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ABSTRACT: A dielectric medium containing noncentrosymmetric do-
mains can exhibit piezoelectric and second-harmonic generation (SHG)
responses when an electric field is applied. Since many crystalline
biopolymers have noncentrosymmetric structures, there has been a great
deal of interest in exploiting their piezoelectric and SHG responses for
electromechanical and electro-optic devices, especially owing to their
advantages such as biocompatibility and low density. However, exact
mechanisms or origins of such polarization responses of crystalline
biopolymers remain elusive due to the convolution of responses from
multiple domains with varying degrees of structural disorder or difficulty of 1ipewom
ensuring the unidirectional alignment of noncentrosymmetric domains. In ~ Stbe
this study, we investigate the polarization responses of a noncentrosym-

metric crystalline biopolymer, namely, unidirectionally aligned A-chitin
crystals interspersed in the amorphous protein matrix, which can be obtained naturally from tubeworm Lamellibrachia satsuma (LS)
tube. The mechanisms governing polarization responses in different dynamic regimes covering optical (>10"* Hz), acoustic/
ultrasonic (10°~10° Hz), and low (107>—10* Hz) frequencies are explained. Relationships between the polarization responses
dominant in different frequencies are addressed. Also, electromechanical coupling responses, including piezoelectricity of the LS
tube, are quantitatively discussed. The findings of this study can be applicable to other noncentrosymmetric crystalline biopolymers,
elucidating their polarization responses.
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1. INTRODUCTION Ascertaining the mechanisms governing polarization re-
sponses in biomaterials is essential to suitably exploit their
electric field-induced polarization properties. One of the main
parameters to consider is the frequency of the applied electric
field.” Different mechanisms are triggered by the electric field
at different frequency regimes, mainly due to limiting
characteristic dynamics.”” Electronic polarization is induced
by an electric field in a high-frequency regime up to optical
ranges.”> Atoms and molecules are much heavier than
electrons, thus their polarization responses will occur in a
lower-frequency regime.’” Ton migration and space charges are
observed in even lower-frequency regimes.””’*** Under-
standing the polarization mechanisms in different frequency

Many biopolymers have noncentrosymmetric crystalline
structures with asymmetric arrangements of polymer
chains."™* When an external electric field is applied, their
polarization responses can be manifested as electromechani-
cally coupled strain,”*~* electric polarization,” "' nonlinear
optical process,'*~'* etc. For example, f-chitin and cellulose 13
have crystalline structures with 2-fold helices along the chain
axis (the c-axis of the unit cells), which are packed in parallel
(i.e, pointing the same direction)."”™"” Due to the parallel
packing and existence of a net dipole in the crystal unit cell,
piezoelectricity has been anticipated for materials containing
them.”'”'*~** The noncentrosymmetric biocrystals are also
active in nonlinear optical processes including second- ———
harmonic generation (SHG) and sum-frequency generation Received:  December 23, 2020 M
(SFG) due to the lack of inversion symmetry."***~> Other Revised: ~ March 17, 2021 A\PAPA
electromechanical coupling responses under an electric field Published: April 2, 2021
can also appear in both crystalline and noncrystalline domains,

which include ion migration, electrostriction, electrostatic

effect, and so on.>**!
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Figure 1. (a) Photographic image of the LS tube and illustrations of the unidirectional alignment of f-chitin crystals. The scale bar represents 1 cm.
In the f-chitin chain, green, blue, red, and gray colors represent C, N, O, and H atoms, respectively. (b) Anticipated electric field-induced
polarization responses of the LS tube in different frequency regimes. The black arrows in the acoustic/ultrasonic frequency regime represent the
anticipated directions of atomic displacements under the electric field.

regimes will elucidate how and why the material responds to
applied electric fields in various applications.

Another critical parameter to consider in studying polar-
ization responses of biopolymers is the distribution of physical
domains in space.”*® The polarization responses depend on
the orientation and density of polar domains in the materials.
For example, the noncentrosymmetry of the crystal structure
anticipates the piezoelectricity of each crystallite, but it can be
reduced or canceled on a macroscopic scale when individual
crystalline domains are arranged in an antiparallel or random
fashion.”*>*® On the other hand, the piezoelectric responses
can be added when the domains are arranged in a parallel
fashion.”*® The nonlinear optical processes such as SHG and
SFG are also governed by the arrangement of noncentrosym-
metric crystallites within the coherence length, which varies
from tens of nanometers to the entire bulk sample depending
on the optical geometry.'***”* Due to the heterogeneous
nature of biopolymers, it has been challenging to accurately
quantify the polarization responses.

