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structures can be modified in numerous ways to introduce and influence non-linear
optical and electrical properties. However, their full potential as piezoelectric X ¢
nanogenerators for self-powered electronics is yet to be uncovered. Here, we report AR 4
a Zn(11)-based ferroelectric one-dimensional coordination network {[Zn(L%)(bpy)]:

(H,0)15}0 (1) derived from a flexible dicarboxylate ligand [PhPO(NH-
(C¢H,COOH)),] (L*H,) and 2,2"-bipyridine as a co-ligand. The origin of polarization —

in 1, despite its neutral structure, is due to the polyhedral distortions around the  Pressure X 20 AN

Zn(Il) center as revealed by ab initio calculations. The presence of polarizable \'// AN %
domains was visualized by piezoresponse force microscopy (PFM) experiments. Also, - / ) 7.
from the PFM studies, a sizable converse piezoelectric coe cient (ds3) value of 19.4 \ —
pm/V was noticed for 1, which is unprecedentedly high for the class of neutral-
network coordination polymers. Furthermore, flexible composite devices comprising a
thermoplastic polyurethane (TPU) polymer with di erent weight percentages (wt %)
of 1 were prepared and examined for application as piezoelectric nanogenerators. Notably, the champion device of this series (poled
5wt % 1-TPU composite) exhibits a highest open-circuit voltage of 5.6 V and power density output of 14.6 uW/cm?.
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ABSTRACT: Metal—organic coordination polymers are modular systems whose \Q}/
X
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I INTRODUCTION Metal—ligand coordination assemblies are among the
emerging families of supramolecular systems that find a wide
range of applications not only in chemical sensing,*’ gas
adsorption and separation,'® biomedicine,"® and lumines-
cence’® but also in non-linear optics.”*~** One of the key

oxide ceramics and are utilized in microelectronics, tele- attributes of these materials is their e cacy to exhibit
communication devices, medical ultrasonic imaging units, field- compositional tunability and structural diversity that can play
e ect transistors (FETS), energy storage, photovoltaics, etc.t ™ a_V|taI part_ln the des[gn of framework so_llds Wlth_ ferro- and
However, due to the presence of heavy and toxic metal in piezoelectric properties. However, unlike traditional all-

conventional ceramics, and their high processing temperatures, inorganic mater_ials, it is challenging to impart fe_rroelectri_city
alternative materials that possess environmentally benign to the metal—ligand systems as structure—function relation-

Piezoelectricity is a macroscopic property exhibited by
intrinsically non-centrosymmetric crystals, in which the
polarization is induced by the application of an external
mechanical stress. Most commercial piezoelectrics are based on

elements are investigated for piezoelectric applications.®® In ships for them can only be drawn tentatively.““** Despite the
this regard, material selection spans from organic polymers, for lack of highly dependable design rules, polar order in
example, commercially available semi-crystalline polyvinyli- coordination networks can be achieved preferentially by
dene fluoride (PVDF), to custom-made single-component systematic tuning of the nature of metal |o7n§ézgoord|nat|ng
organics, organic co-crystals, acid—base adducts, two-compo- ligands, counterions, and guest molecules.”™" However,
nent salts (organic and hybrid organic—inorganic), and various

supramolecular architectures, all of which have been Received:  April 18, 2022 ﬁﬁ%gg[mgg
investigated for their notable piezoelectric behavior.®~** Revised:  July 8, 2022 -

Typically, these materials can be combined with piezoelectric Published: July 22, 2022
or non-piezoelectric polymers to yield flexible composites and

optimized multi-layered structures toward maximized energy

scavenging performance.>*®
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attaining ferroelectricity in neutral framework materials derived
from carboxylate-based ligands has thus far been a challenging
task; hence, such systems are far less explored than those with
charged networks. The polarity in neutral MOFs can be
induced by the incorporation of polar functional groups in
carboxylate ligands or via encapsulation of polar solvent
molecules like water and DMF (N,N-dimethylformamide),
which interacts with the frameworks via non-covalent
interactions.”>?*~3° Our group has been engaged in the design
e orts of polar metal—ligand materials based on pyridyl donor
ligands such as [PhPO(NHPy),], (Py = 3-pyridyl (Py) or 4-
pyridyl (*Py)), [PS(NH®Py);], and [PO(NHCH,%Py);], in
which the piezo- and ferroelectricity originate from their stable
charge-separated structure and the low symmetry of the
employed phosphoramide sca old.**~® Hence, we reasoned
that developing pseudo-C, and C; symmetric phsosphoramide
ligands containing carboxylic acid functional groups would
result in the generation of neutral noncentrosymmetric
coordination networks suitable for ferro- and piezoelectric
studies. In this contribution, we describe a new neutral one-
dimensional zinc coordination network {[Zn(LY)(bpy)]-
(H,0)15.+ (1), employing the flexible carboxylate function-
alized dipodal P-N ligand [PhPO(NH-(C¢H,COOH)),]
(L*H,), which crystallizes in the polar non-centrosymmetric
space group R3c. The piezoelectric behavior and the domain
structure of 1 could be extracted at a microscopic level using
the piezoresponse force microscopy (PFM) technique.
Measurements of second-harmonic generation (SHG) at 800
nm not only provided independent, nonlinear optical evidence
of structural non-centrosymmetry of 1 but also demonstrated
two-photon excited luminescence (2PEL), pointing to its
multifunctional behavior. Furthermore, flexible composites
comprising the framework 1 in di erent weight percentages
(wt %) were prepared with a thermoplastic polyurethane
(TPU) polymer and examined for piezoelectric energy
harvesting application. A highest open-circuit voltage (V,.) of
5.6 VV and power density output of 14.6 pW/cm? were achieved
for the poled 5 wt % 1-TPU nanogenerator device. Energy
storage was demonstrated by charging the capacitors using the
output voltages obtained from the 5 wt % 1-TPU device.
These findings are prominent contributions to the emerging
area of metal—organic electricity nanogenerators.

