and
chemical properties and are synthesized using soft chemistry
routes. The resulting molecular systems can exhibit electrical
bistability above room temperature, making them compet-
itive with perovskite type materials, as recently demonstrated
for organo-ferroelectric materials based on croconic acid,'”
functionalized benzimidazoles,™® bis(imadazolium)-L-tar-
trate,'Y! and diisopropylammonium bromide."” Ferroelectric
properties require the absence of an inversion center in the
crystal structure that consequently gives rise to additional
functionalities, such as non-linear optical properties or piezo-
electricity. However, the combination of electrical bistability,
luminescence, and magnetism in a single smart multifunc-
tional molecule-based system has been rather scarce,'"
despite attractive applications, such as four-level density
data storage or multifunctional sensors.!"”!
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Herein, we report a rational approach to design multi-
functional ferroelectric molecular materials by association of
the Dy*! ion with an enantiopure Zn*'-Schiff base antenna
complex in a non-centrosymetric crystal system. First, Dy*"
can exhibit luminescence with well-resolved emission bands
and long lifetimes,"® and the presence of the antenna
coordination complex should enhance the lanthanide lumi-
nescence. Second, owing to the high magnitude doubly
degenerate ground state (4my), Dy3+ possesses a large
magnetic moment and a strong magnetic anisotropy, which
is very attractive to design magnetic materials, including
recently-emerging single-molecule magnets (SMM) and
single-ion magnets (SIM)."?!! Third, the chirality of the
ligand may favor the crystallization of the whole molecular
assembly in a non-centrosymetric space group compatible
with ferroelectricity. Indeed, the ZnDy molecular material
obtained behaves as a ferroelectric up to 563 K, the highest
temperature reported for molecular ferroelectrics. It also
exhibits Dy**-based luminescence, optical activity, and acts as
a paramagnet at high temperature and as a SIM at low
temperature. In this four-functional system, we investigate the
correlations between the electric polarization and crystal
structure and between the low temperature magnetic slow
relaxation and the optical properties.

The stoechiometric reactions between either the enantio-
pure Schiff-base ligands S,S-H,L or R,R-H,L (H,L =phenol,
2,2'[2,2-diphenyl-1,2-ethanediyl]bis[( E)-nitrilomethylidyne]-
bis(6-methoxy) (Supporting Information, Scheme S1), Zn-
(OAc),2H,0, and Dy(NO;);-5SH,O in methanol yield, upon
slow diffusion of diethyl ether, the formation of single crystals
of [R,R-ZnLDy(u-OAc)(NOs),] (R,R-1) or [S,S-ZnLDy(p-
OACc)(NOs),] (S,5-2), respectively. Single-crystal X-ray anal-
ysis performed at 173 K reveals that R,R-1 and S,S-2 are
isostructural and crystallize in the polar space group P2, with
the screw axis collinear to the b crystallographic axis
(Supporting Information, Tables S1,S2). The crystallization
in a polar space group highlights the efficient transfer of
chirality from the ligand to the coordination complexes. Each
enantiomer is composed of two crystallographically inde-
pendent heterodinuclear complexes (ZnlA—DylA and
Zn1B—DylB) in the asymmetric unit with closely related
structures (Figure 1). In each complex, phenolate bridges
ensure the connections between the Zn*' and Dy*' ions,
leading to a Zn**—Dy** distance of 3.328(1) and 3.331(2) A
for Zn1A—DylA and Zn1B—DylB, respectively (Figure 1).
The Zn”>" center is located in the inner compartment with the
donor N,O, set, while the hard Dy*" ion is coordinated in the
outer compartment through the 0,0, set. An acetate
molecule bridges the two metallic centers and two bidentate
nitrates complete the coordination sphere of the Dy*" ion
leading to a nonacoordinate environment. SHAPE analysis*”!
(Supporting Information, Table S3,S4) reveals that both
DylA and Dyl1B adopt an intermediate geometry between
a spherical capped square antiprism (C,,) and a spherical
tricapped trigonal prism (D). The dinuclear complexes are
well isolated in the crystal without any hydrogen bonds
between the dinuclear units, the shortest Dy—Dy intermolec-
ular distance being 9.21 A (Figure 1).
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Figure 1. Top: Molecular structure of one of the dinuclear complexes
R,R-1 and §,5-2, showing their enantiomeric relationship. Bottom:
View of the packing arrangement of the dinuclear complexes along the
b crystallographic axis, emphasizing the two crystallographically inde-
pendent complexes shown in black and gray.

