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Noncentrosymmetric two-dimensional (2D) coordination polymers/metal-organic frameworks (CPs/
MOFs) are very rare and their functionalities have not been explored. Herein, we report the first 2D
ferroelectric proton conductor based on cyanido-bridged undulating 2D CPs.
[Mn(salen)]2[ReN(CN)4(MeCN)]-H,O (MnReMeCN-H,0) crystallized in the Pna2; space group and
underwent in-plane symmetry breaking upon incorporation of water within the crystal layers. Thus, the
dehydrated MnReMeCN layers were centrosymmetric and exhibited reversible switching of second
harmonic generation induced by water vapor. The ferroelectricity of MnReMeCN-H,O was strongly

2

coupled with ion conduction, yielding a colossal polarization of 21 mC cm™ <, which was determined via

R 425t D ber 2024 positive-up—negative-down measurements at 0.005 Hz and 298 K for single crystals. Moreover,

eceive th December - . . . . . )

Accepted 1st June 2025 MnReMeCN exhibited anisotropic thermal expansion based on the undulation change, while the zigzag
angle changes of the layers switched between a decrease and an increase at around 300 K. These

DOI 10.1039/d4sc08700c transformations corroborate the characteristic relationship between the zigzag pitch and the interlayer
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Introduction

Two-dimensional (2D) coordination polymers/metal-organic
frameworks (CPs/MOFs) are modern functional materials con-
sisting of coordination layered structures,"” in which the
anisotropic structural design of the layers allows tailoring
functionalities such as magnetic,*’ electronic,*** and adsorp-
tion properties.">** Among the various structural motifs of the
layers, noncentrosymmetric layers constitute a fascinating
structure with symmetry breaking that provides polar func-
tionalities such as ferro-, pyro-, and piezoelectricity and second
harmonic generation (SHG) activity."*>* However, the design
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interaction of the undulating layered structures.

and synthesis of such noncentrosymmetric structures is diffi-
cult, which renders the synthesis of noncentrosymmetric 2D
CPs/MOFs and the investigation of their ferroelectricity chal-
lenging tasks.

Recently, multifunctionalities based on polarity have been
investigated by combining magnetism, luminescence, ion
conduction, and guest responsivity.”*** Metal-complex-based
solid-state materials are composed of characteristic flexible
frameworks with coordination networks, yielding host-guest
polar systems. Notably, the incorporation of guest species such
as water within the lattice of polarity-switchable crystals has
been demonstrated to induce symmetry breaking.”*** In addi-
tion, the presence of guest water in polar crystals leads to the
formation of specific hydrogen bonding, which results in
unique functionalities such as super-ion conduction®* and
ferroelectricity.*** Importantly, recent experimental and theo-
retical investigations of such ion-conductive polar systems
suggested that long-range ion displacement in crystals causes
anomalous polarization phenomena, giving rise to ferroelectric
ion conductors.**?** This long-range ion displacement consti-
tutes a new polarization mechanism involving strong correla-
tion between the conduction ions and the polar skeleton.
Compared with conventional displacement-type and order-
disorder-type transitions, a large polarization greater than 1 mC
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Fig. 1 (a) Structural design of noncentrosymmetric layers based on
undulation. (b) Schematic of the polarization inversion of a 2D ferro-
electric ion conductor based on long-range ion displacement.

Polarization inversion

cm 2 is achieved. Thus, exploring new systems underpinned by
long-range ion displacement is important for the development
of advanced ferroelectric materials. However, coupling ferro-
electricity with ion conduction in polar crystals is challenging
and still rare.’*3*

Our group investigated undulating layer-type 2D CPs/MOFs,
in particular [M(salen)],[M’(CN),(solvent)] (M = Mn and Fe; M’
= MnN, ReN, Pt, and Ptl,; solvent = MeOH and MeCN), and
explored their anisotropic properties, such as thermal expan-
sion, compression, and ion conduction.’~** Unlike flat layers,
undulating layers contain tunable alignments of dipoles via in-
plane distortion (Fig. 1a). Notably, the [ReN(CN),]*~ unit, which