I EXPERIMENTAL SECTION

General Remarks. All reactions and work-up involving PhPOCI,
were carried out under a dry N, atmosphere in Schlenk-type
glassware. Ethyl 3-aminobenzoate, Zn(NO;),-6H,0, and PhPOCI,
were purchased from Merck chemical company and used as received.
Dry solvents and PhPOCI, were distilled prior to use. All NMR
spectra were recorded at room temperature using a Jeol 400 MHz
spectrometer with operating frequencies of 400.13, 100.62, and
161.97 MHz for the respective *H, *C, and **P{*H} nuclei. For the
14 and '°C spectra, SiMe, was employed as the internal standard,
while for 3P spectra, the 85% H;PO, was used as the standard. The
MALDI-TOF spectra of the ligands L and L*H, were recorded by
using an Applied Biosystem MALDI-TOF/TOF spectrometer. The
powder X-ray di raction (PXRD) data of 1 were measured on a
Bruker-D8 Advance di ractometer. A Perkin-Elmer STA-6000
thermogravimetric analyzer was used to obtain the TGA of 1.
Elemental analyses for L, L*H,, and 1 were performed on a Vario-EL
cube elemental analyzer. The melting points of L, L*H,, and 1 were
determined from an Electrothermal melting point apparatus. FT-IR
spectra were recorded on a Bruker Alpha spectrophotometer in the
attenuated total reflectance (ATR) mode for the neat samples of L,
L'H,, and 1.
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Synthesis. L. To a solution of ethyl 3-aminobenzoate (7.37 mL,
8.160 g, 24.53 mmol) in toluene (100 mL) kept stirring at 0 °C under
an inert atmosphere, PhPOCI, (1 mL, 1.375 g, 3.52 mmol) in 10 mL
of toluene was added dropwise using a pressure equalizer funnel. The
resultant mixture was refluxed for 4 h until a white precipitate of the
amine-hydrochloride was formed. The residue was filtered o , and the
resulting filtrate was left standing at room temperature for 2—3 h to
precipitate the ester compound L. It was then filtered o , washed
three to four times with distilled water, and dried. Yield 1.71 g (54%).
'H NMR (400 MHz, CD,0D) & 7.84 (dd, J = 13.6, 6.9 Hz, 2H),
7.74=7.73 (m, 2H), 7.53=7.47 (m, 1H), 7.46—7.40 (m, 4H), 7.30
(dd, ) =76, 23 Hz, 2H), 7.17 (t,J = 7.9 Hz, 2H), 4.19 (q, ) = 7.1 Hz,
4H), 1.22 (t, J = 7.1 Hz, 6H). *C NMR (101 MHz, CD,0D) 3
168.0, 142.9, 133.8, 133.0, 132.9, 1325, 130.2, 129.8, 124.1, 1235,
1205, 62.1, 147. *P{*H} NMR (162 MHz, CD,0OD) & 12.01.
MALDI-TOF: 47531 (M + Na)*, 491.31 (M + K)*. M.P.: 190 °C.
Anal. Calcd. for Cy4H,5N,05P: C, 63.71; H, 5.57; N, 6.19. Found: C,
63.84; H, 5.177; N, 6.04.

L*H,. The L (0.50 g) was dissolved in methanol (35 mL) and water
(15 mL). Sodium hydroxide (400—500 mg) was added, and the
resulting mixture was stirred overnight at room temperature. The
MeOH/H,O was removed using a rotary evaporator, and the
precipitate obtained was redissolved in 1 mL of H,O and
reprecipitated by adding an excess amount of 1 M solution of HCI.
The product L'H, as a white solid was isolated by filtration and
washed multiple times with water. Yield 0.295 g (59%).H NMR (400
MHz, DMSO-dg) 4 12.78 (s, 2H), 8.28 (d, J = 11.5 Hz, 2H), 7.87
(dd, J=7.3,5.8 Hz, 1H), 7.83 (t, J = 1.7 Hz, 3H), 7.59 (td, J = 7.4,
1.4 Hz, 1H), 7.56—7.50 (m, 2H), 7.41 (dt, ) = 6.9, 1.8 Hz, 4H), 7.27
(t, J = 7.9 Hz, 2H). 3C NMR (101 MHz, DMSO-dg) & 167.3, 1425,
1330, 132.1, 131.7, 1314, 129.0, 1285, 122.1, 1214, 1186, 39.5.
31pfIH} NMR (162 MHz, DMSO-dg) & 8.77. MALDI-TOF: 420.01
(M + Na)*, 43411 (M + K)* MP.: 220 °C. Anal. Calcd. for
C,H17N,O5P: C, 60.61; H, 4.32; N, 7.07. Found: C, 60.19; H, 4.168;
N, 6.98.

