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Racemic Amino Acid Piezoelectric Transducer
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Single crystal L-amino acids can exhibit technologically useful piezoelectric and nonlinear optical
properties. Here we predict, using density functional theory, the piezoelectric charge and strain and voltage
tensors of the racemic amino acid DL alanine, and use the modeling data to guide the first macroscopic and
nanoscopic piezoelectric measurements on DL-alanine single crystals and polycrystalline aggregates. We
demonstrate voltage generation of up to 0.8 V from DL-alanine crystal films under simple manual
compression, twice as high as other amino acid crystals. Our results suggest that net molecular chirality is
not a prerequisite for piezoelectric behavior in organic crystals. The transducer presented herein
demonstrates that DL-alanine crystals can be used in applications such as temperature and force
measurement in biosensors, data storage in flexible electronic devices, and mechanical actuation in

energy harvesters.
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Piezoelectricity, the linear conversion of mechanical
energy into electrical energy and vice versa, is a property
of noncentrosymmetric crystals and manifests in inorganic
materials, such as quartz (Si0O,) [1], lead zirconium titanate
(PZT) [2], lithium niobate (LiNbO;3) [3], and zinc oxide
(ZnO) [4], and in polymers containing crystallized regions
such as polyvinylidene-fluoride [5]. Strong polarization in
piezoelectric single crystals [1,6] and ceramics [7,8] creates
a larger piezoelectric response than in polymers [9,10],
with the disadvantage of being less flexible [11].
Biomolecules provide a promising alternative source of
piezoelectric [12] and pyroelectric [13] crystals, which
could potentially outperform and outlive currently used
materials [14,15].

The potential of biomolecular piezoelectricity is emphas-
ised in the work of Kholkin and co-workers as regards
glycine crystal structures [16-18] and the peptide diphe-
nylalanine [19,20], and also Li and co-workers whose work
has focused on piezoelectricity of biological tissues
[21,22], most notably elastin [23]. However, there has
been a lack of theoretical and experimental studies on
amino acid crystals outside of the three glycine poly-
morphs, in particular, the two piezoelectric racemic amino
acids, namely, DL alanine and DL tyrosine [24]. We
present this study as the development and characterization
of a technologically useful, biocompatible energy harvester
vs the tangential area of physiological piezoelectricity
addressed in a number of works by Li and co-workers
and ourselves [21-23,25,26].

The major advantage of using soft biological materials,
such as amino acids, for energy harvesting applications is
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their relatively low dielectric constants (g,) [27,28]. While
materials such as PZT and PMN-PT have much higher
piezoelectric strain constants (d;;), they also have much
higher dielectric constants [2,29]. The piezoelectric voltage
constant (g;;, measured in V. m/N) is inversely proportional
to the dielectric constant [30],

Gij _ G (1)
€i  Cjj€ii

9ij =

where e is the piezoelectric charge constant, d is the piezo-
electric strain constant, gis the piezoelectric voltage constant,
¢ is the elastic stiffness constant, and & is the dielectric
constant. Here i and j are the direction of the electromechani-
cal applied stimulus and response, respectively.

This means amino acid crystals (and biological materials
generally of ¢ = 2-3) with modest d;; values of 1-10 pC/N
(orin alternative units, pm/V) are capable of voltage outputs
as high as inorganic ceramics. For example, bacterial phage
viruses have piezoelectric voltage constants of approxi-
mately 0.2 Vm/N [31,32], comparable to the voltage
constants of currently used inorganic materials such as
PZT-based ceramics (0.25 Vm/N) [33] and Bismuth
Triborate (BiB;Og) crystals (0.54 V m/N) [34]. We recently
showed that amino acid microcrystals can exhibit larger
energy densities [12] and demonstrated their growth on
flexible substrates [12], which makes them suitable for
in vivo energy harvesting and flexible motion sensing
[35,36]. Unlike electroactive polymers, these biological
crystals do not require high temperature poling to induce
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FIG. 1. Relationship between longitudinal (¢) and shear (7)

stress and corresponding piezoelectric polarization (P) acting
along arbitrarily chosen mutually orthogonal 1-2-3 axes for the
five piezoelectric strain constants of DL-alanine single crystals,
dyy, dsn, diz, doy, and d;5. Gray shading indicates the corre-
sponding surfaces on which the electrodes are contacted to
measure the polarization.

apiezoelectric response via creation of aligned dipoles using
high external fields [37].

Amino acids typically crystallize in orthorhombic and
monoclinic space groups [38,39]. All amino acids except
glycine form stereoisomers (enantiomers) around the cen-
tral @-carbon atom, meaning they can occur in L and D
forms. Piezoelectricity has been confirmed qualitatively in
D L-alanine single crystals [24], but never quantified. Here
we have used density functional theory (DFT) to predict the
complete piezoelectric tensors of the racemic mixture
DL-alanine single crystals, using which we measured a
longitudinal piezoelectric response of up to 5 pC/N in
transducing crystal films and generated open circuit
voltages as large as 0.8 V by manually compressing
DL-alanine films.

