Piezoelectricity of a Ferrocene-based Organic Small Molecule
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Abstract: Non-centrosymmetric crystals with piezoelectric properties have emerged as
promising materials for smart wearable systems and biomimetic robots. Here we
present a novel small ferrocene-based organic molecule crystal (Fc-Cz) possessing high
anisotropic-dependent optical and electronic properties, which has been utilized as an
ultrasensitive piezoelectric material for the development of a strain sensor. The flexible
piezoelectric sensor can distinguish subtle strain or deformations (such as wrist motion)
with fast response time (< 40 ms) via detectable piezoelectric signals (Imax = 580 pA).
Density functional theory (DFT) indicated that the external pressure can affect the
dipole moment by changing the molecular configuration of the asymmetric single
crystal Fc-Cz in the crystalline state, leading to a change of polarity, as well as an
enhanced dielectric constant. Based on our knowledge, this work is the first example

verifying that artificial organic small molecules can serve as simple, stable, high-
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performance tactile sensors, and this has the potential to open the door to low-cost

flexible wearable devices and energy harvesting applications.

Introduction

The development of advanced piezoelectric materials for tactile electronic skin (e-skin)
has attracted recent attention, and this has resulted in remarkable applications, for
example as wearable devices and in smart robotics.#l Piezoelectricity is an inherent
property of non-centrosymmetric crystals, and is highly sensitive and can distinguish
subtle changes in the external environment (such as temperature and pressure), and
generates a corresponding electrical signal.>-®1 The underlying mechanism of
piezotronic effect is the polarization charges of piezoelectric materials which are
generated under a mechanical deformation along the polarization orientation in the non-
centrosymmetric materials.[”! To-date, the engineering of piezoelectric materials with a
view to e-skin technology has focused on the use of carbon-based materials (carbon
nanotubest®, graphene ), polymer nanofibers*®, perovskitel'!], 2D layered materials
(such as a-InySes)*?14 and inorganic complexes!'®16l. However, few examples have
exploited small organic molecules to fabricate flexible wearable electronic devices at
the nanoscale level. In comparison to inorganic piezoelectrics, artificial small organic
molecules are potentially better piezoelectric materials because i) they possess varied
and tunable molecular frameworks, ii) they can adopt precise molecular structures
possessing unique molecular conformations, and iii) they exhibit controllable molecular
packing in the solid state. Moreover, theoretical calculations have revealed that the
presence of hydrogen bonding plays a significant role in achieving a larger maximum
piezo-response.l!”! Indeed, organic materials with numerous hydrogen bonds in their
molecular packing can potentially be efficient organic piezomaterials for strengthening
the piezoelectric properties.

It is found that bio-organic and natural biomaterials possess weak piezoelectric
effects, whilst breakthrough discoveries revealed that amino acids/proteins can be used

as piezoelectric materials for nanoelectronic applications.[*3°1 Thompson and



coworkers utilized the piezoelectric properties of glycine polymorphs for potential
application in biopiezoelectric sensing and energy harvesting!?°. Interestingly, Kholkin
et al. observed that self-assembled diphenylalanine peptide nanotubes (PNTs) exhibited
a strong anisotropy-dependent piezoelectricity with the orientation of polarization
along the axis of the tube!?!). However, currently, the utilization of unique molecular
architectures with strong piezoelectricity based on artificial organic molecules remains
a challenge.

Ferrocene, Fe(CsHs)2, is an aromatic hydrocarbon compound with a sandwiched
structure, and the Fe atom between the two parallel cyclopentadienyl (Cp) rings exhibits
an intriguing magnetic property and shows promise for utilization in electron transport
and spin filtering.?>21 Thus, various ferrocene-based complexes as organic
photoelectric-magnetic functional materials have been thoroughly investigated by
experimental and theoretical methods. On the other hand, due to the high-energy lone
pair at the Fe atom in the ferrocene unit, ferrocene-containing compounds prefer to
exhibit weak/non-emission through intramolecular photoinduced electron transfer
(PET) reactions, which could be an excellent “turn-on” probe to detect the metal cation
and anion by lowing the energy of the lone pair.[24

In 2001, Tang’s group observed an abnormal photophysical phenomenon and defined
it as aggregation-induced emission (AIE), whereby a series of twisted luminogens
exhibited non-luminescent in solution but the fluorescence intensity was enhanced in
the solid state.[?>271 Cyanostilbene derivatives are widely used in developing new AIE
luminogens, and this category of organic molecules in the solid state exhibited
mechanoluminescence (ML) and high luminescence photoluminescence (PL)
efficiency, and the conformation of the packing mode plays a significant role in
affecting the ML behavior.1?83% Thus, what would happen when the AIE luminogens
meet the organic photoelectric-magnetic materials?