Compound . To a solution of L*H, (50 mg, 0.126 mmol) and
2,2"-bipyridine (19.5 mg, 0.126 mmol) stirred in N,N-dimethylforma-
mide (DMF) (3 mL), Zn(NO3),-6H,0 (111.55 mg, 0.378 mmol) in
H,0 (3 mL) was added. This mixture was sealed in a 10 mL Teflon-
lined stainless steel reactor and heated to 100 °C for 48 h in a
programmable oven. The reaction system was cooled for 24 h. Fine
needle-like white crystals suitable for SCXRD analysis were collected
from the bottom of the reactor vessel. Yield: 70%. M.P. 229 °C.
Calcd. for C4yHsN,Og5PZn: C, 56.05; H, 4.08; N, 8.71. Found: C,
55.96; H, 3.810; N, 8.04. FT-IR data on powder (cm™): 3228, 2361,
1580, 1382, 1207, 1126, 956, 814, 734, 685, 626.

Crystallography. The single-crystal X-ray di raction data for L,
L*H,, and 1 were collected at 100 K on a Bruker Smart Apex Duo
di ractometer using MoKa radiation (A = 0.71073 A). All the
structures were refined using SHELX by full-matrix least-squares
against F2 on all data. All the non-hydrogen atoms of L, L*H,, and 1
were refined anisotropically except for some of the atoms of LH,.
Four carbon atoms in L*H, had poor thermal ellipsoids, and hence,
they were refined with partial isotropic characteristics. The crystals of
L, L*H,, and 1 exhibited weak di ractions at higher angles. Hence,
their data were reduced to 28 = 50° for L and 28 = 45° for L'H, and
1

Ferroelectric, Dielectric, and Piezoelectric Measurements.
The ferroelectric P-E hysteresis loop measurements along with the
leakage current plots for framework 1 were performed on its drop-
casted film by using a commercial Sawyer—Tower circuit (TF
Analyzer 2000E, aixACCT, Germany). The dielectric permittivity
data for 1 was obtained on its polycrystalline pellets of 10 mm
diameter using a Solartron analytical 1260 model impedance analyzer
attached to a 1269A model dielectric interface. A Janis 129610A
model cryostat integrated with a Lakeshore 336 model temperature
controller was used as the sample holder. The ds; values of the poled
composite films of 1, of 0.47 mm thickness, were extracted on a
PM300 Piezotest meter.

https://doi.org/10.1021/acssuschemeng.2c02296
ACS Sustainable Chem. Eng. 2022, 10, 9911-9920


pubs.acs.org/journal/ascecg?ref=pdf
https://doi.org/10.1021/acssuschemeng.2c02296?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Sustainable Chemistry & Engineering

Research Article

pubs.acs.org/journal/ascecg

Figure 1. (a) Crystal structure of 1 showing its zig-zag one-dimensional coordination network. (b) Asymmetric unit of 1. (c) Hexagonal packing
structure of 1 viewed along the ¢ axis. Color code: ligand backbone, gray; small blue spheres, nitrogen atoms; small red spheres, ligand oxygen
atoms; zinc polyhedron, yellow; disordered water molecules, mixed white and red.

Second Harmonic Generation Study. The laser source used for
SHG measurements was a Coherent Astrella Ti:sapphire regenerative
amplifier generating 800 nm, 75 fs laser pulses (repetition rate of 1
kHz). Semi-quantitiative assessment of SHG e ciency was performed
at 293 K following a modified Kurtz—Perry (Graja) powder test
methodology. Potassium dihydrogen phosphate (KDP) was employed
as an SHG standard. The single-crystalline materials of 1 and those of
KDP were manually powdered and size-graded by sieving through an
Aldrich mini-sieve set into 250—177 um size range. Subsequently,
sieved powders of 1 and KDP were placed in-between microscopic
glass slides (forming tightly packed layers) sealed and placed on a
horizontally aligned sample holder. A mean power density of an 800
nm laser beam was 0.49 W/cm™2 with a spot area of 0.5 cm?. The
unfocused laser beam was directed at samples at 45°. Collimating
optics, attached to the 400 ym optical fiber, were positioned at a right
angle to the plane of the sample, allowing for detection of the
backscattered SHG signal. A scattered 800 nm pumping beam was
attenuated using a 750 nm short-pass hard-coated Thorlabs optical
filter (FESHO750, O.D. >5 at 800 nm), which was placed in front of
the signal collecting lens (f = 25.4 mm). An Ocean Optics Flame T-
XR fiber-coupled spectrometer (200 um entrance slit) was used to
record the SHG signal.

