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Abstract: We demonstrate that trimethylamine borane can exhibit
desirable piezoelectric and pyroelectric properties. The material was
shown to be able operate as a flexible film for both thermal sensing,
thermal energy conversion and mechanical sensing with high open
circuit voltages (>10 V). Piezoelectric coefficients of ds3 = 10-16 pC/N,
and pyroelectric coefficient p = 25.8 uC/(m? K) were achieved after
poling, with high pyroelectric figure of merits for sensing and
harvesting, along with a relative permittivity of €53~ 6.3.

The identification and development of materials which exhibit
plasticity!™! and mechanical flexibility®® is an emergent design
principle in the area of piezo- and pyro-electric materials for the
creation of future smart sensors and transducers. A useful
qualitative view of plastic crystals is one where a solid lattice
retains positional ordering of the component units, such as ions
or molecules, yet with rotational disorder of these units. Typically,
this qualitative model is consistent with the fact that the
components of plastic crystals tend to display high levels of
symmetry, often with spheroidal three-dimensional shapes. A
prototypical example is the tetrahedral non-polar molecule
neopentane (tetramethylmethane).

In this report we seek to apply and expand upon specific concepts
of medicinal discovery chemistry, whereby the function of
molecules to be developed is bioactivity. In organic molecular
functional materials, the function is different, including the aim to
achieve a piezoelectric or pyroelectric response. However, the
need to re-evaluate, discover and develop molecules to maximise
such useful properties is common to both contexts. One design
tool used in medicinal chemistry is that is the isostere, where the
molecules are designed to retain analogous molecular shape and
size, yet, by utilizing atomic components the molecule is able to
exhibit new or enhanced properties, for example, increased
polarity.

B-N fragments have received increasing interest in the last two
decades as isosteres for C-C moieties. Alongside isosterism,
boron’s origin in the icosagens (3 valence electrons) and
nitrogen’s place in the pnictogens (5 valence electrons) renders
the B-N functional group isoelectronic to its 8-electron C-C

analogue. The introduction of a B-N group has been shown to
have profound effects on molecular and solid-state electronic and
optical properties of systems, a consequence of the effect of their
introduction upon the frontier orbitals of such species. Alongside
these effects, the electronegativities of boron and nitrogen render
B-N fragments highly polar and can introduce the potential for new
intramolecular interactions. Ammonia borane, the B-N analogue
of ethane is a solid at room temperature and decomposes with
the loss of dihydrogen upon heating in preference to undergoing
a change of phase, physicochemical properties proposed to
originate from NH®*...H¥B interactions.

Neopentane is recognized as a plastic crystalline material,®! and
a key consideration in this work is to develop materials which not
only offer excellent response but are also not reliant on the single
crystal morphologies being studied. Recently, it has been
recognised that the incorporation of multi-axiality of the
constituent molecular building block can assist in achieving thin
film morphologies which are not reliant on complex preparation
strategies or single crystal morphology.™ Our strategy to enable
the insertion of polar character to neopentane is the replacement
of a single C-C o-bond with a charge-separated N*-B" o-bond, that
is in the first instance to examine trimethylamine borane, TMAB
(Figure 1).0

TMAB has a rich pedigree in researchers assessing the level of
disorder in the solid state. For example, microwave
spectroscopy!® solid-state NMR,I"l and X-ray diffraction®®! has
examined dipole and bond lengths in TMAB. Significantly, the
crystallographic study of TMAB reports the crystallisation of this
material in the polar space group, R3m.
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Figure 1. Design principle: to retain molecular shape yet incorporate an
effective dipole.



Mechanical pressing of the material forms a submillimeter thick
film, ! which is observed to produce SHG proficiently across the
material. PXRD analysis of the film implies a degree of crystallinity,
(Figure S3) showing peaks consistent with those predicted from
the single crystal diffraction data for TMAB.

Figure 2 shows the relative permittivity and piezoelectric
responses of pressed films of TMAB after poling. Due to a small
degree of electrical conductivity at room temperature (RT, 25 °C),
a frequency dependent permittivity can be observed at low
frequencies (< 200 Hz), Figure S4, while the permittivity is more
frequency independent at higher frequencies (> 400 Hz). This is
a common phenomenon in dielectrics which follows the universal
dielectric response. As the temperature is reduced, from RT to
—60 °C the frequency dependence is reduced, due to the reduced
AC conductivity, see Figure S5, with a calculated activation
energy Eac = 0.287 eV in Figures S5-S6.

