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Design and Piezoelectric Energy Harvesting Properties of a

Ferroelectric Cyclophosphazene Salt

Swati Deswal, Rishukumar Panday, Dipti R. Naphade, Pierre-Andre Cazade,
Sarah Guerin,* Jan K. Zareba,* Alexander Steiner,* Satishchandra Ogale,*
Thomas D. Anthopoulos,* and Ramamoorthy Boomishankar*

Cyclophosphazenes offer a robust and easily modifiable platform for a diverse
range of functional systems that have found applications in a wide variety of
areas. Herein, for the first time, it reports an organophosphazene-based
supramolecular ferroelectric [[PhCH,NH).P;N;Me]l, [PMe]l. The compound
crystallizes in the polar space group Pc and its thin-film sample exhibits
remnant polarization of 5 uC cm=2. Vector piezoresponse force microscopy
(PFM) measurements indicated the presence of multiaxial polarization.
Subsequently, flexible composites of [PMe]l are fabricated for piezoelectric
energy harvesting applications using thermoplastic polyurethane (TPU) as the
matrix. The highest open-circuit voltages of 13.7 V and the maximum power
density of 34.60 uW cm~2 are recorded for the poled 20 wt.% [PMe]l/TPU
device. To understand the molecular origins of the high performance of
[PMe]l-based mechanical energy harvesting devices, piezoelectric charge
tensor values are obtained from DFT calculations of the single crystal
structure. These indicate that the mechanical stress-induced distortions in the
[PMe]l crystals are facilitated by the high flexibility of the layered

1. Introduction

Ever since the discovery of ferroelectricity
in Rochelle salt (KNaC,H,O4-4H,0) and
potassium dihydrogenphosphate
(KH,PO,), ferroelectrics  have  be-
come a burgeoning class of functional
materials.['2] They are employed as ferro-
electric random-access memories, capaci-
tors, sensors, actuators, electromechanical
transducers, field-effect transistors, effi-
cient photovoltaics, and as mechanical
energy harvesters.>%! While inorganic ox-
ides dominated the commercial market for
decades, growing environmental concerns
have driven technological interest in small-
molecule-based ferroelectrics.” 1! Aided
by non-covalent interactions, supramolec-
ular chemistry offers a versatile platform
for designing new ferroelectric materials

supramolecular assembly.

with desired functionalities and improved
charge polarization characteristics.['?-14]
Several two-component systems containing
acyclic cations such as ammonium and
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Figure 1. a) Schematic diagram of [PMe]l. b) SHG plot of [PMe]l. c) Crystal structure showing the 2D hydrogen-bonded network connected via NHese|
interactions. d) Ribbons of [PMe]* ions mediated by NHeeeN and CHeeeN contacts.

phosphonium ions or cyclic cations such as DABCO
(1,4-diazabicyclo[2.2.2]octane), TMCM (trimethyl
chloromethyl ammonium), EDABCO (N-ethyl-1,4-
diazoniabicyclo[2.2.2]octonium), pyrrolidinium and quinu-
clidinium ions, etc. have been investigated in combination
with mono- and polyatomic anions.'"!>-18] However, many
of these systems suffer from low polarization values or Curie
points (T¢) near or below room temperature, which is limiting
their applications. Cyclophosphazenes are a versatile class of
inorganic ring systems. Their ring backbone of alternating phos-
phorus and nitrogen atoms is chemically highly inert offering
a robust platform for anchoring a wide variety of substituents.
This has led to a myriad of functionalized systems that have
been explored as antibacterial agents, heterogeneous catalysts,
sensors, biomedical materials, and flame retardants to name a
few.[1%5] The commercially available precursor hexachlorocy-
clotriphosphazene (cyclo-P;N;Cl;) has six chlorine atoms that
are readily replaced by nucleophiles such as amino groups.!?¢!
Furthermore, the N-ring sites of amino-phosphazenes can be
alkylated to yield N-alkylphosphazenium ions.[?’”] Inspired by
their great scope for modification and ability to self-assemble
into crystalline supramolecular arrays,?>-2] we envisioned that
phosphazenium salts could also serve as ferroelectric materials.