In this study, we investigate how the electric field-induced
polarization responses of semicrystalline biopolymers are
manifested differently depending on the frequency regimes of
the external field. A wide range of frequencies is covered:
optical frequencies (>10"* Hz), acoustic/ultrasonic frequencies
(10°-10° Hz), and low frequencies (1072—10% Hz).
Lamellibrachia satsuma (LS) was employed since it has a
unidirectional arrangement of polar f-chitin crystals in the
entire tube.'® X-ray diffraction analysis found that the LS tube
has fibrous f-chitin crystals, namely, microfibrils, interspersed
in the amorphous protein matrix with their reducing ends (c-
axis) of chitin chains pointing up along the long axis of tubes,
and the (110) plane is perpendicular to the surface of tubes.'
Thus, it can be considered a semicrystalline composite
containing noncentrosymmetric domains with the same
polarity. Figure 1 illustrates the expected electric field-induced
responses in the different frequency regimes. In the optical
frequency regime, electronic oscillations in atoms can occur
under the polarized light and the SHG response is expected
due to the noncentrosymmetric crystal structure of pj-
chitin.”>** In the acoustic/ultrasonic frequency regime, the
piezoelectric response is expected, as atomic displacements
within noncentrosymmetric crystals can occur under the
electric field."”"” In the low-frequency regime, other electro-
mechanical coupling processes are expected due to the space

1902

charge, ion migrations, etc, across the sample.”’39 We
experimentally measured the polarization responses and
discussed the dominant polarization mechanisms operating in
each frequency regime. The SHG at 800 nm excitation was
measured as a representative nonlinear response. Piezoelectric
force microscopy (PFM) was used to quantify the piezo-
electricity of the unidirectionally aligned f-chitin crystals in the
sample in the acoustic frequency regime. Also, dielectric
response and electric field-induced strain were measured at
frequencies below 100 Hz.

2. EXPERIMENTAL DETAILS

2.1. Preparation of LS Tubes and Wide-Angle X-ray
Scattering (WAXS). LS tubeworms were collected from the sea of
Kagoshima Bay using a remotely operated vehicle, Hyper-Dolphin
(JAMSTEC, Tokyo, Japan). After the collection, the body of
tubeworms was separated from tubes by washing with water. The
LS tubes were cylindrical, typically 10—20 cm in length and ~7 mm in
diameter. The tubes were flattened after cutting the side edges and
then dried between two slide glasses at 80 °C under 0.01 MPa
overnight. The dried LS tubes were cut in squares with an area of 1—4
cm? for different measurements in this study. Two-dimensional (2D)
WAXS of the LS tube in a transmission mode was performed using a
Xeuss 2.0 HR (Xenocs, France). An X-ray wavelength of 1.54 A (50
kV, 0.6 mA) and a Pilatus3 R200K detector with a sample-to-detector
distance of ~0.165 m were used in the measurement.

2.2. SHG Measurement. The SHG signal was collected for the
flat and dried LS tube in transmission geometry with a long axis of the
LS tube oriented along the vertical direction (defined as the y-axis)
and an incident beam normal to the sample plane (defined as z-axis).
The incident beam was generated with a Ti:Sapphire femtosecond
laser system (1 kHz, 80 fs) with the energy centered at 800 nm. The
fundamental light passed through a half-waveplate and was focused
onto the LS tube. The generated SHG signals were then collected and
recorded with a photomultiplier tube with an analyzer placed at the
front, parallel (y-axis), and perpendicular (x-axis) to the chain
direction. To obtain the polar plots, the polarization direction of the
incident beam was rotated with every 4 ° using the half-waveplate.