With a decrease of temperature from RT to —60°C, the relative
permittivity under constant stress (£5z) at 1 kHz decreased from
€93 = 6.3 to €53 = 2.1, as shown in Figure 2a. The measured
piezoelectric dss coefficient of TMAB with poling temperature is
also shown in Figure 2a. The piezoelectric coefficient was dss =
10-16 pC/N when the poling temperature was higher than —40 °C.
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Figure 2. (a) Relative permittivity at 1kHz with temperature. Piezo Force
response of a pressed film: (b) amplitude-voltage response, (c) phase-voltage
response.
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However, no piezoelectric response (dss = 0 pC/N) could be
observed when the poling temperature was reduced to —60 °C,
where the dipoles can be considered as frozen.

This observation is consistent with the observed decrease in the
relative permittivity to €33 = 2.1 when the temperature reached —
60 °C in Figure 2a, which could be a result of a phase change at
this low temperature.

Piezo Force Microscopy (PFM) was used to explore the dipole
switching behaviour of the material using a +12 V and -12 V dc
bias, where a clear butterfly-shaped and 180° phase switching
hysteresis loop can be observed in Figures 2b and 2c, which
agrees the good piezoelectric dss after poling.

As indicated by Liu et al., ionic dynamics or an electret-like
response cannot be excluded, although no switching behaviour
was observed when a non-ferroelectric polydimethylsiloxane
(PDMS) sample was subjected to a similar testing regime, see
Figure S7. An evaluation of the bulk polarisation-electric field
response in pressed discs was less conclusive, as shown in
Figure S8, which indicates that on a larger scale sample there is
a contribution from conductivity, as in the frequency dependent
permittivity data of Figure S4.

In addition to piezoelectric properties, originate from a change in
polarisation with stress, the pyroelectric properties were also
evaluated which are a result of a change in polarisation with
temperature. Figure S9 shows the temperature oscillation that
was subjected to the material and the resulting pyroelectric
current. The pyroelectric current (Ip) is given by,

lp = p.A.(dT/dt) (Equation 1)

where p is the pyroelectric coefficient normal to the electrodes
(C/(m? K)), A is material area (m?) and dT/dt is the rate of
temperature change (K/s). This method is based on the fact that
the pyroelectric current is directly proportional to dT/dt, while the
thermally stimulated non-pyroelectric current is either constant or
proportional to the temperature.*!

When the sample is heated with a small sinusoidal temperature
wave, an AC current is produced by the sample. The amplitude
and phase of the current define the ratio of pyroelectric and non-
pyroelectric currents The AC component, which is in phase with
the temperature wave, is the non-pyroelectric current. However, if
the AC component precedes the temperature wave by 90°, the
origin is a pyroelectric current. In Figure 3a, the pyroelectric
current and phase difference between the temperature (T) and
current (I) are shown for three samples of various polarisation
states, thus different piezoelectric dss coefficients. The phase
angle of of 6 = 90° for all samples is indicative of the current being
pyroelectric in origin, since no current is observed when dT/dt= 0
(as in Eqgn. 1). The pyroelectric current also rises with frequency,
and dT/dt, as also expected from Eqn 1. Materials with high
piezoelectric dss coefficient exhibit the highest pyroelectric current,
see Figure S9, indicating that both the piezoelectric and
pyroelectric response are linked to the remnant polarisation of the
materials. The stability of the current during thermal cycling, as
seen in Figure S9, is also an indicator that it is pyroelectric in origin
and results from the redistribution of compensation charge during
polarisation changes with temperature;!? if the current had
originated from trapped charges induced by the poling process,
the release of such charges during cycling would lead to a
gradual decay of current. The calculated pyroelectric coefficient,
shown in Figure 3b, increases with increasing piezoelectric ds3
coefficient and was frequency independent, indicating a pure



pyroelectric behaviour, with a p = 25.8 uC/(m? K) and is
comparable to polymer ferroelectrics, such as polyvinylidene
difluoride (PVDF); as seen in Table 1.