(@)

Fig. 2

View Article Online

Edge Article
has been extensively studied as a luminescent complex,**** was
found to be a characteristic building block to construct undu-
lating layers owing to its unique umbrella-shaped geometry
with a dipole. For example, [Mn"(salen)],[Re"(CN),(H,0),]
H,0 incorporated in-plane distortion due to interlayer interac-
tion, resulting in dipole cancellation; therefore, centrosym-
metric crystals were obtained.* This result indicated that
effectively controlling the direction of in-plane distortion within
undulating 2D CP structures could lead to polar structures
exhibiting ion conduction. On the basis of this design idea, we
further explored the polar structures and their functionalities
via layer modification using other solvent molecules (Fig. 1a).

In this study, [Mn"(salen)],[Re"N(CN),(MeCN)]-H,O
(MnReMeCN-H,0) was synthesized as the first 2D ferroelectric
proton conductor. This compound exhibited water-dependent
SHG-switching via in-plane symmetry breaking of layers and
ferroelectricity with an extremely large polarization (21 mC
ecm™?, 0.005 Hz) coupled with ion transport (Fig. 1b). Moreover,
dehydrated nonpolar MnReMeCN showed switching of the
anisotropic thermal expansion (ATE) with undulation changes
at 300 K, resulting in a characteristic relationship between the
layer undulation and interlayer distances.

Results and discussion
Crystal structures and polarity switching

Block-type single crystals of MnReMeCN - H,O were synthesized
by slowly mixing MeCN solutions of (PPh,),[ReN(CN),(MeOH)]-
3MeOH* and water solutions of [Mn(salen)(H,0),]Cl (Fig. S11).

(a) Crystal structures and (b) packing views of MnReMeCN-H,O. Orange arrows indicate the displacement of nitrido groups in the c-axis

direction causing polarization. Color code: purple (Mn), green (Re), red (O), blue (N), and gray (C). Hydrogen atoms are omitted for clarity. (c)
Hydrogen bonding between lattice water and the oxygen atoms of the surrounding salen ligands. (d) Interlayer distance, i.e., the distance
between Re and the nitrido group of the adjacent layer (7.368 A) and distance between the nitrido group and the closest MeCN carbon (3.064 A).

(e) Crystal structure of MNnReMeCN.
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At 100 K, MnReMeCN-H,O crystallized in the orthorhombic
noncentrosymmetric Pna2, space group (Table S1f).
MnReMeCN - H,0 consists of cyanido-bridged undulating layers
expanding in the bc plane and stacking in the g axis direction
(Fig. 2a and b). MeCN coordinates to the axial position of the
[ReN(CN),J*~ units. Water exists at the center of the grids and
forms hydrogen bonds with the oxygen atoms of the salen
ligands (Fig. 2c). This water is removed at 350 K, as confirmed
by TG-DTA (Fig. S21). Uniquely, the symmetry breaking of the
layered structures of MnReMeCN-H,O involves in-plane
distortion caused by the interlayer interaction between nitrido
groups and MeCN moieties (Fig. 2d). Due to their repulsion, the
Re=N group is tilted at 4.3° along the c-axis direction and
MeCN is tilted from the a axis. The polarization value of
MnReMeCN-H,O was calculated to be 0.57 pC cm™2 on the
basis of its crystal structure (Fig. S31).

The lattice water within the grid was found to be responsible
for the symmetry breaking of the layers. Dehydrated MnRe-
MeCN crystallized in the P4/ncc space group at 400 K (Fig. 2e
and Table S21). The cyanido-bridged layers remained intact, but
the in-plane distortion disappeared with the removal of the
lattice water. This demonstrates that MnReMeCN is a polarity-
switchable 2D CP based on displacive-type polarization in
response to water adsorption. MnReMeCN gradually adsorbed
water molecules with a hysteresis at room temperature, indi-
cating a slow response to water vapor likely due to its dense
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structure (Fig. S4%). The cyclability of the reversible polarity
switching associated with structural transformations induced
by water adsorption was confirmed via SHG, PXRD and water
adsorption measurements (Fig. S4-S67).

