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ABSTRACT: Ferroelectrics (FEs) are materials of paramount
importance with a wide diversity of applications. Herein, we
propose a postsynthetic methodology for the smart imple-
mentation of ferroelectricity in chiral molecule-based FEs:
following a single-crystal to single-crystal cation metathesis,
the Ca® counterions of a preformed chiral Metal-Organic
Framework (MOF) of formula  Cas{Cu".[(S,S)-
hismox]..(OH.)s} - 212H.O (1), where hismox is a chiral ligand
derived from the natural amino acid L-histidine, are replaced
by CH;NH;". The resulting compound,
(CH5NH;){Cu"5,[(S,5)-hismox].(OH,);} - 178H.O (2), re-
tains the polar space group of 1 and is ferroelectric below 260
K. These results open a new synthetic avenue to enlarge the
limited number of FE MOFs.

Ferroelectric (FE) materials,”* show a spontaneous electric
polarization that can be switched by an external electric field
E. They attract much interest as they can find a wide variety
of important applications.” Most of FE materials synthesized
so far*® have been identified by a benchmark of the materi-
als crystalizing in polar space groups, compatible with ferroe-
lectricity. However, the development of more rational syn-
thetic methodologies targeting such materials is still chal-
lenging.

Metal-Organic Frameworks (MOFs)°® appear as good can-
didates to reach this goal: they are porous crystalline materi-
als that exhibit both, a large diversity of captivating high-
dimensional (porous) structures and exciting properties.”
The uniqueness of MOFs resides on the possibility to com-
bine a precise determination of their crystal structure and a
rich host-guest chemistry.”” So, MOFs are, a priori, the per-
fect playgrounds to carry out a molecular approach for the
synthesis of molecule-based FEs or multiferroics (MFs).""

Nonetheless, the global strategy based on the direct syn-
thesis of MOFs with flexible open-framework structures
capable to host and align in their void spaces the dipolar
guest molecules usually required to develop ferroelectricity
has only led to a limited number of FE3"7 and/or MF®>*
MOFs. This limited efficiency is related to the necessary
conditions to observe ferroelectricity such as a large polar-
izability of the guest molecules (although ferroelectricity can
be also observed using nonpolar molecules in certain circum-
stances') and a polar space group*.

Aiming to overcome such current synthetic limitations, we
propose a programmed postsynthetic strategy™ for the ra-
tional design of FE materials. The first step of this approach
is the selection of a MOF with the appropriate polar space
group. The second step is a solid-state single-crystal to sin-
gle-crystal (SC to SC) process allowing to insert, into the
preformed MOF, molecules with a strong dipolar moment P.
The polar space group of the MOF would actually impose a
non-centrosymmetric organization of the molecules, avoid-
ing the cancellation of the macroscopic polarization most
often olgserved during the direct crystallization of polar mol-
ecules.”

Herein, the selected polar MOF is a novel chiral oxami-
dato-based”™  bioMOF, of formula Cas'{Cu".[(S,S)-
hismox]:.(OH.);} - 212H.O (1) [H.Me:-(S,S)-hismox = bis[(S)-
histidine]oxalyl diamide, Scheme Sia]. The dipolar molecule
is the versatile CH;NH;". The process is a solid-state postsyn-
thetic® metathesis, where the Ca® cations are replaced by
the polar CH;NH;" ones, which are known to be favorable for
FE.** It yields a new MOF of formula (CH;NH;),.{Cu'>,[(S,S)-
hismox]..(OH.)s} - 178H.O (2) (see Experimental section). It
preserves the polar space group of 1 (see structural section),
and creates the appropriate environment for the polar
CH;NH;" cations and opens the gate for the observation of
ferroelectric properties. This post-synthetic strategy appears



a rational method towards molecular FE materials giving, a
FE properties.
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Figure 1. a) Perspective view of a fragment of the crystal structure of 1 showing the coordination mode of [(S,S)-hismox]* ligand.
(b,c) Interlocked cis oxamidato-bridged dicopper(Il) {Cu'.[(S,S)-hismox]} units. (d) Perspective view of a {Cu'",[(S,S)-
hismox]..(OH.)s} basket-like cage along [1 1 1] direction with arrows underlining bridging water molecules as connectors of the
framework. Lateral (e) and frontal (f) views of connected cages generating the 3D chiral porous network. Copper atoms are rep-
resented by cyan spheres whereas organic ligands are depicted as sticks. The bridging water molecules are shown here as red
spheres. Free water molecules and Ca™ ions residing in the cages are omitted for clarity.