The pyroelectric figures of merit for voltagze sensitivity,

p . I P
F, = and thermal harvesting Fj; = ———— 13l
V'™ eqelyep 9 Fr g0e95 % (CE)?

0.26 m?/C and 3.58 pm?/J, respectively; where Ck is the specific
heat capacity. A comparison of other common pyroelectrics are
shown in Table 1, and indicates competitive performance.

To verify the potential of the material in a real device, a periodic
thermal fluctuation was applied to the sample by an IR lamp,
where the open circuit voltage and short circuit current with
temperature change are provided in Figure S6.

The poled ammonia borane disk was utilised to charge a capacitor
with a capacitance C = 4.2 uF and the voltage across the storage
capacitor was monitored as it charged with the pyroelectric energy
harvester via a full-wave bridge rectifier, as shown in Figure 4d.
Within a time of 12 s, sufficient charge was generated to increase
voltage on the capacitor from 0 V to 1.4 V, which was able to store
4.116 pJ of energy E, based on E = 0.5 CV?, where V is the

saturation voltage during charging.
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Figure 4 Piezoelectric sensing response via mechanical excitation with the

output of (a) short-circuit current; (b) open circuit voltage. (c) Piezoelectric

sensing performance via finger tapping with the output of open circuit voltage

While Figure 3c, demonstrates the material as a pyroelectric
device, Figure 4 demonstrates its ability to operate as a
piezoelectric sensor when subjected to mechanical oscillation.
The material was bonded to a cantilever beam (Figure S11) which
was subjected to a mechanical impulse to oscillate the beam
leading to vibration which gradually decayed with time due to
damping. As can be seen from Figures 4a and 4b, a 4.46 pA
short-circuit current and 1.98 V open-circuit voltage were initially
generated, and both the current and voltage decreased as the
vibration of the cantilever subsequently decayed with time. When
the poled material was used as a stand-alone sensor and was
subjected to a single mechanical impact by a finger, as shown in
the inset of Figure S12, a positive polarity short circuit current
(~0.42 A, Figure S12) and open circuit voltage (~10.85 V, Figure
3c) were detected which was followed by current and voltage of
opposing polarity as the pressure was released and
compensation charges flowed in the opposite direction.
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Table 1. Comparison of key properties of materials at room temperature including polyvinylidene difluoride (PVDF), lead zirconate titanate (PZT).

Z

Material Relative Specific heat Pyro- coefficient, p, Fl = R — Figure of Merit, Figure of Merit
permittivity, 1 kHz capacity, C, uC/(m? K) £0e3x(Cr)? F, = . m?/C F, =&, pmv
J.cm3.K1t pm3/‘][a]‘[13] epedacg g
TMAB 6 1.87 25.8 3.58 0.26 13.80
PVDFi4 6-12 243 33 1.160 0.15 13.58
pzTlsl 2100 25 390 1.3101 0.008 156
BaTiOalt4a- 161 1200 2.6 200 0.560! 0.007 76.92

[a] €0 is the permittivity of free space, where €0 ~ 8.85 pF/m. [b] Estimated calculation based on the experimental data reported.

Similarly, capacitor charging performance can be conducted to
evaluate its piezoelectric energy harvesting ability by the
utilisation of a shaker under the application of frequency.*”

In summary, we have shown trimethylamine borane can exhibit
attractive piezoelectric and pyroelectric properties when
subjected to a poling for operation with piezoelectric coefficients
of dss = 10-16 pC/N, relative permittivity of £5s = 6.3, pyroelectric
coefficient p = 25.8 uC/(m? K) with high pyroelectric figures of
merit. The material exhibits second harmonic generation and
switching via piezo-force microscopy, and was shown to be able
operate as flexible films for both thermal sensing/conversion, and
mechanical sensing with high open circuit voltages (>10 V).
These desirable properties, which were identified originating from
a medicinal chemistry design-mimetic process, firmly suggest that
optimisation approaches including isosterism have much to
contribute to the targeting of functions beyond bioactivity.

Keywords: piezoelectric « pyroelectric « flexible « main group *
energy conversion
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