In this work, by combining the cyanostilbene and ferrocene motifs, a new small
organic molecule (Fc-Cz) was readily designed and synthesized by a Knoevenagel
reaction, and its crystal packing, thermal behavior, photophysical properties, and

electrical properties have been fully investigated. Crystalline Fc-Cz illustrated strong



anisotropy-dependent piezoelectricity under external stimuli with a maximum peak
current up to 580 pA. Moreover, the advanced piezoelectric property of Fc-Cz was used
to fabricate a flexible tactile sensor for recording human activity (hand movements)

with highly sensitivity.

Results and Discussion

Synthesis and General Properties

A Knoevenagel reaction between ferrocene carboxaldehyde and 2-(4’-(8a,9a-dihydro-
9H-carbazol-9-yl)-[1,10-biphenyl]-4-

yl)acetonitrile (1) B in dry ethanol afforded the target compound (Fc-Cz) in 80% yield;
the synthetic route is illustrated in Scheme 1. The molecular structure Fc-Cz was fully
characterized by H/*3C NMR spectra, high resolution mass spectra (HRMS) and single
crystal X-ray crystallography. Fc-Cz possesses excellent solubility in common organic
solvents, such as toluene, tetrahydrofuran (THF), dichloromethane, dimethyl sulfoxide

(DMSO) and N,N-dimethylformamide (DMF).
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Scheme 1. Synthetic route to compound Fc-Cz.

Single crystal X-ray diffraction analysis

A single crystal of compound Fc-Cz was cultivated by slow evaporation of a mixture
of hexane and chloroform, and the detailed molecular structure and crystal pattern were
confirmed by X-ray crystallography and are illustrated in Figure 1. The basic
crystallographic data and structure refinement parameters are summarized in Table S1.
For crystalline Fc-Cz, the asymmetric unit contains eight molecules, the molecules

adopt a twisted conformation between the carbazole and two phenyl moieties with the



twist angles of 61.73 ° and 78.10 °, respectively. The ferrocene unit is almost parallel
with the carbazole unit, and the compound Fc-Cz adopts a head-to-tail packing pattern
through several C-H--x interactions with distances in the range of 2.944 - 3.031 A. The
crystals formed an ordered tight crystal-state packing along the a-axis and c-axis
directed by weak C-H:-m interactions, but adopted a loose packing pattern with
unconspicuous overlap and weak intermolecular interactions along the b-axis. 2
Moreover, it is interesting that Fc-Cz adopts a herringbone pattern along the b-axis
(Figure S3-2), and this packing would contribute to improving the mechanical

properties of the crystal.[*®l
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Figure 1. A) Crystal structure of compound Fc-Cz, B) Packing structure adopted via C-

H = interactions.

UV-vis measurement

The UV-visible absorption spectra of compound Fc-Cz were measured in THF solution
(10° M) and in the solid state. As shown in Figure S4-1, the UV spectra exhibited two
strong absorption peaks at 278 nm and 341 nm, respectively, and a weak absorption
band in the range of 430-600 nm, which was assigned to the metal-to-ligand charge
transfer (MLCT) transition. The compound Fc-Cz exhibited a maximum emission peak
at 397 nm in solution, which may originate from the phenyl-phenyl-carbazole units.
Although the crystal Fc-Cz did not emit any fluorescene in solid state using a
fluorescence spectrophotometry (Aex = 291 nm), a very weak, wide emission peak in

range 350 to 600 nm was observed under 325 nm laser irradiation (Figure S4). This



maybe due to the synergic effects of the strong twisted intramolecular charge transfer
(TICT) effect and the strong PET from the ferrocene to the phenyl-phenyl carbazole
fragment.
Polarization-dependent photoluminescence (PL) spectrum