A comparison between MnReMeCN and its [Mn(salen)],[-
MnN(CN)4(MeCN)] (MnMnMeCN)* and [Fe(salen)],[-
MnN(CN),(MeCN)] (FeMnMeCN)*” analogs suggested that the
water responsivity associated with the structural transformation
of the undulating layers affects the relationship between the
undulating layer size and the flexibility. In particular, MnRe-
MeCN exhibited the largest layers, reflecting its large metal-ion
size (Mn™ > Fe™ and Re¥ > Mn"; Fig. S71). The medium-sized
grids of MnMnMeCN accommodate water molecules, result-
ing in the conversion of the space group from P4/ncc to Pccn
without tilting MeCN,*® whereas the smallest grids of FeMn-
MeCN provide no space for accommodating water molecules.*”
Meanwhile,  [Mn(salen)],[ReN(CN),(H,0)]-2H,0  exhibits
a similar in-plane distortion but crystallizes in the nonpolar
Phcn space group.®® These results indicate that the rigidity of
MeCN within the large layers accounts for the resultant in-plane
symmetry breaking of the coordination layers.

Ferroelectricity coupled with ion conduction

Noncentrosymmetric MnReMeCN-H,O exhibited a notable
ferroelectricity with a colossal remnant polarization of 21 mC
ecm~? at room temperature and a relative humidity of 85%, as

(@) 25000 ®) 30
20000
25 °
& 15000 o
5 10000 § 20 e
2 5000 Q 0(’)05 He 0.005 Hz
= 0 =15 0.1Hz °
T -5000 S ¢
S 410000 N 10
3 0.5 Hz s ool hod
o -15000 0.05 Hz S 5 2 0.5 Hz O single-pulse metho
-20000 0.005 Hz d @ PUND method
-25000 0
-0.25 -0.2 -0.15 -0.1 -0.05 0 0.05 0.1 0.15 0.2 0.25 1 10 100 1000
E/kVcm!
© N @ log (1 / frequency)
L 0.01 ~ 0.80 1.25
& 1000Hz E 10Hz Pirst
%) S 040 | 1
E 2
= 0.00 r £ 000 0.75
S c
ﬁ % -0'40 i - 0.5 Psecond
= N g 0.25
T -0.01 : 5 -0.80 : £
o -0.25 0.00 025 2 0.25 0.00 0.25 2
E/kV cm™ E/kV cm™ o
£ 4.00 ‘£ 20.00 =
S 1Hz 5] 0.1Hz Q
Q 200 ¢ 0 1000 |
c 000 | T 000 |
S S
g 2.00 _5-10.00 -
S 4.00 : 5-20.00 :
o 0.25 0.00 025 o 0.25 0.00 0.25 0 0.05 0.1 0.15 0.2 0.25
E/kVcm! E/kVcm! E/kV cm™!

Fig.3

(a) Polarization—electric field hysteresis loops obtained via PUND measurements. (b) Polarization as a function of frequency. (c) Frequency