Solid-state circular dichroism measurements performed at
room temperature for R,R-1 and S,5-2 confirm their enantio-
meric nature (Supporting Information, Figure S1). Each
enantiomer exhibits mirror-symmetrical dichroism spectra
with Cotton effects of opposite signs at 4,,,, =262, 303, and
382 nm, confirming unambiguously the crystal structure
refinement in the polar space group. Thermogravimetric
analyzes (TGA) confirm the absence of solvent molecules in
the lattice and indicate that R,R-1 and §,S-2 are perfectly
stable up to 573 K (Supporting Information, Figure S2), while
differential scanning calorimetry (DSC) analysis from 300 to
573 K indicates that no structural phase transition occurs up
to the decomposition of the complex (Supporting Informa-
tion, Figure S3). To further support this absence of structural
phase transition, X-ray diffraction on a single crystal of R,R-
1 was performed in the 173-558 K temperature range. The
data clearly show that the compound remains monoclinic with
a polar space group (P2,) over the investigated temperature
range, with exceptionally good values for the refinement
factor R and Flack parameter, confirming that no racemiza-
tion occurs (Supporting Information, Tables S5-S9). Out-
standingly, no disorder or significant thermal motion were
found at high temperature and the quality of the X-ray data
remained very high (Supporting Information, Figure S4).

Dielectric measurements were performed to further
confirm the polar character of the complexes (Supporting
Information, Figure S5). At ambient temperature, the dielec-
tric constant (¢',=38) is typical for molecular ferroelectrics,
with a low dielectric loss'!! of 0.2%, and dielectric suscept-
ibility values start to diverge above 473 K. The absence of an
anomaly in the dielectric susceptibility is in accordance with
the results from X-ray diffraction and DSC. To study the
ferroelectric behavior of the material, polarization measure-
ments as a function of the applied electric field were
performed up to 563 K on single crystals. At room temper-
ature, the electric field required to efficiently polarize the
material is too high to observe a hysteresis loop. At 400 K, the

www.angewandte.org

2237


http://www.angewandte.org

Angewandte

2238

Communications
—e—403K drtcteeny,
104 —a—-432K %:M’?.-.‘O~o:f\\\;
‘ —u—563K/%& ‘°7g
5 / d
« 4
€ j/
G o
Q
3. 08/
Z 5 Zo 7K i
Q~ ° D,D:.D//‘D//:/‘/
oA
™ M‘“a:a 8 ‘
20 10 o 10 20
E/kVem ——

Figure 2. Dielectric hysteresis loop (1 Hz) for R,R-1 obtained from
a single crystal at different temperatures.

P vs. E curve (Figure 2) shows a clear hysteresis loop with
a large coercitive field value of about 17 kVcm™ with
a spontaneous polarization, P, of 9.1 uCem™2. This value is
significantly higher than that of the archetypical ferroelectric
Rochelle salt (P,=0.25 uCcm2),*! but is in the same order
of magnitude in comparison with the values observed for
several molecular ferroelectrics,*! such as 2-methyl-benzimi-
dazole (P,=5.2 pCem %)™ or diisopropylammonium bro-
mide (P, =8.20 uCcm™?) based materials."") However, our P,
and coercitive field values are most likely slightly over-
estimated owing to the contribution of leakage currents at
these high temperatures (Supporting Information, Figure S6).
Clear hysteresis loops are still observed at 563 K, 10 K before
the decomposition of the complex. Even at such temper-
atures, fully saturated hysteresis cycles could not be obtained
as a higher electric field would be required. These results
indicate the compounds are ferroelectrics over the whole
temperature range investigated. To the best of our knowledge,
this is the highest temperature at which an electrical
hysteresis loop is observed for a molecular ferroelectric.
Moreover, this temperature is 170 K above of the Curie
temperature of the archetypal ferroelectric BaTiO; and the
spontaneous polarization is considerably greater.