The molecule Fc-Cz crystallizes in the monoclinic P21/c space group, and its low
symmetry in the unit cell indicated that the anisotropic excitons would dominate the
excitonic state and enhance the excitonic effects.l**3% Thus, polarization-dependent
photoluminescence (PL) was performed in order to understand the anisotropic optical
properties via angle-resolved polarized photoluminescence spectroscopy (ARPPS).[%!
A high quality, single rod-like crystal Fc-Cz (15 x 50 wm) was transfered to the SiO»/Si
substrate, the orientation-dependent photoluminescence property was measured by a
532 nm excitation laser and the PL diagram is illustrated in Figure 2. During the
measurements, the rotation angle (6) from 0° to 360° (every 10°) of the sample is

operated in a clockwise direction.
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Figure 2. (A) Schematic of the PL measurement configuration. (B) Photograph of
crystal Fc-Cz on the the Si/SiOz substrate with polarization orientations. (C) PL spectra
of different polarization angles. (D), (E) and (F) (E) and (F) Angular-dependent PL of

the maximum intensity of peak at 583 nm



In particular, a strong and intensive PL peak at 581 nm was observed under un-
polarization. When the excitation laser polarization direction (between the incident
light and PL detector: ¢) is 0°, as the rotation angle(6) changed from 0° to 180° (along
the z-axis), the PL intensity generally decreased from 458 au to 76 au (6 =0° ~ 90°),
then enhanced to 409 au (6 = 90° ~ 180°). The maximum/minimum related intensity
ratio (Imax/Imin) Was up to 6.0 and the polarization ratio ppr=(Imax - Imin)/(Imax + Imin) Was
ca. 0.72. Clearly, the ARPPS indicated that the anisotropy showed a significant effect
on the PL intensity with a two-lobed polar plot. When the excitation laser polarized
along the ¢ = 45° direction, the crystal Fc-Cz exhibited a similar polarization PL
behavior with a polarization ratio ppL Of 0.63. It is interesting that the polar plot
exhibited a four-leaf clover structure when the polarization orientation of excitation
laser was ¢ = 90°. Generally, the polarization PL intensity was related to the angle-
dependant near-gap excitons,®+%! thus, the polar plot indicated that the direct
recombination of excitons was mainly concentrated along the z-axis (001 plane) of
crystal Fc-Cz. For comparison, the above-mentioned polarization resolved spectra with
¢ = 0° was repeatedly measured for similar polarization PL behavior at selected points
(B and C) of this crystal sample, indicating that the same molecular orientation exists
in the crystal of Fc-Cz along the z-axis (001) planes (Figure S4-6). As for the above
ARPPS results, the crystal Fc-Cz exhibited well-defined anisotropy-dependent optical
properties.

Piezoelectric properties

The fundamental properties of transport behavior (such as charge carrier mobilityes,
anisotropic transport) for organic meterials are related to the development of high-
performance and low-cost organic semiconducting devices.*! In our case, a flexible
piezoelectric sensor was fabricated in a metal-organic semiconductor—metal (MOM)
structure on the polyimide (P1) substrate, using silver pulp as metal electrodes, where
the rod-like crystal Fc-Cz was fixed by a silver pulp along the z-axis ((001) plane); the
channel length of the pressure sensor device was about ca. 25 um (Figure S7-1).
Notably, the non-centrosymmetric monoclinic crystal Fc-Cz showed an obvious and

stable piezoelectric effect, and even the Pl substrate was bent under a periodic strain



(bending-released motion) within a hundred cycles (Figure S6-3).
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Figure 3. Piezoelectric outputs from the crystal of the ferrocene-based organic small
molecule nanogenerators. (A) the sketch of the flexible piezoelectric nanogenerators.
(B) the photograph of the flexible piezoelectric nanogenerators. (C) the relationship
between Electrical output (capacitance) and strain. (D) and (E) Short-circuit current
response of the ferrocene-based organic small molecule nanogenerator under periodic

strain (1.7%) along the z- and x-axes.

The applied strain can be calculated by the following formula(1):
e=dsino/L 1)
where, ¢ is the strain, d is the thickness of the substrate, 0 is the angle between the
tangent line along the end of the substrate and the horizontal line, L is the length of the
PL substrate.["!