DL alanine crystallizes with orthorhombic crystal sym-
metry that gives a nonzero longitudinal ds; constant
together with two transverse constants ds; and d3, and
two shear constants d,, and d;5 (Fig. 1). Table I shows the
predicted piezoelectric charge and strain and voltage
tensors for DL alanine. We note the relatively large
predicted es; charge constant of 0.68 C/m?, comparable
to the highest predicted charge constant in glycine crystals
of 0.81 C/m? [12]. This longitudinal piezoelectricity man-
ifests as a dipole moment along the three axis of the crystal,
as shown in Fig. 2(a). Applying a force along this axis will
amplify or dampen the equilibrium polarization.

We can compare the computed maximum  strain
constants in Table I of up to 18 pm/V to our recently
calculated, much smaller piezoelectric constants for
L-alanine single crystals, in the range of 4-6 pC/N [26]
(experimental values are similar, ranging from 2 to
4 pC/N) [40]. The elastic stiffness constants of DL alanine

TABLE 1. Predicted piezoelectric constants for DL-alanine
amino acid single crystals.

Charge tensor (C/m?)
0 0 0 0 0.08 0
0 0 0 0.15 0
0.02 —0.02 0.68 0 0 0
Strain tensor (pm/V)

(=)

0 0 0 0 795 0
0 0 0 1775 0 0
091 —1.09 1034 0 0 0
Voltage tensor (V m/N)
0 0 0 0 039 0
0 0 0 082 0 0

0.04 —0.05 047 0 0 0

range from 7 to 67 GPa (Supplemental Material Table S1
[41]) and are almost identical to those of L alanine. L-
alanine molecules pack as antiparallel layers [42], whereas
in DL alanine the layers are parallel, alternating between L
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FIG. 2. (a) Crystal packing controls the orientation of alanine
molecular dipoles (green arrows) in the unit cell, which determines
the magnitude and direction of the corresponding piezoelectric
responses. Molecules are shown with carbon atoms colored gray,
hydrogen atoms in white, oxygen atoms in red, and nitrogen atoms
in blue. (b) Comparison of the piezoelectric voltage constants of L
and DL alanine, showing that both the longitudinal and shear
response of the racemic mixture exceed that of the L enantiomer.
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and D isomers. This results in different hydrogen bonding
patterns and so different supramolecular packing and net
dipole vectors [43]. In L alanine, the dipole vectors sum to
zero, resulting in no net polarization in the unit cell and no
longitudinal piezoelectricity. By contrast, the parallel pack-
ing in DL alanine means that the dipole vectors all point
along the same direction [42], and the net polarization in
the unit cell gives rise to both the longitudinal and trans-
verse piezoelectric responses in the racemic crystal.
Furthermore, this shows that net molecular chirality is
not a prerequisite for piezoelectric behavior in organic
crystals, building on previous studies of piezoelectricity in
the achiral glycine polymorphs [12,44-46].

Predicted DL-alanine dielectric constants are typical for
amino acid crystals [12,28] with an average value of 2.4
(unitless, Table S1). The low permittivities of amino acid
crystals give high predicted piezoelectric voltage constants,
with ¢33, g4, and g5 all exceeding the maximum voltage
constants measured in PZT ceramics (0.25 Vm/N) [33]
and g¢,4 exceeding that of bismuth triborate crystals
(0.54 Vm/N) [34]. This suggests that DL-alanine crystals
are capable of generating technologically useful voltages
under applied stress, within the limit of the lower fracture
point of organic crystals compared to piezoceramics
[47,48]. The predicted dz; constant of 10.3 pm/V is as
large as predicted and measured [12] for rhombohedral
y-glycine crystals.

After a range of growth conditions were tested (see
Supplemental Material [49]), crystals were grown follow-
ing the method of Hod et al. [50] in 25% isopropyl alcohol.
This resulted in high density films of DL-alanine single
crystal needles (Fig. S2), which could be tested for an
average longitudinal piezoelectric response using a com-
mercial ds; piezometer. The crystal packing in the dense
DL-alanine films was characterized using transmission
x-ray diffraction and scanning electron microscopy (see
Supplemental Material [58]).

DL-alanine crystalline films dropcast onto Cu substrates
gave an average d3; measurement of +4.1 and —3.9 pC/N,
with the polarity change on inverting the sample confirm-
ing a genuine longitudinal piezoelectric response. The
maximum recorded piezoelectric response for films was
4.8 pC/N, which is double that measured for samples on
ITO glass (see SI) and the magnitudes of the positive and
negative measurements are in good agreement. Table II
shows five sets of piezoelectric measurements carried out at
different positions along the polycrystalline aggregate films
on five copper samples. The five points measured were off
center and report local piezoelectric responses on the
surface.