Figure 2. Perspective views along the c axis of the porous structures of 1 (a) and 2 (b) showing the replacement of the Ca®" cati-
ons (purple spheres) by the CH;NH;" ones (N: blue, C: gray; H: pink). Copper atoms are represented by cyan polyhedra whereas
organic ligands are depicted as sticks. (c) Perspective views along the c (top) and b (bottom) axes of the Cu.4 baskets containing

the CH;NH;" cations. The copper(Il) ions are shown here as cyan spheres. Free water molecules are omitted for clarity.

The crystal structures of 1 and 2 could be determined by
single-crystal X-ray diffraction (see Experimental Section,
Supporting Information). 1 and 2 are isomorphous and crys-
tallize in the polar R3 space group. For 1, the observation of a
chiral space group is insured by the use of hismox, a ligand
derived from the chiral pool, whereas the preservation of the
space group during the metathesis proves the validity of the
first step in our design strategy (Table S1). The structure of
both MOFs reveals an infinite network of huge basket-like
cages featuring a narrow window with a van der Waals diam-
eter of ca. 16 A and an effective cage size of 22 A (Figures 1-2
and S1). The cages are built by twenty-four Cu(II) metal ions
and twelve hismox ligands (Figures 1d, Si1-S2), which are
further interconnected through bridging water molecules
yielding a 3D chiral highly porous network. The pillared
cages generate either pseudo-hexagonal nanosized channels
of 1.4 nm or smaller hexagonal or trigonal ones (of ca. 0.5 and

0.4 nm, respectively) along the [oo1] direction (Figures 1e,f, 2
and S3-So), with effective calculated void volumes of 70.6 (1)
and 70% (2). Both structures unfold an unprecedented bi-
nodal 3,4-connected net with stoichiometry (3-c)(4-c) and
point symbol for net {4"2.6.1273}{4"2.6} (Figures Sio and
Sm).>°

In 1, each cage hosts dinuclear [Ca.(u-H.0).(H.0)s]** units
and water molecules (Figures 2a and S5-S6), whereas in 2
CH;NH;" guest cations are placed in both the basket-like
cages and the interstitial voids between them (Figures 2b,c
and S7-Sg). The [Ca.(u-H.0).(H.0)s]** (1) and CH;NH;"
cations (2), located within the Cu.4 cages (Figures 2, 3a and
S5-Sg), participate in a pretty intricate hydrogen-bonded
network with the large amount of lattice water molecules,
which could be experimentally determined, and the available
imidazole groups from the ligands. In 1, [Ca.(p-



H.0).(H.O)s]*" dimers are bound to the net by bridging
water molecules (Figures S5-S6). In contrast, in 2, CH;NH;"
guest cations arrangement unambiguously shows polar mo-
lecular ions grasped through H- bonds by walls of the cages,
involving also coordinated carboxylic groups and coordinat-
ed water molecules. Further H-bonds involving only free
water molecules stabilize other
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Figure 3. a) Filling of the unit cell of 2 with the CH;NH;" cations. The green arrow indicates the overall polar orientation along
the c axis. b) Calculated (bold lines) and experimental (regular lines) PXRD patterns of 1 (blue) and 2 (red) in the 26 range 2.0-
40.0° at R.T. ¢) DSC data showing the structural transition in 2. d) Temperature dependence of ¢’ for 2 measured at different
frequencies. e) Polarization vs electric field loops of 2 as a function of temperature. Vertical lines are eye guides. f) Electric field
dependence of the polarization of 2 at 294 (blue) and 223 K (red). Bold and dashed lines represent the first and second cycle,

respectively.

CH5NH;" around the center of the cages (see Supporting
Information), ensuring their cohesion and leading to a com-
plete filling of the cage (Figures S8-Sg). The arrangement of
the methylammonium cations in 2 is dependent on the H-
bonds directionality and on the host matrix chiral structure
(Figures 2b,c and Sg). The comparison of the positions of the
cations in the cages of 1 and 2 suggests that the exchange of
Ca* by CHsNH;" occurs through a molecular recognition
process, most-likely directed by H-bonds involving the crys-
tallization water molecules, and leads to a preferential inser-
tion of the CH;NH;" cations in the positions predefined by
the Ca™ ones (Figures S5-S8).

The experimental powder X-ray diffraction (PXRD) pat-
terns of 1 and 2 (Figures 3b, S12 and S13) confirm that the 3D
anionic network does not experiment significant phase tran-
sitions between 100 (Temperature at which the crystal struc-
tures were resolved) and 298 K. However, Differential Scan-
ning Calorimetry (DSC) measurements of 2 clearly show a
heat anomaly at ca. 264 K upon heating and at ca. 235 K
upon cooling (Figure 3¢). This suggests a reversible first-
order phase transition involving only free water molecules
and CH;NH;" cations. Thermogravimetric analyses (TGA)
confirmed the water contents provided by XRD (Figure S14).