2.3. PFM Measurement. Physical deformation/displacement of
the flattened LS tube under the AC electric field was measured using a
Nanoscope IIla Multimode atomic force microscope (AFM),
equipped with a signal access module (SBOB-1, Digital Instrument),
a lock-in amplifier (7260, EG & G instruments), and a high-voltage
amplifier (609D-6, Trek). Circular gold electrodes (S5 mm in
diameter) with a thickness of 100 nm were deposited at the top
and bottom surfaces of the flat LS tube using a plasma-sputtering
machine (EM1S0R S, EMS Quorum). To avoid structural artifacts,
the LS tube was adhered to a fused quartz substrate using a double-
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Figure 2. (a) Schematics of the SHG measurement on the flat LS tube with a thickness of ~50 ym. The incident 800 nm beam is aligned along the
z-axis and its polarization is rotated within the x—y plane (azimuth angle, 0). (b) 2D WAXS patterns of the LS tube, which confirms the uniaxial
alignment of f-chitin chains along the long axis of the LS tube (y-axis). (c) SHG intensities at the polarization of the SHG beam along the y-axis
(red color) and the x-axis (blue color) as a function of the polarization angle () of the 800 nm incident beam. The lines are the fit results (details

are provided in Section A in the Supporting Information).

sided tape. The AC voltage was generated using the lock-in amplifier
and the high-voltage amplifier and then applied to the sample through
the bottom electrodes using a copper tape; the top electrode, with
which the AFM probe was in contact, was grounded. The frequency
of the AC electric bias was scanned as a step function with a 1 kHz/
sec rate from 1 to 100 kHz. AFM probe (NCHV-A, Bruker, MA) with
a resonance frequency of ~320 kHz and a spring constant of ~40 N/
m were used in a contact mode to measure the topography, force
error, PEM amplitude, and PFM phase. The same method was used to
measure the out-of-plane electromechanical responses of three
standard samples for comparisons: (i) poled lead zirconate titanate
(PZT) with a thickness of 250 um, (ii) poled S-poly(vinylidene
difluoride) (f-PVDF) with a thickness of 55 pm, and (iii) unpoled
poly(vinylidenefluoride-co-trifluoroethylene) [P(VDF-TrFE)] 75/2S
mol% with a thickness of 15 pm.

2.4. Polarization—Strain—Electric Field and Impedance
Spectroscopy. Before the low-frequency tests, S mm diameter
circular gold electrodes were deposited on both sides of the samples
using a plasma-sputtering machine. A modified Sawyer—Tower circuit
was used to measure polarization as a function of the electric field.
The current was integrated into the charge using a capacitor
connected in series with the sample. The sample with Au electrodes
was placed between the two pins of the fixture containing the linear
variable differential transformer (LVDT). Before applying the electric
field, the fixture was submerged in Galden oil, which is insulating and
inert, to avoid arcing. The AC electric field at 1 Hz was applied across
the thickness of the sample, and then displacement along the field was
measured using the LVDT sensor and a Stanford research 830 (SR
830) lock-in amplifier. The impedance spectroscopy measurement
was carried out using Modulab XM MTS system.

3. RESULTS AND DISCUSSION

3.1. Optical Frequency Regime (>10'® Hz). In the
optical frequency regime, a strong SHG signal of the LS tube
was measured due to the uniform arrangement of crystalline f-
chitin domains inside the tube. SHG is a nonlinear optical
process in which a material interacts with two photons with
energy Aw transitioning to a virtual electronic state and emits
one photon with energy 27 upon relaxation to the ground
state.”® Mathematically, SHG is defined as®®

PiZw — )(,-jk ijElf] (1)
where P>, X and E” represent nonlinear polarization of the
material, third rank tensor of second-order optical suscepti-
bility, and electric fields induced by the incident light,
respectively.”® Since the frequency of electric fields (@) is
very high, the oscillating dipoles probed by SHG are mainly
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from the collective polarization of electron clouds.”” Based on
Neumann’s principle, the format of the SHG tensor for a f-
chitin crystal having the P2, symmetry is restricted to only
eight non-zero tensors (see Section A in the Supporting
Information).'®74°