Piezoresponse Force Microscopy Characterization. Piezo-
electric characterizations of 1 and 5 wt % 1-TPU film were studied
under the Asylum research MFP-3D atomic force microscopy (AFM)
system. The contact mode AFM (c-AFM) was done to obtain
piezoresponse of the films. The measurement was done using RMN-
12PT300B measurement cantilever probes with a 1.12 N/m spring
constant and <8 nm tip diameter. The PFM data collected was based
on the vertical PFM measurements (VPFM) where the ac voltage was
applied to the conductive AFM tip, keeping the bottom electrode
grounded. The PFM images were collected at a resonance frequency
of 300 +/— 20 kHz with 2.5 V applied bias. The measurements were
done in dual ac resonance tracking (DART) mode PFM.

Computational Details. The preliminary first-principles study for
the electric polarization calculations was performed by employing the
Berry phase method using the Quantum Espresso software code.’
The nonrelativistic norm-conserving pseudopotentials with the
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Perdew—Burke—Ernzerhof (PBE) exchange-correlation functional
were applied for the calculations.®®3® The calculations were done
using the modern theory of polarization on a discrete Zn(lIl)
polyhedral core at the center of a box of dimension 18 x 18 x 18 A3
with a su cient amount of vacuum in the free space to tackle the
periodic e ect. The change in dipoles was calculated upon changing
the geometry around the Zn-core from an ideal square-pyramidal to a
distorted square-pyramidal core as observed in the structure of 1.
Nevertheless, it should be emphasized that the overall dipole moment
and the polarization of the system will include the collective
contributions of the metal-ion, ligand systems, and the solvate
atoms. Such calculations could not be performed due to the presence
of atoms in huge number by the system. The structural graphics were
acquired by using the VESTA software.*’

Preparation of the 1-TPU Composite Films and Testing of
the Composite Devices. Flexible polymeric composite films were
prepared by the solution casting method. A constant quantity of TPU
(1 g) was dissolved in N,N-dimethylformamide (6 mL, DMF) and
heated at 90 °C for 60 min until a clear homogeneous solution was
formed. A precalculated amount (for example, 53.47 mg for the 5 wt
% composite) of ferroelectric crystals was added into a transparent
homogeneous TPU mixture, and then, vortex mixing was performed
for 5 min. The suspension was continuously stirred at room
temperature for 4 h until the complete dispersion of the crystals.
Afterward, the homogeneous composite mixture was poured into an
aluminum mold and dried in an oven for 24 h at 60 °C. A completely
dried free-standing milky white composite film from the aluminum
mold was scraped o . A similar procedure was followed to prepare 1,
5, 10, and 15 wt % composite films. Further, the composite devices
were fabricated with an appropriate selected area of 1.3 x 2 cm? and a
thickness of =0.47 mm. The copper tapes with conductive adhesive
were pasted on either side of the films using a hot-press method. The
final device architecture for each wt % of the composite devices was
encapsulated with a Kapton tape to protect the device from any
physical damages. Further, by using a home-built impact measure-
ment setup, the piezoelectric performance of all the composite devices
of the framework 1 was carried out. The piezoelectric output voltages
of the 1-TPU films were recorded on a mixed-signal oscilloscope

https://doi.org/10.1021/acssuschemeng.2c02296
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model Tektronix 2024 working at 1 MQ input impedance. The
currents generated during these measurements were monitored using
a Keithley multimeter model number DMM7510 7.5.

I RESULTS AND DISCUSSION

Synthesis, Characterization, and Crystal Structures.
The flexible dipodal ligand L*H, was synthesized by reacting
PhPOCI, with ethyl 3-aminobenzoate followed by hydrolysis
(Scheme S1, Supporting information). The ligands were
characterized by NMR spectroscopy, mass spectrometry, and
single-crystal X-ray di raction analysis (additional details on
pages S4—S9 and Figures S1—S7, Supporting Information).
Hydrothermal treatment of L'H, with Zn(NO;),-6H,0 and
2,2"-bipyridine at 100 °C a ords a one-dimensional zinc
coordination network 1 (Scheme S2, Supporting Information).
The single-crystal X-ray di raction analysis of 1 reveals that it
crystallizes in the trigonal R3c space group (a = 30.36 A, ¢ =
15.62 A, and y = 120°). The cationic charge of the Zn(ll)
center is canceled out by two carboxylate anions, while the
2,2"-bipyridine completes its coordination sphere. The Zn(ll)
ion is located in a penta-coordinated environment and exhibits
a geometry in-between trigonal bipyramidal and square
pyramidal but slightly inclined toward the latter, with the
Addison parameter T = 0.53 (1 = (B — a)/60°, where B and a
are the two greatest valence angles around the coordinated
metal center).**

