SEMICONDUCTORS AND DIELECTRICS

https://doi.org/10.15407 /ujpe70.2.109

V.M. ZADOROZHNYI, R.M. BALABAI, O.0. BONDARENKO

Kryvyi Rih State Pedagogical University

(54, Gagarina Ave., Kryvyi Rih 50086, Ukraine;

e-mails: vitaliy zadorozhniy@ukr.net, balabai@i.ua, alenkagonohova@gmail.com)
PIEZOELECTRIC RESPONSE

OF a-FORM POLY (L-LACTIC ACID)

TO MECHANICALLY STRESSED STATE

Here, the piezoelectric effects in a polymer (L-lactic acid) under a mechanical action are
studied by methods of the density functional theory and first-principles pseudopotential based
on own program code. The spatial distributions of the valence electron density, electronic state
density, Coulomb potentials in different directions of the PLLA polymer fragment and charge
states of its individual atoms are calculated. It is found that only one fragment of the polymer
chain allows us to determine the nature of the charge polarization of valence electrons and
ions under a mechanical deformation.

Keywords: piezoelectric effects, polymer (L-lactic acid), compression, bending, twisting,
density functional theory, first-principle calculations.

1. Introduction

A wide range of materials have been investigated for
the piezoelectric energy storage, including inorganic,
organic, and composite materials [1]. Piezoelectric
polymers are naturally flexible, strong, and easy to be
pe ocessed, making them favorable for many applica-
tions [2]. Piezoelectric polymers such as nylon-11 [3],
derived from castor oil; carbon fiber-reinforced poly-
mer [4], and others can successfully replace inorganic
ceramic piezoelectrics, which are usually brittle, in-
flexible and often contain toxic heavy metals — factors
that hinder their use in medicine [5]. Piezoelectric
polymers can be found in nature. For example, timber
is a piezoelectric material due to the presence of cel-
lulose in its structure [6]. Poly(L-lactic acid) (PLLA)
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is one of the synthetic biodegradable piezoelectric
polymers synthesized by polymerizing L-lactic acid
monomers. The piezoelectric functionality of PLLA
has been demonstrated as a force sensor in the lit-
erature [7]. Despite the fact that these biodegrad-
able piezoelectric materials have lower piezoelectric-
ity than ceramic materials, several approaches can be
used to increase their piezoelectricity, for example,
by modifying their crystal structures. Zhu and others
[8] fabricated a piezoelectric device based on PLLA
nanofibers to measure strain and collect piezoelectric
energy.

In our work, the piezoelectric effects in a poly-
mer (L-lactic acid) were theoretically investigated us-
ing the density functional theory and first-principles
pseudopotential methods based on the proprietary
software code of Kryvyi Rih State Pedagogical Uni-
versity [9, 10]. The spatial distributions of the valence
electron density, electronic state density, Coulomb
potentials in different directions of the PLLA polymer
fragment, and charge states of its individual atoms
are calculated to establish a correlation between the
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crystal structure and piezoelectric properties, which
will allow us to determine its specific application in
practice under various mechanical stresses such as
compression, bending or twisting.

2. Research Methods and Models

The main value in the formalism of the electron den-
sity functional is the charge density. We estimated it
from the self-consistent solution of the Kohn-Sham
equations for an artificial periodic system:

p(G):Z\?Tzk:ZZZb;(k—FG'—kaG)X

j aeT G/
xb;j (k+ G'), (1)

where the index j passed through all occupied states,
k is a vector from the first Brillouin zone, Nt is the
number of operators « in the point group T of the
atomic basis, and the factor 2 takes the spin degen-
eracyinto into account.

The Coulomb potential along a given direction was
calculated by the formula, which, in the inverse space,
is given by:

vi(@) = 7). )

where p(G) is the Fourier component of the electron
density (1).

To estimate the redistribution of the electron
charge between atoms, the expression in a vicinity
of the atom « in the volume V was calculated:

Go = o — / n(r) d® 3)

Va

Our calculations were performed under the follow-
ing conditions: the Brillouin zone summation was re-
placed by a calculation at a single point, the Gamma
point. Self-consistency iterations were terminated if
the calculation results of the current iteration coin-
cided with the previous one with a given error. Usual-
ly, our results coincided after 56 iterations. The
number of plane waves in the wave function expan-
sion was reduced by trial calculations. The number
of plane waves was chosen to be approximately 20-25
waves per atom of the basis. The atomic basis was
not optimized.