Through the mathematical fitting of SHG polar plots in
Figure 2c, the anisotropic arrangement of polar domains in the
LS tube was identified. In the transmission geometry, the
coherence length of SHG is comparable to the entire sample
thickness (~50 pm) (see Figure S2 in the Supporting
Information). Thus, the measured SHG signal intensity is
the collective response of all crystallites across the entire
sample from front to back (z-axis). Two major domains (]|
domain: polar axis parallel to the y-axis and L domain: polar
axis parallel to the x-axis) were employed in the fitting.*' The
phase difference between the two major domains was
considered in the SHG fitting (see eqs 3 and 4 in the
Supporting Information).*” The fitting results show that the ||
fraction is 85—91% and the 1 fraction is 9—15%. This confirms
that the point group of the LS tube is 2, and the polar axis of
the LS tube (2-fold screw axis of f-chitin) is mostly aligned
along the long axis of the tube (y—axis).16 Also, the ratio of y,,,/
Xyy Was found to be ~2 from the fitting, which implies that a
larger nonlinear polarization can be induced along the y-axis of
the LS tube when the incident electric field is along the x-axis
(%) rather than the y-axis (x,,,).

The strong SHG response from the f-chitin crystals in the
LS tube is consistent with the previous study probing the
transition dipole moments of O—H, N—H, and C—H vibration
modes of chitin using vibrational SFG spectroscopy in the mid-
IR optical frequency regime.”> The f-chitin crystals generated
strong SFG signals because of the parallel packing of chitin
chains inside the unit cell.”> On the other hand, the a-chitin
crystals generated much weaker SFG signals due to the
antiparallel packing of chains in the unit cell with the
orthorhombic symmetry.”*

3.2. Acoustic/Ultrasonic Frequency Regime (10°-10°
Hz). In the acoustic/ultrasonic frequency regime, the unit cell
dimension of a noncentrosymmetric biopolymer crystal can be
altered under the electric field via collective motions of atoms
depending on the orientation of molecular dipoles with respect
to the applied field. Their collective displacement under the

. : C 364043 1.op
field is a result of the converse piezoelectricity, which is
: 43
described as
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Figure 3. PFM measurements of the flat LS tube in two different geometries: (a) PFM cantilever // the x-axis and (b) PFM cantilever // the z-
axis. The AC electric field of 250 V at 40 kHz was applied through the LS tube (z-axis) with a thickness of 100 ym. The scale bars represent 1 ym.

S = dijkEk (2)

where S, dj, and E; are the induced (electromechanical)
strain, piezoelectric coefficient, and applied electric field,
respectively.’® The converse piezoelectricity of the p-chitin
crystal is surmised in the LS tube as the noncentrosymmetric
crystals are unidirectionally aligned with the polar direction-
ality in the entire tube, as confirmed by the SHG analysis in
Section 3.1.

The electromechanical strain of the LS tube under the AC
electric field in a 1—-100 kHz frequency regime is measured
using PFM. It is important to note that the PFM signal is not
just due to the piezoelectric response, and other electro-
mechanical coupling responses such as electrostriction,
electrostatic effect, and flexoelectricity can also contribute to
the PFM signal.**™" To unambiguously confirm a piezo-
electric response, both direct (polarization induced by stress)
and converse coefficients should be measured and then
matched, as they are thermodynamically equivalent.” However,
it is difficult to measure the direct coefficient using PFM since
the charging current under cantilever-induced force is expected
to be too small to resolve.

To minimize the contribution of other electromechanical
effects and obtain quantitative information on the intrinsic
piezoelectricity of the LS tube, several control experiments
were carried out. We found that orders of magnitude higher
PEM responses are measured when there is an air gap between
the tube and the bottom solid electrode; such artifacts should
be avoided by intimately adhering the sample to the
amorphous solid substrate (Section B in the Supporting
Information). The LS tube was flattened by applying
mechanical pressure and attached to the fused quartz substrate
to reduce the contribution from structural artifacts with any air
gap to the PEM signal."* Also, the AC electric field was applied
through the deposited Au electrodes on the top (ground) and
bottom (applied voltage) of the tube. This method is better
than applying the electrical bias through a conductive PFM
cantilever for quantitatively measuring piezoelectric coefficients
because the effective electric field on the sample is spatially
uniform through the two parallel electrodes coated on the
sample over a large area. This is important because the
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presence of a local field gradient around the PFM probe can
also induce flexoelectricity, which may mask a piezoelectric
response.*® The deformation of the LS tube under the electric
field was measured using a nonconductive cantilever at the
same frequency as the applied electric field (). A relatively
stiff cantilever (NCHV-A, k =~ 40 N/m) was used to minimize
the electrostatic artifact due to capacitive coupling between the
cantilever and the sample.*"*