The magnetic properties of R,R-1 and §,5-2 were inves-
tigated by using a SQUID magnetometer. The room temper-
ature T value of 13.44 cm®* Kmol ! is in good agreement with
the theoretical value of 14.17 cm®*Kmol™" expected for one
Dy*" ion (“Hysp, S=5/2, L =5, g=4/3). Upon cooling, xT
decreases owing to the thermal depopulation of the Stark sub-
levels to 10.30 cm*Kmol™" at 1.8 K (Supporting Information,
Figure S7). The field dependence of the magnetization at
1.8 K yields to a value of 5.57 pg at 7 T, which is close to the
value observed for Dy** ions in comparable crystal fields.""!

AC measurements were performed to probe the evidence
of a SIM behavior from individual complexes. Owing to the
low symmetry of the dysprosium site and the presence of
dipolar interactions, the fast quantum tunneling of the
magnetization (QTM) precludes the observation of a slow
relaxation at zero field. However, this phenomenon can be
strongly reduced by applying a weak static magnetic field.
Thus, an optimal DC field of 1500 Oe was determined from
the variation of the maximum of the out-of-phase suscepti-
bility " as a function of the frequency (Supporting Informa-
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Figure 3. Top: Frequency dependence of the out-of-phase (y”) suscept-
ibility at different temperatures performed under a 1500 Oe DC field
for R,R-1. Bottom: Cole—Cole (Argand) plot for R,R-1 obtained using
the ac susceptibility data (1500 Oe). The solid lines correspond to the
best fit obtained with a generalized Debye model.

tion, Figures S8,S9). Frequency and temperature depend-
ences of the ac susceptibilities (Figure 3; Supporting Infor-
mation, Figures S10,S11) indicate the occurrence of two
relaxation processes with a clear overlap which becomes
evident when looking at the Cole-Cole plots (Figure 3).
Fitting with a generalized Debye model leads to large value of
the a parameter at low temperature (0.91 at 2.7 K), which
strongly decreases to 0.20 at 4.6 K, indicating a moderate
distribution of the relaxation time for the second relaxation
process (Supporting Information, Table S10). By using the
Arrhenius law, t=t,exp(Uy/kT), the obtained parameters
related to both relaxation processes are U, =19.40K
(13.48 cm™) and 7,=1.23x10%s for the low-temperature
relaxation and U.;=51.82K (36.01cm™) and 7,=3.75x
107 s for the high-temperature relaxation (Supporting Infor-
mation, Figure S12). A deviation from the purely thermally
activated behavior appears for the lowest temperatures,
indicating the existence of a quantum regime.

The parameters obtained for SS-2 are U,;=20.48K
(1423 cm™), 7,=8.97x10"s and Uy=5172K
(35.93 cm™), 1,=3.55x 10"’ s for the low- and high-temper-
ature processes, respectively, and are close to what is obtained
for R,R-1 complex.

The occurrence of two different relaxation processes may
be, at first glance, intuitively assigned to the presence of two
crystallographically independent Dy*" ions. However, the
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almost identical crystal field environment of the lanthanide
centers does not support such a scenario, and recently
numerous examples of multiple relaxation processes with
a crystallographically unique lanthanide ion have been
reported.[24] For instance, the low-temperature relaxation
processes can originate from direct relaxation process under
a DC magnetic field.”™ This is indeed supported by ab initio
calculations (Supporting Information, Table S11), which
allow the estimation of the energies of the lowest Kramers
doublets as well as the value of the g tensors for each
crystallographic Dy*" ion and for each enantiomer (Support-
ing Information, Tables S12 and S13). The large value of g,
(19.5) for the first Kramers doublet indicates that the ground
Kramers doublet on each Dy*' sites is close to m; == 15/2.
The first excited Kramers doublet for each Dy*" ion are found
to be comparable for R,R-1 (46 and 43 cm™') and are slightly
higher than the effective energy barrier value obtained from
ac magnetic data for the high-temperature process. In the case
of S,5-2, a slight discrepancy between the energy first excited
Kramers doublets is found with values of 64 and 43 cm™'. On
the other hand, the calculated transversal components of the
g-factors for the ground Kramers doublet of DyA and DyB
sites (g, and g, in the Supporting Information, Table S13) are
relatively large compared to other complexes./**'*! These
cause relatively large transversal Zeeman splittings of the
corresponding Kramers doublets which induce QTM. The
latter explains why the investigated compounds are not SIM
without applied dc field (Supporting Information, Figure S8).