dependency on the hysteresis loops. (d) Frequency dependency on the polarization behavior of the first and second pulses. The vertical axis is the
ratio of the polarization of the first or second pulse and the remnant polarization value of the first pulse. Prist or second = first or second putse X L.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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revealed by a positive-up—-negative-down (PUND) measurement
performed at 0.005 Hz on single crystals (Fig. 3). The voltage for
the polarization inversion was 0.04 kV ecm™'. Uniquely, as the
frequency became faster, the polarization inversion voltage
became higher, whereas the polarization value decreased
considerably (Fig. 3a and b and S8%). Moreover, no hysteresis
was observed at 10-1000 Hz (Fig. 3c). In addition to the char-
acteristic frequency-dependent hysteretic behavior, the proton
conduction of MnReMeCN-H,0 was confirmed by conducting
variable-temperature AC impedance measurements on a crystal,
which yielded a conductivity of 3.53 x 10 ®S cm ™" at 298 K and
an activation energy (E,) of 0.61 eV (Fig. 4a and b). By studying
the isotope effect using D,O on conductivity (Fig. S971), we
confirmed that proton conduction was caused by proton
hopping via water molecules in the lattice.*”** Note that the
water-layer interaction via hydrogen bonds facilitates efficient
proton dissociation for conduction. The cyanido and nitrido
groups of the layers would connect the pathways through which
protons flow. These results demonstrate that MnReMeCN-H,0
is a ferroelectric proton conductor®* based on long-range ion
displacement, whose ferroelectricity is strongly correlated with
proton conduction (Fig. 1b). The proton flow within the lattice
amplifies the current involved in the ferroelectric response; that
is, the number of conducting and trapped protons increases at
slower frequencies, resulting in an increase in the polarization
value of the ferroelectricity (Fig. 3b and S1071). As a conse-
quence, the polarization value of MnReMeCN-H,0 is much
higher than that calculated using the crystal structure (0.57 nC
cm ™ ?). Moreover, the decrease in the voltage of polarization
inversion at slower frequency is in accord with the protons
reaching the electrode interface (Fig. S8t), which strongly
supports the proton conduction behavior.
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Fig. 4 (a) Variable-temperature Nyquist plots of a MnReMeCN-H,O
single crystal in the [001] direction at 85% relative humidity. (b)
Arrhenius plots of MnReMeCN-H,O in the [001] (closed circles) and
[110] or [1-10] (open circles) directions. (c) Variable-temperature
Nyquist plots of a MnReMeCN -H,O single crystal in the [110] or [1-10]
direction at 85% relative humidity. (d) Polarization—electric field
measurement result for the nonpolar direction of MnReMeCN-H,O.
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Ferroelectric measurements conducted on several single
crystals of MnReMeCN-H,0 revealed that several crystals
exhibited no hysteresis but IV curves based on ion conduction
(Fig. 4d). This result is in accordance with the results observed
for the [110] and [1—10] directions of the selected crystals. The
proton conductivity in the nonpolar direction was 1.55 x 10°° S
em ! at 298 K and E, = 0.51 eV (Fig. 4b and c). The crystal
morphology changed considerably after high-voltage (100 V)
measurements along the [001] direction (Fig. S111). Such
macroscopic changes are most likely associated with the
electric-field-induced structural transformation leading to
polarization inversion, indicating the weakness of the 2D crystal
formed via van der Waals interactions between the layers. This
hypothesis is supported by the fact that no such morphological
changes were observed when the P-E measurements were per-
formed along the nonpolar axis (ie, the [110] or [1-10]
direction).

To gain insight into the synergistic properties of polarity
inversion and proton flow, the frequency dependency on the
current was investigated using the first and second pulses in
PUND measurements, demonstrating that the matching
dynamics of the skeletons and conduction ions responding to
the electric fields are responsible for the anomalous polariza-
tion. Specifically, the ratio of the calculated polarization value
using the second pulse (Psecond = Isecond puise X t) and the
remnant polarization value of the first pulse (Prse remnant)
changed nonlinearly (Fig. 3d). Psccond/Phirst remnant Showed the
lowest value of 0.11 at 0.05 Hz and values of 0.25 and 0.19 at 0.5
and 0.005 Hz, respectively. Isecond puise iS caused by the
conduction of free ions within the channel; that is, when the
frequency exceeds a certain threshold, the Pseconda/Pfirst remnant
increases as more untrapped ions return from the electrode
interface where the ions are biased. Thus, the maximum
amount of ions involved in the polarization of the ferroelectric
ion conductor is determined by the characteristic interaction
between the polar skeletons and the conduction ions.