The coordination sphere around the Zn(ll) center consists
of two nitrogen atoms from the 2,2"-bipyridine ligand and
three carboxylate oxygen atoms from two L! fragments. The
two oxygen atoms from one arm of the dipodal ligand assume
chelating coordination mode, and one oxygen atom from
another L fragment lies in a terminal coordination (Figure S8,
Supporting Information). Each unit of L! interacts with two
adjacent Zn(I1) centers and gives rise to the framework of a 1D
zig-zag chain structure (Figure 1a). Furthermore, the
asymmetric unit of 1 contains 1.5 H,O molecules, of which
one of them is disordered over two positions (Figure 1b).
These water molecules are involved in H-bonding interactions
with both the coordinated and uncoordinated carboxylate O-
atoms and result in the formation of a H-bonded trigonal 3D
network along the c¢ axis (Figure 1c). A closer look at the
coordination polyhedron around the Zn(Il) center shows that
both the equatorial (chelating) Zn—0O bonds are equivalent in
distance (Zn—021: 2.134(7) and Zn—022: 2.172(8)), while
the apical Zn—0O contact (Zn—031: 1.955(8)) is shorter by
9.2%. By contrast, one of the equatorial Zn—N distances of the
2,2"-bipyridine (Zn—N41: 2.084(6)) ligand is longer than the
other one (Zn—N52: 2.007(7)) by 4.4%. The averages of out-
of-plane bond angles, namely, O—Zn—0O and N—Zn—0 are
106.32(3)° and 113.975(3)°, respectively, are much larger
than those found in typical square pyramidal geometries. In the
absence of its typical charge-separated structure, these
geometric distortions around the metal center could act as
one of the factors causing polarization in 1.

To check whether these distortions generate any dipole in
the structure, we performed preliminary ab initio calculations
on the polyhedral Zn(lIl) core of 1.“*™*° These calculations
yielded a change in dipole moment of 30.68 eA upon changing
the Zn(ll) core from an ideal square-pyramidal to distorted
square-pyramidal geometry, as shown in Figure 2a. The
location of the positive and negative charge densities obtained
due to the distortions is displayed in Figure 2b. Interestingly,
these dipoles align in the propagation direction of the 1D chain
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Figure 2. View of the Zn(ll) core of 1 showing (a) the orientation of
its dipole and (b) the charge-density plot with the separation of
positive (yellow) and negative (cyan) charges. (c) Long-range
ordering of the dipoles around the metal centers assisted by H-
bonding interactions.

in 1 along the polar ¢ axis (Figure S9, Supporting Information).
Furthermore, a long-range order of these dipoles is established
via H-bonding interactions with solvent molecules (Figure 2c).
Nevertheless, it should be emphasized that the overall dipole
moment and the polarization of the system will include the
collective contributions of the metal-ions, ligand systems, and
the solvate molecules.

SHG, Ferroelectric, Dielectric, and Piezoelectric
Studies. The noncentrosymmetric nature of 1 was further
verified by the Kurtz—Perry (Graja) powder method.*®*” The
800 nm fs laser pulses were employed to obtain second
harmonic generation (SHG) signals in size-graded samples of 1
and KDP (Agyg = 400 nm) at 293 K. The calculated integral
intensities of SHG signals yielded a relative SHG e ciency of 1
equal to 0.23 versus that of the KDP reference material (Figure
510, Supporting Information).

The compound 1 exhibits a molecular symmetry of C,,
which belongs to the combined class of 10 polar point groups
that are capable of showing a ferroelectric property. To
establish the ferroelectric nature of 1, the polarization vs
electric field (P-E) measurements were performed for 1 on its
drop-casted thin films on the Al substrate (Figures S15 and
S16, Supporting Information).*® These measurements yielded
a nearly rectangular shaped P-E hysteresis loop for the thin-
film sample of 1, indicating its ferroelectric nature. A saturation
polarization (P,) value of 4.80 uC/cm? at a coercive field of
0.62 kV/cm was obtained for 1 (Figure 3a). The current
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Figure 3. (a) P-E hysteresis loop measurements of 1 at room

temperature along with the leakage current-density plot. (b)
Temperature dependence of €’ for 1 under di erent frequencies.
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density measured as a function of the electric field along the P-
E loop trace shows low leakage currents and gave peaks due to
the coercive fields indicating the presence of switchable
polarization.

To further explore the polarization characteristics, the
dielectric permittivity analysis was done on the compacted
disc of 1. The real part of the dielectric permittivity (€") as a
function of temperature showed a broad anomalous peak at the
temperature ranging from 308 to 423 K, which is attributed to
the desolvation of the solvated water molecules present in 1.
Further rise in the temperature shows no additional peak
anomaly, signifying the absence of any ferroelectric to
paraelectric phase transition until 573 K (Figure 3b). The
thermogravimetric analysis shows an initial weight loss of
about 5% onset at 318 K and a subsequent weight loss of
around 38% at 578 K due to its decomposition (Figure S17,
Supporting Information). The powder X-ray di raction data of
framework 1 collected at temperatures between 300 and 493 K
shows no change in its peak profiles, indicating that the
crystallinity and the structural stability of the framework are
retained even after desolvation (Figure S18, Supporting
Information). Furthermore, the frequency-dependent permit-
tivity measurements recorded in the range of 1 MHz to 10 kHz
show an increasing trend in the €' values, signifying the
existence of all four polarization mechanisms in 1 at lower
frequencies. Particularly, the polarizability of solvated water
molecules and the mobility of ions gave higher polarization at
lower frequencies (Figure S19, Supporting Information). The
dielectric loss factor (tan 8), which indicates the dissipation of
electrical energy as heat, was observed to be very low in both
temperature- and frequency-dependent measurements (Figures
S20 and S21, Supporting Information).