Given that Zn®" complexes with Schiff bases are partic-
ularly appropriate to act as antennas to transfer energy
towards Dy** ions, the photoluminescence properties of R,R-
1 and S,5-2 were investigated in the solid state at room and at
12 K (Figure 4; Supporting Information, Figures S13-S17). At
room temperature, both ligand (large band around 450 nm)
and Dy*" intra-4f transitions can be observed owing to
a partial energy transfer from the ligand to the lanthanide
upon excitation at 365 nm. To provide further details on the
Dy** coordination sphere, the photoluminescence features of
both enantiomers were measured at 12 K. At this temper-
ature, no sign of the ligand emission could be discerned, and
only the Dy** *Fy, —°H;s,_y, transitions could be detected,
pointing out a more efficient energy transfer between the
ligand-related states and the intra-4f levels. To correlate the
magnetic and photoluminescence data, the low-temperature
emission spectra of R,R-1 and S,5-2 compounds were further
analyzed, using the same method that was recently repor-
ted.1%2¢ The presence of the two Dy>*sites (A and B) makes
it extremely difficult to fit unambiguously the “Fy,—H,s),
transition (with, at least, 16 Stark levels, assuming that only
the *F,), low-energy component is populated). Therefore, we
only analyzed the high-energy region (20900-21100 cm™) to
estimate for both sites the energy difference between the
ground level and the first °H;s, Stark component U, and Uy
(Figure 4a,b). In this spectral range, the emission spectrum
reveals the presence of four Stark components (two for each
Dy’" local site) ascribed to transitions from the first excited
*F,), Stark sublevel to the two lowest Stark levels of the °H,s),
multiplet. Moreover, two hot bands arising from transitions
from the first *F,, Stark sublevel (located at 40 cm™' above
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Figure 4. Top: Emission spectrum of R,R-1 and S,5-2 acquired at room
temperature and at 12 K (4, =365 nm). Bottom: a) Magnification of
the *F,;,—°Hys), transition for 5,5-2 at 12 K. b) Multi-Gaussian func-
tions fit (0) and the components from the first *Fy, Stark sublevels to
the GHW2 multiplet in the range 20900-21100 cm™". A;" and B, denote
hot bands arising from transitions from the first *Fy, Stark sublevel to
the ground level of the ®H,s,, multiplet. c) Residual plot (R*~0.98) for
a judgment of the fit quality.

the low-energy “Fy, component)!'® of each site to the
corresponding ground level of the °H;s, multiplet are also
discerned (Figure 4b). Taking into account that relaxation of
the magnetization occurs by an Orbach mechanism involving
the first excited Kramers doublet, the separation between the
levels of the two Dy’" sites (labelled as A, A, and B,, B,,
respectively) permits the zero-field energy barrier to be
estimated, yielding to a value of U,=Uz=40+3cm™" for
sites A and B. Similar values are obtained for R,R-1, as the
emission spectra of the two enantiomers are almost coinci-
dent (Figure 4, top).

In summary, the design of molecular materials based on
chiral lanthanide complexes appears as a powerful approach
to rationally obtain high-temperature multifunctional molec-
ular ferroelectrics with additional optical and magnetic
properties. Thus, molecular crystals of R,R-1 and S,S-2 present
an electrical bistability up to 563 K, the highest temperature
reported for molecular ferroelectric materials. Remarkably,
the structure remains polar with an exceptionally good
crystallinity and an ordered structure up to the decomposition
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of the complex around 570 K. This constitutes a striking
example of a molecular material that can be competitive in
terms of both properties and stability in comparison with
metallic oxides.

Furthermore, this material exhibits optical activity, high-
and low-temperature luminescence, and behaves as a para-
magnet at high temperature (with a large magnetic moment)
and a superparamagnet at low temperature yielding a tetra-
functional system that can be the ideal candidate for further
investigations of coupling or synergetic effects between the
constitutive functionalities. Thus, magneto-electrical effects
can be expected, or modification of the emission spectrum by
applying a magnetic and/or an electric field. These results
definitely open new perspectives such as a four-level data-
storage system based on a single molecule at low temperature
that could be detected on a surface by its emission spectrum.
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