Although a similar proton-conduction-coupled ferroelec-
tricity was demonstrated for K,MnN(CN),-H,0,* the voltage for
the polarization inversion of MnReMeCN-H,O (0.09 kV cm ™" at
0.1 Hz) was considerably lower than that of K,MnN(CN),-H,0
(0.5 kv em™ " at 0.1 Hz). This decrease in voltage indicates the
occurrence of different polarization mechanisms in
MnReMeCN - H,0 and K,MnN(CN),-H,0. In K,MnN(CN),-H,0,
polarization proceeds through a combination of order-disorder
and displacive mechanisms with nitrido migration via bond
cleavage and reformation. Conversely, MnReMeCN-H,O only
displays displacive-type polarization, which requires a change
in the layer distortion direction for the polarization inversion,
resulting in a low ferroelectric voltage. In addition, the single-
pulse and PUND measurements gave relatively close polariza-
tion values of 26 and 21 mC cm > respectively, for
MnReMeCN-H,0. In contrast, for K,MnN(CN),-H,O, the
polarization obtained via the PUND method (56 mC cm ?)
was half of that obtained via the single-pulse method
(120 mC cm™?). These facts suggest that compared with K,-
MnN(CN),-H,0, MnReMeCN-H,0 incorporates fewer untrap-
ped protons in the polar skeleton and its leakage current is

© 2025 The Author(s). Published by the Royal Society of Chemistry
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smaller. The leakage current in ferroelectric behavior with
long-range ion displacement is associated with the irrevers-
ibility of proton migration. Thus, the E, of proton conduction
would be significant for such characteristic ferroelectric
responses.  MnReMeCN-H,0 and  K,MnN(CN),-H,O
exhibited noticeably different E, values owing to their
proton path structures, ie., hydrophobic interlayer narrow
spaces (E, = 0.61 eV) and hydrophilic 1D channels surrounded
with cyanido groups (E, = 0.48 eV), respectively. This suggests
that a high E, could be beneficial for efficiently using the
conduction ions for polarization, although it is not favorable for
proton conduction.

Water diffusion behavior

Guest diffusion in crystals is an important phenomenon
involved in various functions, such as adsorption, separation,
guest-induced structural changes, and ion conduction.*** In
this sense, it is important to clarify the effect of non-
centrosymmetric structures on such diffusion behavior. Thus,
to obtain insight into the water migration in the
MnReMeCN - H,O0 framework, the energy differences associated
with water flow were calculated by changing the water position
between the +¢c- and —c-axis directions and between the a and
b axes (Fig. 5 and S12%). It was found that water flows more
easily in the nonpolar a- and b-axis directions than in the c-axis
direction. Importantly, the calculated E, values along the c-axis
are different in the +¢- and —c-axis directions, with the E, in the
—c direction being lower than that in the +c¢ direction. This
directional migration behavior occurs due to the existence of
different ~ migration  paths  stemming from  the

(b)

—— ¢ (polarization direction)

Fig. 5 (a) Changes in the potential energy calculated for
MnReMeCN-H,0 when water is displaced in the +c (orange) and —c¢
(blue) directions. (b) Schematic of the water migration paths in the +c
and —c directions.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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noncentrosymmetric layered structure with the tilted N=Re-
MeCN moieties; specifically, water molecules pass through the
Re=N side in the +c axis and through the MeCN side in the —c-
axis direction (Fig. 5b and S137). Note that directional migra-
tion is related to rectification, which has been widely explored
in various fields for the construction of sophisticated functional
devices that actively transport ions and molecules.”** In this
context, we recently reported that the rectified water migration
behavior of K,MnN(CN),-H,0 also occurred due to the different
molecular motions of water depending on the direction along
the noncentrosymmetric 1D channel.® These structure-guest
migration relationships prove that polar structures cause
unique molecular dynamics and intracrystalline directional
diffusion behaviors.