As far as ferroelectricity is concerned, two fundamental in-
formations derive from the structural analysis: (i) the polar
space group R3 of 2 imposed by the conservation of that of 1;
(ii) the non-compensation of the dipolar moments of the
CH;NH;" inserted in the voids of the structure by cation
metathesis. Accordingly, 2 fulfills the constraining require-
ments for ferroelectricity to be present in a material. Thus,
electrical measurements were performed on both 1 and 2 to
ensure the identification of the origin of FE properties.

In 1, the dielectric constant £’ showed a low and constant
value of ca. 3, when browsing both the temperature and the
frequency (Figure Si5a). Moreover, no hysteresis loop in the
polarization vs. electric field plot could be observed (Figure
Si5b). Overall, these electrical measurements indicate
paraelectric-like characteristics, even if 1 presents a polar
space group and a complex hydrogen-bonded array of water
molecules that could be responsible for FE properties.*

In 2, the temperature dependence of ¢’ in the range 100-
300 K (Figure 3d), shows a constant value of ca. 50 in the low
temperature region and a remarkable anomaly at Tc = 260 K.
This feature is indicative of a dielectric phase transition® that
matches with the structural phase transition observed by
DSC (Figure 3c). Moreover, Figure 3d shows no frequency



dependence in the 1kHz-1IMHz range supporting the exist-
ence of a weak conductivity, if any. Figure S16 shows the
temperature dependence of the dielectric losses tan(8) exhib-
iting a very low value less than 0.% in the whole range of
temperature. Polarization vs. Electric Field measurements
were performed at different temperatures. Above Tc, a dou-
ble hysteresis loop sometimes observed in FE materials above
the ferroelectric-to-paraelectric transition temperature or
typical of antiferroelectrics (AFEs) was observed, whereas FE
hysteresis loops appear below Tc (Figure 3e). The shape of
the P vs E loops (Figures 3e and 3f) is slightly pinched® at
high fields, but very different from the cigar-like shape char-
acteristic of lossy dielectrics.® The pinched hysteresis can be
attributed to defects in the material® causing hardening,
apparent internal fields and/or domain-wall pinning as well
as to potential contribution of leakage current inducing a
small extra “false” polarization. Current vs. field plots at
different temperatures (Figure S17) show an ohmic behavior
for 2 with resistivity of about 6.10" Q.cm at 103 K which de-
creases when temperature increases (Figure Si8) corre-
sponding to an insulator-like behavior. Moreover while the
polarization amplitude increases when the temperature
decreases, the conductivity (resistivity) decreases (increases)
excluding significant contribution leakage current to the
polarization enhancement. Accordingly, leakage current, if
any, should be negligible compared to polarization effects
and the ferroelectric behavior of 2 is beyond reasonable
doubt.

Since the polar state transition is associated with a struc-
tural phase one, a plausible explanation lies in a reorienta-
tion of the polar cations, most-likely associated to the ther-
modynamics of the H-bonded crystallization water mole-
cules near the melting point of the H-bond network. The
measurement of two consecutive cycles of P vs. E curves at
294 and 223 K confirmed the reversibility of the transition
(Figure 3f). At 103 K, the remnant polarization value is 1.06
pC.cm™, which is rather similar to those usually observed in
other molecular ferroelectrics® and among the highest values
reported in MOFs.'’>'

In summary, we report a dual-step synthetic methodology
for the rational design of molecule-based ferroelectrics. In a
first step, we synthesize a chiral metal-organic framework 1,
crystalizing in an appropriate space group. Then, a SC to SC
postsynthetic cation metathesis of Ca® by CH;NH;" takes
place. Upon cation exchange, 2 fulfills the two necessary
conditions to present ferroelectricity: (i) a polar space group
(R3) inherited from 1; and (ii) guest molecules with large
polarizability (CH;NH;"). Accordingly, 2 exhibits a FE behav-
ior below 260 K. These results open a route for the applica-
tion of such postsynthetic chiral approach aiming at the
rational obtention of novel families of ferroelectric materials.

Supporting Information

Experimental preparation, analytical and spectroscopic char-
acterization of 1 and 2 and additional Figures S1-Si9. CCDC
reference numbers CCDC 1541853-1541852. This material is
available free of charge via the Internet at
http://pubs.acs.org.
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