Herein, we report for the first time the utilization of a cyclot-
riphophazene as a ferroelectric material, in the form of its two-
component ionic system, [(PhCH,NH)P;N;Me]l ([PMe]I). Fer-
roelectric measurements of this material gave a remnant polar-
ization (P,) value of 5 pC cm~2. The ferroelectric domain struc-
ture of [PMe]l has been visualized by vector PFM measurements.
Furthermore, a thermoplastic polyurethane (TPU) composite of
[PMe]l was tested for piezoelectric energy harvesting applica-
tions. The maximum output voltage of 13.7 V and the power
density value of 34.60 W cm~2 were recorded for the poled
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20 wt.% [PMe]I/TPU device. The DFT calculations on [PMe]l
crystals show a maximum strain constant of 25 pC N1, which
is responsible for its efficient nanogenerator attributes.

2. Results and Discussion

The organic phosphazene salt [(PhCH,NH),P;N,Me]l, [PMe]l,
(Figure 1a) was synthesized by the reaction of the benzyl amino
derivative P;N,;(PhCH,NH),, (P) with methyl iodide (Scheme S1,
Supporting Information). The compound melts at 185 °C and de-
composes above 253 °C as indicated by thermogravimetric anal-
ysis (Figure S7, Supporting Information). Colorless crystals of
[PMe]l were obtained from the slow evaporation of a solution
in methanol at room temperature. Single crystal X-ray diffrac-
tion (SCXRD) analysis revealed that the compound crystallizes
in the polar monoclinic space group Pc (Table S1, Supporting
Information). The non-centrosymmetric nature of [PMe]l was
further confirmed by the detection of a second harmonic gen-
eration (SHG) signal for the powdered sample upon irradiation
with 1060 nm femtosecond laser pulses at 293 K, with a rela-
tive SHG efficiency of ca. 0.01 versus potassium dihydrogenphos-
phate (KDP) (Figure 1b).

The low-temperature structure that was measured at 120 K
is very similar to that recorded at room temperature (see
Figures S3 and S4, Supporting Information for crystallo-
graphic data). The asymmetric unit of [PMe]l contains four N-
methylphosphazenium cations and four iodide anions. The bond
lengths and angles of the P; N ring are consistent with structural
parameters found in other N-alkylphosphazenium salts.?’] Sim-
ilar to phosphazenium rings in structures reported previously,
the rings in [PMe]l is slightly puckered. One of the four crys-
tallographically independent rings shows an out-of-plane disor-
der that could be resolved for the low-temperature data (120 K)

© 2023 The Authors. Small published by Wiley-VCH GmbH
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Figure 2. a—d) Diagram representing vector PFM images showing a) 3D-topography, b) 3D-vertical amplitude, c) 3D-vertical phase, and d) local PFM
phase versus bias and amplitude versus bias hysteresis loop for a selected point on the thin film. e) Comparative PFM resonance curves of [PMe]l and
DIPAB at 2 V. f) Pointwise amplitude versus drive voltage measurements on [PMe]l and DIPAB crystal surface.

but masked at room temperature by the somewhat larger ther-
mal displacement parameters (Figure S5, Supporting Informa-
tion). In the crystal, [PMe]I forms a layered structure. The short-
est contacts between [PMe]*+ and I~ ions are NH...I interactions
resulting a 2D hydrogen-bonded network (Figure 1c). Within
this network, the [PMe]+ ions are arranged in ribbons me-
diated by NH—N(ring) and CH—N(ring) contacts that involve
the amino and the methylene groups of the benzylamino sub-
stituents (Figure 1d).

It is noteworthy that only two of the four crystallographically
independent [PMe]*+ ions are engaged in NH—N bonds, which
underlines the low symmetry of the structure. The central realm
of heteroatoms is sandwiched between hydrophobic domains of
peripheral benzyl groups that interact with each other mainly via
CH-r contacts. The arrangement is reminiscent to that of lipid bi-
layers. The bulk phase purity of [PMe]l was established by powder
X-ray diffraction (PXRD) measurements (Figure S6, Supporting
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Information). Differential scanning calorimetry measurements
of [PMe]lI confirmed the absence of any phase transition up to
the melting point (Figures S8-S10, Supporting Information).
To elucidate the domain structure and polarization switch-
ing behavior of [PMe]l, we performed Piezoresponse Force Mi-
croscopy (PFM) studies. Vector mode, vertical (V), and lateral (L),
PFM studies were conducted to measure the respective out-of-
plane and in-plane piezoelectric signals. Figure 2a illustrates the
3D topography and Figures 2b,c represents the corresponding
V-PFM amplitude and phase mappings overlaid on the topogra-
phy. The bright and dark contrasts in the amplitude image reflect
the magnitude of the piezoresponse and the color difference in
the phase image (Figure 2c) reveals polarization orientation for
each domain. The V-PFM and L-PFM results show differences
in the domain size and structure within the individual [PMe]I
flake (Figure S12, Supporting Information). The strong vector
amplitude signals (both lateral and vertical) and the presence of