In the studied atomic systems, artificial transla-
tional symmetry was introduced by constructing a
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superlattice with a primitive tetragonal cell and an
atomic basis containing complete information about
the system under study. The cell was translated in
three orthogonal directions. The following objects
were developed for the calculations:

Object 1: a single isolated polymer chain fragment
(L-lactic acid) of a form, consisting of 45 atoms and
oriented within the Laboratory Cartesian coordinate
system used in the software package, with its longest
side — the carbon framework — along the Z direc-
tion. The fragment was subjected to static compres-
sion simulation by changing the corresponding atomic
coordinates in the direction of the compression force,
which is conjugate to the Cartesian Z-direction, i.e.,
the Z-coordinates of the atoms were reduced to 9%
of the initial ones in steps of 2%.

Object 2: one isolated fragment of a polymeric
chain (L-lactic acid) of « form, to which the simula-
tion of mechanical impact of the twisting type was ap-
plied by the action of the twisting transformation ma-
trix around the Z axis, which depends on the linear
angle proportional to the distance of the object point
from the fixed point, which was selected in the lowest
atom of the polymeric fragment (angle = angle*Z;).

Object 3: a single isolated polymer chain fragment
(L-lactic acid) of « form, to which the simulation of
mechanical impact of the bending type was applied
by the action of the bending transformation matrix
around the X-axis. Unlike torsion, in bending defor-
mation, the angle of rotation of a point around the
bending axis is proportional to its distance. Bending
was performed relative to a fixed point, which was
chosen in the center of the polymer fragment.

3. Results and Discussion

We analyzed the changes in the calculated distri-
butions of valence electrons in different regions of
the isolated polymer chain fragment (L-lactic acid)
« form depending on the mechanical deformation. Fi-
gures 1-3 show the spatial distributions of the valence
electron density within the entire isolated PLLA frag-
ment at different types and levels of mechanical de-
formation.

The analysis of just one fragment of the polymer
chain already allows us to determine the nature of the
redistribution of valence electrons. It can be seen that
the electron charge recedes from the hanging ends of
the polymer chain and is drawn into the chain (see
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Fig. 1. Spatial distributions of the valence electron density for isovalues (0.9-1.0) of the maximum within a single PLLA chain
at different mechanical compression levels
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Fig. 2. Spatial distributions of the valence electron density for isovalues (0.9-1.0) of the maximum within a single PLLA chain
at different mechanical torsion levels
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Fig. 3. Spatial distributions of the valence electron density for isovalues (0.9-1.0) of the maximum within a single PLLA chain
at different mechanical bending levels
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Table 1. Values of electric charges in a vicinity
of the C, O, H atoms depending on the polymer bending angle

Bending
0 degrees

Deformation.
Bending
0.5 degrees

Deformation.
Bending
1 degrees

Deformation.
Bending
1.5 degrees

Deformation.
Bending
2 degrees

Deformation.
Bending
2.5 degrees

Number and

Carbon No. 3

Carbon — 1
Oxygen — 1
2.2110

Carbon No.9

Carbon — 1
Oxygen — 2
—1.8203

Carbon No. 12

Carbon — 1
Oxygen — 2
—-1.623

Oxygen No. 16

Carbon — 1
Oxygen — 1
4.2634

Oxygen No. 20

Carbon — 1
Oxygen — 1
—0.1385
112

Carbon No. 3

Carbon — 1
Oxygen — 1
2.7567

Carbon No.9

Carbon — 1
Oxygen — 2
-1.8176

Carbon No. 12

Carbon — 1
Oxygen — 2
—-1.5677

Oxygen No. 16

Carbon — 1
Oxygen — 1
4.405

Oxygen No. 20

Carbon — 1
Oxygen — 1
—0.1884

type of atom in the centre of the neighbou
density in the neighborhood. Quantity and types of atoms in the ne