Considering that the piezoelectricity is an anisotropic
material property,”*® two different geometries were em-
ployed: PFM cantilever along (//) the x- and z-axes, as shown
in Figure 3a,b, respectively. The sample coordination in Figure
2a (the -, y-, z-axes of the LS tube) was also used in the PFM
analysis. In both cases, the AC electric field was applied
through the flat LS tube normal to the surface (z-axis), and
vertical displacements of the PFM cantilever at the same
frequency of the applied field were measured while the
cantilever is contacting the surface of the LS tube. When the
PFM cantilever is parallel to the x-axis (Figure 3a), the vertical
PEM signal originates from the strain generated along the z-
axis (perpendicular to the chitin chain axis). There can be an
additional contribution from the strain along the x-axis due to
buckling effects.***” The buckling oscillation occurs when the
piezoelectric response from in-plane polarization is aligned
along the long axis of the PFM cantilever; the in-plane
piezoelectric displacement is coupled in the vertical PFM
signal due to the friction between the tip and the sample.**™°
When the PFM cantilever is parallel to the z-axis (Figure 3b),
it mainly measures the strain along the y-axis (parallel to the
chitin chain axis) and the additional displacement from the
buckling effects along the z-axis.

Relatively small electromechanical responses were measured
in the two geometries, as shown in Figure 3. The piezoelectric
displacements in two cases are up to 40 and 20 pm at an
applied field of 250 V across the sample, which are orders of
magnitude higher than the noise level of the system (sub- or
few-pm level). Also, the PFM signals are locked with a
relatively constant phase (within the 40—60° range) with
respect to the applied AC field. Accordingly, the measured
signals should be from the actual electromechanical responses
of the tube and not an external noise. It is difficult to identify
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how much contribution of the electrostatic effect appears in
the measured signals, but we can still conclude that the upper
bound of the piezoelectricity of the LS tube in these two
geometries is roughly 0.2 pm/V at 40 kHz. Consistently low
piezoelectric responses of the LS tube were measured in the
1-100 kHz frequency regime, as shown in Figure 4. The

- PZT, PblzrTi, JO,

» Poled PVDF B-phase

+ Unpoled P(VDF-TrFE)

« LS, PFM cantilever // x-axis

A103 - LS, PFM cantilever // z-axis
>
E 2"-'(\/-'\—\_,{\.'-""—"
a 10
S 10'
=N
3 10°
&
-1
s 10
TR : 8
o 10
0 20 40 60 80 100
Frequency (kHz)

Figure 4. PFM amplitude of the LS tube as a function of frequency
(1-100 kHz) in the two geometries: cantilever // the x-axis (red)
and // the z-axis (blue). The out-of-plane electromechanical
responses of poled PZT and PVDF f-phase and unpoled P(VDE-
TrFE) are included for the comparisons. S V was applied to PZT,
poled PVDF f-phase, and unpoled P(VDF-TrFE). The voltage
applied to the LS tube was not constant since the high-voltage
amplifier was used; the voltage profile as a function of frequency is
included in the Supporting Information (Figure S7).

signals measured below 20 kHz are less reliable because of the
acoustic noise; even from the unpoled P(VDF-TrFE)
copolymer, which is non-piezoelectric, some measurable
responses are observed in the 1—20 kHz region. The poled
PZT and PVDF p-phase show the response around 300—400
and 20—30 pm/V, respectively, which are congruent with the
reported values in the literature.”’ ~>* The LS tube in two
different geometries shows electromechanical responses in the
range of 0.1-0.3 pm/V in the 20—100 kHz region.
Considering that there could be a contribution from other
electrostatic effects, the intrinsic piezoelectric response would
not be significantly larger than this value.