© 2023 The Authors. Small published by Wiley-VCH GmbH
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Figure 3. a) P-E hysteresis loop and leakage current density plot of [PMe]l on a drop-casted film. b) The temperature-dependent real part of dielectric

permittivity (¢') of [PMe]l at various frequencies.

non-180° domain walls support the multiaxial nature of [PMe]l
showing domains with diverse polarization orientations.*! Sim-
ilar observations have also been made from the V-PFM images on
a single crystal of [PMe]l (Figure S13, Supporting Information).
The PFM spectroscopy performed on a single point of the thin
film gave a well-defined hysteresis phase loop and a butterfly-
shaped amplitude loop (Figure 2d). The phase change by 180°
implies a complete polarization switching behavior in the sam-
ple.

Furthermore, the obtained PFM resonance curve at 2 V on
the [PMe]l surface showed a higher peak value than that of
the standard sample of diisopropyl ammonium bromide (DI-
PAB) confirming the excellent piezoelectric nature of [PMe]l
(Figure 2e).3% Subsequently, the pointwise Amplitude versus
drive voltage measurements were performed on the ferroelectric
domains of both [PMe]l and DIPAB (Figure 2f). The linearity of
the amplitude data as a function of driving voltage suggests the
intrinsic piezoelectric nature of both [PMe]l and DIPAB. Notably,
the relative magnitude of the piezoelectric coefficient of [PMe]l,
determined from the ratio of the slopes of these fitted lines, is
approximately four times higher than that of DIPAB crystal.

The ferroelectric nature of [PMe]l was further established by
performing polarization versus electric field (P-E) measurements
on its thin film sample using the Sawyer-Tower Circuit. The mea-
surements manifested a well-resolved rectangular hysteresis loop
at an operating frequency of 0.03 Hz (Figure 3a). A reasonably
good remnant polarization value of 5 pC cm™2 was obtained at
298 K. The obtained value is comparable with the polarizations
reported for various other emerging organic molecular ferroelec-
tric materials.132] The leakage current density plots of [PMe]l
measured along the P-E loop exhibit two opposite peaks, signify-
ing two stable states of opposite polarizations and thereby sup-
porting the ferroelectric nature of the obtained loops. The obser-
vation of slightly higher leakage currents could presumably be at-
tributed to the presence of grain boundaries in the thin film sam-
ple of [PMe]I and the resistance from the electrical circuits due to
the high electric fields.?3] Temperature-dependent polarization
(%) measurement has been performed on the 8 mm diameter
and 0.98 mm thick pellet of [PMeI]I by applying 100 V bias volt-
age at an operating frequency of 100 Hz. This measurement also
revealed an increase in polarization at higher temperatures and
the absence of any phase transition (Figure S14, Supporting In-
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formation). Furthermore, temperature-dependent dielectric per-
mittivity measurements on compacted pellet show no apparent
dielectric anomalies in [PMe]I (Figures 3b; Figures S15-S17, Sup-
porting Information), confirming the absence of any structural
phase transitions from RT up to 440K. The probable reason for
the absence of phase transitions in [PMe]l could be the bulkiness
of substituents attached to the phosphazenium cation. However,
a significant rise in the &’ values is witnessed above 360 K, which
stems from more polarizable domains and enhanced ionic con-
ductivity in the compound closer to its melting point. A maxi-
mum ¢’ value of 8.2 was obtained at room temperature for [PMe]l
at 1 kHz. Moreover, the compound displays considerably low di-
electric loss factors (tan &) as observed from its electrical energy
dissipation, which mirrors the observed trends in the &’ versus
temperature plot (Figure S15, Supporting Information). Simi-
lar trends were observed from frequency-dependent ¢’ and tan
& plots with varying temperatures (Figures S15-S17, Supporting
Information).