Carbon No. 3

Carbon — 1
Oxygen — 1
3.2217

Carbon No.9

Carbon — 1
Oxygen — 2
—1.8117

Carbon No. 12

Carbon — 1

Oxygen — 2
—1.5086

Oxygen No. 16

Carbon — 1
Oxygen — 1
4.468

Oxygen No. 20

Carbon — 1
Oxygen — 1
—0.197

Carbon No. 3

Carbon — 1
Oxygen — 1
3.5569

Carbon No.9

Carbon — 1
Oxygen — 2
—1.8377

Carbon No. 12

Carbon — 1
Oxygen — 2
—1.424

Oxygen No. 16

Carbon — 1
Oxygen — 1
4.6377

Oxygen No. 20

Carbon — 1
Oxygen — 1
—0.2842

rhood with radius 1.323 A. Cross-section o

f the electron

ighbourhood. Charge, ee.

Carbon No. 3

Carbon — 1
Oxygen — 1
3.8242

Carbon No.9

Carbon — 1
Oxygen — 2
—1.8885

Carbon No. 12

Carbon — 1
Oxygen — 2
—-1.3532

Oxygen No. 16

Carbon — 1
Oxygen — 1
4.8323

Oxygen No. 20

Carbon — 1
Oxygen — 1
—0.3998
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Carbon No. 3

Carbon — 1
—2.0043

Carbon No.9

Carbon — 1
Oxygen — 1
—-1.9211

Carbon No. 12

Carbon — 1
Oxygen — 1
—1.2808

Oxygen No. 16

Oxygen — 1
0.9557

Oxygen No. 20

Carbon — 1
Oxygen — 1
—0.5027
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The end of the Table 1

Bending
0 degrees

Deformation.
Bending
0.5 degrees

Deformation.
Bending
1 degrees

Deformation.
Bending
1.5 degrees

Deformation.
Bending
2 degrees

Deformation.
Bending
2.5 degrees

Number and

Oxygen No. 24

Carbon — 1
Oxygen — 1
4.0345
Hydrogen No. 26

.

Carbon — 1
Hydrogen — 1
2.9998
Hydrogen No. 31

Carbon — 2
Hydrogen — 1
4.3965
Hydrogen No. 40

type of atom in the c

Oxygen No. 24

Carbon — 1
Oxygen — 1
4.2975

Hydrogen No. 26

Carbon — 1
Hydrogen — 1
3.799
Hydrogen No. 31

Carbon — 2
Hydrogen — 1
4.2829
Hydrogen No. 40

entre of the neighbou

Oxygen No. 24

Carbon — 1
Oxygen — 1
4.685

Hydrogen No. 26

Carbon — 1
Hydrogen — 1
4.1329

Hydrogen No. 31

Carbon — 2
Hydrogen — 1
4.1905
Hydrogen No. 40

Oxygen No. 24

Carbon — 1
Oxygen — 1
5.0168
Hydrogen No. 26

—

Carbon — 1
Hydrogen — 1
4.3107
Hydrogen No. 31

Carbon — 2
Hydrogen — 1
4.1871
Hydrogen No. 40

rhood with radius 1.323 A. Cross-section of the electron

density in the neighbourhood. Quantity and types of atoms in the neighbourhood. Charge, ee.
Oxygen No. 24

Oxygen No. 24

Carbon — 1
Oxygen — 1
5.4178
Hydrogen No. 26

Carbon — 1
Hydrogen — 1
4.4771
Hydrogen No. 31

Carbon — 2
Hydrogen — 1
4.2328
Hydrogen No. 40

Carbon — 1
Oxygen — 1
5.8538
Hydrogen No. 26

Carbon — 1
Hydrogen — 1
4.5744
Hydrogen No. 31

Carbon — 2
Hydrogen — 1
4.1675
Hydrogen No. 40

Carbon — 1 Carbon — 1 Carbon — 1 Carbon — 1 Carbon — 1 Carbon — 1
Hydrogen — 1 Hydrogen — 1 Hydrogen — 1 Hydrogen — 1 Hydrogen — 1 Hydrogen — 1
0.6936 0.6675 0.7053 0.7362 0.7717 0.7987
Hydrogen No. 45 Hydrogen No. 45 Hydrogen No. 45 Hydrogen No. 45 No. 45 Hydrogen No. 45