Even though the mechanism of piezoelectricity of the f-
chitin crystal has not been fully addressed yet, it has long been
believed that it originates from the field-induced displacement
of hydrogen bonds (HBs) of hydroxyl and amine groups.”*
They are the main polar groups in the unit cell and have the
lowest stiffness among all chemical bonds in the crystal; thus,
they are the easiest to deform under the electric field.*® Garcia
et al. estimated the piezoelectric responses of individual HBs in
cellulose 1/, which is the noncentrosymmetric polysaccharide,
same as chitin, to be as high as 4.3—36.4 pm/V using density
functional theory (DFT).>> However, the overall responses of
a two-dimensional model of the cellulose IS unit cell are
predicted to be much lower, 0.9—1.2 pm/V, due to the
cancelation of individual responses at different angles. Also, the
collective displacement of atoms to accommodate the
displacements of atoms involved in the weak HBs requires
physical strains in the network of C—C and C—O covalent
bonds, which have extremely high stiffness (order of ~500 N/
m).>> The same constraints should be applied to the f-chitin
crystal, explaining the extremely low intrinsic piezoelectricity
observed in this study, because the origin of piezoelectric
responses would be the same as the cellulose 1/ structure.
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3.3. Low-Frequency Regime (1072—10? Hz). In a low-
frequency regime, the quadratic relationship between the large
strain and the electric field was observed for the LS tube, as
shown in Figure Sa. Regarding the quadratic relationship, the
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Figure 5. (a) Experimentally measured strain of the LS tube as a
function of the electric field applied at 1 Hz. The electrostrictive strain
(polarization-induced strain) is included in the inset. Out-of-plane
measurement was performed where the applied electric field and
strain are both along the z-axis of the flat LS tube, which has a
thickness of 75 um. (b) Tan(5) as a function of frequency from 1072
to 10* Hz. P—E loops at 0.1, 1, and 10 Hz are included in the inset.

electrostatic and electrostrictive effects seem dominant. The
electrostatic effect is induced by the Coulombic interaction of
charges between the top and bottom electrodes.””** Through
the attractive force between the two electrodes with opposite
charges, the compressive Maxwell stress can be induced across
the soft LS tube.””*® The Maxwell stress-induced strain
(Sntaxwenr) 1s strongly dependent on the dielectric constant (¢,)
and Young’s modulus of the material (Y)>*

eoer-EZ
Y

SMaxwelI -

()

where g and E are the permittivity of vacuum and the electric
field applied to the system, respectively. Theoretical Syp ey Of
the flat LS tube was calculated with the measured dielectric
constant of 16 at 1 Hz from the impedance spectrum (Section
D in the Supporting Information) and Young’s modulus of 458
MPa using the AFM (Section E in the Supporting
Information). The calculation showed that approximately
30% of strain measured at 110 MV/m might be due to the
Maxwell stress (Section D in the Supporting information).
Also, the LS tube consists of noncentrosymmetric crystals
surrounded by an amorphous protein matrix; thus, space
charges can be induced at the interfaces between two different
dielectric domains under the electric field.”*® The charges at
the interfaces induce the strains due to the Coulombic
attraction, along the same direction of the applied electric
field.>>*°

Electrostriction is a common property of any dielectric
material, which is caused by the induced polarization of
materials under the electric field.°** Electrostrictive strain (S)

can be described as a function of electrostrictive coefficient
(M) and electric field (E)."%

Sj = MyuE.E,

(4)
The electrostrictive strain was estimated by subtracting the
Maxwell strain from the strain measured under the electric
field, as shown in the inset of Figure 5a. From the linear fitting,
the electrostrictive coefficient of the LS tube was measured to
be —1.2 X 107 (m2/MV?). This value is in the same order of
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magnitude as the large electrostrictive response of P(VDF-
TrFE)-based co/terpolymers.**%*%*

The dielectric loss [tan(5)] increases significantly in the
lower-frequency regime, especially below 1 Hz, as shown in
Figure Sb. Also, the P—E loops (the inset of Figure Sb) show
more hysteresis at 0.1 Hz than 1 Hz due to the dielectric loss.
The losses in this low-frequency regime can occur due to the
accumulation of charges at the interfaces, as mentioned above,
and ionic migrations under the electric field. The thermal
gravimetric analysis (TGA) showed approximately 4 wt %
water content in the LS tube (Section F in the Supporting
Information), which is enough for the extrinsic ions to move in
a sample.”