The polarization switching is facilitated by the flexibility of the
supramolecular assembly. However, due to the complex nature of
the crystal structure containing four independent ion pairs, it is
difficult to identify a specific moiety being solely responsible for
this effect. Possible causes could be (a) the shifting of iodide ions,
which show anisotropic displacement parallel to the hydrogen-
bonded network and (b) the phosphazene rings, which could flip
between puckered conformers. An indication of this is the out-
of-plane disorder of one of the rings.

Propelled by the excellent ferroelectric properties of [PMe]l,
we explored its utility for piezoelectric energy harvesting applica-
tions. For these studies, polymer composites with varying weight
percentages (wt.%) were prepared by dissolving suitable quanti-
ties of [PMe]lI into homogeneous solutions containing thermo-
plastic polyurethane (TPU) in THF. All formulated composites
exhibited excellent mechanical flexibility (Figures 4a; Figure S18
and Table S4, Supporting Information).

The PXRD of the composite films showed a rise in the PXRD
reflection intensities upon increasing the loading of the ferroelec-
tric crystallites in the composite films (Figure S19b, Supporting
Information). At the lower concentrations, the [PMe]I crystallites
orient primarily along the a-direction (planes (1 0 0), (2 0 0), and
(3 0 0), (Figure S19b, Supporting Information)). However,
at higher concentrations (25 wt.%) additional peaks start to

© 2023 The Authors. Small published by Wiley-VCH GmbH
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Figure 4. a) Photograph of the 20 wt.% [PMe]l/TPU composite film under stretching operation. b) Cross-sectional SEM image of [PMe]l/TPU and c) the
schematic diagram of the composite device d) Comparative output voltage performance of all wt.% [PMe]l/TPU composite devices with a shifted time
axis. e) Voltage and power density plots as a function of load resistance corresponding to the poled 20 wt.% [PMe]l/TPU device. f) Plots of accumulated
charges for different rated capacitors were obtained by employing the poled 20 wt.% [PMe]l/TPU.

appear due to agglomeration. The peak at 19.9° in the 25 wt.%
[PMe]I/TPU composite corresponds to the (0 6 2) plane, which
suggests the random orientation of the crystallites in this com-
posite. The surface morphologies probed by scanning electron
microscopy (SEM) indicated the random distribution of the
[PMe]l crystallites in the polymer matrix (Figure S20, Support-
ing Information). Based on the cross-sectional SEM image, the
thickness of the composite film, sandwiched between the Al-
electrodes, was calculated to be 0.15 mm (Figure 4b).
Piezoelectric energy harvesting experiments were performed
by applying a periodic compressive force directly on the as-
prepared devices using a home-built vertical impact setup cou-
pled with an oscilloscope. The open-circuit voltages (V,.) were
recorded under an applied force of 21 N at a frequency of 9 Hz
as optimized from the previous studies (Figure S22a, Supporting
Information) The measured V,_ exhibits a strong correlation with
the concentration of the ferroelectric particles present in the com-
posite. When the particle concentration increases from 10 wt.%
to 20 wt.% in the [PMe]I/TPU composites, the V,_increases from
3.4 to 7.7 V (Figure 4d). The noteworthy improvement in the
output performances of the devices can be attributed to the en-
hanced piezoelectric response of the composites, which stems
from Maxwell-Sillars polarization developing at the interfaces be-
tween the ferroelectric fillers and the bulk polymer.3#3>] When
the force is applied to the device, the free electrons from elec-
trodes move back and forth to nullify the piezoelectric potential
generated from the impact. Subsequently, an alternating voltage
is generated in an external circuit to counter the flow of electrons
from both electrodes into the circuit. The lower performance of
the 25 wt.% composite is attributed to the agglomeration of the
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ferroelectric crystallites, which hinders the alignment of electric
dipoles at a longer range, thereby weakening the electromechani-
cal coupling effect (Figure S21, Supporting Information). Impor-
tantly, the performance of the optimal 20 wt.% [PMe]l/TPU was
found to improve upon subjecting the device to poling (25 kV for
2 h at 298 K), which results in a much higher V,_of 13.7 V at the
optimized force of 21 N and 9 Hz frequency (S22b, Supporting
Information).