When the strain was applied to the device along the z-axis, a negative current output



rapidly appeared within 40 ms, and a positive output was observed within <40 ms as
the strain was removed. Figure 3 and Figure S6 reveal the dynamic piezoelectric signals
as a function of strain from different directions. The dynamic piezoelectric signals were
enhanced as the applied strain increased from 0.5 % to 1.7 % along the z-axis (001)
(Figure 3c and Figure S6-2). However, under the same strain, the maximum peak
current was ca. 2-fold that along the z-axis (001) compared to x-axis (100), due to the
anisotropy of the crystal Fc-Cz, which was agreement with previous reports on 2D
layered materialst®®l. In particular, when the applied strain was up to 1.7% along the x-
axis, the maximum peak current was more than 580 pA, which was higher (ca. 80-fold)
than under 0.5 % strain. This value is larger than that reported previously for
piezoelectric materials, such as two-dimensional (2D) ultrathin semiconductors (GasS,
GaSe, In;Ses, MoSz, MoSe., graphene-based compositel'* 15 %-411) ‘indicating that the
Fc-Cz crystal based flexible piezoelectric device was ultrasensitive to external pressure.
For comparison, the piezoelectricity properties of the compound 2-(4’-(8a,9a-
dihydro-9H-carbazol-9-yl)-[1,10-biphenyl]-4-yl)acetonitrile (1) was also investigated,
and this also displayed a detectable electronic signal under extra strain. However, in the
absence of the ferrocene units, compound 1 exhibited brittleness with a low peak
current (~38 pA) under 1.3% strain (Figure S6-5). Thus, these results suggest that our
ferrocene-based organic small molecular semiconductor materials/flexible
piezoelectric nanogenerators would be applicable for applications such as e-skin, self-
powered systems and as wearable sensors.

Furthermore, due to the ultrasensitivity toward pressure, the crystal Fc-Cz was
transferred to a PDMS substrate in order to investigate its potential application as a
wearable sensor for the monitoring of human motion. As shown in Figure 4, the tactile
sensor was fixed above the forefinger and encapsulated by a polyimide film. When the
finger wrist adopted a periodic bending-stretching motion, the corresponding negative
and positive electronic signals were observed, and along with the increasing of the
bending angle, the piezoelectric current also increased. The maximum current was up
to 3600 pA when the finger bending angle was about 70°. The tactile sensor exhibited

good stability, high sensitivity, and an excellent repetition for the recognition of the



continuous movements of the human hand, and the entire measurement was recorded
simultaneously on video (see Movie 1 in Sl). Accordingly, such small molecular
organic semiconductors like Fc-Cz can be considered as a new generation of materials

for use as wearable devices for practical implementation.
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Figure 4. The flexible wearable device fixed on the forefinger and encapsulated by
polyimide film substrate for the detection of pulse waves. Insert: the wrist wearing

experiments under stretching-bending motion states.

The relationship between piezoelectricity, dielectric and polarizability

For organic semiconductor materials, the external force plays a significant role in the
flexible organic molecular pattern in the crystal/aggregation statel*?l, leading to certain
types of  macroscopic  photophysical/chemical behavior, such  as
mechanoluminescence.[**  Furthermore, the capacitance of the the flexible
piezoelectric nanogenerator was measured, which was enhanced from 6 to 30 pF as the
strain increasing along the x-axis, which was agreement with the observed dynamic

piezoelectric signals trends. The relationship between capacitance and dielectric



constant can be illustrated by the formula (2):
e=Cd/e S 2
where the ¢ Is the relative dielectric constant, C is the capacitance, go is the vacuum
dielectric constant (8.854 x10? F/m), and S is the area of sample.
According to the empircal formula (3):
X=¢r-go (3)
where X is the polarizability, and o is the vacuum dielectric constant.
Thus, the formula can be changed to (4)
X =C-d/(e0S) - &0 (4)