With the aim to investigate the local polarization state of 1,
vertical piezoresponse force microscopy (VPFM) experiments
were done on the polycrystalline disc of 1 mounted on the Pt
substrate. PFM provides the information regarding strength of
the electromechanical coupling and direction of polarization in
each domain.***® An external dc bias of 50 V with a
superimposed constant alternating current voltage of 25 V
from the metal-coated conducting tip perpendicular to the
pellet surface was applied to record the polarization attributes
(Figure S22a, Supporting Information). The obtained
amplitude and phase images of 1 with an active area of 5 x
5 um? are shown in Figure 4a and Figure 4c, respectively (for
topography, please see Figure S22b, Supporting Information).
Subsequently, PFM spectroscopy was performed at a fixed
location on 1 by applying an additional dc bias of 50 V at the
cantilever tip. Figure 4b shows the typical “butterfly”-shaped
amplitude-bias loop, which corresponds to the strain-voltage
phenomenon of piezoelectric materials. The di erence
between phases of the opposite signals is nearly 180°, which
shows the inverse domain switching of the polarization (Figure
4d). These results support the existence of ferroelectric
behavior in 1. Such observations for the domain structures at
the nanoscale are rare among metal—ligand coordination
polymers.?® Furthermore, the piezoelectric coe cient dss (a
quantitative measure of the piezoelectric deformation, which is
directly proportional to the amplitude) was calculated to be
19.4 pm/V. The observations of ferroelectric domains and
sizable piezoelectric coe cient values are quite rare among
single-component metal—ligand assemblies (Table S2, Sup-
porting Information).
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Figure 4. PFM data of 1. (a) Amplitude image. (b) Amplitude-bias
butterfly loop. (c) Phase contrast image (d) Phase hysteresis loop.

Fabrication and Characterization of the 1-TPU
Composites. Spurred by the promising ferro- and piezo-
electric attributes of 1, we set out to utilize this framework for
the fabrication of flexible piezoelectric nanogenerators. For this
purpose, composites with various (1, 5, 10, and 15) weight
percentages (wt %) of 1 were prepared in combination with
the piezoelectrically inactive polymeric TPU.”* These
composites were obtained by mixing the calculated amount
of 1 into a DMF solution of TPU. The homogeneous mixtures
were poured into an aluminum mold and heated at 60 °C for
24 h, and the formed films were subsequently peeled o (Table
S3 and Figure S23, Supporting Information). The exceptional
flexibility of all these as-made composite films was examined by
subjecting them to the various mechanical stretching, rolling,
and bending operations (Figure 5a and Figure S24, Supporting
Information). Furthermore, a good dispersion of 1 in the TPU
matrix is observed from the confocal microscopy image of the
5 wt % 1-TPU composite, which is favorable for the e ective
stress transfer during the mechanical energy generation
process.”>>* The PXRD profiles of these films show that all
hkl di raction peaks of 1 are intact in the composite films,
serving as direct evidence for the presence of crystalline
particles embedded in the composite films (Figure 5b and
Figure S25, Supporting Information).

To confirm whether the piezoelectric properties of 1 are
preserved in the composite films, the PFM experiments were
performed on the 5 wt % 1-TPU film. The amplitude image
shows the presence of the domain structures with upward and
downward polarizations. The PFM spectroscopy performed at
a single point on the film shows the characteristic butterfly-
shaped amplitude loop (Figure 5c,d and Figure S26,
Supporting Information). The slope of the amplitude curve
yielded a converse piezoelectric coe cient (ds3) value of 16.7
pm/V.

The device architectures for these composite films were
made by placing copper adhesive tapes, which serve as top and
bottom electrodes (Figure 5a). Finally, the fabricated nano-
generator devices were sealed with Kapton tape to keep the
electrodes and the composite films intact and provide
insulation to the devices from the external environment. The
cross-sectional SEM images of a representative 1-TPU device
indicate the thickness of the 1-TPU thin film to be =0.47 mm
(Figure S27, Supporting Information). The output perform-
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Figure 5. (a) From top to bottom: Pictures demonstrating the flexibility of a representative 1-TPU film toward rolling and stretching functions.
The 1-TPU film photograph taken under the polarizing microscope at a magnification scale of 200 um. Photograph of the device showing the
sandwich structure of 1-TPU between Cu electrodes encapsulated with Kapton tape. (b) PXRD profiles of composite films of 1-TPU with various