The highest local piezoresponse is 3.5 pC/N,
with average values ranging from 1.1 to 2.6 pC/N.
Percentage standard deviations across each film are in
the range of 6%-33%. The standard deviation between
films is similar in the upright (37%) and inverted (34%)

TABLE II. Local piezoelectric measurements made on DL-

alanine crystals grown on copper. Units are in pC/N.

Film Position 1 2 3 4 5 Average

A Upright 247 260 3.19 350 145 26+0.8
Inverted —2.45 —2.49 —3.30 —2.49 —1.46 —24+£0.7

B Upright 1.95 195 221 205 190 20=£0.1
Inverted —-1.96 —2.12 -1.67 —1.36 —1.95 —1.8 £0.3

C  Upright 1.58 1.17 1.15 1.17 099 12+£02

Inverted —1.00 —1.13 —1.25 —1.20 —1.13 —1.1 0.1
D  Upright 1.05 1.20 1.30 0.85 0.89 1.1+0.2
Inverted —148 —1.14 —0.99 —1.12 —0.99 —1.1 +0.2
E  Upright 1.13 259 296 206 1.88 2.1+4+0.7
Inverted —1.84 —1.57 —1.70 —1.30 —1.05 —1.6+0.2

Average upright configuration 1.8 +0.4
Average inverted configuration —1.6 £ 0.3

Cross-film average d3; value 1.7 £ 0.04

configurations. We note that the piezoelectric response
across each film is sensitive to small changes in the
measurement zone (1-5 in Table II). The highest recorded
measurements in Table II are close to the average value
(4 pC/N) of the three predicted orthogonal responses for
DL-alanine single crystals when stressed along the three
axis (Table I). This value is similar to the piezoelectric
constants of zinc oxide [4] and aluminium nitrate [61] and
double that of X-cut quartz [1]. The different orientations of
the crystals in the film, as evidenced by XRD and SEM,
indicate that different faces of the crystals are in contact
with the piezometer electrodes, resulting in a combined d5;,
dsy, and ds3 response that varies from point to point.
Because of the degree of randomness in the crystal growth,
all three ds;, d3,, and d33 constants may contribute to the
measured piezoelectric response, suggesting that the high-
est predicted single crystal ds; constant of 10.3 pC/N is
diluted by the orthogonal responses.

In order to measure the open circuit voltage of the DL-
alanine films, wires were attached to the copper substrate
with conductive silver paint and connected to a multimeter.
Periodic manual compression was applied [12] and the
resulting voltages were recorded using a LABVIEW col-
lection routine (Fig. 3). The peak voltage values vary from
190 to 800 mV, with an average output of 480 mV
measured over a 40 s period. The maximum value of
800 mV is twice as high as the average voltages generated
in phage viruses [31] and y-glycine crystals [12] and, for
reference, four times as high as the layered 2D material
molybdenum disulfide (MoS,) [62]. The variation in peak
height and staggered movement from positive to negative is
caused by nonuniform release of the film after manual
compression and is indicative of material behavior under
field environmental stimuli, as opposed to ideal automated
compression.
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FIG. 3.

(a) Open circuit voltage harvested from DL-alanine films under periodic manual compression. (b) Racemic amino acid films

grown on copper electrodes for energy harvesting tests. (c) Manual compression of DL-alanine films between electrodes to generate

piezoelectric voltage.

By contrast, L-alanine crystals, studied by ourselves [26]
and others [40], did not demonstrate the high longitudinal
voltages reported in this Letter, even in polycrystalline film
form [63]. The validation of longitudinal piezoelectric
voltage generation in a racemic amino acid crystal allows
for high performance stack actuation applications [64] in
general consumer electronics and structural health mon-
itoring [65] that have not been possible using previously
studied L-amino acids.

Given that the measured ds; coefficient of the poly-
crystalline aggregate was, at best, half the predicted ds;3
value for single crystals, we used piezoresponse force
microscopy (PFM) to estimate the constant of single
crystals of DL alanine (Supplemental Material Note 3
and Fig. S4).

Thin isolated single crystals lying parallel to the surface
(Fig. S5) were obtained by spin coating (see Supplemental
Material [66]), which gave an average ds;; response of
9.1 pm/V, confirming the accuracy of DFT predictions (for
details, see Supplemental Material Note 3 [75]) for single
crystals. The PFM measurements also support the hypoth-
esis that the polycrystalline film response is a combined d5;,
ds,, and ds; response, over multiple crystal orientations.

In conclusion, crystal films of DL alanine were grown on
a variety of substrates, using different deposition methods.
Their crystal orientations were characterized and piezo-
electrical properties measured using DFT-guided experi-
ments. DL-alanine films display an average d33 constant of
4.0 pC/N, with maximum responses of up to 4.8 pC/N, at
the level of aluminium nitrate single crystals. The crystal
properties that confer the large piezoelectric response have
been characterized using transmission XRD and SEM of
crystal films and DFT calculations and PFM measurements
of single crystals. A maximum open circuit voltage of 0.8 V
was measured under manual compression, which is twice

the maximum previously obtained using amino acid crys-
tals and half that of a dry cell battery.
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