Anisotropic thermal expansion (ATE)

The strong interlayer interaction in the MnReMeCN framework
was found to affect considerably the thermally induced changes
of the undulating layered structures associated with ATE. The
thermal expansion of coordination frameworks has been
actively investigated because of their structural flexibility based
on dynamic connections and structural anisotropy.”””** In our
previous investigation of the ATE of a series of [M(salen)],[-
M/'(CN),(solvent)] compounds (M = Mn and Fe; M’ = MnN, ReN,
Pt and Ptl,; solvent = MeOH and MeCN), we demonstrated how
undulation changes and interlayer interactions influence the
ATE behavior.*” In the present study, variable-temperature SC-
XRD revealed an anomaly in the ATE of MnReMeCN at
around 300 K (Fig. 6 and Table 1). More specifically, the space
group changed between P4/ncc at higher temperatures (HT) and
P4/n at lower temperatures (LT) (Fig. 6a and Table S27).
Accordingly, although the volume changes were nearly linear
at 150-420 K (ay = dV/VdT = 100-103 MK '; V = crystal volume,
T = temperature, M = 10~ °), this phase transition at 300 K
largely affected the ATE behavior linked with the structural
changes of the undulating layers. Structural analyses revealed
the unique tendency of the undulation change at 300 K; that is,
the undulation angle of the layers decreased in the LT region
and oppositely increased in the HT region with increasing
temperature (Fig. 6b). Since the structural transformations
around the [Mn(salen)]" moieties were similar and the layer area
expanded at high and low temperatures, the interlayer repul-
sion between the nitrido and MeCN moieties due to the narrow
layer stacking of MnReMeCN accounts for this unique anisot-
ropy switch during the thermal expansion (TE) behavior
(Fig. S147). Specifically, MnReMeCNy, showing a short stack-
ing distance with strong interlayer repulsion, exhibited a high
o, (dI/1,dT = +100 M K %; I, = c-axis value) and a displacement
of the [ReN(CN),(MeCN)]*” units along the c-axis direction to
decrease the zigzag angles of the layers. This structural trans-
formation largely differs from that observed for [Mn(salen)],[-
MN(CN),] analogs (M = Mn and Re), which exhibit similar
decreases in the zigzag angles but a negative area TE.** Mean-
while, in the HT region where the interlayer repulsion is weak,
the large area TE (o, = dl,/I,dT = +48 MK '; [, = a axis value) of
MnReMeCNyyr caused a large decrease in the layer thickness,
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(a) Crystal structure of MNReMeCN |1 (P4/n) at 200 K. The black square indicates the unit cell. (b) Results of the thermal expansion behavior

cell volume, and angles between the tetracyanometallate units in the

Table 1 Thermal expansion coefficients for isostructural compounds of MM’MeCN (M = Mn and Fe; M’ = Re and Mn)

Space group a, (MK o, (MK ™) ay (MK ) Ref.
MnReMeCNy (300-420 K) P4/ncc +48 +4.5 +100 This work
MnReMeCNy (150-270 K) P4/n +16 +95 +103 This work
MnMnMeCN (150-400 K) P4/ncc +63 (29) -6.2(31) +120(88) 37
FeMnMeCN (150-400 K) P4/ncc +33(5) +46(5) +111(14) 37

yielding a nearly zero «, (+4.5 MK ') by counterbalancing the
interlayer space expansion. Note that this low «, of
MnReMeCNyr was also observed for an analog of MnMnMeCN
(Table 1).>7¢

Conclusions

This work reports the first 2D ferroelectric proton conductor
consisting of cyanido-bridged undulating coordination layers
exhibiting polarity switching and a colossal polarization of 21
mC cm > based on long-range ion displacement. The undu-
lating layers with in-plane distortion are a unique structural
motif capable of inducing polarization inversion. Such a unique
property is not observed in Janus-type layered structures, which
are other noncentrosymmetric motifs in 2D materials.®® Thus,
understanding and controlling distortion within the undulating
layers allows modulating the characteristic symmetry breaking
of the layers for the construction of novel functional polar
materials. This work also illustrates that 2D materials offer
a powerful platform for the development of future ferroelectric
ion conductors by coupling anisotropic ion conduction with
polarity because layered structures enable the design of aniso-
tropic functionalities based on the in-plane and out-of-plane
directions.
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