wt % of 1. (c) PFM-topography image at a 10 x 10 pm? area of the 5 wt % 1-TPU composite film. (d) PFM-amplitude-bias voltage butterfly-
shaped loop.
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Figure 6. Piezoelectric characterizations of the poled 1-TPU-based composite devices. (a) Open-circuit voltages (V,.) of all the devices generated
under a periodic mechanical tapping on a shifted-time axis. (b) Polarity-switching tests using the forward and reverse connections to the
oscilloscope. (c) Longitudinal piezoelectric coe cient (ds3) measurements of various 1-TPU films. (d) Load resistance-dependent output voltage,
current density, and power density data of the best performing 5 wt % 1-TPU film. The solid lines connecting the points in the plots of panels (c, d)
serve as a guide to the eye.
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ance of all these 1-TPU devices was estimated by applying
constant compressive force from a home-built impact
stimulator.>* Prior to the experiment, all the 1-TPU composite
films were subjected to a poling process at an electric field of
25 kV/cm for about 2 h at room temperature to orient the
disordered electric dipoles along the electric field direction.
The open-circuit voltage (V,;) of the devices was recorded
under an impact force of 40 N at a frequency of 17 Hz, from
each of the devices with an active area of 1.3 x 2 cm?, Figure
6a presents the output voltages generated from all the 1-TPU
devices along with a blank device fabricated from a pristine
TPU layer (for individual data, please see Figure S28,
Supporting Information). It is evident that the electric
performance is strongly correlated with the concentration of
the piezoelectric fillers. An initial increase in the V. from 3.24
to 5.65 V is noticed as the mass fraction is varied from 1 to 5
wt % of 1. Subsequently, it drops to 4.22 and 3.05 V as the
content of 1 is increased further to 10 and 15 wt %,
respectively. This clearly signifies that compositional opti-
mization is essential for yielding the best performance in
piezoelectric nanogenerators. In this case, the champion device
is the 5 wt % 1-TPU hybrid material, which shows a maximum
output of 5.65 V. Also, an examination of the output voltages
of this best-performing device under various external impact
forces (28, 35, and 40 N) showed again the highest open-
circuit voltage of 5.6 V at the optimal 40 N force (Figure S29,
Supporting Information).

By contrast, the reference device involving only pure TPU
shows a negligible V,. of 400 mV. Since TPU is non-
piezoelectric, the observed small electrical signals from it can
be tracked to the residual electrostatic charges at the
electrodes. Nevertheless, this e ect can be neglected, given
the large contrast provided by the robust piezoelectric e ect
seen for 1. Furthermore, we carried out a polarity-switching
test (by reversing the connections to the oscilloscope) on all
the 1-TPU devices to verify that the observed electric signals
are purely due to the piezoelectric e ect (Figure S30,
Supporting Information).>>*® Figure 6b illustrates that the
V. values of nearly the same magnitude are observed from the
best performing 5 wt % 1-TPU nanogenerator in the forward
and reverse connections. The insets of this figure exhibit a
close view of a single pulse demonstrating the reversibility of
the positive and negative piezoelectric potential responses
during the compression and release cycles. Also, the obtained
V. from the non-poled devices is found to be much lower than
that from poled devices (Figure S31, Supporting Information).

The variations in the voltage outputs of these 1-TPU films
can be understood as follows. During the piezoelectric impact
stress and release operation, free electrons produced at the
electrodes will be driven to flow back and forth to screen the
induced piezopotential di erence and maintain electrostatic
equilibrium between the two electrodes. An alternating output
voltage is generated to counter the flow of free electrons in an
external circuit. The disproportion in the positive and negative
voltage peaks can be ascribed to the variation between the
external force applied and the restoring force. When the
concentration of 1 is increased, an augmentation in the
Maxwell—Wagner—Sillars (MWS) phenomena takes place due
to the increase in the interface area.>’ A further increase in the
piezoelectric content beyond a threshold limit, however, results
in the aggregation of the particles. Although this e ect
improves permittivity, it also causes the field concentration
e ect and dipole mobility in an adverse way, leading to a
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decrease in the output performance.”®*®*® The scanning
electron microscopy (SEM) images recorded on all the 1-TPU
composites show a homogeneous distribution of 1 in the TPU
matrix at lower concentrations and indicate the aggregate
formation for particle loadings of 10 wt % and above (Figure
S32, Supporting Information). To corroborate this, the
dielectric permittivity values of all the composite films of 1-
TPU were measured and compared. These measurements
showed an increase in the € values for up to 5 wt % of 1 in the
polymer matrix. However, it was found to decrease in the
higher 10 and 15 wt % composites, confirming a reduction of
the bulk polarization in them (Figures S33—S35 Supporting
Information).