The output characteristics of the best-performing poled
20 wt.% device was further evaluated over a wide range of
load resistances ranging from 0.8 to 50 MQ. The output volt-
age increases sharply and then saturates with increasing re-
sistance. (Figure 4e). A maximum power density (PD) value
of 34.60 pW cm~? was recorded at an optimal load of 1 MQ
for the device based on poled 20 wt.% [PMe]I/TPU (Figure 4e;
Figure S24, Supporting information). Furthermore, mechanical
durability tests performed on the optimized poled 20 wt.% [PMe]l
/TPU device reveal no degradation in signal amplitude even after
2500 cycles of continuous impact (Figure S23, Supporting Infor-
mation).

To demonstrate the practical utility, the electricity generated
from the poled [PMe]I/TPU device was directly applied to charge
aluminum capacitors using a full-wave bridge rectifier. As ob-
served from the charging curves, the poled 20 wt.% [PMe]I/TPU
champion device was found to charge the 10, 22, and 47 pF ca-
pacitors within 120 s with the maximum accumulated charges
of 0.66, 1.39, and 2.42 uC, and stored electrical energies of
0.022, 0.043, and 0.063 pJ, respectively (Figures 4f; Figure S25,
Supporting Information). These results promise their utility in
low-power electronic circuits and systems.
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To understand the device performance at the atomic scale,
Density Functional Theory (DFT) calculations were carried out
on the [PMe]l single crystal. The monoclinic space group al-
lows for ten (two longitudinal, four transverse, and four shear)
non-zero piezoelectric components (Figure 5a). The predicted
piezoelectric charge tensor values representing the induced po-
larization along a specific crystallographic axis, range from 0.3—
22 puC cm~2. This observation is in line with the average polar-
ization of 5 nC cm~2 measured for [PMe]l with random orien-
tation of the crystallites. Both e;; and e are predicted to have
polarization values of 5 pC cm™ (red line, Figure 5a). The high-
est predicted piezoelectric constants are e;; and e,, with charge
values of 22 pC cm=?, followed by an e,; value of 19 uC cm™2.
The high e, value corresponds to the crystallographic a-axis,
which is perpendicular to the plane of P-N rings. The high e,,
value indicates that applying a shearing force along the a-axis
will induce a large piezoelectric dipole in the perpendicular b-
axis. A dipole along the b-axis would run parallel to the hydrogen-
bonded network. Figures 5c,d shows these responses as a func-
tion of the supramolecular packing in the [PMe]I crystal. These
results indicate that crystal distortions that reduce the distance
between neighboring iodide ions result in the largest induced
charge.

When strained along the crystallographic c-axis, the crystal is
predicted to have a mechanical stiffness of 2 GPa (Figure 5b). The
[PMe]I system reaches its ultimate tensile strength at very low
strain values, which suggests that the crystals would be brittle if
not reinforced by the TPU. The poor mechanical stiffness of the
[PMe]I crystals is evident from its direct piezoelectric charge co-
efficient (d,;) value of 0.13 pC/N, obtained from the Berlincourt

Small 2023, 19, 2300792

2300792 (6 of 7)

method. The measured high voltage output is reflected in the
calculated dielectric permittivity of 2.8. Combining these values
with the average device polarization values of 5 uC cm™? yields
the piezoelectric strain and voltage constants of 25 pC N~! and
1V mN™, respectively.

3. Conclusions

In summary, a newly designed two-component ferroelectric
[PMe]l consisting of N-methyl phosphazenium cations and io-
dide ions was synthesized and utilized for piezoelectric en-
ergy harvesting applications. The compound crystallized in po-
lar space group Pc; the ferroelectric measurements on its thin-
film sample displayed a remnant polarization value of 5 uC cm=2.
Vector PFM studies reveal the presence of spherulitic domain
structures and multiaxial polarization in [PMe]l. Moreover, its
potential application for energy harvesting devices was studied
in the form of TPU composites. A maximum V,_ of 13.7 V
and the highest power density of 34.60 uW c¢cm=? was ob-
tained from poled 20 wt.% [PMe]l/TPU composite. The elec-
tricity generated was subsequently utilized to charge an ex-
ternal capacitor which further illustrates the tremendous po-
tential of these novel supramolecular ferroelectrics for use
in self-powered electronics. The effective nanogenerator per-
formance of these composite devices was attributed to the
high piezoelectric strain constant of 25 pC N7' as revealed
by the DFT analysis of [PMe]l crystal. Organophosphazenes
are versatile synthons, and this study unfolds a hitherto un-
known application for this class of compounds in non-linear
dielectrics.

© 2023 The Authors. Small published by Wiley-VCH GmbH
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