.. . |
Carbon — 1 Carbon — 1 Carbon — 1 Carbon — 1 Carbon — 1 Carbon — 1
Hydrogen — 1 Hydrogen — 1 Hydrogen — 1 Hydrogen — 1 Hydrogen — 1 —0.6509
2.1289 2.132 2.2322 2.463 2.8868
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Fig. 4. An isolated fragment of a polymeric chain (L-lactic
acid) of « form, consisting of 45 atoms, oriented with its longest
side, the carbon framework, along the Z direction of the Labo-
ratory Cartesian coordinate system used in the software pack-
age. The atoms in the vicinity of which the electric charges
were calculated are marked
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Fig. 5. The values of electric charges in the vicinity of the H
atom skeletons depending on the level of compression, torsion,
and bending

Figs. 1-3). The mechanical deformation caused ad-
ditional polarization of dipole components (valence
electrons — ionic frameworks), which occur both along
the main carbon chain of PLLA and across it.

A more detailed analysis of the redistribution of
the density of valence electrons in the polymer under
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Fig. 6. Values of electric charges in the vicinity of the C atom
skeletons depending on the level of compression, torsion, and
bending
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Fig. 7. Values of electric charges in the vicinity of the O atom
skeletons depending on the level of compression, torsion, and
bending

a deformation was performed. Thus, Figs. 57 and,
partially, Table 1 show the values of electric charges
in a vicinity of the C, O, H atoms of objects 1, 2,
and 3, which were estimated by formula (3) in the
spherical volume with a radius of 1.323 A, depending
on the level of compression, twisting, and bending,
respectively. The atoms for which the charge was cal-
culated are highlighted in Fig. 4 by a signature. The
electric charges were calculated in the atomic system
of units, in which the charge of an electron is consid-
ered equal to one.

The peripheral regions of the polymer chain, which
were presented in Table 1 and Fig. 7 by atoms:
HNo. 45, ONo. 24, HNo. 26, HNo. 31 and their neigh-
bourhoods with a radius of 1.323 A, had a “plus”
sign of the total charge (negative charge from valence

ISSN 2071-0194. Ukr. J. Phys. 2025. Vol. 70, No. 2
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Fig. 8. Directions across (a,
b) and along (¢) the polymer
for calculating Coulomb poten- e
tial distributions
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Table 2. Minimum and maximum values in the distributions of Coulomb
potentials of valence electrons depending on the polymer strain and the direction of calculation

Compression, %
Direction Value
0 3 5 7 9
(a) between CNo. 6 min —1.426 -1.381 -1.278 -1.178 -1.096 -1.017
and ONo. 18 atoms max 9.128 9.219 9.428 9.629 9.812 9.99
(b) between CNo. 14 min -3.039 -3.037 -3.034 -3.02 —2.994 —2.96
and ONo. 24 atoms max 5.494 5.446 5.300 5.241 5.238 5.257
(c) along the polymer min 0.689 0.509 0.152 -0.163 -0.4 -0.61
max 12.006 12.151 12.484 12.784 13.014 13.222
Torsion, %
Direction Value
0 0.2 0.3 0.5 0.7
(a) between CNo. 6 min —1.426 0.456 —2.156 -3.202 -0.871 —2.069
and ONo. 18 atoms max 9.128 9.996 10.185 9.913 9.028 10.203
(b) between CNo. 14 min -3.039 -3.561 —1.842 -3.612 -3.057 —4.041
and ONo. 24 atoms max 5.494 4.972 5.293 5.05 6.191 5.065
(c) along the polymer min 0.689 0.893 0.788 0.622 0.652 0.583
max 12.006 11.326 11.906 12.218 11.702 12,295
Bending
Direction Value
0 1 1.5 2 2.5
(a) between CNo. 6 min —1.426 -1.503 —1.494 —1.48 —1.443 —-1.426
and ONo. 18 atoms max 9.128 9.438 9.57 9.698 9.886 10.1
(b) between CNo. 14 min —2.895 —2.662 —2.304 —1.87 —1.468 —1.237
and ONo. 24 atoms max 5.420 5.330 5.158 4.886 4.397 3.775
(c) along the polymer min 0.290 0.087 -0.147 —0.45 -0.814 -1.144
max 11.977 12.046 12.125 12.237 12.414 12.57