According to the formula, the polarizability is positively associated with the relative
dielectric constant. We inferred that the relative polarizability, as well as dipole moment
of the crystal Fc-Cz also would be enhanced with increased strain force. [*¢! To further
understand the relationship between piezoelectricity, dielectric and polarizability of the
small molecular organic semiconductor Fc-Cz, density functional theory (DFT)
methods were used at the PBEOQ/ def2-SVP level. Analytical frequency calculations
were also performed at the same level of theory to confirm that the optimized structures
were at the minimum point. Clearly, the highest occupied molecular orbital (HOMO)
and the lowest unoccupied molecular orbital (LUMO) were isolated and were mainly
located on the carbazole unit and the diphenyl fragment, respectively. The calculated
HOMO and LUMO energies were about — 5.93 eV and -2.20 eV, respectively, and the
energy gap between them was 3.73 eV (Figure 5A). Furthermore, the HOMO level of
compound Fc-Cz was also confirmed by XPS with -5.72 eV. The optical energy gap
(3.14 eV) derived from the lowest energy absorption onset in the absorption spectra
was 3.14 eV, and therefore the corresponding LUMO level was -2.58 eV. The above

results revealed good agreement between the experimental and theoretical studies.



HOMO (-5.93 eV)

Optimized structure
B Dihedral angle = 179°
Dipole moment = 4.248 Debye

p o QPN T
2 2 =P

6.0

5.5+

5.0

4.5

4.0+

Dipole Moment (Debye)

3.5+

M o B0 8 % 1o 1%

Dihedral angle (°)
Figure 5. (A) Computed molecular orbital plots of compound Fc-Cz. (B) Calculated
dipole moment of Fc-Cz with different dihedral angles (£1-2-3-4). (C) Visualization
of the polarizability tensor of Fc-Cz. The unit sphere representation is colored with red

being the largest magnitude effective dipoles and blue being the smallest magnitude

effective dipoles, calculated at PBEO/def2-SVPD level, Gaussian 16 program.

Based on the optimized structure, different structures were scanned along the
ferrocene group (dihedral angle £1-2-3-4, as shown in Figure 5B) at the same level,
Their dipole moments were further evaluated at the PBEO/def2-SVPD level. Based on
optimized structural conformation, the polarizability and the surface of the
polarizability tensor were analyzed using the Multiwfn package and VMD software.[*’-
81 The ferrocene unit was almost perpendicular to the phenyl ring at an angle of 71.7
°in the optimized structure (the dihedral angle £1-2-3-4 = 179 °); the corresponding
dipole moment was 4.248 Debye. Indeed, as the dihedral angle £1-2-3-4 changed in
the range from 0°180° to 90° (or from -180° to -120°), the dipole moment decreased
from 4.58 to 3.62 (or 3.50) Debye. The comparatively large change of dipole with

dihedral angle (large slope) indicated that small changes of molecular comformation



can greatly affect the molecular dipole moment. Thus, we inferred that the periodic
strain within the Fc-Cz device would make the molecular configuration change slightly,
thereby leading to a relatively dynamic dipole moment fluctuation, which would favor
variational polarizability. Furthermore, the 3D visualization of the first
hyperpolarizability tensor was estimated to obtain insight into the relationship between
the piezoelectric  properties and the molecular structure.*”] The visualization unit
sphere indicated that the maximum second harmonic was along the z-axis of the
molecular framework compared to the vertical direction (y-axis), which corresponded
to the (010) planes of the crystal Fc-Cz.[*°1 On the other hand, Hirshfeld surface analysis
was performed to quantify the intermolecular interaction in the crystal state, which
provides a relative proportion of C---H, N--H and H---H with intermolecular contacts at
38.9%, 8.0% and 50.8%, respectively. The presence of weak intermolecular interactions
contributes to the enhancement of the piezo-coefficient of the designed organic
piezoelectric material Fc-Cz.

Conclusion

Piezoelectric materials, as emerging advanced materials, have potential application in
energy harvesting, microelectronics, and tactile e-skin. This article presents the high
anisotropy-piezoelectric properties (~580 pA) and fast response (< 40 ms) of a small
organic molecular crystal (Fc-Cz). Due to its low symmetry, the crystal displayed
orientation-dependent photoluminescence properties with a maximum polarity ratio of
0.72. The experimental and theoretical studies indicated that there exists a positive
correlation between piezoelectricity, dielectric and polarizability, where higher external
pressure would achieve larger dynamic piezoelectric signals. Furthermore, a tactile
sensor device based on crystalline Fc-Cz exhibited great stability, high sensitivity, and
great reproducibility when recognizing the continuous movements of a human hand.
This work has pioneered the use of such artificial organic materials as piezoelectric
materials for potential application in e-skin, which will open up the possibility of using
other small organic molecular materials for a range of application in wearable devices,

energy harvesting, and human—machine interaction.
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