To further confirm the concentration e ect of 1 on the
device output characteristics, direct piezoelectric coe cient
(d33) measurements were performed using the Berlincourt
method. The di; values were extracted by a quasi-static
piezometer on the various wt % composite films of 1 with an
externally applied force of 0.25 N, which operates at a
frequency of 110 Hz. These measurements yielded the dj,
values of 4.20, 11.70, 9.06, and 3.30 pC/N for the composite
films 1, 5, 10, and 15 wt % 1-TPU, respectively (Figure 6¢ and
Figure S36, Supporting Information). Notably, the highest ds,
value of 11.70 pC/N is acquired for the best performing 5 wt
% 1-TPU film. Also, the observed trends in the dj; values again
validate the reduction of dipoles due to the increase in the
concentration of the particles beyond the optimal loading,
which correlates well with the V. values obtained for the 1-
TPU composite devices.

To determine the appropriate impedance matching for the
working e ciency, the electrical output responses (such as
voltage, current density, and power density) for the best
performing device (5 wt %) were extracted by employing
various resistors ranging from 0.1 to 50 MQ (Figure 6d). The
applied pushing force and frequency were maintained constant
during the measurements at 40 N and 17 Hz, respectively.
With an increment in the load resistance, the output voltages
(V) of the 5 wt % 1-TPU device were found to increase.
Concomitantly, the peak-to-peak current density (J) values of
the 1-TPU device are decreased from 15.5 to 0.8 uA/cm?, with
an increase in the resistance loads from 0.1 to 50 MQ due to
the ohmic loss (Figure S37, Supporting Information).
Furthermore, the instantaneous peak power density (P = V
x J) of the device was calculated, as shown in Figure 6d. The
highest power density value of 14.6 uW/cm? was obtained at 1
MQ for the 5 wt % 1-TPU, which is identified as an optimized
matching resistance useful for real-life applications. The fatigue
experiments on this 5 wt % composite device showed
substantial durability exhibiting the retention of the open-
circuit voltages even after 400 cycles with a constant external
impact of 40 N (Figure S38, Supporting Information).

Despite the fact that metal—organic frameworks (MOFs)
and coordination polymers have been utilized in the past as
mechanical energy harvesters, most of them have been
employed either as additives to PVDF, to enhance its
performance via the enhancement of its electroactive [-
phase, or as triboelectric nanogenerators.®®®* However, there
are only a few examples of piezoelectric nanogenerators known
that employ MOFs or coordination polymers. Recently, Gazit
and co-workers have demonstrated nanogenerators con-
structed from a Zn-peptide-based coordination polymer, in
which the output performance was governed by the choice of
guest molecules.®” In this regard, the 5 wt % 1-TPU device
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exhibits much higher output voltage and power density values,
promising the utility of such neutral coordination polymers for
future technological applications (Table S4, Supporting
Information).

The energy storage e cacy of the 1-TPU 5 wt % device was
further examined through the charging of capacitors with
di erent capacitance values. A full-wave bridge rectifier circuit
was employed to connect the device to the capacitor, which
converts the ac potentials to dc voltages (Figure 7a). The
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Figure 7. (a) Drawing representing the charging of a capacitor using a
1-TPU device connected through a full-wave bridge rectifier circuit.
(b) Calculated charge of the 5 wt % 1-TPU device at di erent load
capacitances.

voltages in the capacitors were found to increase as a function
of time, and the obtained saturation voltages were found to be
very close for most of the load capacitors (Figure S39,
Supporting Information). The charging rate is higher for a
lower value capacitor as its saturation charge is attained quicker
than the other higher loading capacitors. Note that the voltage
measured across these capacitors is much lower than the
corresponding output voltage due to the voltage consumed in
rectification of the diodes and/or leakage of the stored energy
in the capacitors.®*®* Furthermore, the stored charges (Q) on
the capacitors (C,) were calculated by the formula Q = C V
(Figure 7b). A linear relationship between the strength of the
load capacitor and the storage capacity is observed in all of
them, showing a gradual increase in the energy storage until
the curves become saturated.®>®® Again, the 10 pF capacitor
stores only a small amount of charge and attains the saturation
value very quickly. A maximum stored charge of 5.22 uC is
noted for the highest rated 100 uF capacitor at a given time of
350 s.

B conclusions

In summary, we have synthesized a neutral noncentrosym-
metric one-dimensional coordination network 1 that exhibits
both piezo- and ferroelectric properties. An electromechanical
coe cient value of 194 pm/V extracted from the PFM
measurements is remarkable for its neutral framework
structure. The existence of a dipole moment in 1 can be
tracked down to the distortions of the Zn(lIl) center, as
inferred from preliminary DFT calculations. Also, the P-E loop
measurements yielded a P, value of 8.04 uC/cm? supporting
its ferroelectric properties. Furthermore, flexible composite
materials of 1 were prepared and employed as piezoelectric
energy devices. The highest open-circuit voltage of 5.6 V and
power density output of 14.6 uW/cm? were recorded for the
optimized champion device containing 5 wt % of 1 in the TPU
matrix. The potential of this framework-based device for small-
scale energy storage was demonstrated via capacitor charging
experiments. These findings demonstrate the potential of lead-

free ferroelectric metal—organic frameworks with lightweight
metal ions for fabricating piezoelectric nanogenerator devices
for use in future multifunctional electronics.
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