electrons and positive charge of ions). The middle
regions of the polymer chain, which were presented
in Table 1 and Fig. 7 by atoms: HNo. 40, ONo. 20,
CNo. 12, CNo.9, ONo. 16, CNo.3 and their neigh-
bourhoods, had a minus sign of the total charge. Such
polarization in the charge distribution increased with
an increase in the level of deformation of all stud-
ied types. At the same time, the effects of bend-
ing and compression along the carbon skeleton of
the polymer fibre revealed monotonicity and a low
level of charge changes. Whereas, when the polymer
was twisted, significant changes in the magnitudes of
charges in vicinities of atoms were recorded, even the
sign of these total charges changed, which is obvi-
ously caused by a significant deformation of chemical
covalent bonds.
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The distributions of Coulomb potentials in the di-
rections along and across the polymer were calculated
using formula (2), which are indicated by lines in
Fig. 8.

The numerical values of the extremes in the
Coulomb potential distributions are given in Tabl. 2.

A sharper relief of the Coulomb potentials of va-
lence electrons occurs in the direction of the carbon
skeleton of the polymer, i.e., along the polymer chain.

4. Conclusions

The spatial distributions of the valence electron den-
sity, charges on atoms, and Coulomb potentials for
an isolated polymer chain fragment (L-lactic acid) «
form were calculated using the density functional the-
ory and ab initio pseudopotentials depending on the

ISSN 2071-0194. Ukr. J. Phys. 2025. Vol. 70, No. 2



Piezoelectric Response of a-Form Poly(L-Lactic Acid)

mechanical deformations such as compression, tor-
sion, and bending.

Only one fragment of the polymer chain allows us
to determine the nature of the charge polarization of
valence electrons and ions under mechanical defor-
mation, namely, the charge departs from the hanging
ends of the polymer fragment and retracts into its
middle.

An increase in the level of mechanical deformation
causes additional polarizations to occur both along
the main carbon chain of the polymer and across it.

The effects of bending and compression along the
carbon framework of the polymer fibre proved to be
more effective than twisting.

A sharper relief of the Coulomb potential of va-
lence electrons occurs in the direction of the polymer
carbon framework.
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IP’E€30EJIEKTPUYHUN BIATYK
IOJII (L-MOJIOYHOI KMCJIOTU) a-®OPMU
HA MEXAHIYHO HATIPYYKEHU CTAH

VY pobori mocaimzxeno m’ezoenexrpuani edexrn B mosimepi (L-
MOJIOYHA KHUCJIOTA) IIPU MEXaHIYHOMY BILIMBI MeTOZaMM TeOpil
dyHKIiOHAIA TYCTUHHA Ta IICEBIOIOTEHIaIy Ha OCHOBI BJIaCHO-
ro IIporpamMHoOro kKojy. PozpaxoBaHo npocTopoBi po3noiiiu ry-
CTHHH BAJICHTHUX €JIKTPOHIB, TYCTHHH €JIEKTPOHHUX CTaHIB,
KYJIOHIBCLKHUX IOTEHI[iaJiB y DPI3HUX HaIpsAMKax ¢dparMeHTta
nosimepy PLLA Ta 3apsiioBux cTaHiB HOro OKpeMHUX aTOMiB.
Bcranosieno, 1o suie oguH GparMeHT MOJIIMEPHOrO JIAHITIO-
ra J03BOJIS€ BU3HAYMUTH XapaKTep 3apsAoBOl HMoJsApu3allil Ba-
JICHTHUX €JIEKTPOHIB Ta i0HIB mpu MexaHiuHil gedopmarril.

Kawwoei caoea: mesoenekrpudni edekru, mnosimep (L-
MOJIOYHA KHCJIOTA), CTUCHEHHSI, 3TMHAHHS, CKPY1yBaHHSI, T€O-
pis dyHKIiOHANA IYCTUHH, PO3PAXYHKU 3 MEPIINX IPUHIUIIIB.
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