3.4. Discussion on the Electromechanical Coupling
Responses. The electromechanical coupling responses of
biopolymers have been actively studied for decades due to the
desirable properties of biopolymers over synthetic materials
such as low density, mechanical and thermal strength, natural
abundancy, and biocompatibility.””®” Mainly, the measured
strain under the electric field (converse effect) or accumulation
of charges under mechanical stress (direct effect) has been
claimed or addressed as a piezoelectric effect because of the
noncentrosymmetric crystalline structure of these biopoly-
mers.'~“*7' However, the exact value or mechanism at a
molecular level of the intrinsic piezoelectricity originating from
the noncentrosymmetric crystalline structure has not been
identified yet, mainly due to the overlapping of signals
originating from other electromechanical responses such as
electrostriction, electrostatic, ion migration, etc.”® SHG-active
crystalline materials could be theoretically piezoelectric since
they share the same noncentrosymmetric requirement.'® Many
studies in the past showed strong SHG responses from
piezoelectric materials.'*****® Qur study demonstrates that
the reverse is not necessarily true. In the case of non-
centrosymmetric crystalline biopolymers, the strong SHG
response does not guarantee the piezoelectricity with a
measurable or meaningful magnitude. This is because of the
mechanistic difference between the two processes. Piezo-
electricity requires displacements of atoms locked in the
crystalline lattice; it can be constrained by nonpolar covalent
bonds with extremely high stiffness.”> In contrast, SHG in the
visible range requires transient displacements of electron
clouds with respect to the nucleus in the crystal without the
inversion symmetry, which can occur without the atomic
displacements.

The LS tube with the unidirectional alignment of polar f-
chitin crystals was employed in this study to test the intrinsic
piezoelectricity of chitin. Piezoelectricity is usually measured
across the entire sample; thus, the distance between two
electrodes of the sample is equivalent to the coherence length
of the measurement. The piezoelectric responses of individual
domains between the two electrodes can be added or canceled
depending on their relative orientations; without ensuring the
polar ordering of all domains, the addition of the piezoelectric
responses of individual domains cannot be guaranteed.*® In
terroelectric materials, such macroscopic polar ordering across
the entire sample can be induced by applying the electric field
above the coercive field.>>’° However, most biomaterials
containing noncentrosymmetric crystals including f-chitin and
cellulose Iff are not ferroelectric; in other words, the
orientation of crystal polarity cannot be rearranged by simply
applying an external electric field. The P—E loop of the LS tube
(Figure Sb) shows some degree of “remnant” polarization at a

zero electric field at lower frequencies in the 0.1—-10 Hz
regime. However, this is due to the lossy behavior of the
dielectric property and not due to the alignment of polar
domains. In other words, the hysteresis appears due to the
dielectric loss and not due to the flipping of dipoles in the
crystalline domains.”"

The investigated LS tube naturally has the polar packing of
p-chitin crystals in the entire sample (see Figure S2 in the
Supporting Information).'® Therefore, the intrinsic piezo-
electric responses of individual crystalline domains between
the two electrodes could be added to an experimentally
measurable value. Our investigation shows that the intrinsic
piezoelectricity of the LS tube, which represents polar f-chitin
crystals, has very weak piezoelectricity, in the order of ~0.3
pm/V at maximum. Although the piezoelectric responses of
individual hydrogen bonds could be large, their collective
response across the entire crystal appears to be quite small due
to the cancelation among bonds pointing to different
orientations and the stiffness of other covalent bonds, as
suggested in the recent computational study.”> One might
think that the small response should be due to a restriction
from surrounding protein matrices, but considering the high
concentration of f-chitin crystals in the LS tube (~50 wt
9%)'“”* and the deformability of the matrix between S-chitin
crystals, as shown in Figure Sb, the actual piezoelectric
response of the f-chitin crystal is only in the vicinity of ~0.3
pm/V at best.

4. CONCLUSIONS

The polarization responses of the LS tube, which has
unidirectionally aligned f-chitin crystals, were experimentally
investigated in different frequency domains, and their
mechanisms were elucidated. In the optical frequency regime,
the large nonlinear polarization along the long axis of the tube
was induced with the oscillations of electron clouds by the
incidence of the polarized light. In the acoustic/ultrasonic
frequency regime, the weak piezoelectric response was
measured as atomic displacements occur under the electric
field. In the low-frequency regime, strong electrostriction and
electrostatic strains were observed due to the accumulation of
charges at the interfaces. It is very important to differentiate
the polarization mechanisms in different frequency regimes
and apply the right concept to utilize the noncentrosymmetric
biopolymers accurately.
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